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2 . 1  P ro p e r ti es of  Natur a l  .and-Synthet i c -S ilic a

The term s i l i c a  denotes the  compound s i l i c o n  d io x id e . S ilic o n  
d ioxide i s  the  most common b in ary  compound of s i l ic o n  and oxygen, the  
two elem ents of g re a te s t  t e r r e s t r i a l  abundance. I t  c o n s t i tu te s  ca. 
60 wt. % of the  e a r th 's  c ru s t ,  occu rrin g  e i th e r  alone o r combined w ith  
o th e r  oxides in  s i l i c a t e s .  I t  i s  thus a u b iq u ito u s  chem ical substance 
and, owing to  i t s  r ic h  chem istry , i s  of g re a t g eo lo g ica l im portance. 
Commercially, i t  i s  the  source o f elem ental s i l i c o n  and i s  used in  
la rg e  q u a n t i t ie s  as a c o n s titu e n t of b u ild in g  m a te r ia ls .  In i t s  v a rio u s 
amorphous forms i t  i s  used as a d e s ic c a n t, ad so rben t, re in fo rc in g  
agen t, f i l l e r ,  and c a ta ly s t  component. I t  has numerous sp e c ia lis e d  
a p p lic a tio n s , e .g . ,  p ie s o e le t r ic  c r y s ta ls ,  v i t r e o u s - s i l i c a ,  o p t ic a l  
e lem ents, and g la ss  ware. S i l ic a  i s  a b a s ic  m a te r ia l o f th e  g la s s , 
ceram ic, and re f ra c to ry  in d u s tr ie s  and an im portant raw m a te r ia l fo r  
the p roduction  o f so lub le  s i l i c a t e s ,  s i l ic o n  and i t s  a l lo y s ,  s i l ic o n  
ca rb id e , s ilic o n -b a se d  chem icals, and s i l ic o n e s .

G enerally , s i l i c a  can be sep a ra ted  in  2 ty p es , c r y s ta l l i n e  and 
amorphous, which both can be found in  n a tu re  and sy n th esized  fo r  
sp e c ia l u se s . Both types have some common p ro p e r t ie s .  At o rd in ary  
tem pera tu res, s i l i c a  i s  chem ically r e s i s t a n t  to  many common rea g e n ts . 
Common aqueous ac id s do not a tta c k  s i l i c a ,  except fo r  h y d ro flu o ric
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ac id  which forms f lu o r o s i l i c a te  an ions, i . e . ,  SiFg2~ o r v o la t i l e  SiFq. 
The r a te  a t  which the  v a rio u s  forms (low-T m o d ifica tio n s) o f s i l i c a  
a re  d isso lv ed  by aqueous HF decreases w ith  in c rea s in g  d e n s ity , p , in  
the  sequence: v itre o u s  s i l i c a  (p -  2 .2  g/cm^) < tr id y m ite  (p = 2.22
g/cm^) -  c r i s to b a l i t e  (p = 2 .33 g/cm^) < q u a rts  (p = 2 .65 g / c û f i ) .
C oesite  (p = 3.01 g /cm ^) i s  p r a c t i c a l ly  in so lu b le  in  aqueous HF. 
S tish o v ite  (p = 4.35 g/cm^) i s  even le s s  so lu b le . Phosphoric ac id  
a t ta c k s  v i tre o u s  s i l i c a  a t  e le v a ted  tem pera tu res, forming a 
c r y s ta l l in e  s ilic o p h o sp h a te . The s o lu b i l i t y  o f s i l i c a  i s  g re a te r  in  
d i lu te  than  in  more co n cen tra ted  aqueous phosphoric a c id . Q uarts and 
v itre o u s  s i l i c a  a re  a ffe c te d  only s l ig h t ly  by aqueous a lk a l i  a t  room 
tem pera tu re . The a t ta c k  i s  f a s te r  a t  h igher tem pera tu res. P re c ip i ta te d  
amorphous s i l i c a  i s  more re a c tiv e  than  v itre o u s  s i l i c a  which in  tu rn  
i s  more re a c tiv e  than q u a r ts .

