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(i)

SUiffiARY.

A stu d y  on the low tem pera tu re  s y n th e s is  of la y e r  s i l i c a t e s  

v/as u n d ertak en  on th e  system s SiO^/lfig^*, SiO^/Al^* and SiO^/lagO/ldF.

I n i t i a l  work was c a r r ie d  out on the  uptake o f s i l i c a  from 

d i l u te  s o lu tio n s  o f magnesium a t  room tem p era tu re  and a tm ospheric  

p re s su re  to  a s c e r t a in  th e  amount o f s i l i c a  adsorbed  in  p r e c i p i t a t e s  

form ed under th e se  cond itions*  R eflux  o f th e se  s o lu tio n s  gave p ro d u c ts  

analogous to  th e  s e rp e n tin e  m in e ra ls , c h ry s o t i le  and a n t ig o r i t e .

E le c tro n  m icroscopy was used to  s tudy  th e se  p ro d u c ts . E le c tro n  

d i f f r a c t i o n  p rov ided  a means o f  id e n t ify in g  some of th e  phases and 

m orpho log ica l f e a tu re s  observed were d isc u sse d  in  term s o f s i l i c a t e  

s t r u c tu r e s .

S im ila r  s tu d ie s  were made on th e  S iO ^ /A l^  system  a t  room 

te m p era tu re  and atm ospheric p re ssu re  and under r e f lu x  c o n d it io n s .  The 

p ro d u c ts  o f th e se  re a c tio n s  were m ain ly  hydrox ides o f alum inium .

A ttem pts were made to  c h e la te  m ild ly  th e  aluminium in  s o lu t io n  to  h in d e r 

th e  p r e c i p i t a t io n  o f  hydroxides and encourage s i l i c a t e  s y n th e s is .  A 

s e r i e s  o f o rg an ic  and in o rg a n ic  a d d i t iv e s  were used  and th e  s o lu t io n s  

h e a te d  a t  8o°C. Hydroxides were ag a in  p r e c ip i ta te d  b u t some p o o rly  

c r y s t a l l i n e  d ic k i te  was form ed.

Systems capab le o f y ie ld in g  la y e r  s i l i c a t e s  in  g r e a te r  

q u a n t i t i e s  and more re p ro d u c ib le  were th e n  s tu d ie d .

S lu r r ie s  o f powdered s i l i c i c  a c id ,  magnesium hydroxide and



l i th iu m  f lu o r id e  re f lu x e d  fo r  about f iv e  days produced a th re e  la y e r  

s m e c tite , h e c to r i t e .  Experim ents were conducted to  determ ine th e  

c r i t i c a l  SiO^/MgO r a t i o  to  p ro d u c e ^ h e c to r ite . These experim en ts were 

c a r r ie d  out in  polypropylene v e s s e ls  s in c e  a t  low SiO^/MgO r a t i o s  

g la s s  v e s s e ls  were found to  d is so lv e  to  a co n s id e ra b le  e x te n t .  YYith 

a SiO^/MgO 1 .2  h e c to r i te  alone was produced.

The mechanism o f fo rm ation  of h e c to r i te  from th e se  s l u r r i e s

was in v e s t ig a te d  by fo llo w in g  the changes in  s lu r r y  m a te r ia l  by e le c tro n

m icroscopy. D ire c t evidence was ob ta in ed  fo r  th e  f ix a t io n  of s i l i c a

on th e  o c ta h e d ra l la y e rs  of b r u c i t e .  The p ro cess  was a ls o  fo llo w ed  by

X -R a y  d i f f r a c t io n  and d i f f e r e n t i a l  therm al a n a ly s is .-»*

The fo rm atio n  of la y e r  s i l i c a t e s  under th e se  c o n d itio n s  i s  

in te r p r e te d  in  term s o f an i n i t i a l  f ix a t io n  o f s i l i c a  on b r u c i te  la y e r s .  

This " s i l i c a t e d  magnesium hydroxide" then  d is s o lv e s  to  form th e  p a r t i c u la r  

u n i t s  re q u ire d  f o r  la y e r  l a t t i c e  s y n th e s is .

The p ro d u c ts  were a ls o  in v e s t ig a te d  f o r  c a t io n  exchange 

a b i l i t y ,  r e s is ta n c e  to  a c id  a t ta c k  and t h e i r  behav iou r in  d e n s ity  

g ra d ie n ts .

S im ila r  re f lu x e s  were perform ed w ith  a d d i t io n a l  io n s  p re s e n t:  

by u sin g  aluminium hydroxide w ith  magnesium hydroxide and sa p o n ite  l i k e  

c la y  was form ed.
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INTRODUCTION,

Clay m in e ra ls  have been s tu d ie d  in te n s iv e ly  d u rin g  th e  

l a s t  t h i r t y  y e a rs  due to  th e i r  c o n s id e ra b le  in d u s t r i a l  im portance , 

f o r  in s ta n c e , t h e i r  use as c a ta ly s ts  in  o i l  r e f in in g  and as raw 

m a te r ia ls  f o r  th e  cerm aics in d u s try .  T h e ir  p ro p e r t ie s  a lso  govern 

th e  m echanical and chem ical n a tu re  o f s o i l s .  Indeed th e  fo rm atio n  o f 

s o i l s  i s  in t im a te ly  r e la te d  to  the  fo rm atio n  o f c la y  m in e ra ls .

The p o s s ib le  ro le  of c la y  s y n th e s is  in  th e  o r ig in s  of 

l i f e  (C a irn s-S m ith , 1966) was ano ther im p o rtan t reaso n  f o r  th e  

p re se n t s tu d y .

An u n d ers tan d in g  of c la y  s y n th e s is  has on ly  made p ro g re ss  

s in c e  th e  development o f r e l i a b le  te ch n iq u es  o f phase id e n t i f i c a t i o n  

such as X-Ray d i f f r a c t io n  and therm al a n a ly s i s .  A nother f a c to r  

w hich in h ib i te d  p ro g ress  was th e  concep tion  th a t  c la y  m in e ra ls  would 

ta k e  long p e rio d s  o f tim e to  s y n th e s is e ,  e s p e c ia l ly  a t  normal 

tem p era tu re  and p re s s u re .

Rayner ( 1962) sy n th e s ise d  k a o lin  h y d ro th e rm ally  from 

c o p re c ip i ta te d  g e ls :  a t  300°C th e  tim e to  co n v ert h a l f  th e  s t a r t i n g

m a te r ia ls  to  k a o lin  was e ig h t  ho u rs , a t  260°C i t  to o k  e lev en  d ay s .

By e x t ra p o la t io n  he concluded th a t  a t  20°C th e  tim e f o r  h a l f  co n v ers io n  

would be 160,000 y e a r s .  A more o p tim is t ic  method by N oll (1936) 

p re d ic te d  t h a t  i t  would ta k e  s ix ty  y e a rs  to  s y n th e s is e  k a o l in .
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Wey and S i f f e r t  ( l9 6 l )  on th e  o th e r  hand claim  to  have 

sy n th e s is e d  m o n tm o rillo n ite  l ik e  p roducts  o v e rn ig h t from d i l u te  

s o lu t io n s  a t  room tem pera tu re  and, by com plexing Al^+ w ith  o x a lic  

a c id ,  a p r e c ip i ta te  w ith  k a o l in i te  l ik e  p ro p e r t ie s  was formed a f t e r  

th r e e  weeks.

However th e  h igh  tem pera tu re  tre a tm e n t o f mixed g e ls  and 

ox ides proved to  be th e  most su c c e s s fu l in  i n i t i a l  s y n th e t ic  work.

Among th e  f i r s t  w orkers to  s u c c e s s fu l ly  sy n th e s is e  la y e r  

s i l i c a t e s  were C h ru s tsch o ff (1887) and H a u te fe u il le  and S t .  G i l l i e s  

( 1887) who in d ep en d en tly  p rep ared  and c a r e f u l ly  c h a ra c te r is e d  

f l u o r o - b i o t i t e .

N o ll (1935) s tu d ie d  th e  system. Al^O^-SiO^-H^O th e  

te m p era tu re  range 250°C to  500°C w ith  v a ry in g  amounts o f alum ina and 

s i l i c a ,  th e  p re ssu re  bomb c o n ta in in g  a c o n s ta n t p e rcen tag e  o f w a te r. 

S i l i c a  g e l and alum ina g e l were used  in  th e  ex p erim en ts ; th e  l a t t e r  

c r y s t a l l i s e d  r a p id ly  to  b a y e r i te  and boehm ite when th e  g e l was aged 

p r io r  to  u se . K a o lin ite  and p y ro p h y ll i te  were s y n th e s is e d .

The sy n th e s is  of k a o lin  was a ls o  ach iev ed  from c o p re c ip i ta te d  

AlgO -SiOg g e ls  a t  150°C to  400°C under v a ry in g  vapor p re s s u re s  (Roy 

and Osborn, 1952).

B rin d ley  and De Kimpe ( 1961) s y n th e s is e d  k a o l in i t e  a t  150°C 

and 5 a t m p re s su re s  u sin g  g ib b s i te  as a so u rce  o f alum ina w ith  

v a r io u s  so u rces  o f s i l i c a .



N oll (1936) has a lso  stu d ied  the system  

(CajMgyO-^KgNa^O-AlgOy-SiOg-HgO at 300°C and 87 atmospheres 

pressure and produced k a o lin ite , sm ectite  and mica. The 

production o f k a o lin ite  was favoured under acid  con d itio n s, w hile  

sm ectites formed under a lk a li  con d ition s.

Barrer (1952) produced fe lsp a r s , z e o l i t e ,  and mica 

fe lsp a th o id s  by hydrothermal reaction  of sodium a lu m in o s ilic a te s .

By hydrothermal treatment o f  aluminium hydroxide g e ls  and s i l i c a  g e ls  

micas w ith NĤ  fo r  K, Ga for  A l, Ge for  S i were sy n th es ised . Using 

the same technique ( 19^7 ) he has syn th esised  a lk y l ammonia complexes 

o f m ontm orillonite and h e c to r ite .
v>

An o u tlin e  o f the system atic syntheses o f layer s i l i c a t e s  

has been made by Roy (1954 )• Under co n tro lled  temperature (up to  

900°C) and pressure (up to  3000 atm os.) various layer s i l i c a t e s  w ith  

many d if fe r e n t  ions can be made. The change o f various p rop erties  

such as l a t t i c e  con stan ts, morphology, expansion w ith  eth y len e g ly c o l  

was stud ied  as a fu n ction  o f the s iz e  and nature o f  ions present in  

the AlgO^-SiOg-HgO system .

Yoder and Eugster (1955) have made ex ten siv e  researches in to  

sy n th e tic  and natural m uscovite. Yoder (1959) Has summarised work 

on the sy n th e s is  o f m icas. I t  appears that the sim pler polymorphic 

forms develop i n i t i a l l y  at lower temperatures and pressures and th at  

w ith in crea sin g  temperatures and pressures there i s  a tr a n s it io n  to  

the more com plicated polymorphic forms.
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S i f f e r t  and F ranco is  ( 1968) have succeeded in  s y n th e s is in g  

n ic k e l  c o n ta in in g  m on tm o rillo n ite  by h e a tin g  a m ixture o f s i l i c a ,  

n ic k e l  hydroxide and lith iu m  hydroxide in  an au to c lav e  a t  350°C and 

160 b a rs  fo r  f iv e  hours.

Numerous p a te n ts  have been awarded f o r  th e  p ro d u c tio n  of 

la m e lla r  s i l i c a t e s  by hydrotherm al p ro c e s se s .

G ranqu ist ( 1964) d e sc r ib e s  a te ch n iq u e  fo r  th e  s y n th e s is

o f alum ina s i l i c a t e s .  The m in e ra ls  a re  p rep a red  by h e a tin g  to  280-315°C

an aqueous su spension  of SiO^ and an(i compounds c o n ta in in g  v a rio u s
2-c a tio n s  and an ions o f  0 , OH and F .

Newmann o u t l in e s  a method o f p re p a r in g  li th iu m  c o n ta in in g  

magnesium c la y s  w ith  exchangeable c a tio n s  of Na, L i o r o rg a n ic  m o lecu les. 

By c o p re c ip i ta t in g  a s o lu tio n  c o n ta in in g  a l l  th e  an ions and c a tio n s  

re q u ire d  w h ile  m a in ta in in g  th e  pH 8 and th e n , w ith o u t w ashing th e  

p r e c ip i t a t e  f r e e  from so lu b le  s a l t s ,  h e a tin g  th e  p roduct under p re s s u re ,  

c r y s t a l l i n e  c lay s  may be p rep a red .

A review  o f hydro therm al te ch n iq u es  has been compounded by 

Boy ( 1961) .  I t  appears th a t  th e  la y e r  s i l i c a t e s  sy n th e s is e d  in  th e  

range 0-5000 atm and 0-1000°C appear to  be in  ev e ry  way com patib le  to  

th e  n a tu ra l  m in e ra ls .  V ir tu a l ly  th e  e n t i r e  range  o f c la y  m in e ra ls  and 

m icas has been sy n th e s is e d  in  a d d i t io n  to  s e v e ra l  s p e c ia l  s y n th e t ic  

phases w ith  s p e c i f i c a l ly  chosen c a t io n s .  The range o f co m p o sitio n a l 

v a r ia t io n  p e rm itte d  in  each main m in e ra l fa m ily  has been determ ined
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e x p e rim e n ta lly  and th e  in f lu e n c e  of v a rio u s  ty p es  o f s o l id  

s o lu t io n  on X-Ray o p t ic a l ,  p o ly ty p ic  s ta c k in g  and s t a b i l i t y  

p ro p e r t ie s  has been s tu d ie d . Using the  c a p a c ity  fo r  c o n tro l le d  

s y n th e s is ,  i t  has been p o s s ib le  to  ta c k le  g e n e ra l s p e c i f ic  problem s 

such a s  : i n t e r p r e ta t io n  of th e  in f r a - r e d  s p e c tr a  o f c la y s ,

in f lu e n c e  o f minor im p u r itie s  in  changing o f s ta c k in g , th e  com position  

o f  ' i l l i t e '  and th e  c o n tro l on morphology o f io n ic  r a d iu s .

Clay sy n th e s is  has been s tu d ie d  d u rin g  ro c k  w ea th e rin g  

experim en ts 'conducted in  th e  la b o ra to ry .

A ccording to  Gruner (1944) k a o l in i t e ,  p y r o p h i l l i t e ,  

m uscovite and boehm ite a re  th e  phases th a t  may form when m ic ro c lin e  

and a l b i t e  a re  su b je c te d  to  h igh  tem p era tu res  and p re s su re s  in  th e  

p resen ce  of aluminium hydrox ide, s i l i c a  and po tassium  c h lo r id e  under 

a c id  c o n d it io n s .  The co n c e n tra tio n  of th e  po tassium  io n s  and th e  

Al^O^/SiO^ r a t i o  o f th e  system  were th e  f a c to r s  d e term in ing  which 

m in e ra ls  formed from f e l s p a r s .  K a o lin ite  w i l l  form and i s  s ta b le  

below about 350°^ , w hatever th e  potassium  io n  c o n c e n tra tio n , p rov ided  

th e  r a t i o  o f  A l/S i i s  about u n i ty .

T reatm ent of o r th o c la s e  and a n o r th i te  w ith  0 .5  NHC1 y ie ld s  

k a o l in i t e  as an a l t e r a t i o n  product a t  te m p era tu re s  below 400°C, 

p y r o p h i l l i t e  and boehm ite a t  tem p era tu res  o f 400 to  55°°C, and corundum 

a t  about 600°C. (Scharz & T rag ese r 1935)*

The d e g ra d a tio n  o f p o ta sh  f e ls p a r  was s tu d ie d  by Badger and



A lly  (1935) by treatment with hydrofluoric acid  w ith production  

o f  k a o lin ite .  No reaction  occurred when the same fe lsp a r  was heated  

in  the presence o f carbonic ac id  fo r  156 hours a t 60°C and a pressure  

o f  1,800 p s i .

Pedro (1958 e t s e q .) stud ied  geochem ical w eathering using  

a so x le t  ex tra c tio n  apparatus which served as a model natural 

environment o f humid tro p ics  w ith an atmospheric zone and zone o f  

w ater-tab le  f lu c tu a tio n . The form ation of c lays  was favoured u sing  

acid  drainage (CO^-H^S).

S im ilar experiments performed by Correns ( 1961) showed that 

the components o f framework s i l i c a t e s  enter so lu tio n  as ions and a 

very th in  residue layer forms on the p a r t ic le s ,  the th ick n ess  o f  which 

does not change during the course o f the experim ent. The com position  

of the residue layer i s  such th a t the SiO^/Al^O^ r a t io  does not 

correspond to  that o f k a o lin ite  or m ontm orillon ite. I t  i s  a lso  found 

th a t the resid u e layer gave no X-Ray d if fr a c t io n  lin e s  and no c r y s ta l  

form ation could be observed using e lec tro n  d if fr a c t io n . Indeed  

Pedro ( i 960) had already concluded that the leach in g  o f rocks under 

pure water con d ition s gave amorphous m ateria l and no c la y s  were formed. 

By concentrating  the lea ch a te , adding magnesium a ce ta te  so lu t io n  and 

heating the so lu tio n  at pH 7 a t 70°C fo r  four months m ontm orillon ite  

was produced from a gran ite source and lavas produced a n tig o n ite  l ik e  

m ateria l. He proposed that the natural leach in g  of rocks y ie ld s  

tr a n s ito r y  products which are one o f sev era l step s  in  the form ation o f  

c la y s .



Much work has been c a r r ie d  out on th e  tra n s fo rm a tio n s  of 

c la y  m in e ra ls  a t  o rd in a ry  tem p era tu res  and p re s s u re s .

S ed le tsk y  (1937) mixed sodium s i l i c a t e  and sodium alum inete  

and th e n  leach ed  w ith  NMgCl  ̂ u n t i l  th e  pH o f th e  le a c h a te  was 5*6.

A fte r  f u r th e r  washing to  remove a l l  th e  f r e e  c h lo r id e ,  th e  g e l was 

h e ld  in  a c lo sed  v e s s e l  a t  la b o ra to ry  te m p era tu res  f o r  fo u r  y e a r s ,  

a f t e r  which X-Ray exam ination showed th e  p resen ce  of a p rod u c t s im i la r  

to  a s m e c tite .

C a i l le r e  and Henin (1948) have shown th a t  i l l i t e  l ik e  

m a te r ia l  i s  produced from sm e c tite  when a l l  th e  exchange p o s i t io n s  

a re  occupied by potassium  ions and th e  m a te r ia l  i s  th o ro u g h ly  d r ie d  

a t  about 110°C. C a i l le re ,  Henin and Barshad (195^) showed th a t

2+tre a tm e n t o f e i th e r  sm ec tite  or v e rm ic u li te  w ith  a s o lu t io n  o f  Mg .

2+w ith  a l l  th e  exchange s i t e s  occupied by Mg , g iv e s  a p roduct which 

does n o t expand and has an X-Ray d i f f r a c t io n  p a t te r n  s im i la r  to  

c h l o r i t e .  C a i l le re  and Henin (1947) Have a ls o  re p o r te d  th e  fo rm a tio n  

o f k a p l in i t e  from m o n tm o rillo n ite  by tre a tm e n t w ith  20^  CaCl^,

—Oi'SJb' Na^AlO^ and 10^  Al(NO^)^ fo r  th re e  to  fo u r  days and th e n  

p r e c ip i t a t in g  w ith  ACl o r  NH^OH.

The com plim entary tech n iq u e  to  th e se  d e g ra d a tiv e  s tu d ie s ,  

th a t  i s ,  th e  s tu d y  o f c la y  m in era l fo rm atio n  from d i lu te  s o lu t io n s  

under norm al tem p era tu re  and p re s su re s  has however re c e iv e d  l e s s  s tu d y .
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C a il le re  and Henin (1947* 194^) and C a i l le r e ,  Henin 

and Esquevin (1953) have re p o rte d  the  s y n th e s is  o f c lay s  by th e  

e l e c t r o l y s i s  o f sodium and potassium  s i l i c a t e  and alum inate  

s o lu t io n s .  P latinum  was used fo r  th e  cathode and v a rio u s  anodes 

o f  A l, Fe, Ni and Mg were t r i e d .  The p rod u c t depended on th e  anode 

used : w ith  an  Mg anode, a n t ig o n i te  l ik e  m in e ra ls  were formed and

w ith  A l, th e  p roduct was s im ila r  to  k a o l in i t e .

Henin and R obichet (1953) 9 u s in g  d i l u te  b o il in g  s o lu t io n s ,  

succeeded in  s y n th e s is in g  a m o n tm o rillo n ite  type c la y  s im i la r  to  

h e c to r i te  and by u sin g  s i l i c a t e ,  a lum inate  and magnesium a o e ta te  

s o lu t io n s  w ith  a v a s t excess o f KC1, a mica l i k e  p r e c ip i ta te  form ed. 

The same a u th o rs  in  1954 d esc rib e d  th e  s y n th e s is  of Mg m o n tm o rillo n ite  

and perhaps s e p io l i t e  by slow ly  mixing ( l  m l/h o u r) d i lu te  s o lu t io n s  

o f s i l i c a  and magnesium (1-100 m g /l) . They a ls o  succeeded in  

s y n th e s is in g  a n t ig o n ite  ( 1954) adding  25 m ls/2 4  hours o f  a v ery  

d i l u t e  s o lu tio n  of Na s i l i c a t e  and a lum inate  in to  2 l i t r e s  o f w ater 

c o n ta in in g  NaCl, MgCl^ and CaCl^ a t  pH 7»

C a i l l e r e ,  O berlin  and Henin (1954) c a r r ie d  ou t experim en ts  

w ith  d i l u te  s o lu tio n s  a t  room tem pera tu re  and r e f lu x  te m p e ra tu re .

With (Si,M g) m ix tu res  m o n tm o rillo n ite  was form ed a t  bo th  room 

te m p e ra tu re  and r e f lu x  te m p e ra tu re . In  th e  (S i,M g,A l) system , w ith  

Al a s  a lu m in a te  a t  pH 8 , m o n tm o rillo n ite  was ag a in  form ed, w ith  more 

Al a " sw e llin g  c h lo r i te "  was produced: w ith  c a t io n ic  Al a t  pH 8 . 5 ,



a film y , almost amorphous product, perhaps s e p io l i t e ,  was found: 

a t pH 7 .7  boehmite was produced. Anionic Al w ith a large excess o f  

KC1 gave m icas. They a lso  stud ied  systems w ith Fe p resen t, and 

obtained Fe r ich  sap on ite , m ontm orillonite m inerals, anc* sw e llin g

c h lo r ite :  using ex cess  NaCl mica l ik e  products formed.

Henin (1955/ extended the technique using ca tion s o f Mg, Fe 

and Ni to  form m ontm orillonite l ik e  s i l i c a t e s  a t pH > 7 . Below th is  

value o x id es , hydroxides and amorphous m ateria l was obtained . Without 

added s i l i c a ,  the g la s s  v e s s e l was attacked and a n t ig o r ite s  o f Mg and 

Ni were obtained.

C a illo r e , Henin and Esqueyin (195^) have syn th esised  cob alt  

contain ing c la y s  at room temperature and pressure, from d ilu te  

so lu tio n s  o f  Co(OAo)^,  MgCl  ̂ and Na s i l i c a t e  and aluminate so lu t io n s .

These s tu d ie s  showed that i t  was not necessary  to  use 

hydrothermal techn iques to  produce c lay  m inerals.

One repercussion  on th ese  s tu d ie s  was that the form ation  

o f  c la y  m inerals under mild cond itions gave a c lea rer  understanding  

o f  the com position o f natural w aters.

Krauskopf (1959) and Harder ( 1964) Have stud ied  the  

s o lu b i l i t y  o f s i l i c a  in  fresh  or marine w ater. The le v e l  o f  s i l i c a  

i s  l e s s  than that expected i f  s i l i c a  i s  assumed to  be in  equilibrium  

w ith amorphous s i l i c a .  This i s  ascribed  to  inorgan ic p r e c ip ita t io n  

o f s i l i c a  or to  f ix a t io n  and sedim entation o f  s i l i c a  by organism s.
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D iagenesis can lead to  the form ation o f various c lay  m inerals and 

fin egra in ed  quartz from X-Ray amorphous h y d r o x id e -s ilic a  g e l s .

The con d ition s under which c lay  m inerals e x i s t  in  sea water have 

been ca lcu la ted  by Kopeikin (1970} who g iv es  va lu es o f pH for  

equilibrium  between various c la y s .

By using c a ta ly s ts  or ch ela tin g  agents i t  would appear 

to  be p o ss ib le  to  sy n th e s ise .c la y  m inerals more rap id ly  at ordinary  

temperatures and p ressures.

Danse (1959) has shown that oxides o f Fe, A l, T i, and S i 

can be separated  by aerobic b a c ter ia . The c la y s  which ocour w ith  

la t e r i t e  would be produced by an organo-chem ical p rocess. Swanson 

and Bisque (197^) report that n a tu ra lly  occurring organic acid s  

(huraic a c id s )  are e f f e c t iv e  agents in  the c o l lo id a l transport o f  

Cu, Pb, Zn,  Fe, A l. Concentrations o f organic acids 4-40 ppm C in  

Ĥ O can e f f e c t  large in creases in  amounts o f  m ateria l s t a b i l i s e d  in  

so lu t io n . Indeed Linares and Huertas (1971) have sy n th es ised  k ao lin  

from d ilu te  so lu tio n s  at normal temperature and pressure by f i r s t  

-complexing Al^+ in  so lu tio n  w ith  f u lv ic  ac id ; t h is  ensured the s ix th  

fo ld  coord ination  o f  aluminium. Wey and S i f f e r t  ( 1961) had p rev io u sly  

syn th esised  kaolin  by complexing aluminium w ith  o x a lic  a c id . I t  

appears then that organio processes can a c c e le r a te  the breakdown o f  

primary rocks and ca ta ly se  the production o f secondary c la y  m in era ls .

Much work has been d irected  to  techn iques using in term ediate
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c o n d itio n s  between hydrotherm al trea tm e n t o f ox ides and low 

te m p e ra tu re , d i l u t e  s o lu tio n s  s tu d ie s .

S tr e s e  and Hofmann ( l9 4 l )  made magnesium, s i l i c a t e  g e ls  from 

MgCl^ and h y d ra te d  s i l i c a  which produced c la y  l ik e  s t r u c tu r e s  when 

b o ile d  w ith  po tassium  hydrox ide , calcium  hydroxide o r sodium hydrox ide . 

The p ro d u c ts  resem bled h e c to r i te  and a n t ig o r i t e  bu t micas formed w ith  

h ig h  c o n c e n tra tio n s  of potassium  hydrox ide . S im ila r  work by Hinz and 

Kunth (1957) on g e ls  made from MgCl^ and NaO.SiO^ s o lu t io n s  of 

v a ry in g  NaO/SiO^ r a t i o ,  showed th a t  on being  aged fo r  a lo n g ish  tim e 

a t  room tem p era tu re  o r by be ing  t r e a te d  f o r  s e v e ra l  hours a t  100°C 

p o o rly  c r y s t a l l i n e  p roducts  form : th e  X-Ray sp ac in g  d id  not allow  them

to  d i s t in g u is h  between h e c to r i te  or a n t ig o r i t e  as th e  l i k e ly  m in e ra l. 

However, Wiegmann and Horte ( i 960) u s in g  th e  same p re p a ra t io n  tech n iq u e  

p rep a red  p ro d u c ts  w ith  s im ila r  com positions and X-Ray p a t te r n s  to  

S tr e s e  and Hofmann h e c to r i te  l i k e  compounds b u t on th e  b a s is  o f D.T.A. 

and in f r a  re d  s p e c tra  co n s id e r th e  p roducts  to  be more l ik e  s e p io l i t e  

th a n  h e c t o r i t e .

By r e f lu x in g  s l u r r i e s  of SiO^, M g^H )^, LiOH, LiF and NaOH, 

G ran q u is t and P o lla c k  ( i 960) sy n th e s is e d  h e c to r i te  on th e  b a s is  o f 

com position  D .T .A ., X-Ray, c a t io n  exchange and flow  p r o p e r t i e s .

Aluminium and magnesium la y e r  s i l i c a t e s  have a ls o  been 

p rep a red  from g e ls  by De Kimpe, Gastuche and B rin d ley  ( 1961) .  W ith A l, 

th e  g e l phase was th e  more abundant and th e  id e n t i f i c a t i o n  o f c r y s ta l s



was on ly  p o s s ib le  by e le c tro n  d i f f r a c t io n .  With Mg, th e  y ie ld s  o f 

c r y s ta l s  wore much h ig h e r and X-Ray d i f f r a c t io n  methods were p o s s ib le .  

The p ro p e r t ie s  o f th e  g e ls  in flu e n c e d  th e  ty p e  o f p roduct form ed, 

th e  main f a c to r s  being  pH, s a l t  c o n c e n tra tio n s , and th e  r a t i o  of Al 

o r Mg to  s i l i c a  c o n te n t. For A l, th e  change from s ix  fo ld  to  fo u r 

fo ld  c o o rd in a tio n  in c re a se d  w ith  pH, K a o lin ite  was id e n t i f i e d  a t  low 

pH and mica l ik e  s t r u c tu r e s  a t  h ig h e r pH. S e rp e n tin e  m in e ra ls  were 

o b ta in ed  a t  in te rm e d ia te  pHs. G i l l i s  and Dekeyser ( 1962) suspended 

sa c h e ts  of mixed aluminium and s i l i c a  g e ls  in  w a te r: w h isker l ik e

c r y s ta l s  form ed on th e  e x te r io r  o f th e  sa c h e ts  w ith  k a o l in i te  

p r o p e r t ie s .

C a i l le r e ,  E s teo u le  and Henin ( 1962) f*eported th a t  Mg 

a lu m in o s il ic a to s  may be sy n th e s ise d  more r a p id ly  from g e ls  th a n  from 

s o lu t io n .  A number o f p re p a ra t io n s  a re  g iven  and th e i r  a n a ly s is  and 

p ro p e r t ie s  ta b u la te d .  They p o s tu la te  th a t  under n a tu r a l  c o n d itio n s  

la y e r  s i l i c a t e s  w i l l  be r e a d i ly  formed where s o lu tio n s  have a g r e a te r  

c o n c e n tra tio n  o f  Mg th an  o f s i l i c a .

A b d u l-L a tif  ( 1969) ^as s tu d ie d  th e  system s MgO-SiO^-H^O and 

MgO-Al^O^-SiO^-H^O in  th e  tem pera tu re  range 25-200°C under a lk a l in e  

c o n d it io n s .  Using aqueous s o lu tio n s  o f s i l i c a  and hydrox ides of 

magnesium and aluminium he d e sc r ib e s  th e  r o le  o f te m p era tu re  in  

d e term in ing  e i th e r  2 :1  o r 1:1 la y e r  fo rm atio n  and the  e f f e c t  o f 

v a ry in g  th e  Mg/Al r a t i o  on th e  c la y  p ro d u c t.
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De Kirape (19^9) d esc rib e d  th e  c r y s t a l l i s a t i o n  o f k a o l in i te  

a t  lovj tem p era tu res  from an a lu m in a - s i l ic ic  a c id  g e l .  The p roduct 

formed from a g e l by th e  sim ultaneous h y d ro ly s is  o f e th y lo r th o s i l i c a t e  

and aluminium isop ropox ide  by 0 .1  N NaOH a t  175°^. tra n s fo rm a tio n

was though t to  occur th rough a z e o l i te  phase .

The p re se n t work i s  concerned w ith  th e  s tu d y  o f th e  fo rm atio n  

o f c la y  m in e ra ls  a t  room tem p era tu re , r e f lu x  tem p era tu re  and 

atm ospheric  p re s s u re .  The p o s s ib le  s ig n if ic a n c e  o f c la y  s y n th e s is  

f o r  th e  o r ig in  o f l i f e  was a f a c to r  in  d e term in ing  th e  cho ice  o f th e se  

c o n d itio n s .

B ernal has sp e c u la te d  upon the  p o s s ib le  ro le  th a t  c o l lo id a l  

s i l i c a t e s  p layed  in  c a ta ly s in g  th e  fo rm atio n  o f complex o rg an ic  

m olecules from sim ple ones: th e se  low m olecu la r w eight compounds

cou ld  be formed a b io g e n ic a lly  as has been shown by M ille r .  For 

example amino a c id s  were sy n th e s ise d  from m ethane, n i t ro g e n  and w ater 

vapour under th e  in f lu e n c e  o f e l e c t r i c a l  d is c h a rg e s . B ernal su g g ested  

th a t  a c o n c e n tra tio n  o f sim ple o rgan ic  m olecu les might have been 

brought about by a d so rp tio n  on c o l lo id a l  c la y s .

C airn s-S m ith  ( 1966) a t t r i b u t e s  a more d i r e c t  r o le  to  c la y s  

by p o in t in g  out th a t  c la y  c r y s ta l s  a re  capab le  in  p r in c ip le  o f s to r in g  

la rg e  amounts o f g e n e tic  in fo rm a tio n  which i f  r e p l i c a te d  s u f f i c i e n t l y  

a c c u ra te ly  d u rin g  c r y s ta l  grow th could evo lve means o f p h eno typ ic  

e x p re ss io n  under sim ple s e le c t io n  p re s s u re s .  Such system s would 

re p re s e n t  p r im it iv e  organism s.
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T his work i s  concerned w ith  in v e s t ig a t in g  an i n i t i a l  

requ irem en t fo r  te s t in g  th i s  h y p o th e s is , th a t  i s ,  to  f in d  c o n d itio n s  

under which c la y s  could he sy n th e s ise d  rea so n ab ly  q u ic k ly  under m ild  

c o n d it io n s .  The work d esc rib e d  here  i s  a ls o  concerned w ith  a tte m p tin g  

to  c l a r i f y  th e  mechanism invo lved  in  th e  fo rm atio n  o f h e c to r i t e  u s in g  

a  s lu r r y  te c h n iq u e .