2 .1 .1  Forms of s i l i c a
C ry s ta ll in e  s i l i c a .  S i l ic a  e x is ts  in  a v a r ie ty  o f 

polymorphic c ry s ta l l in e  forms. According to  the conven tional view o f 
the  polymorphism of s i l i c a ,  th e re  a re  3 main forms a t  atm ospheric 
p re ssu re : q u a r ts , s ta b le  below ca . 870°C; tr id y m ite , s ta b le  from ca.
870-1470°C; and c r i s t o b a l i t e ,  s ta b le  from ca. 1470°c to  the  m elting  
p o in t a t  ca . 1723°c. In a l l  th ese  forms, the s t ru c tu re s  a re  based on 
[ 5104] te tra h e d ra  linked  in  such a way th a t  every  oxygen atom i s  
shared  between two s i l ic o n  atoms. The s t ru c tu re s ,  however, a re  q u ite  
d i f f e r e n t  in  d e t a i l .

At the tem perature l im i ts  o f th e i r  s t a b i l i t y  ranges, 
th ese  forms in te rc o n v e r t. The tran sfo rm a tio n s  involve a change in  the
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secondary (non-nearest-ne ig hbo r) co o rd in a tio n  and re q u ire  the  break ing  
and refo rm ation  of S i-0  bonds. The tran sfo rm a tio n  p ro cesse s , known as 
re c o n s tru c tiv e  polymorphic tra n sfo rm a tio n s , a re  slow, as shown by the 
f a c t  th a t  the high tem perature polymorphs can p e r s i s t  o u ts id e  th e i r  
normal s t a b i l i t y  range. The tran sfo rm atio n s  a re  a ided  by o r may re q u ire  
the  presence of im p u ritie s  or added m in e ra lize r  such as a lk a l i  m etal 
ox ides. Indeed, i t  has been suggested th a t  tr id y m ite  cannot be formed 
a t  a l l  in  the  absence o f im p u ritie s , and some modern te x ts  a s s e r t  th a t  
pure SiOo occurs in  only two forms, i . e . ,  q u a rts  and c r i s t o b a l i t e .  In 
a d d itio n  to  the re c o n s tru c tiv e  tra n sfo rm a tio n s , each o f the  main forms 
o f s i l i c a  undergoes one o r more tran sfo rm atio n s  o f a d i f f e r e n t  s o r t ,  
the  s o -c a lle d  high-low , d isp la c iv e , o r m a r te n s itic  tra n sfo rm a tio n s . 
These involve r e la t iv e ly  sm all s t r u c tu r a l  rearrangem ents such as minor 
ro ta t io n s  o f the  te tra h e d ra  w ithout bond-breaking. In g e n e ra l, they 
a re  quick and r e v e rs ib le . The tran sfo rm atio n  among the p r in c ip a l  
c ry s ta l l in e  forms o f s i l i c a  may thus be rep re sen ted  in  s im p lif ie d  form:

Quartz=F=Q7Q°0= 5iT rid y m ite ^ = i47oo0= ^ ! C r i3to b a lite ;^ =  1723°c=:-•Melt 
high high high

1 160°c
'

574°c middle
/ 105°c

1 V
low low low

The v e r t i c a l  d ire c t io n s  re p re se n t the qu ick , d isp la c iv e  
polymorphic t r a n s i t io n s ,  whereas the h o r iz o n ta l d i re c t io n s  re p re se n t 
the sluggigh  re c o n s tru c tiv e  t r a n s i t io n s .
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N o n erv sta llin e  s i l i c a .  The n o n c ry s ta l l in e  forms o f 
s i l i c a  include bulk v itre o u s  s i l i c a  and a v a r ie ty  o f o th e r amorphous 
types.

V itreous s i l i c a  ( s i l i c a  g la s s )  i s  e s s e n t ia l ly  a su per
cooled fro z e n -in  l iq u id  t r a d i t io n a l ly  formed by fu sio n  and subsequent 
coo ling  o f c ry s ta l l in e  s i l i c a .  I t  i s  h a rd ly  found in  n a tu re  except fo r  
some e x o tic  sp ec ie s , i . e . ,  fused bod ies r e s u l t in g  from lig h tn in g  
s t r ik in g  sand, o r Libyan d e se r t  g la s s . L iquid s i l i c a  i s  h ig h ly  v isco u s, 
and f re e z in g - in  to  the g la ssy  form occurs r e a d ily  a t  approx. 1100°c. 
In p ra c t ic e ,  v itre o u s  s i l i c a  i s  p repared  by fu sio n  o f c ry s ta l l in e  
qu a rtz  o r q u a rtz  sand. V itreous s i l i c a  i s  a lso  made by flame or plasma 
h y d ro ly s is  o f s i l ic o n  te t r a c h lo r id e ,  by therm al decom position of 
s i l i c a t e  e s te r s ,  o r by sp u tte r in g  o f SiC>2 . G lasses prepared  by flam e- 
fu sio n  p rocesses may co n ta in  s ig n i f ic a n t  amounts (> 1000 ppm) o f 
hydroxyl im purity  which a f f e c t  o p t ic a l  tran sm iss io n  as w ell as therm al 
and m echanical p ro p e r tie s .