F u tu re  work would aim a t  e s ta b i l i s h in g  c o n d itio n s , on th e  

b a s is  o f  th e  work d e sc rib e d  h e re , t h a t  ju s t  p erm it th e  c r y s t a l l i s a t i o n  

o f  a p o t e n t i a l l y  g e n e tic  c la y  and where th a t  c la y  would on ly  su rv iv e  

i f  i t  had some sim ple fu n c tio n a l  a t t r i b u t e ,  fo r  example i f  i t  were 

a b le  to  adso rb  .some k ind  o f m olecule or m olecu les from  th e  su rro u n d in g  

s o lu t io n .  When th e se  sim ple system s had been e s ta b l is h e d ,  more 

s t r i c t  s e le c t io n  p re s su re s  could be s e t  up so th a t  m utants would be 

s e le c te d  f o r  more s p e c ia l is e d  and complex fu n c t io n s .

*
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D ilu te  s o lu tio n  s tu d ie s  on th e  S i O s y s t e m .

P a r t  1 of th i s  ch ap te r co n ta in s  ex p erim en ta l work on th e  

e f f e c t  o f pH, tim e and s i l i c a  c o n c e n tra tio n s  on th e  m o lecu la r r a t i o  

SiO^/MgO in  p r e c ip i ta te s  formed in  d i lu te  s i l i c a ,  magnesium 

s o lu t io n s  a t  room tem pera tu re  and atm ospheric  p re s s u re .

E leo tro n  m icroscopy s tu d ie s  on p r e c ip i t a t e s  formed under 

s im ila r  c o n d itio n s  a re  d e sc rib e d  in  P a r t  2.

The e f f e c t  o f h e a tin g  s im ila r  mother s o lu tio n s  o f s i l i c a  

and magnesium a t  or near 100° C i s  re p o r te d  in  P a r t  3.

P a r t  4 co n ta in s  th e  d e s c r ip t io n  o f o th e r  te ch n iq u es  

developed to  s tu d y  t h i s  system .

PART 1 .

S i l i c a  up take from d i lu te  magnesium s o lu t io n s .

E x p erim en ta l.

P o ly thene  o r po lypropy lene ap p a ra tu s  was used  as much as

p o s s ib le  to  m inim ise con tam ina tion  from s i l i c a  and o th e r  components

p re s e n t in  g la ssw are .

S tock  s o lu tio n s  o f magnesium were p rep a red  from magnesium

o h lo r id e , MgP^HgO, o f  'A n a la r.1 reag e n t q u a l i ty  su p p lie d  by B r i t i s h
2+Drug Houses, to  c o n ta in  1000 ppm o f Mg . S i l i c a  s o lu tio n s  were
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p rep ared  from sodium m e ta s i l ic a te ,  Na^SiO^^H^O, su p p lie d  by

A lcock (P ero x id e) L td . c o n ta in in g  1000 ppm o f s i l i c a ,  SiO^. 

T h is  s i l i c a  source had a maximum o f 0.025$ iro n  p re s e n t .  The

d e io n ised  w ater made by a mixed c o r tio n  and anion  exchange r e s in ,  

made by D eras till Equipment L td . , was found to  be u n s u ita b le

s o lu t io n ,  th e  pH a d ju s te d  w ith  HC1 or NaOH, d i lu te d  to  about 

100 m is, th e  pH a d ju s te d  ag a in  and th e  f i n a l  volume n o te d  so th a t  

th e  s t a r t i n g  co n c e n tra tio n s  could  be c a lc u la te d .  G lass e le c tro d e s  

connected to  a  Pype pH m eter were used to  re c o rd  th e  pH o f th e  

s o lu t io n s .

To determ ine th e  SiO^ c o n c e n tra tio n s  in  s o lu t io n  sam ples

were w ithdraw n from th e  mother s o lu tio n s  and c e n tr ifu g e d  a t  1800 g

fo r  h a l f  an hour to  g ive  a c l e a r  su p e rn a ta n t; a l iq u o ts  o f th e

su p e rn a ta n t were tak en  and th e  SiO^ c o n c e n tra tio n  determ ined  by a

sp ec tro p h o to m e tric  method developed by A lexander (1953)- The yellow

s ilic o m o ly b d a te  complex formed w ith  SiO^ as monomenic s i l i c i c  a c id ,

H .SiO . was reduced  to  molybdenum b lue  by a co lou r development 
4  4

procedure based  on th e  work o f  Shapiro  and Brannock ( 1963) .  For 

d e t a i l s  p le a se  r e f e r  to  th e  ex p erim en ta l Appendix. An average  o f

d r ie d  a t  60°C and s to re d  over s i l i c a  g e l ,  as was th e

Na^SiO^, b e fo re  u se . D is t i l l e d  w ater was used th roughou t :

because i t  co n ta in ed  t r a c e s  o f  c lay  m in e ra ls .

2+N orm ally, th e  Mg s o lu t io n  was added to  th e  SiO^
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d u p lic a te  an a ly se s  allow ed th e  SiO^ co n ten t to  be determ ined  to

i  2ft, The SiO^ which rem ained in  th e  su p e rn a ta n t was c a l le d  th e  f r e e

s i l i c a  c o n te n t; th e  s i l i c a  removed from s o lu t io n  was determ ined

s u b tr a c t in g  th e  f r e e  s i l i c a  c o n c e n tra tio n  from th e  i n i t i a l  amount

o f s i l i c a  added and was d esc rib e d  as th e  s i l i c a  u p ta k e .

2+The Mg co n ten t was determ ined  from th e  su p e rn a ta n t by a 

s ta n d a rd  Atomic A dsorp tion  method d esc rib e d  in  th e  E xperim ental 

A ppendix.

B u ffe rin g  ag en ts  were used  in  some o f  th e  ex p erim en ts . For

pHs betw een 10 and 12 s o lu tio n s  o f sodium carbona te  were u sed . I t

was n o t p o s s ib le  to  use phosphate b u f fe r s  f o r  t h i s  pH range s in c e  a

phosphom olybdate complex would be formed w ith  th e  m olybdate re a g e n t.

S i l i c a  Uptake E xperim ents.

To determ ine th e  le n g th  o f tim e re q u ire d  to  ach iev e

e q u ilib r iu m  in  th e  SiO^/M g^ system , s o lu tio n s  w ith  i n i t i a l

2+c o n c e n tra tio n s  o f  150 ppm SiO^ and 100 ppm Mg a t  pH 11 .0  were

a n a ly se d  fo r  SiO^ in  s o lu tio n  fo r  a p e r io d  o f  16 days. Curve 1 o f

f i g .  1 shows th e  f r e e  SiO^ co n ten t f a l l i n g  to  about 40 ppm

30 m inu tes a f t e r  m ixing, and a f t e r  f iv e  days reac h in g  an e q u ilib r iu m

v alu e  o f  about 20 ppm. A s o lu t io n  co n ta in in g  th e  same m ix tu re  b u t

b u f fe re d  a t  pH 11 .1  w ith  NagCO^ gave s im i la r  r e s u l t s  (cu rve  2 ) .

P re lim in a ry  experim ents were a ls o  c a r r ie d  ou t to  determ ine

2+th e  e x te n t o f  p r e c ip i ta t io n  o f  Mg between pH 7 and 14. A s e r i e s
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2+o f  s o lu tio n s  were p repared  co n ta in in g  100 ppm Mg w ith  pHs in  th e

2+above range, shaken fo r  one day, and th e  Mg c o n c e n tra tio n  found

from th e  su p e rn a ta n t o f c e n tr ifu g e d  samples* The r e s u l t s  a re  shown

2+in  curve 1, f i g .  2; th e  p r e c ip i ta t io n  o f Mg as magnesium hyd rox ide ,

o r b r u c i te ,  i s  seen to  be com plete a t  pH 9*6.

A s e r ie s  o f s o lu tio n s  was th e n  p rep ared  w ith  150 ppn. SiO^

2+and 100 ppm Mg and pHs in  th e  range 7 to  14* The f r e e  s i l i c a

co n ten t was determ ined  a f t e r  a g i ta t in g  th e  s o lu tio n s  fo r  f iv e  days.

S ince th e  s o lu tio n s  were not b u ffe re d  th e  f i n a l  pH was m easured

im m ediately  b e fo re  th e  samples were ta k e n .

Curve 2, f i g .  2, shows th e  change in  th e  f r e e  s i l i c a  co n ten t

in  th e  pH range 7 to  14. The uptake cannot be due to  an e q u ilib r iu m

w ith  a s o l id  form o f SiO^ s in c e  th e  c o l le c te d  d a ta  o f K rauskopf (1959)•

f i g .  3, shows th a t  th e  f r e e  s i l i c a  le v e l  in c re a s e s  from about

110 ppm a t  pH 7 to  2000 ppm a t  pH 11 when in  e q u ilib r iu m  w ith

amorphous s i l i c a .  The uptake must be caused  by a r e a c t io n  w ith  th e

magnesium component o f th e  s o lu t io n .

Wey and S i f f e r t  ( 1961) in  a s im ila r  s e r ie s  o f  experim en ts

showed t h a t  th e  SiO^ le v e l  f e l l  from 150 ppm to  40 ppm in  th e

2+presence  o f  78 ppm Mg a t  about pH 1 1 .0 . They su g g es t th a t  th e
2 +  B w

r e a c t io n  i s  io n ic  between Mg , SiO^ and OH . They f u r th e r  su g g e s t,
2+( 1968) ,  th a t  th e  s i l i c a  r e a c ts  w ith  Mg to  form a b a s ic  s a l t  w ith  

c la y  l i k e  p r o p e r t i e s ,  but do no t propose a s t r u c tu r e  f o r  t h i s  s a l t .
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Stock  and Davies (1944) e s ta b l is h e d  th e  e x is te n c e  o f  th e  

Mg(OH)+ io n  in  d i lu te  a lk a l in e  s o lu t io n s .

At pH 9 .5  a b a s ic  s a l t  might be formed as fo llo w s :

Mg2+ + OfT -  Mg(OH)+ + H^SiO“ * Mg(OH)+H3SiO“

I f  th e  s a l t  on th e  r ig h t  hand s id e  were in s o lu b le  enough under 

th e se  c o n d itio n s  i t  would p r e c ip i ta te  o u t, pushing th e  e q u ilib r iu m  

to  th e  r i g h t .  Table 1 shows th a t  as th e  pH in c re a s e s  th e  

c o n c e n tra tio n s  o f Mg(OH)+ and H^SiO^ in c re a se  making s a l t  

fo rm atio n  more fa v o u ra b le . T h is may account fo r  some of th e  uptake 

below about pH 9»5» However a t  pH > 9*5 the Mg(OH)+ ion  becomes 

u n s ta b le  and p r e c ip i ta te s  as Mg (OH)^ s o  th a t  in  th e  re g io n  o f 

maximum uptake a t  pH 10.5  i t  would seem more l i k e ly  th a t  a r e a c t io n  

ooours between MgCOH)  ̂ and th e  sp e c ie s  H^SiO^*" and H^SiO^.

B r i t to n  (1942) and H e r  (1955) suggest th a t  th e  

p r e c ip i t a t io n  i s  brought about by th e  "m utual c o ag u la tio n "  o f  th e  

p o s i t iv e ly  charged  hydroxide and th e  n e g a tiv e ly  charged  s i l i c a .

Along th e se  l in e s  i t  may be env isaged  th a t  a r e a c t io n

between H^SiO “ and Mg(0H)o w ith  + ve h o les  o c c u rrs  : f ig u re  4*
3 4 2

T his type o f  bonding could be r e v e r s ib le  w ith  th e  S i(0H )30” 

c o n t in u a lly  competing w ith  OH fo r  th e  + ve s i t e s .
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TABLE 1.

Mg(0H)+
. w : .

pH 0H~(H) Mg2+ Mg(0H)+ (M)
H4S i °4

H3S i 04“ (M)

7 .9 10-7 3-8  x  10"5 1 .5  x 10~7 •r -

8 .0 10-6 3 .8  x  10“ 4 1 .5  x  10"6 1 .6  x  10“ 2 4 .0  x  i o - 5

8 .5 1 0 -5 * 5 3 .8  x  10- 3-5 1 .5  x  10"5*5 - -

9 .0 1 0 -5 3 .8  x  10"3 1 .5  x  1 0 -5 1 .6  x  10*"1 4 .0  x  10 -4

9 .5 1 0 -4 *5 3 .8  x  10"2 *5 1 .5  x  10"4 *5

**

1 .0 2 .5  x  10“ 3

9 .6 10“ 4 ,4 Hg(OH)2 - - -

1 0 .5 i o - 3 '5 Mg(OH)2 - 5 .0 1 .2 5  x  10~2

C o n cen tra tio n s  o f Mg(OH)+ and H^SiO^~ a t  pHs 7 to  11 in  s o lu t io n s  

co n ta in in g  100 ppm Mg2+ and 150 ppm S i0 2 . Mg(0H)2 p r e o ip i ta t e s

a t  pH $ .6 ,

* S t a b i l i t y  c o n s ta n t , “ ^ 2+ ^ ~  * ^*58*
Mg OH
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SiCOH)
I 3

o  

ooo+bo+ooooo
Mg Mg Mg Mg Mg

C I + O O O O + O O O O O

o  Si Co h )
I 3
s 'C o h ) 3 q  = oh

F ig u re  4 . A dsorp tion  o f s i l i c i c  a c id  in to  + Xe h o le s  in  b r u o i te .

The s i l i c a  would a lso  be capable o f hydrogen bonding to  

th e  b ru c i te  su rfa c e  as H^SiO^ and H^SiO^ • (F ig . 5 )*

H " d o V H

0 0 0 0
Mg Me

H

H

V 'V V "
H H H

O O O O 0 6 6
Mg Mg Mg

' V
H

O O O O
Mg

¥ 
0 0

Mg

F ig u re  5 . Hydrogen bonded c o n f ig u ra tio n s  o f adso rbed  s i l i c i c  a c id .
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S in g ly  and doubly io n ise d  s i l i c i c  a c id  w i l l  be p re se n t 

a t  pH >  IO .5 . This could account fo r  th e  d ec re a s in g  s i l i c a  

up take in  t h i s  reg io n  s in ce  th e  m olecules w i l l  ten d  to  re p e l one 

an o th e r making a d so rp tio n  in c re a s in g  u n s ta b le .

S a tu ra t io n  E xperim ents.

Experim ents were conduoted to  e s t a b l i s h  th e  maximum 

uptake o f SiO^ in  t h i s  system .

E x p erim en ta l.

A s e r ie s  o f s o lu tio n s  were p rep a red  co n ta in in g  SiO^ up to

2+300 ppm and co n ta in in g  100 ppm Mg . The pH was a d ju s te d  to  10 .8 ,

th e  s o lu tio n s  e q u i l ib r a te d  fo r  f iv e  days and th e  f r e e  s i l i c a

c o n c e n tra tio n  determ ined . For comparison a s im i la r  s e r i e s  o f

re a c t io n s  a t  pH 11 .3  were c a r r ie d  o u t.

R e su lts  and D iscu ss io n .

The r e s u l t s  a re  shown in  f ig u re  6 up to  100 ppm SiO^

t o t a l  S i02 added, SiO^ i s  v i r t u a l l y  com plete ly  adso rbed . As more

SiOg i s  added, more SiO^ rem ains in  s o lu t io n .  The curve th e n  ten d s

2+to  become p a r a l l e l  to  th e  curve expec ted  i f  no Mg were p r e s e n t ,  

showing th a t  th e  s a tu r a t io n  p o in t i s  be ing  reac h ed . I t  th e n  p asses  

th ro u g h  a g e n t le  in f le x io n  p o in t and th en  te n d s  to  s lo p e  away 

perhaps due to  s l ig h t  p o ly m erisa tio n  o f  SiO^. The in f le x io n  p o in t  

was ta k en  a s  th e  s a tu r a t io n  l e v e l .  The pH 1 1 .3  curve shows a



L-J

Z
o
H
<ce
15
h<'to
IL
O
m
z

a

O
hH5J
O
</)

cn

Z

f-
z111iniu
cCa
<
u

to
HI
UJa:IJL
o '
o
u.



27

p a r a l l e l  "but h ig h e r le v e l  of f r e e  s i l i c a  w ith  in c re a s in g  t o t a l  

SiO^ added; t h i s  i s  c o n s is te n t w ith  th e  r e s u l t s  shown in  curve 2 , 

f ig u re  2, where le s s  SiO^ i s  adsorbed a t  h ig h e r pHs#

The m olecu lar r a t i o  SiO^/MgO in  th e se  p r e c ip i ta te s  was 

c a lc u la te d  as fo llow s :

moles SiO_ SiO ppm SiO uptake (g ) ,
d “  d  “  d  X d t \

moles MgO Mg‘_+ g ion  e q u iv a le n ts  ppm Mg^+ (g ) ^

where ppm SiO^ uptake « (added SiO^ c o n c e n tra tio n  -

f r e e  SiO^ c o n c e n tra tio n )

2+Since Mg i s  v i r t u a l l y  t o t a l l y  p r e c ip i ta te d  a t  th e  pH o f th e

above experim en t, and o th e r experim ents where th e  r a t i o  was ca lcu la + ed ,

th e  amount o f  magnesium in  th e  p r e c ip i ta te s  i s  equal to  th e

amount added. For th e  above experim ent th e  SiO^/MgO r a t i o  was

0 .5  a t  s a tu r a t io n  up tak e . The v a r ia t io n  o f  th e  SiO^/MgO r a t i o

w ith  pH i s  g iven  in  curve 3 , f ig u re  2 . In  th e  re g io n  o f maximum

uptake i . e .  pH 10-11, th e  average r a t i o  i s  O .5I .

The most s ta b le  hydrogen bonded c o n f ig u ra tio n  shou ld  be 

th e  t r i p l e  hydrogen bond a d so rp tio n , f ig u re  7a» s in c e , a p a r t  from 

having  th e  g r e a te s t  number o f  bonds, th e  lone p a i r s  on th e  

oxygens a t ta c h e d  to  s i l i c o n  a re  in  d i r e c t  l in e  w ith  th e  0-H bonds 

on b r u c i t e .  By covering  bo th  s id e s  o f b r u c i te  w ith  t r i p l e  bonded 

s i l i c i c  a c id  th e  maximum SiO^/MgO r a t i o  i s  O .67, s in c e  2 s i l i c o n  

atoms w i l l  be e q u iv a le n t to  6 hydroxyls on s i l i c i c  a c id  m olecu les



Figure 7 .

Two modes o f f ix a t io n  o f s i l i c a  on b r u c i te .

0 o
1 I
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H i . /  • n. /  / i n  / n  I_I t i i i

0 0 0 0 0 0  V *? W V H
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' . ' . Y X Y - ' -  ■ ' • x V ' Y '

' ■ Y X Y X ' .  ' Y : Y Y . -

: . Y X Y X ' .  - '  Y  Y -  y• • • • • *

• OH on b r u c i te  b ) 

O 0 on s i l i c o n s

•  s i l i c o n .
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and 6 hydroxy ls on b ru c i te  w i l l  be equ ivalen t to  3 magnesium atom s, 

g iv in g  a SiO^/MgO r a t i o  o f 0.67* The 0-0 d is ta n c e  in  b ru c i te  i s  

3*22 £ w h ile  th e  0-0  d is ta n c e  in  s i l i c i c  a c id  i s  2 .55 T his 

bonding w i l l  th e re fo re  ten d  to  cause th e  b r u c i te  la y e rs  to  curve 

inw ards tow ards th e  s i l i c i c  a c id  m o lecu les. I f  th e  su rfa c e  were 

covered w ith  Si-O-Mg bonds as shown in  f ig u re  7*>, th e n  th e  r a t i o  

would a lso  be O.67 s in c e  each oxygen bonded to  a s i l i c o n  atom would 

be surrounded by 6 oxygens no t bonded to  s i l i c o n  atoms due to  

packing in te r a c t io n s  o f  th e  s i l i c i c  a c id  m o lecu les. T his means 

th a t  one t h i r d  o f  th e  oxygens on one s id e  o f b r u c i te  a re  bonded to  

s i l i c o n  atoms g iv in g  a r a t i o  o f two th i r d s  or O.67 f o r  two s id e s  

o f  b r u c i t e .

The r a t i o  o f  0 .5  in d ic a te s  th a t  s i l i c i c  a c id  has n o t only  

covered th e  o u te r  su rfa c e s  of b ru c i te  bu t has p e n e tra te d  in to  th e  

in t e r l^ y e r s  o f th e  c r y s ta l s  as w e ll .

Both ty p e s  o f bonding would p rov ide  a s u i ta b le  ' s t o r e '  

f o r  up to  a r a t i o  o f SiO^/MgO o f 0.67* T h is  r a t i o  g iv e s  r i s e  to  th e  

p o s s i b i l i t y  o f two la y e r  c la y  fo rm atio n , fo r  example th e  se rp e n tin e  

m in e ra ls  which have a SiO^/MgO r a t i o  o f  O.67/ I .O .  Clay fo rm atio n  

would in v a lu e  th e  f ix a t io n  o f s i l i c a  on th e  su rfa c e  o f  b r u c i t e  by 

form ing e x te n s iv e  re g io n s  o f Si-0-Mg bonding fo llo w ed  by th e  

p o ly m e risa tio n  o f s i l i c a  to  g iv e  S i - 0-S i  bonds. Experim ents 

designed  to  t e s t  t h i s  p o s s i b i l i t y  w i l l  be d e sc r ib e d  a t  a l a t e r  p o in t .



50

I f  r e v e r s ib le ,  o r p h y s ic a l a d s o rp tio n  such as hydrogen 

bonding or th e  io n ic  type d e sc rib e d  above, i s  o ccu rrin g  th e n  th e  

r e s u l t s  o b ta in ed  from th e  s a tu r a t io n  experim ent shou ld  f i t  

F r e u n d l i tc h 's  ex p re ss io n  fo r  p h y s ic a l a d so rp tio n  from s o lu t io n  

which has th e  form
1

x , n . -  “ k o m

where x and m a re  th e  masses o f  th e  su b stan ce  adsorbed  and th e  

ad so rben t r e s p e c t iv e ly ;  c i s  th e  c o n c e n tra tio n  o f  th e  s o lu t io n  

when e q u ilib r iu m  i s  reached , and n i s  an e m p ir ic a l co n s tan t 

u s u a lly  g r e a te r  th a n  u n i ty .  T h is  eq u a tio n  im p lie s  t h a t  i f  

lo g  X/ m i s  p lo t te d  a g a in s t log  c , a s t r a i g h t  l i n e  w i l l  be o b ta in e d  

w ith  s lo p e  ^ /n .  The d a ta  re q u ire d  f o r  t h i s  p lo t ,  c a lc u la te d  

from th e  s a tu r a t io n  experim ent r e s u l t s ,  i s  g iven  in  ta b le  2 

and i s  shown g ra p h ic a l ly  in  f i g .  8 .

The l i n e a r  curve o b ta in ed  in d ic a te s  th a t  a  r e v e r s ib le  

a d so rp tio n  p ro cess  i s  o c c u rr in g . The e m p ir ic a l c o n s ta n t ,  n , 

was found to  be 5*9 and fc was O.O69.
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TABLE 2 ,

S i l i c a  a d so rp tio n  on ^ (O H )^  a t  pH 10. 8 . 

C a lc u la te d  from th e  s a tu r a t io n  experim ent r e s u l t s .

X
m

X
m log  X/m c lo g  c

94/lOO O.94 - 0 .03 6 O.78

l l 8/ l 00 1.18 0.07 32 1.51

13° / l 00 1.30 0.11 45 I .65

136/ l ° ° 1.36 0.13 64 1.81
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FIG .R  F R E U N D L I T C H ’S P L O T  F R O M  R ES UL TS OF
S A T U R ATI ON E X P E R IM E  N T.



55

A geing p rocesses in  th e  SjO^/MgO p r e c ip i t a t e s .

S i l i c a  hag been shown to  be adsorbed, onto  b ru c i te  by, 

i t  i s  proposed , a m ainly r e v e r s ib le  a d so rp tio n  p ro c e ss . Ageing 

p ro c e sse s , as a lre a d y  in d ic a te d , might invo lve  a t  l e a s t  th re e  ty p es  

o f  r e a o t io n  lead in g  to  c lay  la y e r  fo rm a tio n . The f i r s t  cou ld  be th e  

f ix a t io n  of s i l i c a  onto th e  b ru c i te  su rfa c e  to  form Si-O-Mg b m tfs . 

This p ro cess  i s  shown in  f ig u re  9*

H H H H H H H H  H H H H  I H H  H H H  S ' M
66666666 6666066 i  6666066

F ig u re  9 . P o s tu la te d  fo rm atio n  o f  Si-O-Mg bonds 
by an S^2 type r e a c t io n .

The mechanism env isaged  th e  t r a n s f e r  o f a p ro to n  from 

th e  b r u c i te  to  th e  s i l i c i c  a c id  : t h i s  w i l l  be encouraged by th e  

in c re a s e  in  n e g a tiv e  charge on oxygen o f  th e  a c c e p tin g  hydroxyl 

group. The e l im in a tio n  o f a w ater m olecule and the  fo rm atio n  o f  a 

Si-O-Mg bond may be ach ieved  by an S^2 ty p e  r e a c t io n .  The t r a n s i e n t  

+ ve charge o f  th e  s i l i c o n  atom w i l l  be s t a b i l i s e d  by th e  p a r t i a l l y  

io n ic  c h a ra c te r  of th e  Si-O-H bond ( 38$ io n ic )  and th e  -  ve charge 

on th e  m olecu le .
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This type  o f bond, would be formed a lre a d y  where s in g ly  

io n is e d  s i l i c i c  a c id  m olecules had n e u t ra l is e d  + ve s i t e s  on th e  

b r u c i te  su rfa c e  (F igu re  4)»

The second p rocess would invo lve th e  l in k in g  to g e th e r  o f  

s i l i c i c  ac id  monomers to  form S i-O -S i bonds in  s i l i c a  te t r a h e d r a  

bonded to  th e  b ru c i te  s u r fa c e . The p ro cess  env isaged  i s  shown 

in  F ig u re  10.

HO (.OH H
H c: O  u u
0 ^ 0 , , / V  O ^ O - s  i O Q O r > C f

'S i ' HO o ' Si'  OH S i'

66666/£>6 6666+*00 6666666

F ig u re  10. P o s tu la te d  fo rm atio n  o f  s i l i c a  t e t r a h e d r a l  la y e r .

Two s i l i c i c  a c id  m olecules po lym erise  i n i t i a l l y ,  w ith  one 

o f  them a lre a d y  bonded to  th e  b ru c i te  s u r fa c e .  T h is  l in k e d  m olecule 

cou ld  th e n  become bonded to  th e  su rfa c e  by f i l l i n g  a + ve h o le . The 

chances o f two such lin k e d  m olecules le a v in g  th e  s u rfa c e  by th e  

r e v e r s ib le  p ro cess  o u tl in e d  in  F ig u re  4 a re  now much reduced . 

A l te rn a t iv e ly  th e  second m olecule could become bonded to  th e  su rfa c e  

by th e  S^2 p ro cess  shown in  F ig u re  9» T his would c o n s t i tu te  th e  

t h i r d  p ro c e s s .
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Packing r e s t r i c t i o n s  make i t  v i r t u a l l y  im possib le  fo r  

t h i s  second m olecule to  be bonded to  th e  su rfa c e  in  th e  re q u ire d  

p o s i t io n  p r io r  to  p o ly m erisa tio n . By po lym eris ing  f i r s t  t h i s  

r e s t r i c t i o n  no longer a p p l ie s .

There appears to  be no s tro n g  d i r e c t in g  fo rc e  to  cause 

th e  bonding o f th e  s i l i c a  m olecules in  a c la y  l ik e  hexagonal

arrangem ent as in  F ig u re  lib*. Random bonding to  th e  s u r fa c e  w i l l

cause l in e s  of lin k e d  s i l i c a  te t 'ra h e d ra  to  run f o r  a r b i t r a r y

le n g th s  a c ro ss  th e  b ru c i te  s u r fa c e , th e  on ly  r e s t r i c t i o n  be in g  th a t

th e y  run a t  120° to  each o th e r  and no th re e  te t r a h e d ra  can sh a re  

th re e  a d ja c e n t s i t e s  (F ig u re  11a ) .

o  o  o  * • o  o  • o  O
o  o  • • o  o  * 0 - 0 0 - 0

0 - 0  * O • O • 0 0 . 0 0
O • O • O O 0 - 0 0 - 0

• o  « o  o  . • o  0 0 - 0 0
< 0 0 * 0 0 0  o  * o  o • o

0 * 0 0 * * .  0 0 * 0 0
O SlMC0M

a ) • Hvonojtyu ^

F ig u re  11. P o s s ib le  s t r u c tu re s  o f s i l i c a  t e t r a h e d r a l  la y e r .

The s t r u c tu r e  shown in  a )  w i l l  have s im i la r  p ro p e r t ie s  to  

b ) such as s o l u b i l i t y  in  a c id  but w i l l  n o t show th e  same degree  o f 

c r y s t a l l i n i t y  as d e fin e d  by i t s  a b i l i t y  to  d i f f r a c t  X-Rays due to  

th e  random o rd e rin g  from la y e r  to  la y e r .
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Ageing p ro cesses  w i l l  have th e  e f f e c t  o f making th e  

p r e c ip i ta te  le s s  so lu b le  in  acid# Experim ents were conducted to  

determ ine th e  s o lu b i l i ty  o f th e  p roducts  formed by th e  above 

method w ith  tim e o f ageing .

E x p erim en ta l.

A 250 ml s o lu tio n  o f Na^SiO^. c o n ta in in g  150 ppm SiO^

2+and 100 ppm Mg a t  pH 11 .1 , was m a g n e tic a lly  s t i r r e d  in  a covered  

po ly thene  b e a k e r. 25 ml samples were w ithdraw n a t  in te r v a l s  up to  

19 days. D ilu te  HC1 was added to  g ive a pH o f  5*2 and a f t e r  

a llo w in g  th e  s o lu tio n s  to  e q u i l ib r a te  to  c o n s ta n t pH (abou t one day) 

a sample o f t h i s  s o lu t io n  was c e n tr ifu g e d  and th e  f r e e  s i l i c a  

c o n c e n tra tio n  determ ined .

R e su lts  and D iscu ss io n .

The r e s u l t s  a re  shown g ra p h ic a lly  in  F ig u re  12. The 

p r e c ip i ta te  beoomes in c re a s in g ly  in so lu b le  in  a c id  w ith  tim e . At 

pH 5 Mg(0H)2 would com plete ly  d is so lv e  s i f  s i l i o a  sim ply rem ained 

hydrogen bonded to  b ru o ite  th roughou t t h i s  tim e , th e n  a c id  tre a tm e n t 

would r e le a s e  t h i s  s i l i c a  by d is s o lv in g  th e  M g ^ H ^ . The drop in  f r e e  

s i l i o a  oannot be due to  p o ly m erisa tio n  s in c e  th e  s o lu tio n s  a re  

u n d e rsa tu ra te d  w ith  re s p e c t to  s i l i c a  a t  pH 5» S i l i c a  th e n  i s  

becoming in c re a s in g ly  bound in  th e se  s i l i c a t e s  to  form  more s tro n g ly  

bonded s t r u c t u r e s .  T h is  e f f e c t  could  be due to  th e  fo rm atio n  o f 

Si-O-Mg bonds from hydrogen bonded m olecu les o r  to  an in o re a se  w ith
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tim e o f s i l i c i c  a c id  m olecules adsorbed  by n e u t r a l i s in g  + ve 

s i t e s  on b ru c i te  w ith  some p o ly m erisa tio n  o r a com bination o f 

bo th  o f th e se  p o s s i b i l i t i e s .

The evidence fo r  th e  p roducts  ageing  to  th e  e x te n t 

o f c la y  fo rm ation  w i l l  be d e sc r ib e d  in  P a r t  2.
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PART 2 .

E lectron Microscopy study o f s i l i o a  magnesium p rec ip ita te s .

The s i l i c a  uptake experim ents d e sc rib e d  in  P a r t  1 

showed th a t  s i l i c a  i s  adsorbed ra p id ly  from d i l u t e ,  a lk a l in e  

magnesium s o lu tio n s  a t  room tem p era tu re  and th e  subsequent age ing  

p ro cess  makes th e  fo rm ation  o f a la y e r  s i l i c a t e  p o s s ib le .

Attempts to  d etect layer s i l i c a t e  formation from th ese  so lu tio n s  

using e lec tro n  microscopy, e s p e c ia l ly  e lec tro n  d if fr a c t io n , w i l l  be 

described here. For the d escr ip tion  o f the e lec tro n  microscopy 

methods used the reader i s  referred  to  the Experimental Appendix. 

Experimental .  ^

The s to c k  s i l i c a  and magnesium s o lu t io n s  were p rep a red  as 

in  P a r t  1 . The re a c t io n  m ix tu res (10 m]s) were shaken in  po ly thene  

v e s s e ls  (15 ml§) fo r  th e  re q u ire d  tim e . Samples f o r  e le c t ro n  

m icroscopy were p rep ared  by c e n tr ifu g in g  a l iq u o ts  (2 m is) in  a 

m ic ro c e n tr ifu g e  washing w ith  d i s t i l l e d  w ater and d is p e rs in g  th e  

p r e c ip i t a t e  in  w ater p r io r  to  m ounting.

Two arrays o f samples were prepared w ith con cen tra tion s, 

given  in  Table 3, at pH 11 .0 .

The range o f SiO^ concentrations was chosen to  in v e s t ig a te  

the e f f e c t  o f  in creasin g  amounts o f SiO^ on the p r e c ip ita te s .
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TABLE 3.

2+C oncen tra tions of SiO^ and Mg in  s o lu t io n s .

M 2+Mg ppm. S i02
M olecular r a t i o  

S i02/Mg0 in  s o lu tio n

50 0 0

50 12.3 0. 1

50 245*0 2. 0

50 1230.0 10.0

2+In  one s e r ie s  th e  Mg s o lu tio n  was added to  th e  SiO^

s o lu tio n  and th i s  was c a l le d  th e  c o p re c ip ita te d  s e r i e s .  Samples

were w ithdraw n h a l f  an hour, th re e  days and e ig h t  days a f t e r  m ixing.

2+In  th e  o th e r  s e r ie s  th e  Mg s o lu tio n s  were a llow ed  to  age f o r  th re e

days a t  pH 11 .0  b efo re  th e  SiO^ s o lu tio n  was added, and t h i s  was

term ed th e  aged s e r i e s .  Samples were withdrawn im m ediately  a f t e r  th e

2+a d d i t io n  o f SiO^ and a f t e r  e ig h t days. A s o lu t io n  c o n ta in in g  Mg 

a lo n e  was sampled s im u ltan eo u sly  w ith  th e  c o p re o ip ita te d  s e r i e s  to  

s tu d y  any changes in  Mg(0H)2 w ith  tim e .

The tim e p e r io d  o f  e ig h t days was chosen s in c e  F ig u re  12 

shows th a t  th e  ageing  p rocess has passed  i t s  most r a p id  phase a t  

t h i s  tim e .
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R e s u l t s .

A s e le c te d  a rea  d i f f r a c t io n  p a t te r n  f o r  th e  e ig h t day 

Mg(OH)^ alone sample gave spacings shown in  Table 4 . The e a r l i e r  

sam ples were s im i la r .  The spac ings show good c o r r e la t io n  w ith  

th o se  o f b r u c i te .  The comparison o f i n t e n s i t i e s  i s  not so good 

s in c e  th e  ASTM index reco rd s  in t e n s i ty  d a ta  from X-Rays no t from 

e le c tro n  d i f f r a c t io n .

Table 4 .

d i
B ru c ite  (AST1I 7-239) 

Mg(0H)2

d 1

h k l.

2 .71 m 2.73 * 100

2.37 s 2.37 v .s 101

I .58 m 1.58 m 110

1 .49  s 1.49 111

r .31 m 1.31 m 201

1.01 w 1.09  w 104

0.91  m O.91 w 300

O.89 w O.89 w 301

O.78 w 0.78 w 220

0.77 w - -

0 .73  W - -
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The changes in  th e  appearance o f M g^H)^ w ith  tim e a re  

shown in  P la te s  1 to  3 . In  g en e ra l th e  M g^H)^ was composed o f

p l a t e l e t s  (arrow  1 , P la te  l ) ,  but in  the  h a l f  hour sample (P la te  l )  

more dense e lo n g a ted  shapes a re  seen (arrow  2 ) ,  w ith  about th e  same 

le n g th  as th e  d iam eter o f th e  p l a t e l e t s  : th ey  were taken  to  be

r o l l e d  up p l a t e l e t s .  In  tim e t h i s  tu b e  l ik e  morphology d isa p p e a rs , 

p robab ly  due to  th e  tubes  u n ro ll in g , to  g ive  a more uniform  p la te  l ik e  

appearance seen  in  P la te  3 . The o th e r p o s s i b i l i t y  i s  th a t  th e se  

e lo n g a ted  forms a re  p l a t e l e t s  s ta n d in g  on edge, but s in c e  th e re  a re  

no in te rm e d ia te  forms th i s  seems le s s  l i k e ly .

C oprecipitated  S e r ie s .

T his s e r ie s  corresponds to  th e  ex p erim en ta l c o n d itio n s  o f 

P a r t  1. The s o lu t io n  w ith  th e  m olecular f e e d '1 r a t i o  o f SiO^/MgO * 

2 . 0/ 1 .0  i s  s im i la r  to  th o se  s tu d ie d  in  th a t  p a r t .

P la te s  4 to  12 show each o f th e  r a t i o s  w ith  tim e in te r v a ls  

o f h a l f  an hour, th re e  days and e ig h t  days.

N early  a l l  th e  p r e c ip i ta te s  proved to  be amorphous to  

e le c tro n  d i f f r a c t io n .  Any d i f f r a c t io n s  observed  were very  f a i n t  or 

d if fu s e  and corresponded to  b r u c i t e .

With th e  r a t i o  O .l / l .O  th e  p a r t i c l e s  a re  about h a l f  th e  

s iz e  o f a b ru c i te  p l a t e l e t  and have a rougher and more crum pled 

te x tu r e .  O ther a re a s  as shown in  th e  e ig h t  day sample appear to  

be la rg e ly  u n a ffe c te d  by SiO^.
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In c re a s in g  the  SiO^ r a t i o  to  2 . 0/ 1 .0  gave a more 

w idespread  decrease  in  s iz e  w ith  the  same roughening and crim ping 

o f  th e  b ru c i te  p l a t e l e t s .

A fte r  e ig h t days th e  lO .O /l.O  r a t i o  samples showed about 

th e  same p a r t i c l e  s iz e s  as th e  2 .0 / l .0  ru n . P la te  12 shows th e se  

p a r t i c l e s  h e ld  to g e th e r  by th ic k  s tra n d s  o f m a te r ia l  (a rrow ed).

T his la c e  l ik e  morphology i s  due to  excess SiO^ rem ain ing  a f t e r  

w ashing and polym erises d u ring  th e  d ry ing  down s ta g e  o f sample 

p re p a ra t io n .

The g en era l decrease  in  p a r t i c l e  s iz e  w ith  in c re a s in g  

SiO^ c o n c e n tra tio n  can be a t t r ib u t e d  to  th e  f a c t  th a t  as soon as 

b ru c i te  c r y s t a l l i s e s  out o f s o lu tio n  i t  w i l l  be p rev en ted  from 

growing any la rg e r  by th e  a d so rp tio n  o f  s i l i c i c  a c id .  Also th e  

d i s to r t io n  o f th e  b ru c ite  p l a t e l e t s  by t h i s  a d so rp tio n  p roducing  

crumpled forms w i l l  reduce th e  o v e ra l l  s i z e .

The aged s e r i e s .

The e f f e c t s  of s i l i c a  added to  th re e  day o ld  b ru c i te  a re  

shown in  P la te s  13 to  18.

The d i f f r a c t io n  d a ta  fo r  th e se  sam ples i s  g iven  in  Table 5.

The spac ings  c o r r e la te  w ith  th o se  o f b r u c i t e .

The 0 . l / l .O  r a t i o  shows Mg(0H)2 h a rd ly  a f f e c te d  by S i02#

The 2 . O /l.O  specim ens show crumpled p l a t e l e t s  w hile th e  lO .O /l.O  r a t i o  

shows th e  la c e  l ik e  appearance due to  th e  excess o f s i l i c a  added . No 

d e te c ta b le  changes can be observed w ith  a g e in g , from  e le c tro n  d i f f r a c t i o n .
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TABLE

Brucite

d£

S i02/Mg0 0 . l / l .O

Time 8 days 
P late  14

&

2 .0 /l.O

8 days 
P la te  16

d2

10 . 0/ 1 .0

3 days 
P late  18

d2

. 2.71 2.68 2.69

2.37 2.41 2.38 2.39

1.58 I .58 i .5 9 I .58

1.31 1.31 1 .30 -

1.01 1.01 - -

0.91 - - -

0.89 - - -

0.78 - - -

0.77 - - -

0 .73 - - -

C onclusions*

The cop rec ip ita ted  s e r ie s  gave mainly amorphous m ater ia l, 

corresponding to  the conditions o f the uptake experim ents. The 

ageing  experiments showed th a t th ese  products became more in so lu b le  

w ith  time : th is  amorphous m aterial could then correspond to  the

type o f ageing described in  Figure 10, that i s  the form ation o f  

X-O-X bonds where X i s  e ith er  S i or Mg, to  the ex ten t shown in



F ig u re  10 o r even to  th a t  shown in  F igure  11a. This would make 

th e  product more in so lu b le  th an  bu t would d e s tro y  th e

a b i l i t y  o f MgtOH)^ to  d i f f r a c t  $ th e  aged m a te r ia l  would be 

in s u f f i c i e n t l y  c r y s ta l l in e  to  d i f f r a c t .  T his ty p e  o f  bonding 

would cause d is to r t io n s  o f th e  b ru c ite  l a t t i c e  and cause th e  m a te r ia l  

to  have a crumpled p la t e l e t  appearance.

Wey and S i f f e r t  ( 1961) claim  to  have sy n th e s ise d  a 

t r io c to h e d r a l  m in e ra l, probably  a m o n tm o rillo n ite , under s im i la r  

c o n d itio n s , a f t e r  tw elve hours o f m ixing. Repeated a ttem p ts  here  

f a i l e d  to  produce any c r y s ta l l in e  m a te r ia l  w ith  a c la y  l ik e  

d i f f r a c t io n .

With th e  aged s e r ie s  th e  Mg^H)^ has had th re e  days in  

which to  improve i t s  c r y s t a l l i n i t y  which seems to  enab le  i t  to  r e t a in  

a l i t t l e  o f i t s  a b i l i t y  to  d i f f r a c t  even a f t e r  f iv e  days in  c o n ta c t 

w ith  a 1 0 .0 /1 .0  r a t i o  o f SiO^/MgO. A d isad v an tag e  o f u s in g  aged 

MgCOH)  ̂ w i l l  be th a t  th e  ageing  tim e w i l l  enab le  Cl“ io n s  to  become 

adsorbed  on + ve s i t e s  in  th e  b ru c ite  l a t t i c e  making th e  a d so rp tio n  

o f  SiOg more d i f f i c u l t .  The a d so rp tio n  which has ta k en  p la ce  

has been s u f f ic ie n t  to  give r i s e  to  a s im ila r  crumpled sh e e t 

appearance .

I t  was concluded th a t  room tem p era tu re  c o n d itio n s  were 

s u f f i c i e n t  to  remove s i l i c a  from d i lu te  a lk a l in e  magnesium 

s o lu tio n s  and produce d is to r t io n s  in  the  b r u c i te  p l a t e l e t s ,  bu t
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were n o t v igorous enough to  produce a s ig n i f i c a n t  phase change 

w ith in  about one week.

I t  was found th a t  by ageing th e  c o p re c ip i ta te d  s o lu tio n s  

fo r  one month two broad c lay  l ik e  d i f f r a c t io n s  o f  1 . 56 2 and 2 .56 2 

could  be observed from X-Ray d i f f r a c t io n .  T his in d ic a te s  th a t  

p ro longed ageing  can produce some c lay  l ik e  m a te r ia l  w ith  reg io n s  

p robab ly  co rrespond ing  to  th o se  shown in  F igure  11 b .
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PART 3.

R eflux  o f d i l u t e  s i l i c a ,  magnesium s o lu t io n s .

I t  was hoped th a t  by r a is in g  th e  tem p era tu re  o f th e  

m other s o lu tio n s  from room tem p era tu re  to  a t  or near 100°C 

th e  c r y s t a l l i n i t y  o f th e  p r e c ip i ta te s  would be improved.

Experim ents were c a r r ie d  out u s in g  g la s s  v e s s e ls  and 

w ith  p l a s t i c  a p p a ra tu s  as a check on p o s s ib le  con tam ina tion  o f th e  

p ro d u c ts  from th e  g la s s .

Method A. R eactions in  g la s s  v e s s e l s .

E x p erim en ta l,

2+25 ml s o lu tio n s  co n ta in in g  150 ppm SiO^ and 60 ppm Mg 

a t  pH 11.2  were re f lu x e d  in  Pyrex f la s k s  f i t t e d  w ith  w ater 

co n d en sers . The experim ents were c a r r ie d  out in  d u p lio a te  to  

check  f o r  p o s s ib le  con tam ination  from th e  f la s k s .  A sand b a th  was 

used  as a conven ien t hea t so u rc e . 5 nils sam ples were w ithdraw n a t  

v a r io u s  in t e r v a l s  up to  te n  days, c e n tr ifu g e d  and washed t r i c e  

b e fo re  p re p a ra t io n  f o r  e le c tro n  m icroscopy exam ination .

R e su lts  and D isc u ss io n .

The one day and te n  day p ro d u c ts  gave a  f a i n t  d i f f r a c t io n  

r in g  p a t te r n  which faded  w ith in  te n  seconds le a v in g  o n ly  two weak 

r in g s  which gave c la y  spacings o f  2 .53  & and 1 .51 5L T h is  i s  

c o n s is te n t  w ith  a p oo rly  o r y s ta l l in e  h y d ra ted  magnesium s i l i c a t e  

w hich lo o se s  s t r u c t u r a l  w ater due to  th e  h ea t c re a te d  in  th e  sample
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by the e lectron  beam. A n tigorite  w ith a SiO^/MgO r a t io  of 

0 .6 7 /1 .0  would f i t  f a ir ly  c lo s e ly  w ith the uptake SiO^/MgO r a t io  

o f  about 0 .5 /1 * 0  fo r  th is  system.

P la te s  20 to  23 show micrographs of the product one day

and ten days a fte r  r e f lu x . For comparison P la te  19 shows the

appearance o f the  p roduct b efo re  r e f lu x .  Before re f lu x in g  th e

p roduct has a s im i la r  appearance to  th e  room tem p era tu re  p r e c ip i ta te s

d e sc r ib e d  in  P a r t  2 . A f te r  re f lu x in g  fo r  one day the  appearanoe

changes to  one o f h ig h ly  crumpled sh e e ts  w ith  a sp ikey  te x tu re

shown in  P la t e 3 20 and 21 a t  low and h igh  m a g n if ic a tio n  r e s p e c t iv e ly .

T h is  could be m odelled on sh e e ts  r o l l e d  up from two or th re e
->*

d ir e c t io n s  t c  produce a c r i s s - c r o s s  p a t te rn  o f  sm all tu b es  which 

would have a sp ik ey  te x tu r e .  T h is  i s  s im ila r  to  a s y n th e t ic  Si/Mg 

p rod u c t made by C a i l le r e ,  O berlin  and Henin (1954) which they  

d e sc rib e d  as  having  an A sp e c t d 'a s t e r i s q u e ' .

I t  was though t th a t  th e  morphology o f th e se  p ro d u c ts  m ight 

be co n s id e ra b ly  a f f e c te d  during  th e  d ry ing  down s ta g e  o f  specim en 

p re p a ra tio n  and S i specim ens were p rep a red  u s in g  an a e ro s o l sp ray  

te c h n iq u e . T h is  te ch n iq u e  atom ises th e  sample so t h a t  th e  specim en i s  

d e p o s ite d  onto  th e  sample g r id  p r a c t io a l ly  f r e e  of w a te r . I t  was 

found th a t  d ry in g  down e f f e c t s  a re  n e g l ig ib le  w ith  th e se  sam ples.

A fte r  te n  days th e  p roduct shows f in g e r  l i k e  p ro tru s io n s  

in  P la te s  22 and 23. An e x p la n a tio n  o f t h i s  morphology i s  g iven  in  

Method B.
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C o n c lu sio n s .

I t  was concluded th a t  th e se  c o n d itio n s  g ive poorly  

c r y s ta l l in e  hyd ra ted  magnesium s i l i c a t e s  w ith  a n t ig o r i t e  as th e  

l i k e ly  p ro d u c t.

P rolonged re f lu x in g  o f th e  mother s o lu tio n s  was consid ered  

to  improve th e  c r y s t a l l i n i t y  o f th e  p ro d u c ts  hu t t h i s  would cause 

d is s o lu t io n  o f th e  g la s s  v e s se l and u n c e r ta in ty  w ith  re g a rd  to  th e  

s i l i c a  co n ten t o f  th e  s o lu t io n s .  T h is problem w i l l  be d isc u sse d  in  

C hapter I I I .

Method B. R eactions in  p l a s t i c  v e s s e ls .

To e l im in a te  th e  p o s s i b i l i t y  o f  con tam ina tion  from g la s s  

v e s s e ls  used  in  Method A, th e  experim ents were re p e a te d  u s in g  

p l a s t i c  v e s s e ls .

E x p erim en ta l.

High d e n s ity  po ly thene v e s s e ls  o f 15 mis c a p a c ity  were 

used  in  t h i s  method. These v e s s e ls  were not su p p lie d  w ith  m atching 

w a te r condensers and so rubber s e a ls  were u sed . The s e a le d  v e s s e ls  

were secu red  in  a m etal sh ee t which a c te d  as a cover fo r  a steam  

c h e s t .  The m etal sh e e t was moved backwards and forw ards by 

m echanical l in k s  to  an e l e c t r i c  motor to  a g i t a t e  th e  sam ples.

Samples w ith  SiO^/MgO feed  r a t i o s  v ary in g  from O.2/ 1 .O to  4 * 0 /l.O  

a t  pH 11 .2  were t r e a te d  a t  steam  te m p e ra tu re s , 95°C -  100°C, f o r  

te n  days and sam ples p repared  fo r  e le c tro n  m icroscopy in  th e  u su a l way.
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R e su lts  and D iscu ss io n *

Samples w ith  r a t i o s  o f SiO^/MgO up to  and in c lu d in g  0 .6  

were amorphous to  e le c tro n  d i f f r a c t io n .  The SiO^/MgO r a t i o  of 

l .O / l .O  gave l a t t i c e  spacings compared w ith  th o se  o f a n t ig o r i t e  

as shown in  Tahle 6 . (B rin d ley , 1951)

TABLE 6 . A n tig o r i te  SiO^/MgO « l .O /l .O

d j d X

7.16 -

4*66 -

3-96 -

3*59 -

3.48 3 .48
2*80 2 .78

2.52 2.56

2 .40 2.36

2 .15 -

1 .99 1.98

1 .85 -

I .81 -

1 .72 -

1 .70 1 .69

1.56 -

1 .54 -

1 .53 -

1.51 -

1 .48 1 .49

With an excess o f s i l i c a .  SiO /MgO * 4 » 0 /l.O  s im i la r  bu t very  d if fu s e2

d i f f r a c t io n s  were o b ta in ed .
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The change in  morphology w ith  in c re a s in g  SiO^ p re se n t 

in  s o lu t io n  i s  shown in  P la te s  24 to  29* Up ‘t 0 a r a t i o  o f 0 .-6/ 1 .0  

th e  p ro d u c ts  have a fo ld ed  and crumpled sh ee t appearance.

The h igher r a t i o s  l .O /l .O  and 4 * 0 /l.O  have a s im ila r  

' f i n g e r '  l i k e  appearance to  p roducts  made by Method A (P la te s  22 

and 23) .

The fo ld ed  and tu b u la r  appearance w i l l  a r i s e  from th e  

known m is f i t  o f th e  t e t r a h e d r a l  s i l i c a  la y e r  and th e  o c ta h e d ra l 

b r u c i te  la y e r .  The dim ensions o f  th e  o c ta h e d ra l la y e r  a re  to o  g re a t 

f o r  a p e r f e c t  s u p e rp o s itio n  o f  th e  t e t r a h e d r a l  la y e r  so t h a t  any 

a ttem p t to  f i t  two such la y e rs  to g e th e r  w i l l  cause th e  s t r u c tu r e  to  

ourve (P ig u re l^ ) .  C h ry so tile  has a f ib ro u s  appearance which could  

have developed from s t r u c tu r e s  such as th e s e .  Indeed a f ib ro u s  l ik e  

a n t ig o r i t e  e x i s t s  c a l le d  p i c r o l i t e  which i s  tak en  to  be a 

t r a n s i t i o n a l  s ta g e  to  c h r y s o t i le .

C h ry so tile  f ib r e s  a re  made up o f  s p i r a l  and c o n c e n tr ic  

tu b e s ,  th e  d iam eter o f  th e  sm a lle s t tu b es  be ing  about 100X.

High m a g n if ic a tio n  o f  m a te r ia l  in  P la te  28 shows 'f i n g e r '  

l i k e  s t r u c tu r e s  in  more d e ta l  (P la te  29)* Measurements from t h i s  

m icrograph g iv e s  v a lu es  o f  approx im ate ly  90^  dim ensions m easured 

from th e  dark  c e n tre  l in e  o f th e  f in g e r  (arrowCl)) to  th e  o u ts id e .

The f in g e r  l i k e  appearance could  be ex p la in e d  in  the  fo llo w in g  way.



TETRAHEDRAL

SIT E

OCTAHEDRAL - >  
SIT E & & ■ >

F ig u re  3-5« Curved and tu b u la r  s t r u c tu re s  due to  m is f i t  o f
t e t r a h e d r a l  s i l i c a  la y e r  and o c ta h e d ra l b ru c i te  la y e r ,

a ) tube fo ld in g  back on i t s e l f .

i )  c ro ss  s e c t io n i i )  p e rp e n d ic u la r  
to  th e
e le c tro n  beam

i i i )  s l i g h t l y  
t i l t e d  to  
e le c t ro n  beam

F ig u re  14 . F o ld in g  of sh ee t s t r u c tu r e s  to  g ive  
sym m etrical f in g e r .
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The sym m etrical form o f th e  f in g e r s  i s  b e s t explained, 

by tu b e s  fo ld in g  back on them selves as in  a )  F ig u re  14. H ighly 

c r y s t a l l i n e  c h ry s o t i le  does no t show t h i s  morphology but has two 

or th re e  c o n c e n tr ic  tubes which w i l l  h in d e r t h i s  fo ld in g . The 

above tu b e s  a re  about one la y e r  th ic k  and no t so c r y s ta l l in e  and 

so fo ld in g  w i l l  be more l i k e ly .  Scheme b) F ig u re  10 would a ls o  

g iv e  r i s e  to  sym m etrical f in g e r  fo rm atio n  but c o n s is te n t  sym m etrical 

c u r l in g  i s  r a th e r  u n lik e ly  to  occur a s  f re q u e n t ly  as i s  observed .

A h ig h  m a g n if ic a tio n  m icrograph o f th e  SiO^/MgO r a t i o  4 *0 /l»0  

p roduct shows th e  f in g e r  l ik e  p ro tru s io n s  (arrow  ( 2 ) ) .

The more random d a rk e r  l in e s  may be due to  c re a se s  in  th e  

shee+s or by fo ld in g  e f f e c t s  shown in  F ig iire  15.

i .

= d «

F ig u re  IS .

C onc lu sio n s .

I t  was concluded t h a t  equim olar a lk a l in e  s o lu t io n s ,  

pH 11 .2 , o f  s i l i c a  and magnesium produce c la y  l i k e  m a te r ia l  

analogous to  a n t ig o n ite s  and c h ry s o t i le  w ith  a g r e a te r  degree o f 

c r y s t a l l i n i t y  when t r e a te d  a t  o r near 100°C.
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Part 4 .

A d d itio n a l te ch n iq u es  in  th e  study  o f s i l i c a  magnesium s o lu t io n s ,

A) A lte rn a t in g  a l k a l i  and a c id  c o n d itio n s .

A lthough c lay  l i k e  m a te r ia l  was not d e te o te d  in

experim en ts conducted a t  room tem p era tu res  i t  was though t th a t

due to  th e  ageing  p rocess found in  P a r t  1, very  sm all q u a n t i t i e s

o f c la y  m a te r ia l  could be formed to g e th e r  w ith  amorphous m a te r ia l .

J3jy n e u t r a l i s in g  th e  a l k a l i  s o lu tio n  th e  amorphous m a te r ia l  could

be d is s o lv e d  leav in g  the  more in so lu b le  m a te r ia l ,  which could  be

c la y  l i k e ,  to  a c t as n u c le i  fo r  f u r th e r  growth when th e  s o lu t io n

was re p le n is h e d  w ith  s i l i c a  and magnesium and made a lk a l in e  ag a in .

2+A s o lu t io n  co n ta in in g  150 ppm and 100 ppm Mg a t

pH 11.1 was a g i ta te d  fo r  one day and then  n e u t r a l is e d  w ith  HC1.

The b u lk  o f  th e  p r e c ip i ta te  was d is so lv e d  in  t h i s  way, th e

rem ainder was c e n tr ifu g e d  down and a sm all sample p rep ared  fo r

e le c tro n  m icroscopy. The p r e c ip i ta te  was th e n  d is p e rs e d  in

2+w ate r , th e  s o lu tio n  re p le n ish e d  w ith  SiO^ and Mg and th e  pH 

a d ju s te d  to  1 1 .1 . T h is d a i ly  cycle  was re p e a te d  s ix  tim es bu t 

th e  m a te r ia l  examined rem ained amorphous to  e le c t ro n  d i f f r a c t i o n .

A w eekly c y c le , which a llow ed  a lo n g e r ageing  p ro c e ss , perform ed 

f o r  one month gave th e  same r e s u l t .

I t  was ooncluded th a t  any c la y  formed would be p o o rly  

o r y s ta l l in e  and no t capab le  o f a c t in g  as e f f i c i e n t  n u o le i .  

(Assuming th a t  c la y  can a c t  as n u c le i f o r  g row th ). A nother
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drawback was th a t  th e  p r e c ip i ta t io n  p ro cess  on making the  

s o lu t io n  a lk a l in e  would p robably  e n t r a in  c la y  n u c le i  w ith  

MgtOH)^ which would r e s t r i c t  th e  supply  o f  s i l i c a  to  the  n u c le i .

B) pH g r a d ie n ts .

Systems were dev ised  to  p rov ide mediums which would 

su p p o rt pH g ra d ie n ts  to  f u r th e r  a ttem p ts  a t  producing c la y s  a t  

room tem p era tu re  from* d i lu te  s o lu t io n s .

By slow ly  siphon ing  an a lk a l in e  s o lu tio n  o f  sodium 

m e ta s i l io a te  to  th e  bottom o f a beaker c o n ta in in g  3 l i t r e s  o f 

a c id ic  magnesium c h lo r id e  co n ta in in g  U n iv e rsa l In d ic a to r  an 

a lk a l in e  s i l i c a  r ic h  pool was c re a te d  w ith  a very  sharp  pH 

g ra d ie n t a t  th e  in te r f a c e  o f  the  two s o lu t io n s .  P r e c ip i ta t e s  

formed in  t h i s  system  however were found to  be amorphous.

To produce a more even g ra d ie n t t r i a l  experim ents were 

o a r r ie d  out w ith  s o l id  support such as alum ina, a c id  washed 

sand and powdered c e l lu lo s e .  The l a t t e r  proved to  be th e  most 

s a t i s f a c to r y .

A g la s s  tro u g h  was f i l l e d  w ith  a c e l lu lo s e  p a s te  to  depth  

o f  15 cms, and tu b e s  in s e r te d  to  a dep th  o f  5 in to  th e  bed 

a t  r e g u la r  in te r v a l s  along i t s  le n g th . S o lu tio n s  o f  pH ran g in g  

from 2 to  13 were poured in to  th e  tu b e s  and th e  le v e ls  m a in ta in ed  

by s ip h o n in g  arrangem ents, th e  excess s u r fa c e  l iq u id  be in g  

w ithdraw n by su c tio n . U n iv ersa l I n d ic a to r  added to  th e  bed in
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t r i a l s  showed, th a t  about a week was re q u ire d  to  e s ta b l i s h  a 

s ta b le  g ra d ie n t .  N eu tra l m ix tu res o f d i l u te  magnesium and 

s i l i c a  s o lu tio n s  were in je c te d  in to  th e  medium. A fte r two 

weeks p lugs  o f th e  medium were ta k e n , th e  f l u i d  and any 

p r e c i p i t a t e s  w ashed.out by d is p e rs in g  th e  p lugs in  w ater and 

p ass in g  them down columns w ith  c o tto n  wool f i l t e r s .  Any 

p r e c ip i t a t e s  formed were found to  be amorphous up to  fo u r weeks 

o f  sam pling a f t e r  which th e  support medium became u n s ta b le .

A s im i la r  tech n iq u e  on a sm a lle r  s c a le  u s in g  agar g e ls  

as  th e  suppo rt medium a lso  gave u n s a t i s f a c to ry  r e s u l t s  and so 

f u r th e r  development o f  th e se  system s was no t u n dertaken .
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P la te  1 . Mg(OH)^ a f t e r  h a l f  an hour Mag, x  6 OK

Shows p la te - l i k e  morphology.

Arrows in d ic a te  p o s s ib le  tube  l i k e  

form o f r o l l e d  up p la te s .

P la te  2 . Mg(OH)^ a f t e r  th r e e  days Mag, x  60K

Plate 3» Mg(OH)̂  after eight days Mag, x 0.OK





SiOg/KgO

P la te  4 .

P la te  5 .

Coprecimitates
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SjO AtaO = O .l / l .O

H alf an hour Mag. x 6f0K

Shows p l a t e l e t s  w ith  c u r le d  ed g es .

Three days Mag, x  60K

Plate  6. Eight days Mag, x $0K





59

SiCU/MgO C p -p rec ip ita te s SiO /MgO « 2 .0 / l .Q

P la te  7 . H a lf an hour Mag. x £0K

Arrows show p la te s  w ith  c u r le d  ed g es .

P la te  8 . T hree days Mag, x $ 0K

Plate 9. Eight days Mag, x 60K





SiO^/MgO = 1 0 .0 / l ,0

P la te  10. H alf an hour Mag. x &)K

P la te  11 . Three days Mag, x $)K

SiO^/MgO C o p r e o i r l ta te 3

Plate 12. Eight da.vs Mag, x $0K



> 
t



P la te  1 3 .

SiO^ added to  th r e e  day o ld  Mg(OH)  ̂

SiO /MgO « O .l / l .O

T hree days 

B ru c ite  h a rd ly  a f f e c te d  by s i l i c a .
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Mag, x  60Z

Plate 14. Eight days Mag, x 6OK
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P la te  15>

P la te  16.

SjO added to three day old Mg(OH),
^  4

SjO /MgO » 2,O/l.O

T hree days Mag. x  60K

E igh t days Mag, x  6OK

P l a t e l e t s  show g r e a te r  d eg ree  o f 
a t t a c k  hy s i l i c a .
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P la t e  17 »

SjCU added to  th r e e  day o ld  Mg(OH)^ 

SiO /MgO = 1 0 .0 /1 ,0

->t
T hree days Mag# x 6.0K

W ebb-like s t r u c t u r e  due p o s s ib ly  to  

ex ce ss  s i l i c a  po lym erising#

P la te  18. Eight days Mag # x 6; OK
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Reflux o f  SiQ^/MgO s o lu t io n s  in  g la s s  v e s s e l s

P la t e  19 . B efore r e f lu x Mag. x 30K

P la t e  20 . One day Mag. x 3OK

•

Shows 's p ik e y ' m orphology.

P la t e  2 1 . One day Mag. x  160K





Reflux o f  SjO /MgO s o lu t io n s  in  g la s s  v e s s e l s
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P la t e

P i s t e

2 2 . Ten days (a e ro s o l  sp ray ed )

2 3 . Ten days

Shows‘f i n g e r 1 m orphology.

Mag, x 6f0K

Mag, x l60K





SiQ Avo s o lu t io n s  heated in  p l a s t i c  v e s s e l s
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P la t e  24 .

P la te  25 .

P la t e  26*

SiO^/MgO ~ 0 . 2 / l . 0

SjO^/MgO = 0 .4 /1 .0

SjO /MgO «= 0 .6 /1 .0

Mag. x 60K

Mag* x 60K

Mag, x £0K
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SjO^/MgQ s o lu t io n s  heated, in  p l a s t i c  v e s s e l s

P la te  27 . SiCL/MgO = l .O / l .O  Mag. x 61 OK

Shows appearance  o f  f in g e r  sh a p e s .

P la t e  28 . SiOVMgO « 4 . 0 / l . P  Mag, x  60K

A gain f in g e r  l i k e  m a te r ia l  i s  p r e s e n t .
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SiO /MgO s o lu t io n s  heated in  p l a s t i c  v e s s e l s

P la t e  29 . SjO^/MgO = 4 .0 / l .Q .  Mag, x laOKr:

High m a g n if ic a t io n  o f f i n g e r s .
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CHAPTER I I .

D i lu t e  s o l u t i o n  s tu d ie s  on th e  S jQ^/Al^+ sy s tem *

S tu d ies  were conducted on the s i l i c a  uptake from d ilu te  

so lu t io n s  o f aluminium at pH 8 . 5 , w ith  magnesium and aluminium presen t  

in  one s e r i e s .

The p o s s i b i l i t i e s  o f  ( S i ,  A l) c la y s  being  formed a t r e f lu x  

tem peratures and a t 80°C in  the presence o f  organic compounds and 

in organ ic  s a l t s  were a ls o  in v e s t ig a te d .

PART 1 .

S i l i c a  up take  from d i l u t e  magnesium and aluminium s o lu t i o n s  a t  25°C« 

I n t r o d u c t i o n .