The s t ru c tu re  o f v itre o u s  s i l i c a  i s  a continuous network 
o f t s i o ^  te tra h e d ra  w ith  a lower degree o f o rder than the c r y s ta l l in e  
phases. The s tru c tu re  i t s e l f  i s  su b je c t to many sp e c u la tio n s , invo lv ing  
m ic ro c ry s ta l th e o r ie s  and a complete random approach. 'The fo llow ing 
is  g e n e ra lly  accepted: s i l i c a  g la ss  d i f f e r s  form c r y s ta l l i n e  s i l i c a  in  
having a broader d i s t r ib u t io n  o f S i-O -Si bond an g le s , arid a le s s  
negative  G ibb 's fre e  energy o f form ation. As to  the  G ibb 's f re e  energy 
of form ation, AG of v itre o u s  s i l i c a  i s  -849.05 kJ/raol; AG o f low-T 
c r i s to b a l i t e  i s  -849.76 kJ/m ol; AG of low-T tr id y m ite  i s  -852.18 
kJ/m ol; A G o f low-T q u a rtz  i s  -857.03 kJ/m o l. This means s i l i c a  g la s s  
and c r i s to b a l i t e  a re  c lo se r  to  each o th e r thermodynamicly than  any
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o th e r two s i l i c a  sp e c ie s . From the  w idth o f the  main b roard  d i f f r a c t io n  
peak in  the  g la ss  d i f f r a c t io n  p a t te rn ,  the  " c r y s t a l l i t e  s ize "  in  the 
case o f s i l i c a  g la ss  was estim a ted  a t  about 0 .8  nm. Since the  s iz e  of 
a u n i t  c e l l  of c r i s to b a l i t e  i s  a lso  about 0 .8  nm, any c r y s t a l l i t e s  
would be only a s in g le  u n i t  c e l l  in  e x te n t; a t  such a s c a le , the terms 
amorphous and c ry s ta l l in e  cease to  make sense .

The p ro p e r tie s  o f h igh q u a l i ty  v itre o u s  s i l i c a  which 
determ ine i t s  uses include h igh chem ical r e s is ta n c e , low c o e f f ic ie n t  
o f therm al expansion ( 0 .5 -0 .8 - 10~s K_l ) ,  h igh  therm al shock
re s is ta n c e , high e l e c t r i c a l  r e s i s t i v i t y ,  and h igh o p t ic a l  tra n sm iss io n , 
e s p e c ia l ly  in  the u l t r a v io l e t .  Bulk v itre o u s  s i l i c a  i s  d i f f i c u l t  to  
work because o f the absence o f network-m odifying ions p re sen t in  common 
g la s s . The t r a d i t io n a l  m elting  p rocess re q u ire s  tem peratu res o f 2000°c 
and more.

Amorphous s i l i c a  e x is t s  a lso  in  a v a r ie ty  o f forms which 
a re  composed o f sm all p a r t i c le s ,  p o ss ib ly  aggregated . Commonly 
encountered products include c o l lo id a l  s i l i c a ,  s i l i c a  g e ls , p r e c ip i ta te d  
s i l i c a ,  and fumed or pyrogenic s i l i c a .