Wey and S i f f e r t  ( 1961) have s tu d ied  the uptake o f  SiO^ from 

d ilu te  s o lu t io n s  o f  Al^+ a t variou s pHs and found th a t maximum uptake 

occurred between pH 8 and 10. T heir so lu t io n s  contained  about 150 ppm 

SiOg and 40 ppm Al^+ . The fo llo w in g  experim ents were ca rr ied  out in  

th e reg ion  o f pH 8 .5  w ith  more d ilu te  s o lu t io n s  i . e .  SiO^ co n ten ts  up 

to  30 ppm and Al^+ up to  30 ppm.

E x p e r im e n ta l .

The s to c k  so lu t io n s  o f s i l i c a  and magnesium were prepared  

as  d escr ib ed  in  Part 1, Chapter I .  The aluminium so lu t io n s  were
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prepared, from aluminium su lp h a te , A l^SO   ̂ .1 7 ^ 0 ,  Analor reagent

q u a lity  su p p lied  by B r it is h  Drug Houses Ltd. Normally a s to c k
3+

s o lu t io n  co n ta in in g  1000 ppm A1 was made fo r  use in  th ese  

exp erim en ts.

The ca tio n  so lu t io n s  were added to  th e  s i l i c a  s o lu t io n s  

and th e  pH a d ju sted  w ith  HC1 or NaOH u sing  g la s s  e le c tr o d e s  to  

record  the pH. The pH o f  the s o lu t io n s  was s t a b i l i s e d  during the  

s i l i c a  uptake experim ents w ith  a b a rb itu ra te  b u ffer  made from  

d ie th y lb a r b itu r ic  a c id  and i t s  sodium s a l t .

The fr e e  s i l i c a  con cen tra tion  was determ ined as d escr ib ed  

in  Part 1 o f  Chapter I .

SjO^ uptake experim ents.

100 ml s o lu t io n s  were made up u sin g  th e  b a rb itu ra te  b u ffe r  

a s .s o lv e n t  co n ta in in g  18 ppm SiO^ and 7*2 ppm aluminium at Al^+ , 

g iv in g  a SiO^/Al^C^ ra‘t ^° 2 .2 .

D u p lica te  m ixtures were shaken in  polythene co n ta in ers  for

about one month and samples withdrawn at various in te r v a ls  to  determine

th e  fr e e  s i l i c a  co n cen tra tio n , and th e average o f  the two r e s u lt s  used  

t o  p lo t  th e  cu rves.

R esu lts  and D isc u ss io n .

The r e s u l t s  are shown in  Curve 1 (F igure l ) .  The fr e e

SiOg con ten t f a l l s  to  about 13 ppm a f te r  one day and to  about 11 ppm

a f te r  35 d.ays. I t  was g e n e r a lly  found th a t  th e  s i l i c a  l e v e l  f e l l
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more s lo w ly  compared w ith  the magnesium experim ents to  g iv e  a more

c o l l o i d a l  s o l u t i o n .  Indeed  th e  35 day p r e c i p i t a t e  proved to  be

amorphous to  e le c tr o n  d if f r a c t io n .  Under th e se  c o n d itio n s  the

tr ih y d r a te  o f alumina, b a y e r ite , Al(OH)^, or Al^O^OH^O, would be

expected  to  be p resen t.

2+Experiments w ith  Mg p r e se n t.

2+The r e a c t i o n s  were r e p e a te d  i n  the  p re sen ce  o f  8 .5  ppm Mg . 

The s i l i c a  u p take  shown i n  Curve 3 (F ig u re  l )  i s  s l i g h t l y  g r e a t e r  

compared w i th  ( S i ,  A l) a lo n e .  A p a r a l l e l  ru n ,  Curve 2, w i th  ( S i ,  Mg) 

a lo n e  showed v i r t u a l l y  no u p ta k e .

The in crea sed  uptake was not con sid ered  la rg e  enough to  

propose any d is t in c t  coop erative  e f f e c t  although  some form o f  mixed 

oxid e l a t t i c e  o f  aluminium and magnesium could be formed s im ila r  to  

th a t in  octob ed ra l la y e r s  o f  sm ec tite s  which would enhance s i l i c a  uptake. 

The products however were again  found to  be amorphous.

I t  was proposed to  study the (S i ,  A l) system  alone a t 

higher tem peratures w ith  th e p o s s i b i l i t y  o f  in cr ea sin g  c r y s t a l l in i t y  

o f  any products formed.
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PART 2.

R e f lu x  o f  d i l u t e  s i l i c a ,  a lu m in iu m  s o lu t io n ? .

Large volumes o f d i lu te  s o lu t io n s  were used to  provide 

la r g e r  y ie ld s  o f p r e c ip ita t e s .  I t  was proposed to  add the Al^+ 

s o lu t io n  s lo w ly  to  prevent the p r e c ip ita t io n s  o f  boehm ite, AIO(OH) 

and g e l form ation  v/ith  random Si-0~A 1, A1-0-A1 bond form ation .

I t  was hoped to  sy n th e s ise  c la y  l ik e  products p u rely  from s o lu t io n ,  

ra th er  than through an in term ed ia te  s o l id  hydroxide phase.

Lithium f lu o r id e  was added as a p o te n t ia l  c a t a ly s t .

E x p e r im e n ta l .

2 .5  l i t r e s  o f  a sodium m e ta s il ic a te  s o lu t io n  con ta in in g  

100 ppm SiO^ and 0 .024  g ( l  mmole) LiP w ith  a b a rb itu ra te  b u ffe r  

was h eld  in  a 5 l i t r e  th ree  necked f la s k  f i t t e d  w ith  a water 

condenser. A dropping fu n n el h eld  250 mis o f  th e  Al s o lu t io n ,  

prepared from Al^SO^.171^0 con ta in in g  1 ,5^ 0 ppm Al^+. The Al^+ 

so lu t io n  was added dropwise to  the b o il in g  s i l i c a  so lu t io n  over a 

p eriod  o f  n in e teen  days during which the s o lu t io n  m aintained a pH o f  

between 7 , 0  and 8 .0 .  Samples fo r  e le c tr o n  m icroscopy exam ination  

were taken a f t e r  seven , tw elve and n in eteen  d ays.

R e s u lts .

The seven  and tw elve  day sam ples were m ainly amorphous.

The n in e teen  day sample gave sp acin gs corresponding to  th o se  o f  

b a y e r ite ,  Al(OH)^.
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TABLE 1 .

B ayerite  (ASTM 12-457) 19 day sample

dX dX

4-72 4 .71

2 .3 4 2 .36

2 .06 2 .0 8

1 .6 3 1 .6 3

1 .5 5 1 .54

1 .28 1 .28

1.26 1.26
T»

- 1 .04

- 0 .82

1—  . __________  ...

0 .7 9

The t o t a l  a d d itio n  o f  the Al^+ so lu t io n  gave a f in a l  

SiO^/Al^O^ r a t io  o f  2 .0 /1 .0 ,  the k a o lin ite  group form ula, hut no 

c la y  d if f r a c t io n s  were observed .
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PART 3.

S i l i c a  and a lu m in iu m  s o lu t io n s  w ith  o rg a n ic  and in o r g a n ic

a d d i t iv e s  a t  8 0 °C .

I t  was proposed to  c h e la te  m ild ly  th e  Al^+ io n s in

s o lu t io n  w ith  organ ic compounds to  e ith e r  promote the form ation o f

th e  more in so lu b le  Si-O -A l layer  s tru ctu res  or to  slow down i t s

p r e c ip ita t io n  as a hydroxide to  improve i t s  c r y s t a l l in i t y  and so

perhaps encourage g rea ter  s i l i c a  uptake.

O xalic  a c id  has been used by Wey and S i f f e r t  ( l9 6 l )  to

promote the sy n th e s is  o f  a poorly  c r y s ta l l in e  k a o lin  a t room

tem perature and so  i t  was s e le c te d  fo r  t h is  experim ent.

Phenols r e ta in  Al^+ in  b a s ic  so lu t io n s  by provid ing

phenolate an ions and so two water so lu b le  phenols were chosen.

Lithium f lu o r id e  was used again  here as a p o ss ib le  c a t a ly s t .

The a d d itio n  o f KCl to  the s o lu t io n s  gave the p o s s i b i l i t y

o f  mica form ation .

E xperim ental.

S o lu tio n s  o f  sodium m e ta s il ic a te  NagSiO^.SH^O and

aluminium su lp h a te , A l2 (SO ^)y 1 7 ^ 0  were prepared con ta in in g

100 ppm. Al^+ and co n cen tra tion s o f  SiO^ so as to  g iv e  four r a t io s

o f  S i0 2/A l20 y  namely, 2 0 .0 /1 .0 ,  8 .O /1 .O, 2 .0 /1 .0 ,  and O.2/ 1 .O.

A dd ition s to  each o f  th ese  s o lu t io n s  were made to  g iv e  a l / l  m olecu lar,

3+to  g . ion  r a t io  to  Al^ . The a d d it iv e s  are g iven  in  Table 2 .
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TABLE 2 .

A d d i t iv e s  to  SiO^/Al^* s o l u t i o n s .

A. none ( S i ,A l )  a lone

B. o x a l ic  a c id

C. p - n i t r o  phenol

D. m-amino phenol

E. l i th iu m  f l u o r i d e

P . po ta ss ium  c h lo r id e

G. l / l  m ix tu re  o f  LiP and KCl.

The o rg a n ic  a d d i t i v e s  were r e c r y s t a l l i s e d  from w a te r  

p r i o r  to  u s e .  A s e r i e s  w i th  ( S i ,A l )  a lone  was conducted as  a b la n k .

2 ml s o lu t io n s  o f each m ixture were held  in  se a le d  

polythene co n ta in ers  : th e pH was a d ju sted  to  about 8 .5  w ith  HCl and

NaOH. Pour batches o f seven con ta in ers each were clamped between  

a l lo y  sh e e ts  and suspended in  water baths m aintained at 80°C. A fter  

fo u rteen  days the con ten ts were m icrocen tr ifu ged , washed tw ice  and 

mounted fo r  e le c tr o n  m icroscopy exam ination.

R esu lts  and D isc u ss io n .

In  gen era l the p r e c ip ita te  formed under th ese  c o n d itio n s  

gave r i s e  to  more c r y s t a l l in e  m a te r ia l. The sp acin gs derived  from 

th e  d i f f r a c t io n  p a ttern s  are g iven  in  Tables 3 to  7 for  the
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corresponding micrographs contained  in  P la te s  1 to  10. A summary 

o f  the phases in d e n t if ie d  i s  g iven  in  Table 8 .

With so lu t io n s  con ta in in g  a SiO^/Al^O^ r a t io  o f  20 . 0/ l . 0 , 

the a d d it iv e s  had l i t t l e  e f f e c t  compared w ith  (S i ,A l)  a lo n e . 

P r e c ip ita te s  were s im ila r  to  P la te  1 , the product obtained  w ith  

p -n itr o  phenol th e  l a t t i c e  spacing  r e la t in g  to  b a y e r ite . The 

s o lu t io n  co n ta in in g  LiF and KCl gave a product s im ila r  to  d ic k ite  

w ith  some amorphous m ater ia l p resen t. The c r y s ta ls  are held  to g eth er  

in  a la c e  l ik e  s tru c tu re  caused p a r tly  by the presence o f  amorphous 

m a ter ia l and p a r t ly  by th e ex ce ss  s i l i c a  forming a g e l  l ik e  m a te r ia l.

From the s e r ie s  w ith  a SiO^/AlgO r a t io  o f 8 .0 /1 .0  (S i ,A l)  

alon e gave a m ixture o f amorphous m ateria l w ith  the morphology o f  

a llo p h a n e , x  ^lgO^, ^ ^iO^, x Ĥ O (P la te  3 ) and d ic k ite  (P la te  4)»

The s o lu t io n  co n ta in in g  o x a lic  a c id  gave amorphous m a ter ia l (P la te  5)* 

With LiF, n o r s ta n d ite  was ob ta in ed , an aluminium hydroxide which can 

co n ta in  up to  4$  SiO^.

The s o lu t io n s  w ith  a SiOg/Al^O ra^ °  2 .0 /1 .0  gave 

b a y e r ite  w ith  m-arainophenol (P la te  7 ) and w ith  KCl a form o f  

harmotome, an alumina s i l i c a t e  framework s tr u c tu r e . The sp acin g  

data shown in  Table 6 i s  fo r  the sodium form, but i t  i s  probable th a t  

th e  l a t t i c e  co n ta in s  both K"*" and Na"̂  as counter io n s .

S o lu tio n s  w ith  a SiO^/Al^O^ r a t io  o f  O.2/ 1 .O gave m ainly  

b a y e r ite .  With LiF p resen t, a p r e c ip ita te  con ta in in g  boehmite was 

formed, (P la te  1 0 ) .



78

$00

WOO

8.0 8.5 io.f I I . 0

F ig u re  2 . Mole r a t i o  o f  t o t a l  s i l i c a  t o  t o t a l  alum ina and th e

variou s s i l i c a  s p e c ie s  in  s o lu t io n  to  the alumina sp e c ie s  

in  so lu t io n  as a fu n ctio n  o f pH. The dotted  curve shows 

th e  s o lu b i l i t y  o f A l(O H )y (A fter Mason (1966 ) and Mariner 

and Surdam (1970))*

At pH 8 .5  Al^+ i s  v ir tu a l ly  t o t a l l y  p r e c ip ita te d  as 

Al(OH)^ (F igure 9)* The s i l i c a  i s  almost t o t a l l y  presen t as m o n o silic  

ao id  Si(OH)^. The s i l i c a  uptake shown in  F igure 1 w i l l  probably be 

due to  the ad sorp tion  o f  m o n o s ilic ic  acid  onto the hydroxide la y e r s  o f  

A l(O H )y From th e  work o f  Mariner and Surdam (Figure 2)  the form ation



o f  alumino s i l i c a t e  g e ls  i s  favoured a t h igher pHs where aluminium 

i s  p resen t as Al(OH)^ . On ageing  th ese  a lk a lin e  g e ls  at 80°C fo r  

two weeks framework s tr u c tu r e s , th a t i s ,  z e o l i t e s  c r y s t a l l i s e  o u t. 

T his r e s u lt  cou ld  account fo r  the poorly c r y s t a l l in e  harmotome 

formed in  some o f  the above r e a c t io n s . The form ation o f  la y e r  

s i l i c a t e  s tr u c tu r e s  i s  then  r e s t r ic t e d  to  lower pHs and indeed  

d ic k ite  has been syn thesed  in  th e above experim ents*

Under th ese  co n d itio n s  b a y er ite  was th e  major phase : 

d is c u s s io n  o f t h is  r e s u lt  w i l l  be d eferred  to  Chapter IV.



TABLE 3.

B ayerite (ASTM 12-457)

Al(OH) 1C 3D • 4C
dg d2 d£ dX

4 .7 2 4 .6 8 - -

2 .69 - 2 .6 3 -

2 .4 5 - - 2 .47
2 .21 - - 2 .2 0

2 .06 2 .01 2 .0 8 -

1*97 - 1 .98 -

1 .8 3 - - I .85

1 .71 1 .72 - -

1*59 - 1 .62 -

1 .55 - - 1 .54

1 .4 5 - - 1 .4 5
1 .26 1*27 1 .2 5 1 .2 3
1 .18 1.17 1 .1 3 1 .19

TABLE 4 .

Boehmite (ASTM 5-0190)

AIO(OH) 4E

dX dX

3 .16 3 .26

2 .3 5 2 .3 5
1.86 1 .88

1 .4 5 1 .45
1 .31 1 .3 2

1 .14 1 .1 4



TABLE 5 .

D ic k i t e  (ALTM 1 0 -4 3 0 )

A l2S i205 ( 0H)
4 1G 2A

dX dX dX

3 .78 3 .79 -

3 .5 8 - 3 .58

3 .4 3 3*44 -

2 .7 9 2 .7 9 -
2.56 2 .5 8 -
2.21 2 .1 8 2 .21

1 .86 1 .86 -

1 .79 - 1 .7 9
1 .72 1 .7 2 -
I .65 _ -»» 1 .65

1 .4 9 1 .4 9 -

1 .3 9 - 1 .37

TABLE 6 .

K orstan d ite  (ASTM 1^-141)

A1(0H) , 4$ S i0 2 2E

dX dX

4 .7 9 4 .7 9
3 .8 9 3 .91
3 .6 0 3 .6 0

2 .85 2 .8 5

2 .3 9 2 .3 9
2 .0 3 2 .02

I .65 I .65

1 .4 3 1 .4 3
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TABLE 7 * A Harmotome (ASTM 12-687)

(Na,K)Al2S i 60l 6 . 6H20 3 F

dX d£

4.08 4.03

3.65 3.65

2 .9 4 2 .94

TABLE 8 .

SiO

^ ^ 2 ° 3A d d itiv es

1

20 . 0/ 1 .0

2

8 . 0/ 1 .0
3

2 .O /l.O
4

0 . 2/ 1 .0

A. ( S i ,A l)  alone
(d ic k ite
(n o rsta n d ite

B. o x a lic  a c id
(b a y er ite
(harmotome

C. p -n itro p h en o l L ayerite b a y e r ite b a y er ite

1), m-aminophenol b a y er ite
(b a y e r ite
(n o rsta n d ite b a y er ite b a y er ite

E, LiP n o rsta n d ite
(b a y e r ite
(n o rsta n d ite boehmite

P. KC1 boehmite harmotome b a y e r ite

G. l / l  LiP/KCl d ic k ite n o rsta n d ite harmotome



SiO^/Al^Q  ̂ s o lu t io n s  heated  at 80°C

85

P la te  1

Plate 2

*
1C B ayerite  Mag, x  6QK

1G D ick ite  Mag, x 6OK

♦The number and l e t t e r  r e fe r  to  the a d d it iv e s  in  th e  
s o lu t io n s  -  see  Table 8 ,





P l a t e

SiO ^ /A l.O so lu t io n s  heated, at 80°C

-»*

2A A llophane l i k e  m a te r i a l

84

Mag. x 50K

P la te  4. 2A D ic k ite  and amorphous m ater ia l Mag, x 60K





P l a t e  5 .

SiO^/Al^Ô  so lu t io n s  heated at 80°C

2B A llophane l i k e  m a te r i a l

85

Mag. x £0K

P la te  6. 2E N orstan d ite Mag, x  60K





P l a t e  7»

86

SiO^/Al^O^ s o lu t i o n s  h e a te d  a t  80°C  2*---- 2~3 ---------------------

3D B a y e r i te  Mag* x 60K

P la te  8 . Harmotome Mag* x 6 OK





P l a t e  9 *

SjO^/Al^Ô  so lu t io n s  heated a t SÔ C

-»*

4C B a y e r i te

87

Mag, x 60K

Plate 10. 4E Boehmite Mag, x 60K
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CHAPTER I I I .

(

S lu r r y  R eac tio n s  in  th e  SiO /MgQ System *

A t t e n t io n  was tu r n e d  t o  system s capab le  o f  y i e l d i n g  c la y s  

a t  a tm o sp h e r ic  p r e s s u r e  i n  g r e a t e r  q u a n t i t i e s  and more r e p ro d u c ib ly  

th a n  d e s c r ib e d  in  th e  p re c e d in g  c h a p te r s  so t h a t  a more d e t a i l e d  s tu d y  

cou ld  be made o f  th e  c la y  fo rm a t io n  p ro c e s s .  I n i t i a l  s t u d i e s  by 

G ran q u is t  and P o l l a c k  ( i 960) show t h a t  h e c t o r i t e  can be s y n th e s i s e d  

by r e f lu x i n g  s l u r r i e s  o f  s i l i c a  g e l  and magnesium hydrox ide 

c o n ta in in g  Na+ o r  L i a n d /o r  F~ f o r  a p e r io d  o f  seven  days .  The 

system  w ith  SiO /MgO/LiF gave a p roduct most c l o s e l y  re sem b lin g  t h a t  

o f  n a t u r a l  h e c t o r i t e  w i th  X-Ray d i f f r a c t i o n  and D.T.A. as  th e  main 

c r i t e r i a .  Advantages o f  t h i s  system compared w i th  d i l u t e  s o l u t i o n  

methods in c lu d e  s h o r t e r  r e a c t i o n  t im es  and s y n th e se s  can be perform ed

w ith  t h e  ch o ice  o f  add ing  o th e r  io n s ;  d i l u t e  s o lu t i o n s  n e c e s s a r i l y

+  -  2-c o n ta in  c o u n te r  io n s  such a s  Na , Cl and SQ.
4

The com position  o f  h e c t o r i t e  i s  ta k e n  as  b e in g ,  a f t e r  

G ra n q u is t  and P o l l a c k  :

LixM«6-x Si8°20 V 0HV Z (x+y}--*“+-
+ 2+I n  t h i s  fo rm u la ,  Li p a r t i a l l y  r e p la c e s  Mg in  th e

o c t a h e d r a l  l a y e r  and F” r e p l a c e s  some o f  th e  h y d ro x y ls .

An e l e c t r o n  m icroscopy s tu d y  was made o f  th e  changes

o c c u r r in g  i n  th e  s l u r r y  d u r in g  h e c t o r i t e  s y n th e s i s  b o th  w i th  t im e  and
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by v a ry in g  th e  SiO^ c o n te n t  o f  th e  fe e d  m ix tu re s .

The p ro d u c ts  were a l s o  examined by X-Ray d i f f r a c t i o n  u s in g  

a  d i f f r a c to m e t e r  and by D i f f e r e n t i a l  Thermal A n a ly s is  (D .T .A .) .  The 

equipment and te c h n iq u e s  a re  d e s c r ib e d  in  th e  E xperim en ta l Appendix.

A d d i t io n a l  i d e n t i f i c a t i o n  te c h n iq u e s  were used and th e s e  

a re  d e s c r ib e d  in  P a r t  3*

The r e a c t io n s  o f  s l u r r i e s  c o n ta in in g  io n s  in  a d d i t i o n  t o  

SiO /KgO/LiP a r e  c o n ta in e d  in  P a r t  4*

E x p e r im e n ta l .

The method in v o lv ed  hydro therm al t r e a tm e n t  o f  aqueous 

s l u r r i e s  c o n ta in in g  about lÔ b s o l i d s  com pris ing  s i l i c i c  a c i d ,  

magnesium hydrox ide  and l i th iu m  f l u o r i d e .  The s i l i c i c  a c id  sou rce  

was powdered s i l i c i c  a c i d ,  SiO^.xH^O, s u p p l ie d  by M a l l in c k ro d t  

(lOO U.S. mesh, a n a l y t i c a l  g rad e )  which c o n ta in e d  about 85y> SiO^. 

Magnesium hydrox ide  was p re p a re d  by p r e c i p i t a t i o n  from a 25/6 magnesium 

c h l o r i d e  s o l u t i o n  (made from MgCl^^H^O 'A n a la r '  r e a g e n t  s u p p l i e d  by 

B r i t i s h  Drug Houses L t d . )  w i th  10 M ammonia. The magnesium hydrox ide  

was f i l t e r e d  o f f  under s u c t io n  and th o ro u g h ly  washed to  remove t r a c e s  

o f  and NH^Cl. I t  was th e n  homogenised in  a  b le n d e r  and s t o r e d  in  

p o ly th en e  b o t t l e s .  The w eight o f  Mg(0H)2 per  ml f o r  each  b a tc h  was 

d e te rm ined  so t h a t  th e  s l u r r y  could  be hand led  v o lu m e t r i c a l ly .

A t y p i c a l  f e e d  m ix tu re  f o r  a r a t i o  o f  SiO^/MgO/LiP « 

1 . 3 3 / 1 .0 / 0 .2 5  c o n ta in e d  2 .0 9  g s i l i c i c  a c id ,  1 .25  & % (0 H )o , 0 .1 4  g LiP



90

( 'A n a l& r1 r e a g e n t ,  B.D.H.) i n  5^ mis o f  d i s t i l l e d  w a te r .  The s l u r r i e s

w ere  v ig o r o u s ly  shaken  and th e n  t r e a t e d  h y d r o th e r m a lly  by r e f l u x in g  in

a  P y rex  g l a s s  v e s s e l  f i t t e d  w ith  a w ater  condenser .  P l a s t i c  v e s s e l s

Y/ere u sed  f o r  some o f  th e  e x p e r im e n ts  to  e l im in a te  c o n ta m in a t io n  fro m

g la s s  v e s s e l s .

The above q u a n t i t i e s  gave s u f f i c i e n t  m a te r i a l  f o r

e x am in a t io n  from  10 m l - a l i q u o t s .  The samples were n o rm a lly  washed

0  0tw ic e  and th e n  d r i e d  in  a i r  a t  'JO C or  100 C.

PART 1 .

R a t io  E x p e r im e n ts .

These ex p er im en ts  were aimed a t  d e te rm in in g  th e  c r i t i c a l  

amount o f  SiO^ r e q u i r e d  t o  ac h ie v e  th e  s y n th e s i s  o f  h e c t o r i t e .  

E x p e r im e n ta l .

S l u r r i e s  were p re p a re d  c o n ta in in g  SiO^/MgO/LiP in  r a t i o s  

from O.1/ 1 .O/O.25  to  2 . 0 / 1 .0 / 0 .2 5  and were r e f lu x e d  in  P yrex  v e s s e l s  

f o r  s i x  d ay s .  Samples were examined by X-Ray d i f f r a c t i o n  and  e l e c t r o n  

m ic ro sco p y .

R e s u l t s  and D is c u s s io n .

The e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  o b ta in e d  from SiO^/MgO 

r a t i o s  o f  0 .1 ,  0 .2 ,  0 .4 ,  0 .7  and 2 .0  ( th e  LiP p r o p o r t io n  b e in g  k ep t 

c o n s ta n t  a t  O.25) a r e  shown in  P l a t e s  3 t o  7* T h is  su g g e s ts  t h a t  

h e o t o r i t e  i s  p r e s e n t  even in  th e  0 .1  sam ple. The d e f i n i t i o n  o f  t h e



p a t t e r n  improves w ith  in c r e a s in g  SiO^ c o n te n t .  The sp ac in g s  from 

th e  2 . 0 / 1 .0  sample a r e  g iven  in  Table  1 compared w ith  th o se  o f  

n a t u r a l  h e c t o r i t e .

TABLE 1,

N a tu ra l  h e c t o r i t e SiO^/MgO/LiF «
( a f t e r  G ranqu is t  & P o l la c k )

d i

2 . 0 / 1 .0 / 0 .2 5 .

d£

4.51 4 .5 0
2 .5 8 2 .6 0

1 .72 1.71

1.51 » 1 .52

1 .31 1.31
1 .26 1.27

0 .99 O.98

0 .8 8 O.87

The 001 s p a c in g s  measured from X-fiay d i f f r a c to m e t e r  

t r a c e s  a r e  shown in  Table 2 .
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TABLE 2.

SiOg/MgO 001 s p a c in g  X. 

70°C o v en  d ry  b a s i s .

0 . 1 / 1 . 0 9.0
0 . 2 / 1 . 0 8 .5

0 . 4 / 1 . 0 14.7
0 . 7 / 1 . 0 15-5
2 . O /l.O •1 4 .0  ( d r ie d  a t  1 1 0 °C :1 2 .8 X )

The 001 sp a c in g s  fo r  th e  r a t i o s  0 .1  and 0 .2  a re  8 -9  X 

w hich s u g g e s ts  t h a t  th e se  s t r u c tu r e s  a re  n o t a b le  to  ad so rb  

i n t e r l a y e r  w a te r  due to  th e  low c r y s t a l l i n i t y  o f  th e  p ro d u c ts .

At O.4/ I . 0 th e  001 sp a c in g  in c re a s e s  to  14*7 2 and th e  h e c t o r i t e  

d i f f r a c t i o n s  become s h a rp e r .  The b a s a l  sp a c in g  from  th e  2 . 0/ 1 .0  

p ro d u c t d r ie d  a t  70° C was 14 .0  X and c o n tra c te d  on d ry in g  a t  110°C 

to  1 2 .8  X co rre sp o n d in g  to  th e  lo s s  o f i n t e r l a y e r  w a te r .  T h is  i s  

t y p i c a l  o f  th e  b eh av io u r o f th r e e  la y e r  expanding  s m e c t i te s .

M icrographs o f  t h i s  s e r i e s  a re  shown in  P la te s  8 to  14*

F or com parison  th e  m icrograph  o f  u n re a c te d  Mg(OH)^ s t a r t i n g  m a te r ia l  

i s  shown in  P la te  1 w hich r e v e a ls  i t s  p la te  l i k e  ap p ea ran ce . The 

more dense  e lo n g a te d  p a r t i c l e s  a re  p l a t e l e t s  s ta n d in g  on edge t o  th e  

e l e c t r o n  beam. The sp a c in g s  f o r  t h i s  m a te r ia l ,  d e r iv e d  from  th e
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d i f f r a c t i o n  p a t t e r n  shown in  P la te  2 , a re  shown in  Table 3 to  

co rre sp o n d  to  th o se  o f  b r u c i t e .

TABLE 3 .

B ru c ite

Mg(OH) 2

d i

Mg(OH) 2 

s t a r t i n g  m a te r ia l

d£

' 2 .7 3 2 .72

2 .37 2 .36
1 .5 8 1 .5 8

'1 .4 9 1 .47

1 .31 1 .3 0

I .09 1 .08

0 .91 0 .9 0

0 .8 9 O.89

O.78 O.78

- O.78

- 0 .72

The m orphology o f  th e  O .l / l .O  p ro d u c t shown in  P la t e  8 

re sem b le s  s h e e ts  h ig h ly  fo ld e d  a t  th e  edges w ith  r in g  l i k e  form s 

w ith in  th e  p l a t e l e t s .  T h is fo ld e d  appearance  and r in g  form  i s  more 

e v id e n t in  r a t i o s  0 .2 /1 .0  to  0 * 7 /l* 8  ( P la te s  9 to  1 2 ). These r in g  l i k e  

form s w ere c a l l e d  'd o u g h n u ts ’ and t h e i r  s ig n i f i c a n c e  in  th e  h e c t o r i t e
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s y n th e s is  w i l l  he d is c u s s e d  in  th e  k in e t i c  ex p erim en ts  in  P a r t  2 .

The r a t i o  2 . 0/ 1*0 ( P la te s  13 and 14) shows l a r g e r ,  more sm oothly  

fo ld e d  s h e e ts  ty p i c a l  o f  sm e c tite s*  N a tu ra l h e o to r i t e  from  H ecto r 

C a l i f o r n ia  has a l a t h  l i k e  form . T h is  s y n th e t ic  h e c t o r i t e  i s  more 

l i k e  th e  n a t u r a l  h e c to r i t e  found a t  Cadouin, P rance  o r  G hossou l, 

Morocco (A tla s  o f  E le c tro n  M icroscopy and t h e i r  Adm ixtures 1968) .

Weight lo s s e s  were however d e te c te d  from  th e  g la s s  v e s s e ls  

w hich v a r ie d  w ith  th e  i n i t i a l  amounts o f s i l i c i o  a c id  added . The 

low er th e  am ounts added, th e  more th e  g la s s  d is s o lv e d .  B lanks

r e a c t io n s  were c a r r i e d  o u t w ith  M g^H)^ and L iP  a lo n e . On average

I .6 4  g o f g la s s  d is s o lv e d  in  a s lu r r y  o f  1 .25  g Mg(OH) and 0 .1 4  g L iP .
■»»

No d e te c ta b le  lo s s  o c c u rre d  when 1 .74  g SiO^ were added to  an o th e rw ise  

i d e n t i c a l  s l u r r y .  Ind eed  w ith  no s i l i c a  added a  p o o rly  c r y s t a l l i n e  

h e c t o r i t e  was s y n th e s is e d  ( P la te s  15 and 1 6 ), th e  d i f f r a c t i o n  p a t t e r n  

shows t h a t  M g^H )^ was s t i l l  p r e s e n t .  r e f lu x in g  Mg(OH)^ and LiP

h e c t o r i t e  was form ed ( P la te s  17 and 18) .  P u r th e r  t e s t s  showed th a t  

so  lo n g  as th e  f e e d  m ix tu re s  c o n ta in e d  a r a t i o  SiO^/MgO 1 no lo s s  

co u ld  be d e te c te d  from  th e  g la s s .

E xperim en ts w ere perform ed w ith  v e ry  sm all a d d i t io n s  o f 

SiO ^, w hich in  th e  l i g h t  o f th e s e  f in d in g s  i t  would be e x p e c te d  th a t  

th e  p ro d u c t w ould te n d  tow ards h ig h e r s i l i c a  p ro d u c ts  becau se  o f  th e  

d i s s o lu t i o n  o f  th e  g l a s s .  The r e s u l t s  o f  th e s e  exp erim en ts  a re  

e x e m p lif ie d  in  th e  s i x  day r e f lu x  o f  a s lu r r y  c o n ta in in g
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SiO^/MgO/LiF «= 0 . 0 l / l . 0 / 0 . 2 5  shown in  P la te  19* The p ro d u c t i s  seen

to  have a  r o s e t t e  l i k e  s t r u c t u r e  su g g e s tin g  t h a t  th e  edges o f  th e

p l a t e l e t s  have c u r le d  back  so f a r  and th e n  th e  r e a c t io n  has n o t been

a b le  to  p ro g re ss*  The 001 sp a c in g  was n o t d e te c te d  in  X-Rays bu t

from  th e  h ig h  m a g n if ic a tio n  m icrograph  ( P la te  20) th e  l a t t i c e  sp a c in g

was found to  be 10 X. T h is  can be r a t i o n a l i s e d  hy c o n s id e r in g  th e

r e l a t i v e  r a t e  o f  s o lu t io n  o f th e  two so u rc e s  o f  s i l i c a .  The powdered

s i l i c i c  a c id  w i l l  d is s o lv e  more r a p id ly  th a n  th e  g l a s s .  The added

s i l i c i c  a c id  would th e n  p e n e t r a te  th e  b r u c i t e  p l a t e l e t s  f i r s t  and

become bound to  th e  b r u c i t e  s u r fa c e  to  g iv e  h e c t o r i t e  f r in g e s  w hich

would b lo c k  th e  f u r th e r  p e n e t r a t io n  o f th e  SiO^ from th e  g l a s s .  T h is

gave th e  f i r s t  in d ic a t io n ,  to g e th e r  w ith  th e  above e x p e rim e n ts , t h a t

2+th e  b r u c i t e  p l a t e l e t s ,  compared w ith  Mg io n s  in  s o lu t io n ,  have

c o n s id e ra b le  in f lu e n c e  on th e  co u rse  o f  t h i s  r e a c t io n .

R eac tio n  in  p l a s t i c  v e s s e l s .

To e l im in a te  co n ta m in a tio n  o f th e  s lu r r y  by th e  d i s s o lu t io n

o f  g la s s  w ith  fe e d  m ix tu re s  o f  SiO^MgO < 1 , th e  above ex p erim en ts

were re p e a te d  u s in g  p o ly p ro p y len e  f l a s k s  w hich co u ld  w ith s ta n d  h e a t

0
so u rc e s  o f  up to  145 C.

E x p e r im e n ta l.

S lu r r i e s  were p re p a re d  c o n ta in in g  r a t i o s  SiO^/MgO/LiF o f  

^ ; 0 0 - 2 .0 ) / l . 0 / 0 .2 5 .  The necks o f th e  f l a s k s  w ere s e a le d  w ith  

p o ly th e n e  s le e v e s  w hich expanded to  r e l i e v e  th e  p re s s u re  i n  th e  f la s k s .
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The f l a s k s  w ere h e a te d  on a sand b a th  f o r  seven  days a t  140°C, to

g iv e  i n t e r n a l  te m p e ra tu re s  o f 90-95 0 . The s l u r r i e s  were th e n

a llo w ed  to  d ry  down a t  rJ0°C, They were n o t washed so t h a t  th e
2+

am ounts o f  M g^H )^ cou ld  be d e te rm in ed  w ith o u t lo 3s o f  Mg ions#  

R e s u l t s #

T y p ic a l D.T.A# t r a c e s  a re  shown in  F ig u re  1 . From t h i s  

d a ta  SiO^/MgO r a t i o s  ^  1 .6  ap p ea r to  g iv e  p ro d u c ts  most c lo s e ly  

re se m b lin g  n a tu r a l  h e c t o r i t e .

W ith th e  low r a t i o s ,  in s p e c t io n  o f  th e  e l e c t r o n  

d i f f r a c t i o n  d a ta ,  T ab le  4 from P la te s  21 to  30 shows th a t  Mg(0H)2 

i s  p r e s e n t  up to  SiO^/MgO = l .O / l .O ,  w ith  th e  h e c t o r i t e  sp a c in g s  

a p p e a r in g  a t  abou t 0 . 4/ l * 0 . T h is i s  confirm ed  in  T ab le  5 w hich a ls o  

shows th e  001 sp a c in g s  p re s e n t  in  from th e  0 . 4/ 1*0 sample onw ards.

T ab le  6 g iv e s  th e  com parison betw een h e c t o r i t e s  made in  

g la s s  and p o ly p ro p y len e  w ith  a r a t i o  o f  SiO^/MgO/LiF o f 2 . 0 / l . 0 / 0 . 2 5  

oompared w ith  th e  r e s u l t s  fo r  n a tu r a l  h e c t o r i t e  and th e  s y n th e t ic  

h e c t o r i t e  o f G ran q u is t and P o lla c k .  T h is  shows t h a t  w ith  f e e d  

m ix tu re s  o f  h ig h  r a t i o s ,  th e  p ro d u c ts  a re  in d i s t in g u is h a b le  when 

form ed by th e  two m ethods.
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F ig u re  1. D.T.A. t r a c e s  o f  r a t i o  p ro d u c ts .

SiO^/MgO (L iF  p ro p o r t io n  c o n s ta n t  a t  0 .2 5 )

A. $ .4 /1 .0

B. 0 .8 /1 .0

C. 1 .2 /1 .0

D. 1 .6 /1 .0

E. 2 .0 /1 .0

F . N a tu ra l h e c t o r i t e .
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TABLE 001 s p a c in g s . Samples d r ie d  a t  70°C.
The p re sen ce  of Mg(GH) 2 i s  a ls o  in d ic a te d .  ( X*- Bays )

S i02/Mg0
001 spacing  

d & I  mm
R ela tiv e

I n te n s ity

0 . 2/ 1 .0 - - - Mg(0H) 2 p resen t.

o . 4/ 1 .0 1 4 .0 11 0 .15 Mg( OH)  ̂ p resen t.

0 . 6/ 1 .0 1 4 .5 18 0 .2 4 Mg(0H)2 p resen t.

0 .8 /1 .0 1 4 .0 33 0 .4 5 Mg(0H)2 p resen t.

1 .O /l.O 13 .6 39 0 .5 3 Mg(0H)2 p resen t.

1 .2 /1 .0 13 .8 35 0 .4 7

1 .4 /1 .0 13 .6 72+ 1

1 . 6/ 1 .0 13 .4 78+ -

2 . O /l.O 13 .6

+ Av.

72+

74
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table 6 .

D if f r a c t io n  d a ta  from n a tu ra l  and s y n th e t ic  H e c to r i te  *

X -ray  d i f f r a c t i o n  ( d i f f r a c to m e te r ) E le c tro n d i f f r a c t i o n

S y n th e t ic
H e c to r i te
G ran q u is t

and
P o lla c k
( 1959)

S y n th e tic  H e c to r i te  
(p re s e n t  s tu d y )

S y n th e t ic  H e c to r i te  
(p re s e n t  s tu d y )

In d ic e s

N a tu ra l 
H e c to r i te  

Hof man 
(1941)

P yrex
V esse l

P o ly ­
p ro p y len e

V esse l
Pyrex
V esse l

P o ly ­
p ro p y len e

V esse l

11 ,02 4*51 s 4-5  b 4 .5 5  s 4*54 s 4 .5 4  s 4 .5 6  s

13 ,20 2 .5 8  s 2 .6  s 2 .6 0  s 2 .5 9  s 2 .5 9  s 2 .61  s

22 ,04 2 .2 5  vw 2 .25  vw 2 .26  vw 2 .2 5  vw - -

3 1 ,1 5 ,2 4 1 .7 2  mw 1.7 4  m 1 .71  m 1 .7 2  w 1 .71  m 1 .7 4  m

33,06 1 .51  s 1 .5 3  s 1 .52  s 1 .5 2  s 1 .52  s 1 .5 3  8

26 ,40 1 .31  m 1 .31  m 1 .31  m 1 .31  m 1 .3 1  s 1 .3 1  8

3 5 ,1 7 ,4 2 1 .26  w 1 .2 8  w 1 .27  w 1 .2 6  w 1 .2 6  m 1 .2 8  m

08 ,44 1 .1 5  VVW 1 .1 8  w - - - -

3 7 ,2 8 ,5 1 I .05 vvw 1 .0 4  w - - - -

1 9 ,5 3 ,4 6 O.99  row O.98 m O.98 w 0 .9 7  w O.98 w O.99 w

3 9 ,60 0*88 m 0 .88  m O.87 w 0 .8 8  w O.87 w 0 .8 9  w

* a f t e r  B a ird , C a irn s-S m ith , M ackenzie, S n e l l  ( l9 7 l )*
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T y p ic a l X-Ray d if f r a c to m e te r  t r a c e s  a re  shown in  F ig u re  1A.

Here SiO^/MgO r a t i o s  ^  1 .2  appear to  g iv e  h e c t o r i t e .

The r e l a t i v e  amounts o f  h e c to r i te  and b r u c i t e  were c a lc u la te d  

from  th e  (0 2 ) , (06) and ( lO l ) ,  (OOl) peaks r e s p e c t iv e ly ,  a s  shown in  

T able 7* The in te g r a te d  i n t e n s i t i e s  w ere c a lc u la te d  by m u l t ip ly in g  

th e  w id th  a t  h a l f  th e  peak  h e ig h t by th e  i n t e n s i t y  above background .

The in t e g r a te d  in t e n s i t y  o f MgtOH^ w ith  no SiO^ added was found  by 

p l o t t i n g  th e  lo g  o f  known i n t e n s i t i e s  a g a in s t  th e  SiO^/MgO r a t i o .

The s t r a i g h t  l i n e  o b ta in e d  was e x t r a p o la te d  to  ze ro  to  f in d  th e  

r e q u ir e d  i n t e n s i t y .

Those r e s u l t s  a re  p lo t te d  in  F ig u re  2 . Curves 4 and 5 g iv e
V*

th e  t h e o r e t i c a l  amounts o f  h e c t o r i t e  and Mg(0H)2 r e s p e c t iv e ly  t h a t  

sh o u ld  be found f o r  each  r a t i o  assum ing th e  SiO^/MgO r a t i o  to  be 

1 .3 3 /1 .0 0  in  h e c t o r i t e .  Curves 1 , 2 and 3 show th e  a c tu a l  am ounts found .

Curves 2 and 3 show th a t  more MgtOHj^ i s  u t i l i s e d  th a n  i s  

r e q u i r e d .  The s l u r r i e s  were n o t washed so t h a t  th e  t o t a l  magnesium 

c o n te n t was th e  same f o r  a l l  th e  sam ples. Curve 3 co rresp o n d s  to  th e  

d e c re a se  in  th e  (OOl) i n t e n s i t y  and shows a  more r a p id  r a t e  o f  d e c re a se  

th a n  th e  ( lO l)  i n t e n s i t y .  T h is  may be due to  th e  a d s o rp tio n  o f  

s i l i c i c  a c id  betw een th e  la y e r s  w ith  th e  fo rm a tio n  o f  i s la n d s  o f  

t e t r a h e d r a  as  shown in  F ig u re  3* The °°1  i n t e n s i t y  would te n d  to  

d e c re a se  f a s t e r  th a n  th e  o th e r  i n t e n s i t i e s  on t h i s  b a s i s .



F ig u re  1A. X-Ray d if f r a c to m e te r  t r a c e s  o f  r a t i o  p ro d u c ts .

SjO /QfcO (L iF  = 0 .2 5 ) .

A. O .4/ I . 0

B. 0 .8 /1 .0

• C. 1 .2 /1 .0

D. 1 .6 /1 .0

E . 2 .0 /1 .0

F . n a tu r a l  h e c t o r i t e .
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F ig u re  3. F o rm ation  o f  ' i s l a n d s '  o f  s i l i c a  te c r a h e d ra .

T h is  ty p e  o f  s t r u c tu r e  would le a d  to  a d is p r o p o r t io n a te  

d e c re a se  in  th e  Mg(OH)^ i n t e n s i t i e s  f o r  a  g iv e n  amount o f s i l i c a  

added . T h is  i s la n d  ty p e  o f  s t r u c tu r e  w i l l  c r e a te  a 's k e le t o n ' 

h e c t o r i t e  w hich w i l l  d i f f r a c t  to  g iv e  h ig h e r  i n t e n s i t i e s  th a n  th e  

t h e o r e t i c a l  v a lu e  f o r  a  g iv en  amount o f  s i l i c a  added.

... Thus by p o s tu la t in g  t h a t  h e c t o r i t e  fo rm a tio n  o ccu rs  on 

and w ith in  th e  b r u c i t e  la y e r s  i t  i s  p o s s ib le  to  accoun t f o r  th e  

e x c e ss  d e c re a se  in  th e  M g^H)^ c o n te n t and th e  enhanced h e c t o r i t e  

l e v e l s  w ith  th e  in c re a s in g  r a t i o  o f  SiO^/MgO.

The m o rp h o lo g ica l changes w ith  in c r e a s in g  s i l i c a  c o n te n t 

a re  shown in  P la te s  31 to  40. W ith a s i l i c a  c o n te n t o f 0 .2  ( P la te  32 ), 

p l a t e l e t s  w ith  c u r le d  edges can be seen  (a rro w e d ). T h is  in d ic a te s
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a t t a c k  o f s i l i c a  a t  th e  edges o f th e  b r u c i te  p la t e l e t s *  More 

e x te n s iv e  fo ld in g  a t  edges o ccu rs w ith  0 .4  and 0 .6  le v e ls  ( P la t e s  33 

and 3 4 ) .  P la te s  35 36 r e v e a l  th e  doughnut t^ p e  s t r u c tu r e s  seen

in  P la t e s  10 and 11. D iscu ss io n  o*f th e se  form s w i l l  be d e fe r r e d  to  

P a r t  2 . Y/ith r a t i o s  SiO^/MgO > 1 .0  th e  morphology in c r e a s in g ly  

resem b les  th a t  o f  a  sm e b tite  w ith  la rg e  fo ld e d  s h e e ts  th e  predom inan t 

f e a t u r e .

I t  m ight have been e x p ec ted  t h a t  a t  r a t i o s  n e a r  0 .6 /1 .0  

two la y e r  c la y s  would form , f o r  example a n t ig o n i t e s .  However s in c e  

th e  pH o f th e s e  s l u r r i e s  rem ained in  th e  re g io n  o f  8 .5  to  9*5 d u rin g  

th e  co u rse  o f th e  sy n th e se s , t h i s  would a p re a r  to  be th e  c o n t r o l l in g  

f a c t o r  a s  opposed to  th e  com position  o f th e  fS'ed m ix tu re s . I t  i s  

co n ce iv ab le  t h a t  some c h l o r i t e  ty p e  s t r u c tu r e s  may form w ith  th e  

SiO^/MgO r a t i o  o f  0 .6 ,  bu t th e y  were no t d e te c te d  by th e  methods u sed  

h e re .

The r e s u l t  t h a t  fe e d  m ix tu re s  o f r a t i o  SiO^/MgO 1 

s t i l l  c o n ta in  M g ^ H ^  e x p la in s  th e  d i s s o lu t io n  o f  g la s s  in  t h i s
9

ra n g e , since^B iO g w i l l  d is s o lv e  ou t o f th e  g la s s  to  s a tu r a t e  any 

rem ain in g  Mg(OH) .

The main co n c lu sio n  from  th e s e  r a t i o  ex p erim en ts  was t h a t  

w ith  r a t i o s  SiO^/MgO > 1 . 2  th e  h e c to r i t e  r e a c t io n  i s  co m p le te .
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PART 2 .

K in e t ic  e x p e r im e n ts  v /ith  S iO ^ /M g O /L jF  s l u r r i e s *

I t  was p roposed  to  fo llo w  th e  fo rm a tio n  o f h e c t o r i t e  w ith  

tim e from s l u r r i e s  c o n ta in in g  SiO^/MgO/LiF in  an a tte m p t to  e lu c id a te  

th e  mechanism o f th e  re a c tio n *  The p ro c e ss  was fo llo w ed  over a p e r io d  

o f f iv e  days by X-Rays and D.T.A. and up to  24 hours by X-Rays and 

e le c t r o n  m icroscopy .

E x p e r im e n ta l .

The m a te r i a l s ‘and methods used  were th e  same as fo r

P a r t  1 .

I t  was d ec id ed  to  use g la s s  f o r  th e s e  experim en ts  w ith  a 

r a t i o  o f  SiO^/MgO/LiF o f 2 .0 / l . 0 / 0 .2 5  to  e n su re  n e g l ig ib le  c o n ta m in a tio n  

from  th e  g l a s s .  The te m p e ra tu re  o f th e  r e a c t io n  cou ld  be m a in ta in e d  

a t  100°C by r e f lu x in g  w hereas th e  te m p e ra tu re  o f  th e  p o ly p ro p y len e  

s l u r r i e s  was in  th e  re g io n  o f 90- 95°C.

R e s u lts  and D isc u s s io n .

Changes in  th e  g e n e ra l com position  o f  th e  s l u r r i e s  w ith  

tim e  a re  shown in  th e  r e s u l t s  o b ta in e d  from  D.T.A. m easurem ents 

(T ab le  8 ) .

Examples of D.T.A. t r a c e s  a re  shown in  F ig u re  4*

T h is  d a ta  in d ic a te s  th e  appearanoe o f  h e c t o r i t e  a f t e r  one 

day, w ith  LiF s t i l l  p re se n t up to  two d ay s . P o o rly  c r y s t a l l i n e  

s i l i c a t e s  ap p ea r a f t e r  fo u r  days; t h i s  sm all peak  may be due to  

s i l i c a t e s  p r e c i p i t a t i n g  out o f s o lu t io n .
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F ig u re  4 . Examples o f D.T.A. t r a c e s  o b ta in e d  from  k in e t i c  e x p e rim e n ts . 

Time o f r e f lu x .

A. Feed m ix tu re  (SiO^/MgO/LiF * 2 .0 /1 .0 /0 .2 5 )

B. 3 h o u rs .

c . 1 day.

D. 2 d ays.

E. 3 d ays.

F . 4 d ays.

G. 5 d ay s .

H. n a t u r a l  h e c t o r i t e .
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TABLE 8.

Time Peak
Temp.°C

t Phases present T ra n sitio n

3 hours 394

863

endo

endo

Alg(0H) 2

U F

Kg(0H) 2 MgO + H20 

2LiF L i20 + F2

1 day 685

853

endo

endo

h e c to r ite

LiF

2 days 657

844

endo

endo

h e c to r ite

LiF

3 days 692

1022

endo

endo

h e c to r ite

h e c to r ite

-»*

4 days 685

806

1022

endo

8X 0 :

endo

h e c to r ite

poorly  c r y s ta l l in e  
s i l i c a t e s

h e c to r ite

5 days 132

233

697
806

1022

endo

endo

endo

exo

endo

H2°

h2°

h e c to r ite

p oorly  c r y s ta l l in e  
s i l i c a t e s

h e c to r ite

lo s s  o f  su rfa ce  water

lo s s  o f  in te r la y e r  
water
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The fo rm a tio n  o f  h e c t o r i t e  was more s a t i s f a c t o r i l y

fo llo w e d  from  th e  ap p ea ran ce  o f  th e  (06) peak  and th e  change in

lv:g(0ri) c o n te n t  from  th e  (001) peak  i n  X-Ray d i f f r a c t i o n .  The z

change in  r e l a t i v e  i n t e n s i t i e s  i s  shown i n  T ab le  9 and p lo t t e d  

i n  F ig u re  6. T y p ic a l d i f f r a c t i o n  t r a c e s  a r e  shown i n  F ig u re  5.

I t  would a p p e a r  from  t h i s  X- Ray d a ta  t h a t  th e  fo rm a tio n  

o f  h e c t o r i t e  i s  com plete  a f t e r  one day. The Mg(OH) c o n te n t  d e c re a se sci C

f a s t e r  th a n  th e  fo rm a tio n  o f h e c t o r i t e .  T h is  s u g g e s ts  t h a t  th e r e  

i s  an  i n i t i a l  a d s o rp t io n  p ro c e s s  o f s i l i c i c  a c id  on b r u c i t e  w hich 

lo w ers  th e  b r u c i t e  c o n te n t  fo llo w e d  by  a  s lo w er a g e in g  to  g iv e  

a  h e c t o r i t e  - l i k e  p ro d u c t.

A s o lu t io n  p ro c e s s  w ould b e  ex p ec ted  to  be  a c c e le r a te d  by 

th e  a d d i t io n  o f  p refo rm ed  h e c t o r i t e ,  assum ing t h a t  tn e  grow th o f  

h e c t o r i t e  can b e  seed ed . An ex p erim en t was c a r r i e d  o u t i n  w hich
i i

h e c t o r i t e  seed s  fro m  a n o th e r  exp erim en t w ere added to  a  s im i la r  

s l u r r y  to  th e  above p r i o r  to  r e f lu x in g .  The 'seed*  h e c t o r i t e  

am ounted to  0. Ig  i n  4 .5 5 g  o f  s lu r r y ,  o r  ab o u t 2^ by  w e ig h t. The 

X-Ray d a ta  c o l le c t e d ,  c o r r e c te d  f o r  t h i s  a d d i t io n ,  i s  shown i n  T ab le  10 

and g r a p h ic a l ly  i n  F ig u re  6. From th e  s lo p e s  o f  th e  c u rv e s  th e  maximum 

r a t e  d i f f e r e n c e  betw een  th e  norm al and seeded  ru n s  o c c u rs  a f t e r  ab o u t 

two t c  th r e e  h o u rs . T h is  su g g e s ts  t h a t  a  s o lu t io n  p ro c e s s  becomes 

more im p o rta n t a t  t h i s  tim e . T h is  r e s u l t  can  b e  c o r r e l a t e d  w ith  

su b se q u en t ev id en ce  o b ta in e d  from  th e  m icro g rap h s ta k e n  o f  th e  s l u r r y  

p ro d u c ts  d u r in g  a  k i n e t i c  ex p erim en t.



I l l

F ig u re  5. X-Ray d i f f r a c to m e te r  t r a c e s  from  k in e t i c  ex p erim en ts  

(Feed m ix tu re  SiO^/MgO/LiF = 2 .0 /1 .0 / 0 .2 5 ) .

Time o f  r e f l u x .

A. Room te m p e ra tu re  sam ple.

B. 1 hour

C. 2 h o u rs .

D. 7 h o u rs .

E . 1 day.

F . n a tu r a l  h e c t o r i t e .
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A s e r i e s  o f  m icrographs was ta k e n  d u rin g  th e  f i r s t  

24 h o u rs  o f  a s y n th e t ic  run  from  sam ples o f a s lu r r y  c o n ta in in g  

SiO^/MgO/LiF = 2 .0 /1 .0 /0 .2 5 ,  th e  same as th e  above.

S in ce  th e  r e a c t io n  i s  r a p id ,  s y n th e s is  may even o ccu r a t  

room te m p e ra tu re  o r below . As soon as th e  above s lu r r y  was m ixed 

i t  was co o led  to  0°C and a samp?.e p re p a re d  f o r  e l e c t r o n  m icro sco p y .

The s lu r r y  was th e n  a llo w ed  to  e q u i l i b r a t e  to  room te m p e ra tu re  and 

a n o th e r  sam ple p re p a re d  by f r e e z e  d ry in g . The e f f e c t  o f t h i s  

tre a tm e n t i s  shown in  P la te s  41 and 42 w ith  th e  c o rre sp o n d in g  

d i f f r a c t i o n s  in  P la te s  5^ and 51* sp a c in g s  from  th e  d i f f r a c t i o n

p a t t e r n s  (T ab le  11 ), show th a t  b r u c i t e  i s  th e  on ly  phase d e te c ta b le  

in  b o th  c a s e s ,  a lth o u g h  th e  m icrographs show a s l i g h t  d eg ree  o f  a t t a c k  

on th e  p l a t e l e t s  even on warming to  room te m p e ra tu re .

Samples were th e n  ta k e n  im m ed ia te ly  b e fo re  r e f lu x in g  and 

d u rin g  a p e r io d  o f 24 h o u rs . Specimens f o r  e l e c t r o n  m icroscopy  were 

p re p a re d  in  th e  u su a l way by d ry in g  down a d rop  o f  th e  sample 

suspended  in  w a te r  a t  30°C. The change from  b r u c i t e  to  h e c t o r i t e  

d u rin g 'o n e "  day o f r e f lu x in g  i s  shown in  th e  sp a c in g s  in  T ab le  11 

m easured from  th e  d i f f r a c t i o n s  shown in  P lq te s  51 to  56. I*16

m icro g rap h s c o rre sp o n d in g  to  th e s e  d i f f r a c t i o n s  a re  shown in  

P la t e s  43 to  48 .

Comparison o f  th e  room te m p e ra tu re  sam ples p re p a re d  by 

f r e e z e  d ry in g  and by e v a p o ra tio n  a t  30°C shows th a t  even  t r e a tm e n t
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a t  30°C produced  some h e c t o r i t e  m a te r i a l  ( P l a t e  43)» showing 

p l a t e l e t s  w i th  s l i g h t l y  c u r le d  edges su rrounded  by a low c o n t r a s t  

f r i n g e .  A f te r  r e f lu x i n g  f o r  one hour th e  b r u c i t e  p l a t e l e t s  have 

become more d i s o rd e re d  and reduced  in  s i z e  ( P l a t e  44) and d i s p la c e d  

from th e  c e n t r e  o f  r i n g  l i k e  s t r u c t u r e s ,  th e  ’doughnu t1 forms seen  

in  P l a t e s  9 to  11 and 35 and 36. A f te r  l j  and 2 hours th e  doughnuts 

a r e  c l e a r l y  e v id e n t  ( P l a t e s  45 and 46) and become f i l l e d  i n  and 

e n la rg e d  a f t e r  7 hours w ith  th e  appearance o f  c u r le d  edges and f o ld s  

( P l a t e  47)« The m o rpho log ica l  changes a re  summarised i n  F ig u re  7*

h e c t .

©  MgCOH^

CD H ec to r i te  like piatcri*

F ig u re  7 . The changes i n  b r u c i t e  to  h e c t o r i t e  w ith  r e f l u x i n g .
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Viewed a t  r i g h t  a n g le s  to  th e  c~ ax is  in  F ig u re  8 th e  

p ro c e s s  i s  v i s u a l i s e d  as th e  a d s o rp t io n  o f  s i l i c i c  a c id  m olecu les  

on and in  between th e  b r u c i t e  p l a t e l e t s .

.the - d i f f u s io n  f r o n t - w i l l ,  cause  th e  p l a t e l e t  t o  r u p tu r e  thus- d i s p l a c in g

t h e  c e n t r e  p o r t i o n  le a v in g  a doughnut s t r u c t u r e .  T h e r e a f t e r  th e

2+p ro c e s s  w i l l  be a s o l u t i o n  one, th e  Mg io n s  b e in g  produced by th e  

re m a in in g  b r u c i t e  c e n t r e s ,  t o  g iv e  f i l l e d  i n  doughnuts and s h e e t s  o f  

h e c t o r i t e .

p o ly p ro p y le n e  ( P l a t e s  35 an(i t h i s  s e rv e d  a s  a  check  t h a t  th e  

e f f e c t s  were n o t  in f lu e n c e d  s i g n i f i c a n t l y  by g l a s s .

F ig u re  8 . F orm ation  o f  doughnut s t r u c t u r e

The m echan ica l s t r a i n  s e t  up w i th in  th e  b r u c i t e  c r y s t a l  a t

S im i la r  s t r u c t u r e s  were found i n  s l u r r i e s  h e a te d  i n
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The most d i r e c t  ev idence  of a s o l i d  phase r e a c t i o n  a r i s e s  

from th e  a r c in g  p a t t e r n s  seen  in  P l a t e s  54 and 55 where b o th  ^ (O H )^  

and h e c t o r i t e  d i f f r a c t i o n s  a re  p r e s e n t .

B ru c i te  has hexagonal symmetry and so a s in g le  c r y s t a l  

ly in g  a t  r i g h t  a n g le s  t o  th e  e l e c t r o n  beam w ith  r e s p e c t  to  th e  ab 

p la n e  w i l l  g iv e  r i s e  t o  a hexagonal sp o t  p a t t e r n .  E p i t a x i a l  grow th 

o f  a phase on t h i s  c r y s t a l  w i l l  g iv e  a d d i t i o n a l  d i f f r a c t i o n s  r e l a t e d  

to  th e  o r i g i n a l .  I f  th e  new phase has p la n es  p a r a l l e l  w ith  

a p p ro x im a te ly  th e  same sp ac in g  as  th e  h o s t ,  t h e  d i f f r a c t i o n  p a t t e r n  

w i l l  .have th e  same o r i e n t a t i o n .  Arcs w i l l  be formed i n s t e a d  o f  s p o ts  

where th e  p la n e s  a re  not q u i t e  p a r a l l e l  t o  th o se  o f  th e  h o s t  (F ig u re  9 ) :
V*

t h e  ang le  o<, sub tended  by th e  a r c  t o  t h e  c e n t r e  o f  t h e  p a t t e r n ,  i s  

th e  an g le  o f  d iv e rg e n c e  o f  th e  p la n e s  from p a r a l l e l  a l ig n m e n t .

F ig u re  9 . I d e a l  a r c i n g  p a t t e r n  from hexagonal sp o t  d i f f r a c t i o n .

*
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T his  e f f e c t  i s  shown i n  P la t e  57 w i th  h e c t o r i t e  a r c s  

o p p o s i te  th e  s p o ts  o f  b r u c i t e .  The sp ac in g s  g iv in g  r i s e  to  th e  

a r c in g  a r e  as  fo l lo w s  :

H e c to r i t e  Index , hexagona l,  o r th o h ex a g o n a l.  B ru c i te  hexagonal

dX dX

1 .51  300 33, 06 1 .5 8  H O

2 .5 8  110 * 13, 20 2 .7 1  100

The u n i t s  c e l l s  have been drawn to  s c a l e  i n  F ig u re  10 

showing th e  th e  u n i t  c e l l  of b r u c i t e  l i e s  a t  30° t o  t h a t  o f  h e c t o r i t e .  

T h is  means t h a t  th e  110 p la n es  o f  h e c t o r i t e  a r e  p a r a l l e l  t o  th e  

100 p la n e s  o f  b r u c i t e ,  a s  a re  th e  300 p la n e s  of h e c t o r i t e  and th e  

110 p la n e s  o f  b r u c i t e ,  th u s  a c c o u n tin g  f o r  th e  a r c in g  e f f e c t s  from 

th e s e  p la n e s .  I t  w i l l  be seen  t h a t  th e  s i l i c o n  atoms l i e  ap p ro x im a te ly
A

over  th e  'oxygens o f  th e  b r u c i t e  l a y e r  a s  would be ex p ec ted  i n  th e  

growth o f  th e  t e t r a h e d r a l  l a y e r  i n  h e c t o r i t e .

I t  i s  n o t  co m ple te ly  c l e a r  w hether  t h i s  e p i ta x y  w i th in  th e  

doughnut i n d i c a t e s  th e  fo rm a t io n  of  h e c t o r i t e  a s  such o r  an in t e r m e d ia te  

’11 s i l i c a t e d  magnesium h y d ro x id e1’. However t h i s  a n a l y s i s  does show t h a t  

s i l i c a  i s  bound to  th e  b r u c i t e  l a y e r s  in  an o r d e r ly  way.

The r a p id  r a t e  o f  t h i s  r e a c t i o n  cou ld  be a t t r i b u t e d  to  th e  

p r o p e r t i e s  o f  L i+ and F~ in  r e l a t i o n  to  s i l i c i c  a c id  and b r u c i t e .
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The in c o rp o r a t io n  o f  L i+ , io n i c  r a d iu s  0 .68  2 , in t o  th e
2 ^  Q

b r u c i t e  l a t t i c e ,  th e  io n ic  r a d iu s  o f  Mg be ing  0 .66 A, d u r in g  th e  

s o l u t i o n  s ta g e  o f  growth w i l l  g ive  a n e t  -  ve charge to  th e  b r u c i t e  

l a y e r .  The -  ve l a y e r s  would lo s e  OH more r e a d i l y  which would 

encourage th e  a d s o r p t io n  o f  Si(0H)^0~ m olecu les  as  shown in  F ig u re  11.

& Hh
H H;H:H H 
6 6 : 6 - 6 6  6 6 6 6 6 6

9999999999  9 9 9  
H H H H H H H H H H  H H H  

U

F ig u re  11 . A d so rp t io n  o f  S i(0H )^0“" on L i+ s u b s t i t u t e d  b r u c i t e .

Indeed  G ran q u is t  and P o l l a c k  have shown t h a t  th e  a d d i t i o n  

o f  LiOH_to a s l u r r y  o f  SiO^ and MgO in c r e a s e s  th e  r a t e  of_ s y n th e s i s  

compared to  a o s l u r r y  c o n ta in in g  no LiOH. The n e t  -  ve charge w i l l  

be b a lan ced  by L i+ io n s  o u t s id e  th e  l a y e r .

L i+ may have an o th e r  r o l e  th ro u g h  i t s  a b i l i t y  t o  s t a b i l i s e  

-  ve cha rges  on s i l i c a  a s  i n d i c a t e d  by H e r .  Low SiO^/Li^O r a t i o s  

o f  4 /1  t o  25/ I  a r e  s u f f i c i e n t  t o  produce t h i s  e f f e c t  and a r e  o f  th e  

o rd e r  o f  th e  r a t i o s  used  in  th e  above ex p e r im en ts .  These -  ve charges
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may th u s  he s t a b i l i s e d  p r io r  to  th e  p o ly m e r is a t io n  o f  th e  s i l i c i c  

a c id  m o lecu le s  on th e  su r fa c e  o f  b r u c i t e .

The F ion  may a c t  a s  a c a t a l y s t  in  th e  p o ly m e r is a t io n  

s t a g e .  H e r  p o s t u l a t e s  t h a t  an in c re a s e  in  th e  c o o rd in a t io n  number 

o f  s i l i c o n  from 4 ( i n  Si(OH)^) to  6 w i l l  occur on ly  when an OH or 

F*~ io n  combine in  Si(OH)^.

Along th e s e  l i n e s  a p o s s ib le  mechanism cou ld  be as  shown 

i n  F ig u re  12.