Amorphous s i l i c a s  a re  c h a ra c te r iz e d  by sm all u ltim a te  
p a r t ic le  s iz e  and high s p e c if ic  su rface  a re a . T heir su rfaces  may be 
s u b s ta n t ia l ly  anhydrous o r may co n ta in  s i la n o l  (SiOH) groups. They are  
fre q u e n tly  viewed as condensation polymers o f s i l i c i c  a c id , S i(0H)4 -

C o llo id a l s i l i c a s  ( s i l i c a  s o ls )  a re  s ta b le  d isp e rs io n s  
o f amorphous s i l i c a  p a r t ic le s  in  w ater. Commercial p roducts co n ta in  
s i l i c a  p a r t ic le s  w ith d iam eters o f ca. 3-100 nm, s p e c if ic  su rface  a rea  
o f 50-270 m“/g ,  w ith s i l i c a  co n ten ts  o f 15-50 wt.%. They c o n ta in  sm all 
amounts ( < 1 wt.%) o f s t a b i l i z e r s ,  most commonly sodium io ns.
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S i l ic a  g e ls  c o n ta in  3-dim ensional networks o f aggregated 
s i l i c a  p a r t ic le s  o f c o l lo id a l  dim ension. As formed, the pores a re  
f i l l e d  w ith  the medium in  which the ge l is  p repared . The medium gives 
the name to  the  p roduct, e .g . ,  hydrogel fo r  w ater, a lc o g e ls  fo r  
a lc o h o ls , e tc .  Simple removal o f the l iq u id  r e s u l t s  in  ex tensive  
sh rinkage owing to  su rfa c e - te n s io n  fo rc e s . S i l ic a  g e ls  d r ie d  th is  way 
a re  termed x e ro g e ls . I f  the  l iq u id  in  the  pores i s  rep laced  by a 
substance which can be processed  in  the  s u p e r c r i t ic a l  range ( e .g . ,  
c e r ta in  a lc o h o ls , o r COo) and the  g e l i s  heated  under p ressu re  above 
the c r i t i c a l  tem perature o f the  l iq u id ,  r e s u l t in g  in  the d isappearance 
o f the  liq u id -v ap o r in te r f a c e ,  su rfa c e - te n s io n  e f f e c ts  a re  absent and 
a very  voluminous dry s i l i c a  g e l (ae ro g e l) i s  ob ta ined .

P re c ip i ta te d  s i l i c a s  a re  powders ob ta ined  by coag u la tion  
o f s i l i c a  p a r t ic le s  from an aqueous medium under the  in fluen ce  o f high 
s a l t  c o n c en tra tio n s  o r o th e r  co ag u lan ts .

Fumed s i l i c a s  ( a e r o s i l s ,  pyrogenic s i l i c a )  a re  produced 
by vapor-phase p ro cesse s , g e n e ra lly  by the vapor-phase h y d ro ly s is  of 
s i l i c o n  te t r a h a l id e s .  o th e r  methods include v a p o riz a tio n  o f SiO?, 
v a p o riz a tio n  and o x id a tio n  o f S i, and h igh tem perature o x id a tio n  and 
h y d ro ly s is  o f s i l ic o n  compounds such as s i l i c a t e  e s te r s .

V aporisa tion : S i l ic a  vaporized  p r in c ip a l ly  by d is s o c ia 
t io n  to  gaseous SiO and c>2 ; th ese  a re  the predominant vapor sp ec ie s , 
w ith  some c o n tr ib u tio n  from atomic oxygen and gaseous SiOo The to t a l  
vapor p re ssu re  over the  l iq u id  a t  the  m elting  p o in t i s  in  the range 
1-10 Pa (10“5 -  10_ * b a r ) .  The b o il in g  o f s i l i c a  i s  estim ated  as 
2797±75°c. The h ea t o f v a p o r is a tio n  o f ร1อ2 a t  the m elting  p o in t is  
g iven as 560 kJ/m ol, whereas the  h ea t o f the re a c tio n
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Si02 (1) --------- » SiO + 1/2 O n

i s  750 kJ/m ol.
Biogenic s i l i c a s  a re  n a tu ra l amorphous s i l i c a s .  They 

occur from sm all organisms in  w ater (diatom ) and in  p la n ts  c e l l s .  
D issolved s i l i c a  i s  absorbed by the  diatom or p la n t to  form a s i l i c a  
sk e le to n . D iatom ite ( s i l i c a  from diatom s t ru c tu re )  i s  u s u a lly  used as 
f i l l e r  o r f i l t e r  medium. S i l ic a  in  p la n t has l i t t l e  in d u s t r ia l  
a p p lic a tio n  y e t.