F OH

H Si H p H  H
O  t S  O  p — S»~OH q  c t r \ u \

I .  A  H O .. : . O H  H o T . O - 5* " ) .
HO ' p  -OH HO--? ' s ; + F ♦ H+
ooooooo 0006000 oooiooo

F ig u re  12 . P o ly m e r is a t io n  of  s i l i c a  by 6 f o l d  c o o rd in a t io n  mechanism.

The l i n k e d  u n i t  would th e n  be a b le  to  bond t o  th e  s u r fa c e

as  i n  F ig u re  10 •, C h ap te r  I .

F“ io n s  could  a l s o  r e p la c e  OH io n s  i n  t h e  b r u c i t e  l a t t i c e .

F~ i s  s l i g h t l y  s m a l le r  th a n  OH (1 .3 6  vs 1*53 2 )  and so w i l l  be more 

m obile  th a n  th e  0H“ le a d in g  to  a more r a p i d  c r e a t i o n  o f  + ve h o le s  

a v a i l a b l e  f o r  S i(0H )0“ io n s  to  r e a c t  w i th .
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The pH o f t h i s  r e a c t i o n  f a l l s  in  th e  range  8 .5  to  9-5* 

The r e l a t i v e  r a t e :  o f  p o ly m e r is a t io n  a g a in s t  pH i s  shown in  

F ig u re  13 (G im b le tt  F .G .R . 1963)*

Rcu*Yive ftflre 
ofi PtfbYMfAiSPf'O*

1 x 1 «> f  6 7 8 <» <0 11 I X

pH

F ig u re  13 . R e la t iv e  r a t e  o f  p o ly m e r is a t io n  w i th  pH.

A ccording to  th e s e  a u th o rs  th e  h ig h e r  r a t e s  o f  p o ly m e r i s a t io n  

a re - ’in  th e  range  o f  pH s"8.0 t o  1 0 .5 , which in c lu d e s  th e  above ran g e ,  

co r re sp o n d in g  to  a r e a s o n a b le  c o n c e n t r a t io n  o f  s in g l e  and u n d i s s o c ia te d  

m o lecu les  o f  s i l i c i c  a c i d .  They v i s u a l i s e d  th e  p o ly m e r is a t io n  

o c c u r r in g  w i th  s i l i c o n  i n  c o o rd in a t io n  (F ig u re  14)*
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H O - S i - O

H H

? ?
H O -  S i - O -  S i - O H  * OHA. A

H H

F ig u re  14. P o ly m e r is a t io n  o f  s i l i c a  ( a f t e r  G im ble tt  1963) .
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PART 3 .

O ther T echniques  o f  I d e n t i f i c a t i o n .

The main a n a l y t i c a l  te c h n iq u e s  used  in  th e  above experim en ts  

were X-Ray d i f f r a c t i o n ,  e l e c t r o n  d i f f r a c t i o n  and D.T.A. The c a t io n  

exchange c a p a c i ty  was a l s o  de term ined  f o r  th e  f i n a l  p roduct i n  th e  

s l u r r y  r e a c t i o n  as  a f u r t h e r  in d i c a t i o n  o f  th e  n a tu r e  o f  th e  c la y  

form ed. D e n s i ty  g r a d i e n t s  te c h n iq u e s  were i n v e s t i g a t e d  b o th  t o  

de te rm ine  th e  d e n s i t y  o f  th e  s y n t h e t i c  h e c t o r i t e  and as a p o s s ib le  

means o f  fo l lo w in g  th e  p ro g re s s  o f  the  r e a c t i o n  by s e p a r a t io n  o f  th e  

in te r m e d ia te  p ro d u c ts .

C a t io n  Exchange C a p a c i ty .

A r a p id  means o f  d e te rm in in g  th e  c a t i o n  exchange c a p a c i ty  

has been d e s c r ib e d  by R obertson  and Ward ( l 9 5 l )  u s in g  the  a d s o rp t io n  

o f  m ethylene b lu e .

E x p e r im e n ta l .

The p roduc t chosen was a s y n th e t i c  h e c t o r i t e  o b ta in e d  by

---------- r e f l u x i n g  a - s l u r r y  c o n ta in in g  a m o lecu la r  r a t i o  o f  SiQ^/MgO/LiF o f

2 . 0/ 1 . 0/ 0 .2 5  i n  g l a s s .

The p roduc t  was weighed b e fo re  and a f t e r  d ry in g  a t  110°C 

f o r  two hours  to  f in d  th e  w a te r  c o n te n t .  The w a te r  c o n te n t  o f  

m ethylene b lu e  was s i m i l a r l y  found .

A s u i t a b l e  w eight o f  c l a y  was t r a n s f e r r e d  t o  a g l a s s  

s to p p e re d  b o t t l e  and shaken w ith  5 nil o f  w a te r  and l e f t  s ta n d in g
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o v e rn ig h t .  50 ml  0.3?» ^ye was a ^ded and th e  su sp en s io n  shaken

f o r  20 m in u te s .  I t  was th e n  f i l t e r e d  in t o  a b o i l i n g  tu b e ,  th e  f i r s t

l i g h t  c o lo u re d  f i l t r a t e  r e j e c t e d ,  and th e  rem ain ing  f i l t r a t e  shaken

w e l l  when th e  b u lk  o f  the  l i q u i d  had been c o l l e c t e d .  The c o n c e n t r a t i o n

o f  th e  f i l t r a t e  was found from c a l i b r a t i o n  cu rves  drawn from a d s o rp t io n

v a lu e s  a t  665 m . Data f o r  t h i s  experim ent i s  shown in  Tab le  12.

The c a t i o n  exchange c a p a c i ty  in  m i l l i e q u i v a l e n t s  per  100 g o f  d ry  c la y

was c a l c u l a t e d  as  fo l lo w s  :

(2 o f  dye i n i t i a l l y  -  2  dye i n  f i l t r a t e )  x  2  p u r i t y  o f  dye

E q u iv a le n t  w eigh t o f  dye 100 , . , . .  ,
--------------1000 1  volume o f  '  1 *** W91ght o f  o la y

dye in  ml.

TABLE 12.

P e rc e n ta g e  o f  dye i n i t i a l l y t s 0 .3

P e rc e n ta g e  o f  dye i n  f i l t r a t e * 0 .07

P e rc e n ta g e  o f  dye adsorbed s 0 .2 3

M ois tu re  c o n te n t  o f  dye s 12. 3$

P u r i t y  o f  dye ta k e n  as - 87-72

M i l l i e q u i v a l e n t  o f  dye - 0 .3199  6 (anhydrous)

Volume o f  s o l u t i o n  used - 50 ml

Weight o f  c l a y  (m o is t ) - 0 .3324  g

M o is tu re  c o n te n t  o f  c l a y m 13 .8*

Dry w e igh t o f  c l a y XX 0 .3 3 2  1  0 .862  g
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R e s u l t s .

The io n i c  c a p a c i ty  i s  

0 .2 3  x 87.7
---------------------------------------------------  * 81 .7  m i l l i e q u iv a le n t / lO O  g.
(O.3199 x 2) x 0.332 x 0 .862

R e p e t i t i o n  o f  t h i s  d e te rm in a t io n  gave r e s u l t s  around 

80 m i l l i e q u iv a l e n t s / lO O  g which a g re e s  w ith  r e s u l t s  f o r  n a t u r a l  

s m e c t i t e s  hav ing  v a lu e s  o f  80-100 m i l l i e q u iv a le n ts / lO O  g .

The main exchangeable  c a t io n  i n  G ran q u is t  and P o l l a c k ' s  

s y n t h e t i c  h e c t o r i t e  was L i+. I o n ic  exchange a d s o r p t io n  p roceeds  more 

q u ic k ly  th a n  p h y s ic a l  a d s o rp t io n :  R obertson  and Ward ( l 9 5 l )  found

t h a t  sh ak in g  a t  room te m p e ra tu re  f o r  20 m inu tes’ was a measure o f  

m a in ly  io n  exchange.

D en s i ty  G rad ien t  E x p er im en ts .

One method o f  d e te rm in in g  th e  d e n s i t y  o f  a pure compound i s  

t o  f l o a t  th e  m a te r i a l  in  a l i q u i d  o f  h ig h e r  d e n s i t y  and th e n  add a 

s u f f i c i e n t  q u a n t i t y  o f  a l i g h t e r  l i q u i d  t i l l  th e  m a te r i a l  j u s t  s i n k s .  

By w eigh ing  a known volume of t h i s  l i q u i d  th e  d e n s i t y  o f  th e  m a te r i a l  

can be found . Clays however u s u a l l y  have a range o f  d e n s i t i e s  and a 

more s a t i s f a c t o r y  te c h n iq u e  i s  t o  employ d e n s i t y  g r a d ie n t  columns. 

E x p e r im e n ta l . v

T r i a l  experim en ts  were c a r r i e d  out w ith  m ix tu re s  o f  

sy m -te trab ro m o e th an e ,  C0H_Br. and benzene.c c 4
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5 mis o f  ^2^2^r 4 , ^en£5^ y  2 *96 , was p i p e t t e d  i n t o  a t e s t  

tu b e  and a f u r t h e r  5 ml s benzene, d e n s i t y  O.89  c a r e f u l l y  added.

I

0 0 0

F ig u re  15 *

Slow con tinuous  s t r o k e s  up and down about th e  l i q u i d  

i n t e r f a c e  w i th  a s t i r r e r  (F ig .  15) gave an a p p ro x im a te ly  l i n e a r  

g r a d ie n t  e x te n d in g  f o r  about 2 cms. Columns were i n i t i a l l y  s to r e d  

i n  a  w a te r  b a th  m a in ta in ed  a t  25°C bu t i t  was found th a t  th e  g r a d i e n t s  

rem ained  s t a b l e  f o r  abou t two weeks when kep t a t  am bient room 

te m p e ra tu re .

— An approx im ate  c a l i b r a t i o n  o f  th e  g r a d i e n t s  was n o rm ally  

made w i th  s i l i c a  g e l ,  average d e n s i ty ,2X2 and po tass ium  d ich ro m ate ,  

d e n s i t y  2 . 69 . O ther s ta n d a rd s  used  were ^ (O H )^  ( 2 . 38) and LiF  ( 2 . 6 ) .
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O rganic c r y s t a l s  o f  compounds (o f  a c c u r a t e l y  known d e n s i ty )  in s o lu b le  

i n  e i t h e r  l i q u i d  were t r i e d  b u t  were found to  ad so rb  th e  l i q u i d s  

th e re b y  a l t e r i n g  t h e i r  d e n s i t y .

The p ro d u c ts  were a l l  d r ie d  a t  110°C f o r  2 -3  hours  b e fo re  

u s e .  The maximum amount o f  m a te r i a l  used  was 15-20 mgs.

The lo a d ed  columns w ere c e n t r i f u g e d  a t  about 150 g f o r  

10 m inu tes  to  a c c e l e r a t i n g  the  s e t t l i n g  p r o c e s s .

R e s u l t s .

One d i f f i c u l t y  t h a t  a ro s e  was th e  te n d e n c y  o f  th e  p a r t i c l e s  

t o  form c l u s t e r s  o f  he te rogeneous  m a te r i a l  t o  g iv e  b road  b an d s .  Even 

a sample o f  a m ix tu re  o f  s i l i c i c  a c i d ,  Mg(CH)^ and LiF gave b road  

bands: when added in  o rd e r  o f  d e c re a s in g  d e n s i t y ,  s h a rp  bands were

o b ta in e d .  A ttem pts  t o  b re a k  up th e s e  c l u s t e r s  by u l t r a s o n i e a t i n g  th e  

sam ples i n  th e  l i g h t e r  l i q u i d  b e fo re  a d d i t i o n  t o  th e  column gave no 

improvement i n  th e  r e s u l t s .  Acetone was a l s o  t r i e d  a s  th e  l i g h t e r  

l i q u i d  w i th  th e  same r e s u l t .

 However^ th e  change o f  d e n s i ty  i n  th e  p ro d u c ts  o b ta in e d  from

th e  r a t i o  ex p e r im en ts  d e s c r ib e d  i n  P a r t  1 can be seen  i n  F ig u re  16 . 

With low s i l i c a  c o n te n t  th e  d e n s i t i e s  t e n d  to  be t h a t  o f  M g^H jg .

With i n c r e a s in g  s i l i c a  c o n te n t  th e  d e n s i t i e s  app roach  t h a t  o f  

n a t u r a l  h e c t o r i t e .

The change i n  d e n s i t y  o f  a  s l u r r y  composed o f  SiO^/MgO/LiF 

i n  th e  r a t i o  o f  2 . 0 / 1 .0 / 0 .2 5  w i th  t im e  i s  shown i n  F ig u re  17*
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F ig u re  16 . D en s i ty  o f  p ro d u c ts  o b ta in e d  from th e  r a t i o  expe rim en ts  

d e s c r ib e d  in  P a r t  1.

L e f t  t o  r i g h t : -

SiO^A'gO (L iF  c o n s ta n t  a t  0 .2 5 )

0 . 3 / 1 . 0  0 . 6 / 1 . 0  1 . 0 / 1 . 0  1 . 4 / 2 . 0  2 . 0 / l . O  H e c t o r i t e ( n a t )

F ig u re  17 . D en s ity  o f  p ro d u c ts  o b ta in e d  from k j.ne ti c  e x p e r im e n ts .

L e f t  to  r i g h t  

Time o f  r e f l u x

• Room temp. I h r .  2 h rs .  4 h r s .  6 h r s .  ld a y  H e c t o r i t e .



D e n s i t y  R s f s . I.
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The room te m p e ra tu re  sample has an average d e n s i t y  o f  2 .3 .

Up to  s i x  hours o f  r e f lu x i n g  th e  d e n s i t y  r i s e s  to  2 .6 .  T h e r e a f t e r  

th e  p roduc t becomes l i g h t e r  a g a in ,  th e  s i x  day sample hav ing  a d e n s i ty  

of 2 .3 -2 .4 *

These r e s u l t s  f i t  th e  o b s e rv a t io n  t h a t  a f t e r  one day o f  

r e f l u x i n g  th e  s l u r r y  adso rbs  more and more w a te r  to  become o p a le sc e n t  

i n  app ea ran ce .

The d e c re a se  i n  d e n s i ty  th e n  can be r e l a t e d  t o  th e  

i n c r e a s in g  a b i l i t y  o f  th e  p ro d u c t  t o  adso rb  s t r u c t u r a l  w a te r .  De Wit 

and Arens (195^) have shown th e  d e c re a se  i n  d e n s i t y  i n  r e l a t i o n  to  

th e  h u m id ity  o f  t h e  environm ent f o r  s e v e r a l  d ays .  With m o n tm o r i l lo n i te  

th e  d e n s i t y  changed from 1.77 a t  4^  m o is tu re  c o n te n t  t o  2*35 when dry .

A ttem pts  were made to  i s o l a t e  th e  doughnuts in te rm e d ia te s  

shown i n  P l a t e  4 6 . from Mg(0H)2 and L iF . Samples were w ithdraw n from 

v a r io u s  re g io n s  o f  th e  column c o n ta in in g  a  sample o f  t h i s  m a t e r i a l  f o r  

exam ina t ion  in  th e  e l e c t r o n  m icroscope . The samples could  be p rep a red  

s im ply  by e v a p o ra t io n  o f  th e  l i q u i d s  from d r o p le t s  c o n ta in in g  th e  

m a te r i a l  on th e  su p p o r t  g r i d s .  The m icrographs  showed a g r e a t e r  

c o n c e n t r a t i o n  of th e  doughnuts bu t th e  p u r i t y  o f  th e  s e p a r a t io n  was 

n o t  th o u g h t  h ig h  enough t o  j u s t i f y  l a r g e r  s c a l e  e x p e r im en ts .

T h is  te c h n iq u e  was used  to  de te rm ine  th e  com ple tion  o f  th e  

s l u r r y  r e a c t i o n  v e ry  q u ic k ly ,  s in c e  aqueous d r o p le t s  o f  s l u r r y  were 

m i s c ib le  w i th  t h e  l i g h t e r  l i q u i d ,  e th a n o l .  Samples were p i p e t t e d
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on to  th e  column and when th e  d e n s i ty  was i n  th e  r e g io n  o f  2 .3 - 2 .4 ,  

t h e  r e a c t i o n  was com ple te .

S w e l l in g  beh av io u r  o f  s y n t h e t i c  h e c t o r i t e .

The s y n t h e t i c  h e c t o r i t e  p rep a red  had i n  g e n e ra l  an 001

s p a c in g  o f  about 13*6 5L The e f f e c t  o f  g ly c o l  a d s o rp t io n  and h e a t in g

th e  p ro d u c t  t o  55^°C were i n v e s t i g a t e d .

E x p e r im e n ta l .

The s w e l l in g  b eh av io u r  o f  th e  s y n t h e t i c  h e c t o r i t e  from 

s l u r r i e s  c o n ta in in g  a r a t i o  SiO^/MgO/LiF o f  2 . O / l . 0 /0 .2 5  t r e a t e d  in  

P y rex  and p o ly p ro p y len e  were examined by X-Ray d i f f r a c t i o n .

The p ro d u c ts  were s a t u r a t e d  w i th  e th y le n e  g ly c o l  by a  method 

d e s c r ib e d  by Bruntbn (1955)• The powdered sample was sp re a d  t h i n l y  

over an  i n v e r t e d  p e t r i  d i s h ,  and p la c e d  i n  a b eak e r  c o n ta in in g  

e th y le n e  g ly c o l  which was covered  w ith  a w atch g l a s s .  The g ly c o l  was 

h e a te d  t o  60°C and t h e  sample exposed t o  g ly c o l  vapour f o r  f o u r  h o u rs .  

R e s u l t s .

Examples o f  X-Ray d i f f r a c to m e t e r  t r a c e s  from s l u r r i e s  c o n ta in in g  

a  r a t i o  SiO^/MgO/LiF o f  2 . 0 / 1 .0 / 0 .2 5  a re  shown in  F ig u re  13. T ab le  13A

g iv e s  th e  com parison o f  th e  s w e l l in g  b eh av io u r  o f  p ro d u c ts  made in

g l a s s  (P y rex )  and p o ly p ro p y le n e .  Both p ro d u c ts  expand t o  ab o u t 18 S.

On h e a t in g  th e  p ro d u c ts  a t  55^°C f o r  2-g hours th e  b a s a l  s p a c in g  c o n t r a c t s  

and  i s  much reduced  in  i n t e n s i t y .  I f  th e  compound was o f  a  s w e l l in g  

c h l o r i t e  th e n  th e  b a s a l  sp a c in g  would have rem ained around  14 & on h e a t in g  

t o  t h i s  te m p e ra tu re  w i th  an in c r e a s e  i n  i t s  i n t e n s i t y .

These r e s u l t s  i l l u s t r a t e  t h a t  th e s e  p ro d u c ts  a r e  c o n s i s t e n t  

w i th  t h e  b eh a v io u r  o f  s w e l l in g  s m e c t i t e s .
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F ig u re  13 . X-Ray d i f f r a c to m e t e r  t r a c e d  o f  SiO^/MgO/LiF = 2 . 0 / 1 .0 / 0 .2 5  

s y n t h e t i c  p ro d u c ts .

A. P roduc t h e a te d  a t  550°C f o r  2J- h o u rs .

B. P roduc t t r e a t e d  i? i th  e th y le n e  g ly c o l .

C. U n tre a te d  p ro d u c t .
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TABLE 13A.

S w elling  behav iour o f  s y n th e t i c  H e c to r i t e  

(001 sp ac in g s  de te rm ined  by X -ray  d i f f r a c t i o n  ( d i f f r a c t o m e t e r ) )

70°C Oven Vapour s a t u r a t i o n 550°C f o r
R e a c t io n  V esse l d r ie d w ith  e th y le n e  g ly c o l 2-J- hours

P yrex 13.6 18 .0 10 .4

P o lyp ropy lene 13 .6 I 8 .4 10 .6

( a f t e r  B a i rd ,  C a irn s -S m ith ,  MacKenzie and S n e l l ,  1971).

S t a b i l i t y  o f  s y n t h e t i c  p ro d u c ts  in  a c id  s o l u t i d n .

The s t a b i l i t y  o f  th e  s y n th e t i c  p roduc t and in te r m e d ia te s

formed by th e  r e f lu x i n g  o f  a s l u r r y  i n  g l a s s  w ith  a r a t i o  SiO^/MgO/LiF 

o f  2 . 0 / 1 . 0 / 0 . 2 5  tow ards a c id  t r e a tm e n t  w i th  HC1, was i n v e s t i g a t e d .  

E x p e r im e n ta l .

Samples o f  M g^H jg , a 2 hour r e f l u x  and a 6 day sample were 

d r i e d  a t  110°C. Weighed p o r t i o n s ,  0 .02 g o f  each  were d i s p e r s e d  in  

10 mis o f  w a te r .  A sample o f  n a t u r a l  h e c t o r i t e  was p rep a red  in  th e  

same way.

The s o l u t i o n s  were th e n  t i t r a t e d  w ith  0 . 1N HC1 , a l low ed  to  

e q u i l i b r a t e  by shak ing  f o r  one day and th e  pH reco rd ed  u s in g  g la s s  

e l e c t r o d e s .  S o lu t io n s  o f  th e  above samples c o n ta in in g  4 mis o f  a c i d  

were shaken f o r  t h r e e  weeks and th e  pHs were found t o  v a ry  by about
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0 .1  o f  a pH u n i t  showing t h a t  e q u i l ib r iu m  had been a t t a i n e d

a f t e r  one day.-

R e s u l t s .

The r e s u l t s  a re  shown g r a p h ic a l l y  in  F ig u re  18 . The 

M g^H)^ curve i s  t y p i c a l  of an a c id  t i t r a t i o n  a g a in s t  a s im ple  b a s e .  

The ^ (O H )^  d i s s o lv e d  a f t e r  th e  a d d i t i o n  o f  8 mis o f  a c id .  The 

two hour r e f l u x  p roduc t a l s o  showed a tendency  t o  d is s o lv e  

showing th e  p ro d u c t  t o  be p o o r ly  formed. The s i x  day r e f l u x  

showed v i r t u a l l y  th e  same curve as n a t u r a l  h e c t o r i t e  i n d i c a t i n g  

t h a t  th e  p ro d u c t  has th e  same r e s i s t a n c e  to  a c id  a t t a c k  as  th e  

n a t u r a l  p ro d u c t .
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PART 4 .

S l u r r ie s  c o n ta in in g  o th e r  io n s *

A ttem pts  were made to  ex te n d  th e  te c h n iq u e  to  produce

3^c la y s  c o n ta in in g  o th e r  io n s  namely Fe , Ni , Co , Cu and A1

T r i a l  ex p e r im en ts  were made u s in g  Sn, F e , N i,  Hg, Cs, Ag, Ca, Cr,

Co, Cu, Ba, A1 s a l t s  i n  up to  ltfL  o f  th e  magnesium c o n te n t .  Most o f  

th e s e  e lem en ts  d id  n o t  a f f e c t  th e  s y n th e s i s  o f  h e c t o r i t e  e x c e p t  th o s e  

s e l e c t e d  above.

E x p e r im e n ta l .

S l u r r i e s  were r e f lu x e d  in  g la s s  and were p re p a re d  a c c o rd in g  

to  th e  r a t i o s

I t  was d ec ided  t o  add th e  io n s  i n  th e  form o f  s o l u t i o n s  o f  

n i t r a t e s  r a t h e r  th a n  h yd rox ides  o r  ox ides  to  a l low  th e  io n s  a g r e a t e r

were h o t  u sed  s in c e  th e  c h lo r id e  ion  te n d s  t o  adso rb  onto h y d rox ides  

and would th e n  i n h i b i t  th e  i n i t i a l  r e a c t i o n .  Samples were ta k e n  a f t e r  

one day, f o u r  days and seven  days, washed and d r i e d  and th e n  examined 

by X-Rays and e l e c t r o n  m icroscopy .

R e s u l t s .

2+a b i l i t y  to  a c h ie v e  isomorphous rep lacem en t o f  Mg . C h lo r id e  s a l t s

2 .̂ 2+
With Fe , Co and Cu no l a y e r  fo rm a t io n  was found , th e

m ajor phase b e in g  th e  o x id e s .



139

3+
A f te r  seven  days th e  A1 r e f l u x  gave m a te r i a l

2+amorphous to  X-Rays. With Ni a f t e r  seven  days sp a c in g s  o f

2 .6 7  X and 1 . 5 4  X w ere  fo u n d ,  c o r r e s p o n d in g  t o  some t r i o c t a h e d r a l

l a y e r  s i l i c a t e  fo rm a t io n .  T i l l e r  ( 1968) has shown th&t

Cu^+ Zn^+ (Co^+Mn^+) Ni^+ a r e 'a d s o r b e d  a t  th e  o c t a h e d r a l

edge s i t e s  on h e c t o r i t e .  I t  i s  p o s s ib le  t h a t  th e  io n s  used in

th e s e  e x p e r im en ts  a r e  adsorbed  a t  th e  edges o f  Mg(0H)2 and th u s

i n h i b i t  th e  a t t a c k  o f  s i l i c i c  a c id ,  th e  p ro c e s s  p o s t u l a t e d  as  b e in g

2+th e  i n i t i a t o r  o f  th e  r e a c t i o n .  With Ni b e in g  th e  l e a s t  ad so rb ed ,  

t h i s  a l lo w ed  a t  l e a s t  a  p o o r ly  c r y s t a l l i n e  c l a y  t o  be form ed.

S l u r r y  c o n ta in in g  Al(QH)y

S in ce  i t  has been proposed  t h a t  h e c t o r i t e  forms by 

e p i t a x i a l  grow th on th e  b r u c i t e  l a y e r ,  th e  p o s s i b i l i t y  a r i s e s  t h a t  

m o n tm o r i l lo n i te  may be formed from a p reform ed g i b b s i t e  l a y e r .  

E x p e r im e n ta l .

Al(OH) was p re p a re d  by p r e c i p i t a t i o n  from an  -^1^1^ 

s o l u t i o n  w ith  NH^(aq) . The p ro b ab le  s t r u c t u r e  o f  t h i s  Al(OH)^ i s  

t h a t “o f  b a y e r i t e ,  one o f  th e  two forms o f  A l(O H )y  th e  o th e r  b e in g  

g i b b s i t e .

The s l u r r y  was p re p a re d  a c c o rd in g  t o  th e  r a t i o s  

SiOg/ligO/AlgO /L iF  » 2 . 0/ 0 . 25/ 0 . 38/ O . 25 .

The s l u r r y  was r e f lu x e d  in  g l a s s  f o r  seven d ays .  Samples 

were ta k e n  a f t e r  one, fo u r  and seven  days ,  washed and d r i e d  p r i o r  

t o  X-Ray and e l e c t r o n  m icroscopy  ex am in a t io n .
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R e s u l t s .

The sp ac in g s  o b ta in e d  from X-Rays a re  shown in  T ab le  14.

TABLE 14.

A l(0H )3 s l u r r y  

d£

S ap o n ite  (M g,A l)3( A l ,S i ) ^ 0 30(0H)2 

dX

16 .4 16.6

3 .8 3 .7

2 .5 9 2 .58

1 .52 1.5S

The c o r r e l a t i o n  o f  th e  sp ac in g s  was o b ta in e d  w ith  th o s e  

o f  s a p o n i t e .  The p re sen ce  o f  a preform ed hydrox ide  i n  t h i s  case 

A l(0H )3 p ro v id e s  th e  b a s ic  s t r u c t u r e  on which c l a y  s y n th e s i s  can 

o c c u r .
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P l a t e  1. MgCOH)^, showing p l a t e - l i k e  morphology. (x  60K).
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S e le c te d  A re a  D i f f r a c t io n s  -  R a t io  E x p e rim e n ts  (G la s s )

(c o r re s p o n d in g  to  p la te s  8 to  14 )

The .% 0 /L iF  r a t i o  was k ep t c o n s ta n t th ro u g h o u t w i t h  a r a t i o  o f  I . O / 0 . 25 . *  

P la t e  2 , M a (0 H )c P la t e  5 . S iO  /MgQ = 0 . 4 / l . Q

P la t e  S iO  /Mg.O = O . l / l . O  P la t e  6 . S jO ^/MgO = 0 . 7 / l . Q

P la t e  4 . S jO  /MgO « 0 . 2 / l . Q  P la t e  7 . S jO  /MgO = 2 . 0 / l . Q

*
The r a t i o s  s ta te d  f o r  a l l  th e  p la te s  i n  t h i s  C h a p te r r e f e r  to  th e  fe e d  

r a t i o s  o f  th e  s l u r r i e s ,  w h ic h  does n o t n e c e s s a r i ly  g iv e  th e  r a t i o  o f  

com ponents in  th e  f i n a l  p ro d u c t . T h is  i s  e s p e c ia l ly  t r u e  o f  e x p e r im e n ts  

u s in g  g la s s  v e s s e ls ,  s in c e  a d d i t io n a l  s i l i c a  may come fro m  th e  g la s s .
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P l a t e  8 .  ~ 0 . l / l , 0  (x  6 OK)

P l a t e  9 . S10 AlcrO = 0 . 2 / l . Q  (x  6 OK)





1 4 4

Pl:i 1 0 . 4/ 1 . 0 (x  60K)
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P la t e  I I . S i0 2 /M g0 = Q .7 / l . O  ( x  3 0 K ).

'D o u g h n u t' m o rp h o lo g y  is  a rro w e d .

P la t e  1 2 . S iC L /l& O  = 0 . 7 / l . P  ( x  60K )

H ig h e r  m a g n i f ic a t io n  o f  
doughnut s t r u c tu r e s  and  
c u r le d  ed g e s .



€

*



P l a t e  1 4 «

>»

gCyA - C  ^ ? , 0 / l . 0  (x  6OK)
- 2 *

H ighe r  m a g n i f i c a t i o n  o f  f o l d e d  e d g e s .
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P la t e  1 5 . Mg (OH) a lo n e  r e f lu x e d  in  g la s s  (P .y rex )

P la t e  16 . ( i n s e t )  D i f f r a c t i o n  p a t t e r n  fro m  above p ro d u c t

Shows p re se n c e  o f  h e c t o r i t e  and M gtOK)^

P la t e  1 7 * Mg(OH) and L iP  r e f lu x e d  in  g la s s  (P y r e x )

( x  6 OX)

(x  60K )

P la t e  1 8 . ( i n s e t )  D i f f r a c t i o n  p a t t e r n  fro m  above -product

O n ly  h e c t o r i t e  p r e s e n t .
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F I  a te  1 9 . S iO  / i f r O / l i F  =* 0 . 0 l / l . 0 / 0 . 2 5

P ro d u c t has h ig h ly  c u r le d  edges,

P la t e  1 9 a * D i f f r a c t i o n  p a t t e r n  o f  p r o d u c t *

P la t e  2 0 . H ig h  m a g n i f ic a t io n  o f  c u r le d  e d g e * ( x

The l a t t i c e  s p a c in g  m easured  fro m  t h i s  
m ic ro g ra p h  gave v a lu e s  o f  a b o u t 10  2 .

( x  6OK)

1,000 k )
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S e le c te d  A re a  D i f f r a c t i o n s  : 

(c o r re s p o n d in g  t o  p la te s  31 to  /[0)

P la t e  2 1 , SiQ  /MflO = O .O l / l . O

P la t e  2 2 . S iO ^/MgO = 0 . 2 / l . Q

P la t e  2 3 , S i O j t i g O  = 0 . 4 / 1 . 0

R a t io  E x p e rim e n ts  (P o ly p r o p y le n e ) .

P la t e  2 4 . S iO ^/ifeO  = 0 . 6 / l . Q

P l a t e , 2 5 . S jO  /MgO = 0 . 8 / l . Q

P la t e  2 6 . S iO  /MgO = l . O / l . O
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P l a t e  27. SiOVi-rO .PdA-0 Pl a t e  29. SiO A-a 0 ,t 1 ,671 ,0
2^

P l a t e  2BS 1 . l / l . O  P l a t e  50. ■jiu ,/■ >,0 _  2 . 0/.1 0

/



fj]n
|̂
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Plate 31•

Plate 32,

SjO /JfoO = 0.01 /l ♦ 0 

Mg(OH)^ platelets very little affected 

silica (cf. plate 19)•

SiCL/UgO = 0.2/1,0 

Platelets show slight curling at the edge

(x  60K).

(x  6OK),
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P l n t e ^ .

P l a t e  U .

SiO /MgO = Q .4 / l« 0  

Edges o f  p l a t e l e t s  show more e x te n s iv e  

c u r l i n g .

v»

SiO^/MgO « 0 . 6 / 1 .0

(x  6OK).

(x  6OK).





1 5 5

P l a t e  31 . SiO A-VO -  0 . 8 / i . 0 (>: 60K).

Shows c u r l i n g  edr.es and doughnu t  s t r u c t u r e s .

P l a t e  16. S10„/?.k;0 = 1 . 0 / I . 0 (x 60K)
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P l a t e  3 7 . SiO^A ' P  = 1. 2 / 1 . 0

P r o d u c t  ho 3 b e g i n n i n g s  o f  s h e e t  l i k e  

morphology  o f  h i g h e r  r a t i o s .

(x 6 OK)

PDate 18 . SiO^/KgO = 1 . 4 / l . Q (x  60X).
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P l a t e  10.

P l a t e  40 .

= 1 * 6/ 1 . 0 (x 6 OK)

Bi*‘M v  f o l d e d  s h e e t s  e v i d e n t .

SiO /l.^Q = 2 . 0/ 1 .0  (x 6ok)

E x t e n s i v e l y  f o l d e d  s h e e t s  and 

c u r l e d  ed^ es  a r e  shown.
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K i n e t i c  E x p e r i m e n t s .

Peed mixture r a t io  : SiO^/KgO/LiF = 2 . Q / l .0 /0 .2 5 *

P la te  41 . S lu rry  mixed at 0°C (x  60K).

and mounted by fr e e z e  d ry in g .

Shov?s ^(OH)^ p l a t e l e t s  v i r t u a l l y  u n a ffec ted  “by s i l i c a .

P la te  42 . Above sample allowed to  e q u i l ib r a te  to  (x  60K)

room temperature and then fr e e z e  d r ie d .

Edges o f  Mg(OH) p l a t e l e t s  have undergone s l i g h t  changes 

to  become l e s s  sharp.
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P la t e  A

P la te  4

Banyple ta k e n  a t  room te m p e ra tu re  and

o
m ounted fry eva d o r a t-io n  a t  30 C.

More e x te n s iv e  a t t a c k  a t  th e  edges o f  p l a t e l e t s *

>»

1 hour o f r e f lu x  tim e. U  60K).



pp*8”
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P la t e  4 5 * l b  hours  o f  r e f l u x  t im e . ( x  6OK).

A ppearance  o f  doughnuts w i t h  d is p la c e d  'c o n e s ' o f  K g (O il) .

P la te  46, 2 hours o f  r e f lu x  t im e . (x  60K).

Doughnut s t r u c tu r e s  e v id e n t .





159

P la t e  4 7 » 7 hours o f  r e f l u x  t im e .

Doughnuts ap p ear to  have f i l l e d  in  s l i g h t l y :  

s h e e t - l i k e  m orpho logy  d e v e lo p in g .

P la t e  48 .  1 day  o f  r e f l u x  t im e .

Shows o v e r a l l  s h e e t - l i k e  s t r u c t u r e .

( x  60K ) .

( x  60X ) .
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S e l e c t e d  Area D i f f r a c t i o n s  o f  K ' jp c t i c  E x p e r i m e n t s , 

( c o r r e s p o n d i n g  t o  p la te s  41 to  48 )-

P l a t e  4 9 . D i f f r a c t i o n  fro m  P la t e  5 1 * Room te m p e ra tu re

sam ole m ixed  a t  s a m p le .

Q °C . ( f r e e z e  d r ie d ) *

->*

P la t e  5 0 . D i f f r a c t i o n  fro m  P la t e  5 2 . 1 ho u r r e f l u x .

sam ple e q u i l ib r a t e d  

to  room te m p e ra tu re  

( f r e e z e  d r i e d ) .
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1-3 h o u rs CI .Lux. ’1 -if. ux.

I j v t e J l d *  2 h o u r s  r e f l u x . P l a t e  S 6 . 1 & i U.X,





£2jale..51» In d ic e s  of  p la n e s  o f  h ec t o r i t s  and ^ g (u H )  

w ith  e p i t a x i a l  f i t .

(e n la rg e m e n t o f  i ’l a t e  54 ) •
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CHAPTER IV

G e n e ra l D is c u s s io n

I t  i s  now proposed  to  re v ie w  more b r o a d ly  th e  m echanism s o f  

c la y  fo r m a t io n  t h a t  have been proposed  by o th e r  a u th o rs  and th e n  

r e s t a t e  and e x te n d  th e  m ain  m e c h a n is t ic  id e a s  p ro p o sed  i n  e a r l i e r  

c h a p te r s .

I n  g e n e r a l th e r e  a re  many f a c t o r s  w h ic h  in f lu e n c e  th e  ty p e  

o f  c la y  p ro d u c t fo rm ed  b u t as s ta te d  by  De K im pe, G astuche  and  

B r in d le y  ( 1961) ,  th e  m ost i n f l u e n t i a l  p a ra m e te rs  a re  pH, s a l t  

c o n c e n t r a t io n ,  and th e  s to ic h io m e t r y  o f  th e  fe e d  m ix tu r e s .

C la y  s y n th e s is  fro m  d i l u t e  s o lu t io n s .

C a i l l e r e ,  H e n in  and E s q u e r in  (1 9 5 3 )  p re p a re d  c la y s  by  

e l e c t r o l y t i c  a t t a c k  o f  v a r io u s  m e ta ls  soaked  i n  a s o lu t io n  o f  a l k a l i n e  

s i l i c a t e .  The o n ly  m e ta ls  t h a t  w ere  s u c c e s s fu l w i t h  t h i s  te c h n iq u e  

w ere  m agnesium , n ic k e l  and c o b a l t .  T h ey  s u g g e s ted  t h a t  o n ly  m e ta ls  

w h ic h  r e a d i l y  g iv e  b r u c i t e  ty p e  h y d ro x id e s  can fo rm  c la y  l i k e  m in e r a ls .  

H e n in  (1 9 5 5 )  p re p a re d  m o n tm o r i l lo n it e ,  m ic a  and a n t i g o r i t e  fro m  d i l u t e  

b o i l i n g  s o lu t io n s  and a g a in  p o s tu la te d  t h a t  a h y d ro x id e  la y e r  m ust be 

p re s e n t  i n i t i a l l y  upon w h ic h  s i l i c a  can d e p o s it .

P r e v io u s ly ,  h o w ever, H e n in  and R o b ic h e t (1 9 5 4 )  Had p re p a re d



magnesium  m o n tm o r i l ]o n ite s  a t  pH 8 .0 ,  w e l l  be low  th e  pH r e q u ir e d  f o r  

th e  p r e c i p i t a t i o n  o f  h r u c i t e .

I n  a l a t e r  p ap er by H e n in  and C a i l l e r e  (1 9 & 3 ) th e y  m o d if ie d  

t h e i r  h y d ro x id e  h y p o th e s is . The s y n th e s is  o f  1:1  c la y  m in e r a ls  i s  

d i f f i c u l t  to  r a t i o n a l i s e  w ith  a h y d ro x id e  s h e e t as th e  b a s is  b u i ld in g  

u n it  s in c e  th e r e  is  no re a s o n  why th e  s i l i c a  t e t r a h e d r a  s h o u ld  a b s o rb  

p r e f e r e n t i a l l y  on one s id e .  They proposed  t h a t  s i l i c i c  a c id  c o u ld  

com bine w i t h  d iv a le n t  c a t io n s  (R )  to  g iv e  th e  f o l lo w in g  s p e c ie s

( OH) y S i-O -R -O H  A

( OH) y -S i-O -R -Q -S  i - ( OH) B

s c h e m a t ic a l ly

^  Y 7 — TeTRRHfo^m. Sirg 4 . ^ ,

X OcTAuevnnt. Si-re R= Ms**,

A B

They a ls o  propose  t h a t  s p e c ie s  o f  th e  ty p e  R ^ H ^ ,  c a l l e d  C, 

e x is t  in  s o lu t io n .  D i f f e r e n t  ty p e s  o f  c la y  m in e r a ls  a re  fo rm ed  b y  

th e  c o n d e n s a tio n  o f  th e s e  e le m e n ta ry  u n i t s ,  f o r  exam ple

2A + C a n t ig o r i t e

2B + C t a l c ,  s te v e n s ite

3B + C s e p i o l i t e

4B + C p a ly g o r s k i t e .
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The ty p e  o f  p ro d u c t fo rm ed  w i l l  depend on th e  p r o p o r t io n  

o f  C t h a t  is  p r e s e n t .

T h is  scheme w ou ld  e x p la in  1:1 c la y  fo r m a t io n  w ith  s i l i c a  

on one s id e  s in c e  th e  most s ta b le  c o n f ig u r a t io n  w i l l  be a c h ie v e d  v^ith  

th e  l in k in g  o f  th e  s i l i c a  t e t r a h e d r a  and th e  c o a le s c in g  o f  th e  

magnesiums in t o  an o c ta h e d r a l la y e r .

Wey, S i f f e r t  and W o l f f  ( 1968) a ls o  ta k e  th e  v ie w  t h a t  b a s io  

s a l t s ,  o f  th e  ty p e  A, a re  e s s e n t ia l  to  th e  s y n th e s is  o f  l a y e r  s i l i c a t e s .

No d i r e c t  e v id e n c e  is  g iv e n  by any o f  th e  above a u th o rs ^  f o r  

th e  e x is te n c e  o f  th e s e  b a s ic  s a l t s .  H ow ever, as d e s c r ib e d  i n  C h a p te r I ,  

S to c k  and D a v ie s  (1 9 4 4 )  e s ta b l is h e d  th e  e x is te n c e  o f  th e  K g (Q H )+ io n .  

S p e c ie s  o f  ty p e  A and B c o u ld  th e n  be form ed  as fo l lo w s

S i(O H ) H+ + S i(O H ) 0 "  +  2 ig (0 H )+ S i(O H ) OMg(OH)

S i ( 0H )3C£g+ + S i(O H ) 0 "  'S i(O H ) OJJgOSi(OH) .

The in f lu e n c e  o f  pH in  t h i s  i n i t i a l  p ro ce ss  w i l l  th e n  be 

c r i t i c a l .  The pH o f  th e  m o th e r s o lu t io n s  w ould  d e te rm in e  th e  r e l a t i v e  

c o n c e n tr a t io n s  o f  th e  io n s  i n  th e  above r e a c t io n s .  H en in  and R o b ic h e t  

( 1954) c a r r i e d  o u t e x p e r im e n ts  w i t h  s i l i c a t e  and magnesium s o lu t io n s  

a t  pH 8 . 0 .  The SiO^/M gO r a t i o  o f  th e  s o lu t io n  v a r ie d  fro m  0 .0 6  to  1 .4 0 ,  

b u t th e  SiO^/M gO p ro d u c t r a t i o  o n ly  v a r ie d  fro m  0 .5 1  to  1 .9 *  A t low  

pHs th e  p ro d u c ts  c o u ld  n o t be i d e n t i f i e d .  T hey  c o n c lu d ed  t h a t  pH 8 .0  

c o n s t i t u t e d  th e  lo w e r  l i m i t  f o r  th e  fo r m a t io n  o f  magnesium m o n tm o r i l lo n i te .  

C a i l l e r e ,  H e n in  and E s q u e v in  (1 9 5 5 )  re p o r te d  t h a t  th e  pH o f  th e  s o lu t io n
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p la y s  an im p o r ta n t  r o le  in  th e  s y n th e s is  o f  i r o n  h e a r in g  m in e r a ls .

F o r  pH >  8 m o n tm o r i l lo n ite  was p ro d u ced , a t  pH ^  6 , ^ e2^3 0T

g o e t h i t e  fo rm e d , and a t  6 <  pH <  8 m ix tu r e s  o f  s i l i c a t e s  and o x id e s  

w ere fo u n d .

W ith  s yn th e se s  in v o lv in g  a lu m in iu m , b a s ic  s a l t s  have a g a in  

been in v o k e d  in  s y n t h e t ic  mechanisms (H e n in  and C a i l l e r e ,  1963) *  The 

s y n th e s is  o f  k a o l i n i t e  is  th o u g h t to  be i n i t i a t e d  by  th e  b a s ic  s a l t  

fo rm ed  fro m  th e  A ^ H ^ O ^ O H ) ^ *  io n

S i(O H )4 -> H+ + S i (O H ) 3CT + A 1(H 20 ) 4 (O H )2+ ■» (O H ) - S i - 0 -  A l ( 0 H ) , , ( E 2 0 )

By  c o n d e n s a tio n  and e l im in a t io n  o f  w a te r  k a o l i n i t e  c o u ld  be

fo rm e d . H owever th e  e x is te n c e  o f  th e  A l(H o0 )  (OHj^"*" io n  has n o t y e t
2+

been p ro v e d . The io n  A l(H g O ) OH how ever does e x i s t ,  and com bined  

w it h  tw o s i l i c i c  a c id  m o le c u le s  g iv e s  a b a s ic  s a l t  fro m  w h ic h  2 :1  

s i l i c a t e s  c o u ld  be s y n th e s is e d . These  s a l t s  w o u ld  fo rm  so lo n g  as  

A l^ + i s  6 -c o o r d in a te d  : t h i s  i s  e n s u red  i n  d i l u t e  s o lu t io n s  w here th e  

pH is  le s s  th a n  6 .

As m e n tio n e d  i n  th e  In t r o d u c t io n  o th e r  m ethods o f  m a in ta in in g  

A l^ + i n  6 -c o o r d in a t io n  by c o m p le x in g  th e  io n  w i t h  o rg a n ic  m o le c u le s ,  

have le d  to  th e  s y n th e s is  o f  k a o l i n i t e  l i k e  p ro d u c ts . Wey and  

S i f f e r t  ( 1961) com plexed A l^ + w ith  o x a l ic  a c id  and produced  p r o to k a o l in ;  

L in a r e s  and H u e r ta s  ( l 9 7 l )  s y n th e s is e d  k a o l in  by f i r s t  c o m p le x in g  A l^ + 

w it h  f u l v i c  a c id .  The l a t e r  w o rk e rs  sug g est t h a t  a h y d ro x id e  la y e r
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i s  formed s low ly  by a c o m p e t i t iv e  r e a c t i o n  among the  o rg an ic  l ig a n d s  

and hydroxyl io n s  le a d in g  to  a p r e g ib b s i t e  s t r u c t u r e .  The s i l i c a  l a y e r  

i s  then  ad so rb ed  as  m o n o - s i l i c i c  ^ c id  onto  th e  s u r f a c e .  I n  t h i s  

r e s p e c t  t h e  id e a  o f  an o c to h e d ra l  l a y e r  form ing f i r s t  i s  s i m i l a r  to  

Henin*s o r i g i n a l  h y p o th e s i s .

To form c la y s  i n  which aluminium re p la c e s  s i l i c o n ,  th e  

A l ' + io n  shou ld  have ^ c o o r d i n a t i o n .  The a lu m in a te  an ion  Al(OH)^” 

can be formed i n  d i l u t e  s o lu t i o n s  a t  about pH 6 . At lower pHs g e l  

fo rm a t io n  te n d s  to  o c c u r .  T h is  ion  can th e n  r e p la c e  s i l i c o n  and th u s  

become in c o rp o r a te d  I n to  a t e t r a h e d r a l  l a y e r .

The mechanism o f  fo rm a t io n  depends a l s o  on th e  method of 

p r e p a r a t i o n .  S im ultaneous m ixing o f  a m eta l s a l t  s o l u t i o n  and a 

s i l i c a t e  s o l u t i o n  w i l l ,  by a d j u s t i n g  th e  pH, form c o p r e c i p i t a t e s  

composed most p ro b a b ly  o f  b a s ic  s a l t s .  C o p r e c ip i t a t e s  can a l s o  be 

formed by ad d in g  one o f  th e  s o lu t i o n s  t o  th e  o th e r  and th e n  a d j u s t i n g  

th e  pH. By ag e in g  th e s e  c o p r e c i p i t a t e s  f o r  a s u f f i c i e n t  t im e  th e  

p o s s i b i l i t y  a r i s e s  t h a t  th e se  p r e c i p i t a t e s  w i l l  r e a c t  t o  y i e l d  c l a y s .

I f  a s i l i c a t e  s o l u t i o n  i s  added t o  a m e ta l  s a l t  s o l u t i o n  

th e  pH o f  which i s  a d ju s t e d  to  p r e c i p i t a t e  th e  h y d ro x id e ,  th e n  th e  

mechanism w i l l  in v o lv e  a d s o r p t io n  o f  th e  s i l i c i c  a c i d  monomers on th e  

s u r f a c e  o f  t h e  h y d ro x id e .

In  t h e  experim en ts  d e s c r ib e d  in  C h ap te rs  I  and I I  th e  m e ta l  

s a l t  s o l u t i o n  was added  to  th e  s i l i c a t e  s o l u t i o n  s e t  a t  abou t pH 1 1 .0 .
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Here i t  i s  l i k e l y  t h a t  th e  more f a c i l e  r e a c t i o n ,  th e  p r e c i p i t a t i o n  

o f  th e  h y d ro x id e ,  w i l l  occur f i r s t  r a t h e r  th a n  th e  fo rm a t io n  o f  

b a s ic  s a l t s ,  th u s  a l lo w in g  th e  a d s o rp t io n  mechanism, as o u t l in e d  in  

C hapter I ,  to  p ro ceed .  A mechanism fo r  th e  fo rm a t io n  o f  a 1 :1  c la y  

v ia  s i l i c a  a d s o r p t io n  on a hydrox ide  la y e r  w i l l  be d i s c u s s e d  i n  th e  

fo l lo w in g  s e c t i o n s .

Clay s y n th e s i s  from s o l i d  r e a c t a n t s .

The main f a c t o r s  which in f lu e n c e  c la y  s y n th e s i s  from g e l s  

a t  room te m p e ra tu re  and p r e s s u r e  a r e  s i m i l a r  to  th o se  i n  d i l u t e  

s o l u t i o n s  s t u d i e s ,  t h a t  i s ,  pH and s a l t  c o n c e n t r a t io n  : th e  r a t i o  o f  

aluminium or magnesium to  s i l i c a  c o n te n t  i s  more im p o r ta n t  i n  t h i s  

case  (De Kimpe, Gastuche and B r in d le y ,  1961) .  T h is  i s  p ro b a b ly  due to  

th e  f a c t  t h a t  g e l s  w i l l  be f a i r l y  s o lu b le ,  so t h a t  c l a y  s y n th e s i s  w i l l  

te n d  to  occur i n  s o l u t i o n  from the  components s u p p l ie d  by th e  g e l s .

The above a u th o rs  found th a t  w i th  aluminium, th e  g e l  phase

was th e  most s t a b l e  and i d e n t i f i c a t i o n  o f  c l a y  c r y s t a l s  was o n ly

p o s s i b le  u s in g  e l e c t r o n  d i f f r a c t i o n .  Magnesium g e l s  gave h ig h e r  y i e l d s

o f  c l a y s .  They observed  th e  change from 6 - f o l d  to  4 - f o l d  c o o r d in a t io n  

3+o f  A1 w ith  i n c r e a s in g  pH, micas b e in g  produced  a t  h ig h e r  pH 

presum ably  because  th e  Al(OH)^” p ro x ie s  f o r  Si(OH)^ in  th e  t e t r a h e d r a l  

l a y e r .  In  th e  low er pH ra n g e ,  w ith  Al^+ i n  6 - f o ld  c o o r d in a t io n ,  

k a o l i n i t e  was form ed.

S tu d ie s  o f  c l a y  s y n th e s i s  from g e l s  make i t  d i f f i c u l t  t o
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re a c h  d e f i n i t e  c o n c lu s io n s  as to  p o s s ib le  mechanisms o f  g ro w th  

s in c e  th e  s t r u c t u r e  o f  th e  g e l3  th e m s e lv e s  a re  n o t u n d e rs to o d  

s u f f i c i e n t l y *

A s tu d y  o f  th e  t r a n s fo rm a t io n  o f  a l b i t e  t o  k a o l i n i t e  by 

Tchoubar ( 1965) has proved more in fo rm a tiv e*  The t r a n s f o r m a t io n  

was perfo rm ed  in  w a te r  a t  200°C and was fo l lo w ed  by e l e c t r o n  

m icroscopy  and X-Ray d i f f r a c t i o n .  At pH 5*0 th e  s o l u t i o n  c o n ta in e d  

150 ppm SiO^ which caused th e  d i s s o l u t i o n  o f  c leav ag e  la rc e l la s  which 

r e s u l t s  in  th e  fo rm a t io n  o f  k a o l i n i t e  th ro u g h  an in t e r m e d ia te  s ta g e  

o f  p o o r ly  c r y s t a l l i n e  boehm ite .  The f i b r e s  o f  boehraite seemed t o  

s e rv e  a s  c e n t r e s  capab le  of f i x i n g  S i(0 H ) i,.  I n t e r e s t i n g l y ,  no g e l
*Y

fo rm a t io n  was observed  on th e  s u r f a c e  o f  a l b i t e .  The a u th o r  s u g g e s ts

t h a t  t h e r e  i s  th e  p o s s i b i l i t y  of l o c a l  o r g a n i s a t i o n  of Si(OH)^

m o lecu le s  i n  t e t r a h e d r a l  beds on boehm ite .

Tchoubar and O b e r l in  ( 1966) found t h a t  a l b i t e  i n  th e

p re sen ce  o f  7^0 ppm c o l l o i d a l  s i l i c a  t r a n s fo rm s  t o  a s m e c t i t e .

I n  l a t e r  work Tchoubar, O b e r l in  and C adoret ( 1968) confirm ed  t h a t

a l b i t e  a l t e r s  t o  k a o l i n i t e  th ro u g h  an in t e r m e d ia te  o f  boehraite when

th e  s o l u t i o n  i s  poor i n  s i l i c a  and Na+ io n s ,  bu t forms a t u r b o s t r a t i c

4* / +
b e i d e l l i t e  when th e  Na /H  r a t i o  in c r e a s e s  o r  when th e  s i l i c a  

c o n c e n t r a t i o n  i s  r a i s e d  by a d d i t i o n  o f  h ig h ly  amorphous s i l i c a .

More r e c e n t l y  O b e r l in  and Couty (1970) have s tu d i e d  th e  

a l t e r a t i o n  o f  m o n tm o r i l lo n i te  a t  200°C under a c i d  c o n d i t i o n s .  They
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showed t h a t  w ith  h igh  a c id  c o n c e n t r a t io n s  amorphous g e l s  formed 

w h ile  a t  low c o n c e n t r a t i o n s ,  th e  m in era l  was s t a b i l i s e d  under s u p e r ­

s a t u r a t e d  s i l i c a  c o n d i t io n s  by a d s o rb t io n  o f  s i l i c a  around th e  c l a y  

p a r t i c l e s .  Under c o n d i t io n s  t h a t  fav o u red  th e  fo rm a t io n  o f  boehm ite ,  

no su bsequen t c l a y  m in e ra ls  were formed i f  th e  boehm ite  v;a3' w e ll  

c r y s t a l l i s e d .  However by i n s e r t i n g  an aluminium hydroxy polym er, 

u s in g  th e  method of P o n c e le t  and B r in d le y  ( 1967) ,  w i th  a c r y s t a l  

s t r u c t u r e  o f  pseudo-boehm ite  i n t o  th e  i n t e r l a y e r  sp ac in g  th e  fo rm a t io n  

o f  k a o l i n i t e  was induced .  They re g a rd  i t  as  e s s e n t i a l  t h a t  aluminium 

sh o u ld  be te m p o r a r i l y  ’s t o r e d 1 in  a p o o r ly  c r y s t a l l i s e d  m in e ra l  (ox ide  

o r  h y d ro x id e )  which th e n  a l low s  s i l i c a  monomer, c o n ta in e d  in  th e
V*

s o l u t i o n  t o  s a t u r a t e  a c t i v e  s i t e s  to  g iv e  a 2 s l  o r  1 :1  l a y e r  s i l i c a t e  

a c c o rd in g  to  i t s  c o n c e n t r a t i o n .

K i t t r i c k  ( 1970) has shown t h a t  m o n tm o r i l lo n i te s  when l e f t  

i n  a c id  s o l u t i o n  f o r  t h r e e  t o  fo u r  y e a r s  y i e l d  s o lu t i o n s  s u p e r s a tu r a t e d  

w ith  r e s p e c t  t o  k a o l i n i t e  components from which k a o l i n i t e  e v e n t u a l l y  

p r e c i p i t a t e s .  However th e  p resen ce  o f  a p o o r ly  c r y s t a l l i s e d  

’Aluminium s t o r e ’ seems to  g r e a t l y  a c c e l e r a t e  th e  c la y  fo rm a t io n  

p ro c e s s .

G ra n q u is t  and P o l l a c k  ( 1967) f©©l t h a t  th e  p ro c e ss  in v o lv e s  

c r y s t a l l i s a t i o n  from s o l u t i o n  and i s  made up o f  g e n e ra l  s t e p s :  

s o l u t i o n  o f  th e  s o l i d  r e a c t a n t s ,  n u c l e a t i o n  o f  th e  l a t t i c e ,  and 

grow th o f  t h e s e  n u c l e i  to  th e  f i n a l  c r y s t a l l i n e  p ro d u c t .  They s u g g e s t
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a mechanism a long  th e  l i n e s  o f  C a i l l e r e .  iienin and Bsquevin (1953),  

t h a t  i s .  t h a t  the  fo rm a t io n  o f  c l a y  m in e ra ls  a t  room te m p e ra tu re  and 

o rd in a ry  p r e s s u r e  r e q u i r e s  th e  e x i s t e n c e  of a b r u c i t e - t y p e  hydrox ide  

l a y e r .  I t  i s  th e n  su g g e s te d  t h a t  f o r  a l u m i n o s i l i c a t e ,  Al(GH) 

m o lecu les  form fo l lo w ed  by th e  co n d en sa t io n  w i th  Si(OH) to  produce 

th e  d e s i r e d  s t r u c t u r e ,  as  fo l lo w s

S i0 2 + a i ( oh) 3

g i b b s i t e  

NaOH ^  ̂ b a y e r i t e

S i ^  + a i 3+, a i ( oh) 2+ , Al(OK)2+ , a i ( oh)
HO

HO un u c l e a t i o n

A14A lS i7O20(oH)4-  M+

i n u c l e i

A14A1Si7°20(0HY  M+

f i n a l  c r y s t a l

Or, s c h e m a t ic a l ly

 ̂ y  4—  s c A „ xSi *" Si Si ”

HO\  /O H  o  l ! h °  A<?A A O ,
H O  H O  — A l— O H  H 1-  Al Al Al AlAl AlI /  \  / i '  /  \

H O  O H  O O  O  O  o '  V 6
I H > I

0  _  S-. S; _
V1 /  \

Si
'  I s
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This condensation process creates Si-O-Al bonds. The 

gibbsite layer would continue to grow with accompanying condensation 

of gibbsite - OH with Si(OH)^ to yield a crystallite of increasing 

size in the ab plane. As an explanation of random interstratification 

(indicated by X-Ray data) they suggest that single layers stack 

together probably as a result of an energy minimisation process.

De Ximpe and Gastuche ( 1964) on the  o th e r  hand r e p o r t  t h a t  th e  

t r a n s f o r m a t io n  o f  g i b b s i t e  to  boehm ite i s  n e c e s s a ry  to  induce s y n t h e s i s .

The d i f f e r e n c e s  in  th e  f o r c e s  t h a t  e x i s t  between th e  l a y e r s  

o f  magnesium and aluminium hyd rox ides  g iv e  an  i n d i c a t i o n  of th e  

e x p e c te d  r e a c t i v i t y  o f  th e s e  hyd rox ides  tow ards s i l i c a .

I n  b r u c i t e  th e  l a y e r s  a r e  h e ld  to g e th e r  by weak seco n d a ry  

f o r c e s  between th e  opposed s h e e t s .  Boehmite has a s i m i l a r  s t r u c t u r e  

t o  b r u c i t e  (R e ic h e r ty  and Y ost, 1946): th e  c r y s t a l s  a r e  e a s i l y  c le a v e d

I n  t h e  d i r e c t i o n  of th e  i n t e r l a y e r  s p a c in g .  G ib b s i t e ,  however, has 

s t r o n g e r  f o r c e s  a c t i n g  between th e  l a y e r s .  S i l i c i c  a c id  m o lecu le s  w i l l  

t h e r e f o r e  f i n d  i t  e a s i e r  to  p e n e t r a t e  i n t o  th e  i n t e r l a y e r s  o f  b r u c i t e  

and boehm ite  th a n  i n t o  g i b b s i t e .

A ccord ing  to  th e  experim en ts  perfo rm ed  i n  t h i s  work, th e  

a d s o r p t i o n  o f  s i l i c i c  a c i d  i s  v i s u a l i s e d  as  e i t h e r  b e in g  t r i p l e  hydrogen 

bonding  o r  c h e m iso rp t io n  by th e  f i l l i n g  o f  +ve h o l e a  in  th e  b r u c i t e - t y p e  

h yd rox ide  l a t t i c e .  F u r th e r  j u s t i f i c a t i o n  f o r  th e  l a t t e r  id e a  comes 

from th e  s ta te m e n t  o f  Henin and R ob iche t  (1953) t h a t  OH io n s  have a
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h ig h  m o b i l i t y  compared w i th  o th e r  an ions  e n a b l in g  v a c a n c ie s  to be 

c r e a te d  f a s t e r  th an  th e y  a re  f i l l e d  by S i(0H )^0  io n s .  Once ad so rb ed ,  

o r  ’s t o r e d ' ,  th e  ' a r g i l l i f i c a t i o n ' ,* or c la y  fo rm a t io n  p r o c e s s e s ,  can 

o c c u r .  The p o ly m e r i s a t io n  of s i l i c a  t o  form t e t r a h e d r a l  l a y e r s  w i l l  

be a c c e l e r a t e d  by th e  p re sen ce  o f  s a l t s ,  which p ro b a b ly  a cc o u n ts  f o r  

i t s  im portance  in  c l a y  s y n th e se s  ( G ib b le t t ,  19^3)*

Summary o f  mechnisms -proposed i n  e a r l i e r  c h a n t e r s .

In  the- p re sen ce  o f  a b r u c i t e - ty p e  hyd rox ide  l a y e r ,  or w ith  

ex p e r im e n ta l  c o n d i t io n s  which w i l l  le a d  to  th e  fo rm a t io n  o f  a hydroxide 

l a y e r ,  s i l i c a  undergoes  r a p id  u p take  from s o l u t i o n .  T h is  s u g g es ted  

t h a t  i t  i s  ad so rbed  onto th e  s u r fa c e  o f  th e  hydrox ide  e i t h e r  by hydrogen 

bonding , t r i p l e  hydrogen bonding be ing  th e  s t r o n g e s t ,  or by a form o f 

ch e m iso rp t io n  o f  S i(0H )^0  ions#

I n  th e  SiO^-MgO system th e  SiO^/MgO p roduc t r a t i o  o f  O.5  

i n d i c a t e s  t h a t  each  i n t e r l a y e r  s u r f a c e  i s  covered w i th  a m onolayer o f  

adso rbed  s i l i c a .

' I n  t h e  AlgO .SiO^ system  c la y s  form in  th e  p re sen ce  of

boehm ite .

With system s in v o lv in g  M g ^ H ^ ,  i t s  p re sen ce  can s t i l l  be 

d e t e c te d  d e s p i t e  th e  r a p id  coverage  by s i l i c a  where t h e r e  i s  an  excess  

o f  MgCOH)^ or s i l i c a  i s  added in  a s o l i d  form in  which case  t im e  i s  

r e q u i r e d  to  a l low  th e  s i l i c a  to  d i s s o lv e .

With an ex cess  o f  s i l i c a ,  under co ld  d i l u t e  c o n d i t io n s  a l l
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th e  s u r f a c e s  a re  covered  to  g iv e  amorphous m a t e r i a l .  I f  th e s e  

s o l u t i o n s  a r e  h e a te d  or r e f lu x e d  t h i s  amorphous m a te r i a l  te n d s  to  

a r g i l l i f y  to  g iv e  s t a r - l i k e  or f i n g e r  l i k e  m a t e r i a l .

Prom s t u d i e s  c a r r i e d  ou t h e re ,  s y n th e s e s  of c la y s  u s in g  th e  

s l u r r y  te c h n iq u e  appear to  a g a in  in v o lv e  mechanisms "based on th e  

e x i s t e n c e  of a "b ru c i te - ty p e  hydrox ide  l a y e r .

As d e s c r ib e d  in  C hap ter  I I I ,  i n  th e  SiO^-MgO s l u r r y  system  

th e  i n i t i a l  r e a c t i o n  was th o u g h t to  be th e  a d s o r p t io n  o f  s i l i c i c  a c i d  

monomers e i t h e r  by t r i p l e  hydrogen bonding , as  shown in  F ig u re  1, or 

by c h e m iso rp t io n  o f  S i(0H )^0 ions  i n t o  + ve h o le s  i n  th e  b r u c i t e  s u r f a c e  

The hydrogen bonded arrangem ent co u ld  g iv e  r i s e  to  Si-O-LIg 

bonds by an l i k e  r e a c t i o n .  Complete coverage by e i t h e r  method

g iv e s  a maximum SiO^/MgO r a t i o  o f  0.67* These s t r u c t u r e s  cou ld  be th e  

doughnut forms o b se rved .  The complete p e n e t r a t i o n  o f  s i l i c i c  a c id  

m o lecu les  i s  no t ach iev ed  as seen  from i n s p e c t io n  of th e s e  doughnuts : 

t h i s  may accoun t f o r  th e  observed  SiO^/MgO r a t i o  o f  abou t 0 .5  which i s  

lower th a n  th e  t h e o r e t i c a l  v a lu e .

The hydrox ide  s u r f a c e  w ith  chem isorbed s i l i c a s  w i l l  now be 

r e f e r r e d  to  a s  ' s i l i c a t e d  magnesium h y d ro x id e '  o r  s im p ly  ' s i l i c a t e d  

h y d r o x id e ' •

One cou ld  imagine a t  l e a s t  two ways in  w hich th e  s i l i c a t e d  

h yd rox ide  cou ld  a r g i l l i f y .  These a r e  shown in  F ig u re  %•
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F i g u r e  1 . T r i p l e  hydrogen  bonded s i l i c i c  a c i d  m o le c u le s  on t h e  

s u r f a c e  o f  b r u c i t e .
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F ig u re  2 . A r g i l l i f i c a t i o n  o f  s i l i c a t e d  magnesium h yd rox ide .