Opal i s  a n a tu ra l amorphous s i l i c a  w ith  a re g u la r  
" l a t t i c e "  arrangem ent o f c o llo id a l  s i l i c a  p a r t ic le s  and a s u b s ta n t ia l  
amount o f in co rpo ra ted  w ater. There i s  no u t i l i z a t i o n  in  in d u s try . But 
i t  i s  used as jew el because o f i t s  b e a u tifu l  rainbow r e f le c t io n .

2 .1 .2  Uses
The d iv e r s i ty  of s i l i c a  forms and th e i r  p ro p e r tie s  lead 

to  a broad range o f a p p lic a tio n s . S i l ic a  i s  the b a s ic  raw m a te r ia l o f 
the g la s s  in d u s try . The v itre o u s  s i l i c a  s tru c tu re  forms the b a s is  of 
commercial g la ss  com positions, whose p ro p e r tie s  a re  m odified by the 
a d d itio n  o f o th e r m etal ox ides. S i l ic a  i s  a main c o n s titu e n t of 
ceram ics. In space technology, fused s i l i c a  was used in  windows fo r  
the Apollo sp a c e c ra f t and in  the therm al p ro te c tio n  t i l e s  on the  
Columbia sp a c e -sh u tt le  o r b i te r .

Q uarts ะ Because o f i t s  p ie z o e le c tr ic  p ro p e r t ie s , 
sy n th e tic  q u a rts  i s  used fo r frequency c o n tro l in  e l e c t r i c a l  
o s c i l l a to r s  and f i l t e r s ,  and in  e lectrom echan ica l tra n sd u ce rs .

V itreous s i l i c a :  Because o f i t s  chem ical and therm al
r e s is ta n c e , v i tre o u s  s i l i c a  i s  used in  la b o ra to ry  glassw are (up to
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IOOO°C), in  fu rnaces and ra d ia n t h e a te r s ,  and as lamp envelops. S i l ic a  
f ib e r s  a re  used in  p re c is io n  in strum en ts , e .g . ,  ba lances and therm al- 
expansion ap p ara tu s . Thin film s o f v itre o u s  s i l i c a  a re  ap p lied  to  
d i e l e c t r i c  components. The low therm al expansion has made v itre o u s  
s i l i c a  a m a te r ia l o f choice fo r  astronom ical te le sc o p e -m irro r b lanks.

Amorphous s i l i c a :  C o llo id a l s i l i c a s  a re  used as b in d e rs  
and s t i f f e n e r s ,  fo r  m odifying f r i c t io n a l  p ro p e r tie s  o f waxes and f ib e r s ,  
m odifying adhesion between su rfa c e s , re in fo rc in g  polymers, as p o lish in g  
ag en ts , and as v is c o s i ty  ag en ts . S i l ic a  g e ls  a re  used to  modify 
adhesives and th e  v is c o s i ty  and the th ix o tro p y  o f l iq u id s , as 
ad so rb en ts , d ry ing  ag en ts , c a ta ly s t  su p p o rts , and fo r  o th e r r e la te d  
purposed.

2 . 2  ร;บ..!£^ .  in , pla n ts

S i l ic a  i s  found in  the  t i s s u e  o f many p la n ts . Monocotyledons 
co n ta in  10-20 tim es as much S i02 as d ico ty ledon s. S i l ic a  accum ulates 
s te a d i ly  through the season in  above-ground t i s s u e s .  Almost a l l  
b iogen ic  s i l i c a  i s  amorphous. In  a lgae  and diatom, s i l i c a  i s  t ig h t ly  
endorsed in  the organic  m a te r ia l and i s  not exposed d i r e c t ly  to  the 
surrounding w ater. The sk e le to n  i s  m icroporous s i l i c a  th a t  e x h ib its  
io n -s e le c tiv e  p ro p e r t ie s .  Some p la n ts  employ s i l i c a  fo r  b u ild in g  
c e r ta in  p a r ts  o f the  sk e le to n  s t ru c tu re .  In some p la n ts ,  s i l i c a  
enhances re s is ta n c e  to  fungus d ise a se s  and in  young b a rley  p la n ts ,  
s i l i c a  appears to  p ro te c t  the p la n ts  from rec e iv in g  in ju re  by f re e z in g . 
But many p la n ts  take  up s i l i c a  though the s i l i c a  has no apparent u se fu l 
fu n c tio n . In many p la n ts  d isso lv ed  s i l i c a  appears to  be taken in to  the
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P lan ts  can take up s i l i c a  in  form of d isso lv ed  s i l i c a  only . In 
some p la n ts ,  the d ep o s itio n  o f s i l i c a  i s  r e s t r i c t e d  to  c e r ta in  charac
t e r i s t i c  reg ions and excluded from o th e r  reg io n s . For example, as i t  
i s  concen tra ted  and converted  to  i t s  c o l lo id a l  form, i t  cannot pass 
the c e l l  membranes and so remains where i t  i s  co n cen tra ted . F in a lly , 
in  some p la n ts  the s i l i c a  must e n te r  in to  the p la n t metabolism s in ce  
i t  i s  tra n sp o rte d  and deposited  in  very  p re c ise  forms, as in  the case 
o f the hollow s tin g in g  need les o r n e t t l e s .

In g ra ss , s i l i c a  i s  excluded from the c e l l s  and is  depo sited  
e s s e n t ia l ly  as amorphous s i l i c a  in  spaces between c e l l s .  The s i l i c a  i s  
tra n sp o rte d  and then concen tra ted  and g e lle d  as w ater evaporates from 
the leav es . Edges o f leaves o f sorghum, wheat and corn a re  most h ig h ly  
s i l i c i f i e d ,  because s i l i c a  i s  found most h ig h ly  concen tra ted  where 
w ater i s  lo s t  most ra p id ly .

As fo r  r ic e ,  heavy d e p o s itio n  o f s i l i c a  i s  only found in  the 
husk, le a f-b la d e s , le a f-sh e a th  and stem s. In th ese  p a r ts ,  s i l i c a  tends 
to  lo c a l is e  in  the ep iderm is, and such tendency i s  again  r e la te d  to  
t r a n s p i ra t io n  stream s. In r ic e  husk, s i l i c a  d e p o s ite s  in  the form 
s i l i c a / c u t i c l e / s i l i c a ,  i . e . ,  forms a s i l i c a  double la y e r . The s t ru c tu re  
o f s i l i c a  in  se v e ra l p la n ts  has been shown to  c o n s is t  o f a dense g e l 
w ith  pores 1-10 nm diam eter f u l l  o f w ater. Table 5 shows the ty p ic a l  
s i l i c a  co n ten ts  in  some comm ercially used monocotyledons.

p l a n t  m e re ly  a s  a n  i n e r t  com ponent i n  th e  w a te r  and  th e n  i s  d e p o s i t e d
w h e re v e r  i t  i s  c o n c e n t r a te d  a s  w a te r  e v a p o r a te s  from  th e  l e a v e s .
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T ab. 5 . Ash and  s i l i c a  c o n te n t s  i n  d iv e r s e  p a r t s  o f  d i f f e r e n t  commer
c i a l  m o n o co ty led o n s  (S a c h e r  and  W ien, 1988; M a tth e s ,  1990)

p la n t p a r t ash con ten t 
in  g/kg

s i l i c a  in  ash 
in  wt.%

s i l i c a  con ten t 
in  g/kg

r ic e husk 200 96 192
straw 150 82 123

wheat h u l ls 3100 69 69
le a f  shee t 110 91 100

corn le a f  blade 120 64 77
b a rley straw 6 54 3
o a ts straw 70 47 33
bamboo nodes 20 57 11

re fe rre d  to  dry biomass 
**) in ner p a r t

2 .3  Aqueous Chemistry o f S i l ic a

An im portant asp ec t o f s i l i c a  chem istry  concerns the s i l i c a -  
w ater system. The in te ra c t io n  between s i l i c a  and w ater produces many 
phenomena, which r e la te  to  th e  ways by which s i l i c a  i s  p r e c ip i ta te d  in  
r ic e  husk, and by which i t  must be t r e a te d  during  p ro cessin g . These 
phenomena a re :

-  s o lu b i l i ty  and p r e c ip i ta t io n
-  agglom eration
-  po lym erisation

«อทฆ«ททาง irm iiw ว ทนบ5 ทา5 I 
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S o lu b il i ty  and p r e c ip i ta t io n ,  follow  the g en era l equa tio n :

Si02 + a-H20 ^ = K= i  [ s i  a ,1 ]  + b-H+ ;