In  p ro c e s s  a ,  s i l i c a  t e t r a h e d r a  a re  a b le  t o  move to  a d ja c e n t  

s i t e s  by th e  m ig ra t io n  o f  OH g roups .  Thus t e t r a h e d r a  may po lym erise  

by s im u l ta n e o u s  fo rm a t io n  of S i-O -S i and Si-O-Mg bonds. In  p ro cess  b, 

some s i l i c a  t e t r a h e d r a  deso rb  and th e n  p o lym erise  to  a  n e ig h b o u r in g  

m o lecu le .  M ig ra t io n  o f  an OH group would th e n  c r e a te  a vacancy  

a l lo w in g  th e  p o ly m er ised  m olecule  t o  ’f o l d  down' on to  th e  hydrox ide  

s u r f a c e .  Due to  s t e r i c  h in d ran c e  th e  s i l i c a  t e t r a h e d r a  canno t ad so rb  

on to  a d ja c e n t  s i t e s ,  so th e  S i-O -S i  bond has t o  form f i r s t  b e fo r e  th e  

f o ld i n g  down p ro c e s s .  A d i f f i c u l t y  i n  a s s e s s i n g  th e s e  p o s s i b i l i t i e s
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i s  t h a t  i t  i s  n o t known how m o b ile  th e  te t r a h e d r a  w ould  be once

th e y  a re  ch em iso rb ed  onto  th e  h y d ro x id e  s u r fa c e .  In  any case th e

need f o r  th e  s im u lta n e o u s  fo r m a t io n  o f  b o th  th e  S i-Q ~ S i and S i-O -U g

bonds is  a d i f f i c u l t y  w i t h  a . I n  b , to o  th e r e  is  a s t e r i c  p ro b le m ,

s in c e  s i l i c a  m o le c u le s  may con g est th e  s u r fa c e  a t  th e  p o ly m e r is a t io n

s ta g e  th u s  p r e v e n t in g  th e  f o ld in g  down p ro ce ss  o c c u r r in g .  Once fo rm ed

h o w ev e r, th e s e  s t r u c tu r e s  c o u ld  a c t  as n u c le i  f o r  f u r t h e r  g ro w th :

*1“

a d d i t io n a l  io n s , such as L i  , c o u ld  be e n c o rp o ra te d  a t  t h i s  s ta g e .  

A l t e r n a t i v e  p ro p o sed  m echanism  f o r  f i n a l  a r g i l l i f i c a t i o n .

A n o th e r p o s s i b i l i t y  w ould  in v o lv e  th e  fo r m a t io n  o f  2 :1  and

1 :1  b a s ic  s a l t  u n i t s  fro m  th e  s i l i c a t e d  h y d ro x id e , as shown in

F ig u r e  5 .

where a hi double s a l t  unit i s

and a 2.:I triple salt  unit is

F ig u r e  5 . P ro p o sed  fo r m a t io n  o f  c la y  fo rm in g  u n i t s  fro m  s i l i c a t e d  hydroxic!
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F igure 4 . R e la t io n s h ip  b etw een  2 -: l u n i t s  and s i l i c a t e d  magnesium  

h y d r o x id e .

( ' c i s 1, l e f t ,  ' t r a n s ' ,  r i g h t  -  f o r  d e f i n i t i o n  o f  th e s e  

te rm s  see l a t e r ) .
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The s to ic h io m e t r y  o f  th e  s lu r r y  w ould  he e x p e c te d  to  

e x e r c is e  some c o n t r o l  on th e  f i n a l  p ro d u c t s in c e  th e  e x te n t  to  w h ic h  

th e  b r u c i t e  was s i l i c a t e d  w o u ld  a f f e c t  th e  p r o p o r t io n  o f  d o u b le  and  

t r i p l e  u n its  a v a i la b l e  in  s o lu t io n .  I n  th e  e x p e r im e n ts  d e s c r ib e d  

p r e v io u s ly  th e  d iO ?/MgO fe e d  r a t i o  was h ig h , n o r m a lly  2 . 0 / 1 . 0 .

F ig u r e  4  shows th e  r e la t io n s h i p  b etw een  a 2 :1  u n i t  and th e  

s i l i c a t e d  h y d ro x id e .

C la y -s y n th e s is  w o u ld  be a c h ie v e d  by th e  d is s o lu t io n  o f  th e  

s i l i c a t e d  h y d ro x id e  in t o  s a l t  u n i t s  w h ich  w o u ld  th e n  l i n k  up to  form

w
X X X X

F ig u r e  5 . C la y  s y n th e s is  fro m  d is s o lu t io n  o f  s i l i c a t e  h y d r o x id e .

In s p e c t io n  o f  F ig u r e  6 shows th e  r e la t io n s h ip  b e tw e en  a 

2 :1  u n i t  and a 2 :1  c la y .

a c la y ,  as shown in  F ig u r e  5
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F ig u r e  6 . R e la t io n s h ip  betw een  2 :1  u n i t s  and 2 :1  la y e r  s i l i c a t e .
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F o r s t e r i c  reaso n s  th e  s i l i c a  t e t r a h e d r a  w ou ld  l i n k  f i r s t  

when a p a i r  o f  such u n its  com bined

The a d d i t io n a l  magnesiums r e q u ir e d  w ould  be s u p p lie d  from  s o lu t io n .  

The mechanism is  shown s c h e m a t ic a l ly  in  F ig u r e  7 .

F ig u r e  7 . L in k in g  o f  2 :1  u n i t s  and magnesium to  fo rm  2 :1  c la y .
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T 's' "f“
H e re , a d d i t io n a l  io n s , such as L i  , c o u ld  r e p la c e  iig" fro m  th e  s t a r t  

o f  th e  g ro w th  s ta g e , r a t h e r  th a n  l a t e r  as in  th e  p re v io u s  m echanism .

The id e a  o f  a s i l i c a t e d  h y d ro x id e  in te r m e d ia te  is  c o n s is te n t  

w it h  th e  o b s e rv a t io n  t h a t  th e  c -s p a c in g s  o f  sam ples r e f lu x e d  f o r  un to  

one day w ere  o f  th e  o rd e r  o f  14-15 w h i le  l a t e r  s p a c in g s  w ere  o f  

a b o u t 13»o These lo n g e r  s p a c in g s  c o u ld  be due to  th e  o r ie n t a t io n  

o f  th e  h y d ro x y l g ro u p s , shown in  f ig u r e  2 .

The e le c t r o n  d i f f r a c t i o n  s e r ie s  shown in  P la te s  4 9 -5 5 *  

C h a p te r  3 , i s  c o n s is te n t  w i t h  a c o n t r ib u t io n  fro m  s i l i c a t e d  h y d ro x id e s  

a s - w e l l  as fro m  h e c t o r i t e .  In s p e c t io n  o f  th e  two t e t r a h e d r a l  la y e r  

s t r u c t u r e s ,  shows t h a t  th e y  have th e  same u n i t  c e l l  (F ig u r e  8 ) .

#  *
•  •  •  •

•  •  •  # # #

*  ••   ̂ s
•  •  •  •  ^  #

•  •  •  •  •

% = S i l i c o n

a )  h e c t o r i t e  b )  s i l i c a t e  hyd ro x id e .

F ig u re  ft. U n it  c e l l s  o f  h e c t o r i t e  and s i l i c a t e d  hydroxide,
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The d i f f r a c t i o n s  o b se rve d  c o u ld  th e n  a r is e  fro m  b o th  th e

s i l i c a t e d  h y d ro x id e  and p a r t i c l e s  o f  h e c t o r i t e  w i t h in  th e  s e le c te d

d i f f r a c t i o n  a re a *  S t r u c tu r e  b has le s s  s i l ic o n s  and so w i l l  c o n t r ib u te

le s s  d i f f r a c t i o n  s p a c in g s  th a n  h e c t o r i t e .

S tu d ie s  on m odels o f  c la y s  and on th e  u n i t  s t r u c tu r e s

s u g g e s t t h a t  th e  ' t r a i l s ’ c o n f ig u r a t io n ,  r a t h e r  th a n  th e  ' c i s 1- o f  th e

2 :1  s a l t  le a d s  to  more f a c i l e  s y n th e s is  o f  c la y  (F ig u r e  9 ) .

S i
l
0 0 0 

\  1 /  
Mg 

/  1 \
0 0 0 
I
S i

C is

F j^ u r e  9  « C o n f ig u r a t io n s  o f  2 :1  s a l t  u n i t s .

One w o u ld  e x p e c t th e  t r a n s  s t r u c tu r e  t o  be more s ta b le

s in c e  i t  i s  le s s  c row ded.

I n  summary th e n  th e  mechanism is  e n v is a g e d  as f o l lo w s .

The i n i t i a l  a d s o r p t io n  o f  s i l i c i c  a c id  o n to  b r u c i t e  by  h yd ro g en  b o n d in g

T rans
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t o  g iv e  s l i g h t l y  c u r le d  edges on b r u c i te  ( P la t e  43: C h a n te r I I I ) ,

The h yd ro g en  bonded s i l i c a  th e n  form s S i-O -h g  bonds t o  g iv e  s i l i c a t e d  

h y d ro x id e  (S i-O -K g  bonds c o u ld  be fo rm ed  i n i t i a l l y  by c h e m is o rp t io n )  

w h ich  has th e  fo rm  o f  th e  doughnuts shown in  P la t e  46 * The s i l i c a t e d  

h y d ro x id e  th e n  d is s o lv e s  to  g iv e  2 :1  s a l t  u n i t s  w h ich  w i t h  a d d i t io n a l  

m agnesium  and l i t h iu m  io n s  l i n k  to g e th e r  to  g iv e  h e c t o r i t e  w h ic h  has  

th e  fo rm  o f  s h e e ts  ( F l a t e  48 ) .  Thus th e  o r i g i n a l  b r u c i t e  la y e r s  a re  

n o t p re s e n t  in  th e  f i n a l  c la y .  The r o le  o f  th e s e  o r ig i n a l  la y e r s  is  

th o u g h t o f  as a c t in g  as a k in d  o f  j i g  to  f i x  th e  s i l i c a  in  such a way 

as t o  fa v o u r  th e  fo r m a t io n  o f  p o t e n t i a l  c la y  fo rm in g  u n i t s ,  t h a t  is  

d o u b le  o r t r i p l e  u n its  r a t h e r  th a n  u n o rg a n is e d  g e l  fo rm in g  p o ly m e rs .

By t h i s  mechanism th e  s y n th e s is  o f  more com plex c la y  m in e r a ls  

can be e n v is a g e d , f o r  in s ta n c e ,  s e p io l i t e  and a n t i g o r i t e ,  b y  th e  

a l t e r n a t i v e  l i n k i n g  to g e th e r  o f  2 :1  and 1 :1  s a l t s  r e s p e c t iv e ly ,  as shown 

i n  F ig u r e s  1 0  and 1 1 .

F ig u r e  1 0 . F o rm a tio n  o f  s e p i o l i t e  b y  a l t e r n a t io n  o f  2 :1  b a s ic  s a l t ,  u n i t s .
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F ig u r e  1 1 . F o rm a tio n  o f  a n t i g o r i t e  b y  a l t e r n a t io n  
o f  1 :1  b a s ic  s a l t . u n i t s .
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APPENDIX A.

E x p e r im e n ta l M eth o d s »

C o n te n ts

1. Silica Analysis

2. Atomic Absorption

3. Differential Thermal Analysis

4. Electron Microscopy

5. X-Ray Diffraction.

1. Silica Analysis.

The determination of silica was based on the work of 

Alexander C1953)- The silica was complexed with molybdic acid and 

then reduced to 'molybdenum blue1 according to the method of Shapiro 

and. Brannock (19^3) •

All the glassware required was cleaned by filling with a 

1:1 mixture of KNCL and K_SC> and allowed to stand overnight. After
3 2 4

thoroughly washing with distilled water, the vessels were stored 

containing distilled water.

The reagents were as follows 

Ammonium Molybdate solution

Ammonium molybdate ( 7*5 £>) v/as dissolved in 75 m^s
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which was added 25 mis of 2Op H2^0 *̂ The s°luti°n ^as stored for 

24 hours before use and prepared fresh weekly.

Tartaric Acid solution

An B/o w/v solution was prepared.

Reducing s o l u t i o n

a) Sodium sulphite (0.7 g) was dissolved in 10 mis H^O, to which was 

added 1-amino 2-naphthol-4 sulphonic acid.

b) Potassium metabisulphite (10 g) was dissolved in 9^ mis H^O.

Solutions a and b were mixed. This mixture had to be discarded 

after three days.

The procedure was as follows. .Duplicate portions of the sample 

solutions, in 2 ml aliquots, were pipetted into 100 ml graduated flasks, 

80 mis of distilled water were added and well mixed.

Molybdate solution, 2 mis, was added and allowed to stand 

for ten minutes.

The tartaric acid solution, 5 mis, was added and the mixture 

stood for four minutes.

Finally, the reducing solution, 1 ml, was added.

The solutions were then made up to volume, mixed well, and 

allowed to stand for thirty minutes.

The absorption readings were taken at about 815 m using a 

Bausch and Lomb, 'Spectronic 20*, spectraphotometer. The concentrations 

of silicas were taken from calibration curves constructed simultaneously 

with the samples using sodium metasilicate as a standard.
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2. Atomic Absorption

Magnesium concentrations were determined by a standard 

atomic absorption technique using a .Unicam 'SP. 90' spectrophotometer, 

with an acetylene/air flame mixture.

Standard magnesium solutions were prepared by dissolving
I •

'specpure* magnesium in Analar hydrochloric acid.

Solutions containing phosphates were sometimes used : when 

combined in magnesium, inert, non volatile compounds reduce the 

magnesium levels and so 5^ lanthanum solutions were added to absorb 

the phosphate component.

3. Differential Thermal Analysis ^

This analysis was performed with a differential micro thermal 

analyser, Model M-3, supplied by the Bureau de Liaison.

The probe is equipped with hollow thermocouples, with sample 

and reference being placed inside the thermocouples. This gives a very 

high efficiency of energy transfer from sample to detector with micro 

volume samples, (about 5^ mg)» with negligible internal temperature 

gradients.

The instrument is capable of detecting signals as low as a 

few tenths of a microvolt.

Unfortunately there were periodic difficulties with base line 

drift and flat topped peaks which curtailed more extensive use of 

this technique in this work.
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4.  E l e c t r o n  M ic roscopy

•The experimental techniques and principles of electron 

microscopy have been described by Hirsh, Howie, Nicholson, Pashley 

and Whelan (1965)*

A Siemons Elmiskop 1 was used in the present work. 

Magnifications from 200 to 160,000 times are obtainable with operating 

voltages of 40, 60, 80 and ICO KV. The specimen can be illuminated 

by either single or double condenser lens systems with subsequent 

three stage magnification by objective, intermediate and projector 

lenses (Figure l).

Resolution

The Elmiskop 1 is capable of resolving 8 $ limited by 

spherical aberration of the objective lens. An objective aperture 

of 50}* in diameter gives optimum resolution.

Astigmatism of the whole system is a factor which causes 

deterioration of the resolution as it leads to a deformation of the 

focussing .field from rotational symmetry.

A number of other factors, for example, chromatic aberration 

influence the resolution but most of these have been eliminated by 

modern instrument design and specimen preparation techniques.

The single condenser illuminating system (Figure l) gives an 

illuminated specimen area of about 5^^ • By using the double

condenser system a demagnified image of the electron source is obtained
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I • IV, I '  t

X X.K 9

E l e c t r o n  s o u r c e  4 0 -50 /J

C o n e  of  r a y s  c o n t r i b u t i n g  
t o  t h e  s p o t  f o r  a p e r t u r e  
AB in c o n d e n s e r  2

C o n d e n s e r

Image of  s o u r c e  
'V Ip diam.

vB C o n d e n s e r  2

C o n d e n s e r  2 o n l y ,  
f o c u s e d  s p o t  s i z e  

'v 5 0 / j  —

C o n d e n s e r  l + C o n d e n s e r 2  
f o c u s e d  s p o t  s i z e  2 - 2 0 / j
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and t h i s  i s  p r o je c te d  by th e  second condenser le n s  to  g ive  an 

i l l u m i n a t e d  a re a  of abou t 2 fx  . This means t h a t  h e a t in g  e f f e c t  on 

th e  specimen w i l l  be more pronounced when u s in g  th e  two co n d en se rs .  

Double condenser  imaging produces a more c o h e re n t  beam o f  e l e c t r o n s  

and re d u c e s  th e  s c a t t e r i n g  a n g le  o f  th e  e l e c t r o n s  le a v in g  th e  specimen 

so  t h a t  f o r  h ig h  r e s o l u t i o n  work, when in c re a s e d  b r ig h tn e s s  i s  

r e q u i r e d  a t  h ig h  m a g n i f i c a t io n s ,  th e  double system i s  fa v o u re d .  

Specimen C o n tra s t

The c o n t r a s t  i n  an  e l e c t r o n  m icroscope image a r i s e s  from the  

d i f f e r e n t i a l  s c a t t e r i n g  o f  e l e c t r o n s  in  th e  o b j e c t .  A dense r e g io n  of 

th e  o b je c t  w i l l  s c a t t e r  more e l e c t r o n s  out o f  the  beam th a n  a l e s s  

dense r e g io n  and w i l l  appea r  d a rk e r  i n  th e  f i n a l  image v iew ing  s c re e n .

The c o n t r a s t  can be improved by red u c in g  th e  s i z e  of th e  

o b j e c t i v e  a p e r t u r e  o r  by o p e r a t in g  th e  m icroscope a t  a lower 

a c c e l e r a t i n g  v o l t a g e  which causes  more i n t e r a c t i o n  between the  beam 

and th e  o b je c t  c o n se q u e n t ly  in c r e a s in g  th e  e l e c t r o n  s c a t t e r .

'An a c c e l e r a t i n g  v o l ta g e  of 80 KV was n o rm ally  used  in  

t h i s  work.

Specimen P r e p a r a t i o n

Specimens were n o rm a l ly  p re p a re d  by e v a p o ra t in g  a drop  o f an 

aqueous s u sp e n s io n  of  th e  sam ple, onto a  ca rbon  co a ted  g r i d .

An a e r o s o l  s p ra y  was sometimes used  : t h i s  c r e a t e s  a f i n e  

s p r a y  o f  m inu te  d r o p l e t s  c o n ta in in g  th e  sam ple, r e q u i r i n g  much l e s s
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Electron source

C ondenser len s

---------------- Object ------------------

Objective le n s  

—  Focal p la n e  of ob ject ive Selector aperture

1 st. Interm ediate  
Im a g e

Interm ed iate
l e n s

2 nd. Interm ediate  
Im a g e

Projector lens

Im a g e

DiffractionM icroscopy

(a) (b)

F I G .  %. D i a g r a m s  f o r  ( a )  T r a n s m i s s i o n

M i c r o s c o p y  a n d  ( b )  S e l e c t e d  A r e a  D i f f r a c t i o n .  

(F ro m  I l i r s c h ,  I l o w i e ,  N i c h o l s o n ,  F a s h l e y  a n d  

W h e l a n ,  1 9 6 5 ) .
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e v a p o ra t io n  tim e and th u s  h e lp s  to  e l im in a te  any d ry in g  down e f f e c t s .  

iC lectron  D i f f r a c t i o n

The te ch n iq u e  used  here  was t h a t  o f  s e l e c t e d  a re a  d i f f r a c t i o n  

■which a l low s  an observed  p a t t e r n  t o  be c o r r e l a t e d  to  a sm all  d e f in e d  

a r e a  o f  th e  specim en. The d i f f r a c t e d  beams a r e  fo c u sse d  on t o  th e  

b ack  f o c a l  p la n e  of th e  o b je c t iv e  le n s  (F ig u re  l )  to g e th e r  w i th  th e  

u n d e v ia te d  beam. The beams a re  su b se q u e n t ly  m a g n if ied  to  form th e  

f i n a l  im age. The l a t t i c e  sp a c in g s  (d )  o f  th e  specimen can be de te rm ined  

by th e  r e l a t i o n s h i p ,  d = g  , where K i s  an in s t ru m e n t  c o n s ta n t ,  and R 

i s  t h e  r a d iu s  o f  r e f l e c t i o n  o f  th e  observed  p a t t e r n .  I t  i s  n e c e s s a ry  

t o  d e te rm in e  K f o r  each  p a t t e r n  and t h i s  i s  a ch iev ed  by making 

m easurem ents o f  a su b s ta n c e  o f  known d - s p a c in g .  T h a l lo u s  c h lo r id e  

was employed as  a s ta n d a rd  h e r e .  The ac c u ra c y  i s  of th e  o rd e r  o f  1$ 

and t h i s  i s  u s u a l l y  s u f f i c i e n t  to  a llow  i d e n t i f i c a t i o n  o f  an unknown 

s u b s ta n c e .

5» X-Ray D i f f r a c t i o n

A P h i l i p s  X-Ray d i f f r a c to m e t e r  f i t t e d  w i th  a g on iom ete r ,  

p r o p o r t i o n a l  co u n te r  and r a te m e te r  was used  to  r e c o rd  X-Ray 

d i f f r a c t i o n s  from powdered sam ples .

The s e t t i n g s  n o rm a l ly  used  were as  fo l lo w s
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X-Ray source  

Goniometer speed  

Ratem eter 

Time c o n s ta n t  

Chart speed

35 KV, 20mA 

l° /m in u te

1 x 103

2 seconds 

600 mm/hour.

The powders were ground to  th e  f i n e s t  c o n s i s te n c y  p o s s ib le  

i n  about f i v e  m inu tes  in  an a g a te  m o rta r  and p e s t a l .  The powders 

were th e n  p re s s e d  i n t o  a 1 x 2 mm sample h o ld e r  and th e n  mounted in  

th e  g o n io m ete r .

V*
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APPZITDIX B.

C ry s ta l s  and the  O r ig in s  o f  L i f e *

C ry s ta l s  have been reg a rd ed  as  p r im i t i v e  models o f  

organism s due to  t h e i r  a b i l i t y  to  seed  t h e i r  growth from s u p e r s a tu r a t e d  

s o l u t i o n s  o f  t h e i r  components. In  t h i s  r e s p e c t  th e y  o n ly  f u l f i l l  one 

o f  many re q u ire m e n ts  of an  organism , t h e i r  a b i l i t y  t o  r e p ro d u c e .

Marquand ( 1968) has rev iew ed th e  p o s s ib le  r o l e  o f  m in e ra ls  

i n  b io p o e s i s .  A ttem pts were made up th e  1930s to  d ev ise  mediums f o r  

th e  c u l t i v a t i o n  of v i r u s e s  o u ts id e  th e  l i v i n g  c e l l s  o f  th e  h o s t .

Twort c o n s t r u c t e d  in c u b a to r s  i l lu m in a te d  by l i g h t  r e f l e c t e d  from 

m in e ra l  s u r f a c e s  and used  s p e c i a l  c la y  e x t r a c t s  t o  p re p a re  h i s  media, 

b u t  th e  v i r u s e s  f a i l e d  to  r e p l i c a t e .  G oldschmidt (1952) s t r e s s e d  th e  

c a t a l y t i c  a c t i v i t i e s  t h a t  might r e s u l t  from th e  a d s o r p t io n  o f  components 

o f  th e  p r e b i o t i c  soup on th e  edges and c o rn e rs  o f  m in e ra l  c r y s t a l s .  

H ydra ted  s i l i c a ,  a lum ina , c y a n id e s ,  phospha tes  and c a rb o n a te s  a d s o r b ,  

m o lecu le s  and h o ld  them i n  a s p a t i a l  arrangem ent comparable to  t h a t  in  

which th e y  a re  h e ld ,  o r  th o u g h t t o  be h e ld  by p r o t e i n s .

As i n d i c a t e d  in  the  I n t r o d u c t io n  B e rn a l  ( l 9 5 l )  p roposed  a 

s i m i l a r  a d s o r p t io n  and c a t a l y t i c  r o l e  f o r  c l a y s .  The fo rm a t io n  o f  

asym m etric  m o lecu le s  which a re  c h a r a c t e r i s t i c  o f  compounds o c c u r r in g  

i n  l i v i n g  organism s might have f i r s t  o c c u rre d ,  a c c o rd in g  to  B e rn a l ,
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th ro u g h  r e f e r e n t i a l  a d s o rp t io n  o f  a p a i r  o f  asym m etric  m o lecu les  on 

th e  s u r f a c e  o f  q u a r t s ,  which i s  th e  only  m in e ra l  p o s s e s s in g  an 

asym m etric  s t r u c t u r e .
*

C in a t l  ( 1968) has s tu d ie d  th e  p r o p e r t i e s  o f  ca lc ium  

s t r u c t u r e s  in  an  environm ent o f  c o n c e n t ra te d  s a l t  s o l u t i o n s  c u l tu r e  

media and b i o l o g i c a l  f l u i d s .  I t  appea rs  t h a t  in o rg a n ic  and in o r g a n ic -  

o rg a n ic  c r y s t a l l i n e  fo rm a t io n s  w ith  agg lom era te  s p h e r i c a l  morphology 

s i m i l a r  to  budding  y e a s t s ,  appear from th e s e  m ix tu r e s .  He has shown 

t h a t  th e y  resem ble  organism s in  t h e i r  a b i l i t y  to  re p ro d u c e ,  age , a d a p t ,  

d e g e n e ra te  and d i s i n t e g r a t e .

C a irn s-S m ith  ( 1966) su g g e s te d  t h a t  some c r y s t a l s  may be ab le  

b o th  to  s t o r e  and r e p l i c a t e  g e n e t ic  in fo rm a t io n .  He r e g a rd s  th e  

a d s o r p t i o n  o f  o th e r  m olecu les  by c r y s t a l s  as  a f u n c t io n  t h a t  co u ld  be 

im p o r ta n t  i n  th e  e v o lu t io n  o f  p r im i t i v e  o rgan ism s.

As he has p o in te d  out c la y  m in e ra l s ,  i n  p r i n c i p l e ,  have th e  

c a p a c i t y  t o  s t o r e  in fo rm a t io n ,  f o r  i n s t a n c e ,  by th e  isomorphous 

re p la c e m e n t  o f  aluminium f o r  s i l i c o n  in  th e  t e t r a h e d r a l  l a y e r  o r  i r o n  

f o r  magnesium and aluminium in  th e  o c ta h e d r a l  l a y e r .  That t h i s  

in fo rm a t io n  can be d u p l i c a te d  i s  shown by G a t in e a u 's  ( 1964) s t r u c t u r e  

d e t e r m in a t io n  o f  m u sco v ite .  Here a p a t t e r n  o f  aluminium f o r  s i l i c o n  

s u b s t i t u t i o n s  i n  one la y e r  l e a d s  to  a com plim entary  s u b s t i t u t i o n  

p a t t e r n  in  th e  n ex t l a y e r ,  th u s  g iv in g  a two l a y e r  p e r i o d i c i t y .

N a o r i te  a l s o  has a two l a y e r  p e r i o d i c i t y  as  shown by B loun t,  

T h rea d g o ld  and B rad ley  (19^9)*
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Clays can a l s o  seed  t h e i r  own growth : B a r re r  (1952)

d e s c r ib e s  a g e n e ra l  method of d e m o n s tra t in g  t h i s .  De Kimpe and 

Gastuche ( 1964) have seeded  th e  growth o f  m uscovite  a t  low 

te m p e ra tu r e s .  A n ik in  and Kochetkova ( 1969) have grown micas from 

seeds a t  room te m p e ra tu re s ,  and h e c t o r i t e  has been shown to  be seed ab le  

i n  t h i s  work.

The f a c t  t h a t  c l a y s  appear to  have f l e x i b l e  s t r u c t u r e s  

e n a b le s  them t o . e x h i b i t  v a r ie d  m orphologies  which cou ld  have had a 

r o l e  as  o r g a n e l l e s  i n  p r im i t i v e  organisms i . e . ,  th e y  cou ld  have had a

p h eno typ ic  a s  w e ll  a s  g e n e t i c  f u n c t i o n .

The tu b u la r  s t r u c t u r e s  p o s tu l a t e d  t o  e x p la in  th e  m icrographs  

shown i n  P l a t e  25 > Chapter I ,  could  be en v isag e d  as b e in g  u s e f u l  to  

a p r im i t i v e  organism  by, s a y ,  i t s  enhanced a b i l i t y  to  ad so rb  o th e r  

m o le c u le s ,  o r  to  a c t  a s  an  organism in  i t s  own r i g h t  : i t  may su rv iv e

b e t t e r  in  a flow  environm ent th a n ,  s a y ,  a p l a t e - l i k e  c l a y .

Diamond and Bloor ( 1970) have shown t h a t  e n d e l l i t e  can e x i s t  

i n  g lo b u la r  c l u s t e r s  o f  q u a s i - t u b u l a r  p a r t i c l e s  r a d i a t i n g  from common- 

c e n t r e s .  I t  may be t h a t  t h e i r  a b i l i t y  t o  form o rg a n is e d  c o lo n ie s  g iv e s  

t h e s e  s t r u c t u r e s  a b e t t e r  chance o f  s u r v i v a l .

Clay organism s could  have a s i m i l a r  l i f e  cy c le  t o  p h y to p lan k to n  

c e l l s .  T h is  organism  i s  s l i g h t l y  denser  th a n  se a  w a te r  and s u rv iv e s  

n e a r  th e  s u r f a c e  o f  the  s e a .  I t  ad so rb s  n u t r i e n t s  from th e  w a te r  

im m ed ia te ly  around i t ,  becomes d ense r  and s in k s .  T h is  ap p ea rs  t o  .



i n i t i a t e  r e p l i c a t i o n  by c a u s in g  th e  c e l l  t o  d iv id e  and th e  c e l l s  

then  to  f l o a t  to  n e a re r  th e  s u r f a c e  to  co n t in u e  th e  l i f e  c y c l e .

One could  imagine c la y  p a r t i c l e s  b e in g  ' s e l e c t e d '  f o r  t h e i r  e f f i c i e n c y  

o f  s e e d in g  t h e i r  growth by u s in g  up a l l  t h e  a v a i l a b l e  ' n u t r i e n t s '  more 

q u ic k ly  th a n  i t s  c o m p e t i to r s .  I t s  changed morphology, t h a t  i s ,  by 

b e in g  l a r g e r  may cause  i t  t o  move to  re g io n s  o f  say  s t r o n g e r  i o n i c  

c o n te n t ,  c a u s in g  i t  to  c le a v e  and th u s  p ro p a g a te  by f u r t h e r  growth 

o f  th e  c le a v e d  p a r t i c l e s .

The e x t e n t  to  which such p ro c e s s e s  were im p o r tan t  t o  

e a r l y  l i f e  i s  a t  p re s e n t  h ig h ly  s p e c u la t i v e  b u t  many organism s to d a y  

depend f o r  t h e i r  e x i s t e n c e  on b e in g  a b le  t o  c o n t ro l  c r y s t a l  growth 

p ro c e s s e s ,  f o r  example, i n  bone and s h e l l  fo rm a t io n .
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APPENDIX C.

A t t e m p t s  t o  d e v e lo p  a m ic ro  d e t e c t i o n  t e c h n i q u e  f o r  m i n e r a l s .

Systems were d e v ise d  in  an a t te m p t to  i d e n t i f y  m in e ra ls  

produced  by s y n t h e t i c  m ethods.

The id e a  a ro se  from c r y s t a l l i s a t i o n  e f f e c t s  d i s p la y e d  by 

ag a r  g e l s  mixed to  c o n ta in  s u p e r s a tu r a t e d  s o l u t i o n s  o f  o rg a n ic  

com ponents. .

F ig u re  1 shows a g e l  c o n ta in in g  p - n i t r o p h e n o l .  C a re fu l  

i n s p e c t i o n  of th e  d e n d r i t i c  c r y s t a l  growth shows t h a t  p r a c t i c a l l y  a l l  

t h e  g row th  o r i g i n a t e s  from one p o in t  ( c i r c l e d ) .

I t  was th ough t t h a t  v e ry  sm all  amounts o f  c l a y  m ight be 

d e t e c t e d  by t h e i r  a b i l i t y  to  seed  such  a c r y s t a l l i s a t i o n  in  a c a r e f u l l y  

f i l t e r e d  ' c l e a n '  g e l .  F u r th e rm o re ,  th e  type  o f  c l a y  might be i d e n t i f i e d  

by a un ique  seco n d ary  c r y s t a l  growth p a t t e r n  or by d i f f e r e n t i a l  seed in g  

e f f e c t i v e n e s s  f o r  d i f f e r e n t  o rg a n ic  m o le c u le s .

The c r y s t a l l i s a t i o n  o f  benzo ic  a c id  a t  v a r io u s  c o n c e n t r a t i o n s  

i s  shown i n  F ig u re  2.

However, because  most o f  th e  compounds s tu d ie d  were t o  a 

c e r t a i n  e x t e n t  s e l f  n u c l e a t i n g ,  and g e l s  t h a t  were n o t ,  te n d e d  to  

c r y s t a l l i s e  n o n - s p e c i f i c a l l y  w i th  v a r io u s  m in e ra l s ,  a t te m p ts  t o  develop  

th e  system s f u r t h e r  were n o t  pu rsu ed .
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■F lS ‘ 1 Gel 0 0 n “aitrLnS s u p e r s a t u r a t e d  s o l u t i o n  o f  p - n i t r o p h e n o l .

Fi&_2 G els  c o n ta in in g  i n c r e a s i n g l y  s u p e r s a tu r a t e d  s o l u t i o n s  
o f  b e n z o ic  a c id .
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