[ s i  aqj i s  an aqueous sp ec ie s  o f s i l ic o n ,  e .g . ,  H3Si03 . The s ig n  o f b 
depends on the a c id i ty  o r b a s ic i ty  o f so lu tio n . K i s  the s o lu b i l i t y  
c o n s ta n t. For any phases o f s i l i c a ,  the s o lu b i l i ty  co n stan t i s  given 
by

-RT In K = Gd i33 3 G[Si aq] -  G(Si02) -  a-G(H20)
G(H+) — 0 ร.ร re fe ren ce  s t a t e ,  i f  b < 0 

= G(H20) -  G(OH") , i f  b > 0.

G ibb 's fre e  energy o f amorphous form i s  lower ( le s s  nega tiv e) 
than  fo r  a c r y s ta l l in e  form because G(SiOo) now invo lves the su rface  
energy term M-d-r which i s  always p o s it iv e ;  M = molar mass, 
6  -  in te r fa c e  ten sio n  so lid /w a te r , r  = s p e c if ic  su rfa c e . Thus, Gd j_33

becomes more n eg a tiv e , and K becomes la rg e r . So, the  tendency o f 
amorphous m a te r ia l to  d isso lv e  i s  h ig h e r. T o ta l s i l i c a  s o lu b i l i ty  
fo llow s the th re e -s te p  equ ilib riu m :

SiOo + h20 ^= ^1= ^ H2Si03 , ๖  = 0
Si02 + HoO ะ==K2= Ï H+ + HSi03~ , ๖ = 1
SiOo + HoO 2H+ + S i032" , ๖  = 2

From thermodynamic c a lc u la t io n s ,  the  s o lu b i l i t i e s  o f an amorphous 
s i l i c a  w ith  r  = 250 m2/g  and low-T q u a rts  a re  shown on th e  next page:
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s o l u b i l i t y  d i a g r a m  o f  s i l i c a

pH

Fig. 3. S o lu b il i ty  diagram of s i l i c a  fo r  low-T q u a r ts  .and an amorphous 
powder w ith  250 m2/g  s p e c if ic  su rface  in  aqueous so lu tio n  as a 
fu n c tio n  o f pH; sp ec ie s : 1 = HSi03- ,  2 = S i032- ,  3 = H2Si03
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This i s  the  answer why the  r ic e  husk co n ta in s  a lo t  o f  s i l i c a .  
As low-T q u a rtz  (n a tu ra l s i l i c a  source) has a very  low s o lu b i l i t y ,  
w ater tra n s p o r t  in  the  r ic e  p la n t takes the so lu b le  form of s i l i c a  
away from the  r o o t - s o i l  c o n ta c t. Higher co n cen tra tio n  o f s i l i c a  w il l  
be accum ulated a t  the  ep iderm is. By the  evaporation  o f w ater from the 
ep iderm is, amorphous s i l i c a  slow ly d e p o s its  from q u ite  h igh 
c o n c en tra tio n s  o f d isso lv ed  s i l i c a .

With the  slow evap o ration  o f w ater, a f t e r  seeds o f c o l lo id a l  
s i l i c a  p a r t i c le  appear and s t a r t  to  grow, agglom eration o f s i l i c a  
p a r t ic le s  occurs by means o f su rface  charge fo rc e s .

The amount o f H+ e f f e c ts  su rface  charg ing  and hence 
agglom eration o f the c o l lo id a l  s i l i c a  p a r t ic le s  as shown below.

Fig. 4. Agglomeration mechanism o f c o l lo id a l  s i l i c a  p a r t i c l e s ,  a f t e r
l i e r ,  1979
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The su rface  charg ing  a t  pH t  2 .2  ren ders  two re a c tio n s  o f 
agglom eration:

=Si-OH ------------ ะ̂. ■ Si-0- + H+ a t  pH > 2 .2
=Si-OH ________ะ̂------------ - C A  + — เว 1 + HoO a t  pH < 2 .2

The pH dependence i s  shown in  f ig u re  5.

s u r f a c e  c h a r g i n g  o f  s i l i c a  c o l l o i d s

Fig. 5. E ffe c tiv e  su rface  charg ing  o f c o l lo id a l  s i l i c a  p a r t i c le s  in  
aqueous so lu tio n s  as a fu n c tio n  o f pH
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Finally, polymerisation occurs as the pH-independent forward reaction
2=Si-0H ------------ > =Si-0-Sis + H20

competing with either a OH- or H+ catalysed ( i .e . ,  pH dependent) 
cleavage reaction for the =Si-0-Sis bridges.

The pH dependence of polymerization with solubility of 
amorphous s ilica  and agglomeration are illustrated on figure 6 .

s o l u b i l i t y - p o l y m e r i z a t i o n - a g g l o m e r a t i o n

Fig. 6 . Synoptic presentation of solubility, surface charging, and 
polymerization of colloidal s ilica  in aqueous solution as
a function of pH
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The difference between agglomeration and polymerisation can be 
distinguished: Agglomeration happens by Van der Waals forces in the 
surface layer of =Si-0H and chemisorbed water, while polymerization 
occurs as a formation of new sSi-0-Si= bridges. At low pH, solubility  
is low, Ostwald ripening is significant for particle size < 1 jum only, 
and polymerisation is the predominant step. As a consequence, dissolved 
silica  tends to form extended fractal agglomerates of very small 
particle size. At moderately high pH, pH < 10, solubility is fairly  
high already, Ostwald ripening yields increasingly larger colloids, and 
surface charging enforces agglomeration, however less fractal than at 
low pH. At very high pH, pH > 10, Ostwald ripening over-rules a ll other 
mechanisms yielding large spherical colloids. The presence of univalent 
ions are able to promote clevage of =Si-0-Sis bonds, thus promoting 
polymerization like H+. The mechanism is not understood in detail yet. 
The sketch on next page (lier , 1979) illustrates the above sequence and 
subsequent mechanisms. Two concurring paths can be seen: Path B occurs 
at higher pH and in the absence of cations. This results in 
agglomerates of larger particles or, at high pH, coarse s ilica  sols. 
The main mechanism is particle size increase by Ostwald ripening 
as already understood by the solubility diagram. Path A occurs at low 
pH and/or in the presence of cations. Here, particle agglomeration 
overrules particle growth, resulting in fine colloidal s ilica  networks 
not coarsened by Ostwald ripening.
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Monomer

Dimer

Cyclic

Particle

Fig. 7. Structure of amorphous silica; influence of the pH and the
presence of salts; after lier, 1979
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2.4 Biochemical Degradation of Organic Matter

Many novel routes of powder preparation in materials science 
refer to organometallic compounds via chemical processes for the sake 
of homogenity and sub-micron particle sise distribution control. Such 
technology is very expensive and may not be suitable to promote a 
basic development of materials science. Rice husk is a ready-prepared 
precursor of s ilica  by nature. The key question is how to remove the 
organic matrix without spoiling the properties of the silica . As a 
support or even alternatively to acid and heat treatment, degradation 
of organic matter was studied to find the suited method for extracting 
silica  from the organic matrix. Biochemical degradation is very 
interesting as a "soft" technology and an inexpensive route with low 
risk of environmental pollution.

Generally, plant cell walls are composed of polysaccharides, 
proteins, glycoproteins, and phenolic compounds. The most general form 
of polysaccharides in the plant cell wall is cellulose. Polysaccharide 
chains were generated from monosaccharide by the action of enzymes in 
the plant ce ll. By the enzymatic treatment, organic matter can be re
converted to its  primary structure on a molecular scale. The dominant 
composition in husk are polysaccharides which do not only protect the 
seed, but also serve as an energy reserve (Brett and Waldron, 1990). 
Polysaccharides of the cell wall will act upon their degradation as 
soluble carbohydrates as energy reserves for young seedling during 
germination. There are many kinds of enzyme in plants. The most 
interesting group for cell-wall degradation are the endolyases. Their 
action to break down cell-wall polymers is cleaving polysaccharides.
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Fig. 8 . Sketch of cellulose chain cleavage by the action of an 
endolyase type enzyme

There are mai"/ examples, how these enzymes influence the plants, 
e.g ., shedding of plant parts (leaves, flowers, fruits), wood rot, and 
the ability of ruminants to digest cellulose. One kind of endolyase 
is commonly used in industry, which is celluclase (trade name: 
Celluclast). This material is , however, not extracted from plants, but 
produced by certain specialised fungus cultures.
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