
C H A P T E R  V

G A S E O U S  P H A S E  I S O T H E R M S  O F  C A R B O N
A N D  N I T R O G E N  G A S  O N  R H -M C M -4 1

T h e  a d d it io n  e x p e r im e n t m e n tio n e d  in  th is  ch a p te r  w a s  a  part o f  th e  
e n v ir o n m e n ta l p r o je c ts  gran ted  b y  th e  P a c if ic  N o rth  N a t io n a l L a b ora tory  (P N N L ),
U .S .A . T h is  r e se a r c h  w a s  carried  o u t in  c o lla b o r a tio n  w ith  P ro f. R e id  c .  M iller , D r. 
B ren t P e y to n  an d  O sc a r  M . F lo r e s , D ep a rtm en t o f  C h e m ic a l E n g in e e r in g  and Dr. 
D a v id  Y o n g e ,  C e n te r  fo r  M u ltip h a se  E n v iro n m en ta l R e se a r c h  (C M E R ), W a sh in g to n  
S ta te  U n iv e r s ity ,  U .S .A  fro m  M a y  -  A u g u st  2 0 0 3 .  T h e  o b je c t iv e s  o f  th is  w o rk  w e r e  
to  e x c h a n g e  k n o w le d g e  and  e x p e r ie n c e s  in  th e  sy n th e s is  a n d  ch a r a c te r iza tio n  o f  a 
m e so p o r o u s  s o l id , a n d  to  s tu d y  a n e w  te c h n iq u e  for  th e  d e te r m in a tio n  o f  g a s  p h a se  
iso th e r m s  b y  u s in g  a  g r a v im etr ic  m e th o d . T h is  w o r k  w a s  fo c u s e d  o n  th e  o p era tio n  o f  
a m a g n e t ic a lly  c o u p le d  m ic r o b a la n c e , th e  d e te r m in a tio n  o f  ca rb o n  te tra ch lo r id e  
a d so r p tio n  a n d  d e so r p tio n  iso th e r m s, and  th e  c a lc u la tio n  o f  p o r e  s iz e  d istr ib u tio n  
u s in g  a  r e c o g n iz e d  m o d e l.  T h e  m ater ia l u se d  for  th e  so r p tio n  s tu d ie s  w a s  M C M -4 1  
sy n th e s iz e d  fro m  r ic e  h u sk  s ilic a . T h e  ex p e r im e n t resu lts  are to  b e  u se d  a s  a  re feren ce  
for  th e  c o m p a r iso n  w ith  o th er  k in d s  o f  p o ro u s  m a ter ia ls  in  fu tu re s tu d ie s .

5 .1  I n t r o d u c t io n

C a rb o n  te tr a c h lo r id e  (C T ) is  a h a za rd o u s so lv e n t  u se d  in  c le a n in g , d e g r e a s in g ,  
and p a in t str ip p in g . P o o r  so lv e n t  h a n d lin g  p r a c tic e s  and  th e  c a r e le s s  d is p o s a l o f  th e se  
h a za rd o u s m  a te r ia ls  h  a v e  g r e a tly  co n tr ib u ted  t o  su b su r fa c e  e  n v ir o n m e n ta l p  o llu t io n  
[H u d so n , 2 0 0 3 ] .  S in c e  th e  1 9 6 0 s , C T  h a s b e e n  fo u n d  a s a su b su r fa c e  p o llu ta n t  
c o n ta m in a n t at th e  H a n fo rd  s ite , W a sh in g to n  S ta te , w h e r e  o n c e  th e  p r o d u c tio n s  o f  
n u c le a r  w e a p o n  a n d  h a za rd o u s c h e m ic a ls  h ad  b e e n  o p era ted . T h e  d if f ic u lty  in  its  
c le a n  up  is  a la ck  o f  k n o w le d g e  o f  th e  c o n tr o llin g  p r o c e s s e s  in  c o n ta m in a n t transport 
and fa te  an d  th e  so r p tio n  b eh a v io r . It is  n e c e s s a r y  to  u n d ersta n d  th e  in d iv id u a l  
co n tr ib u tio n s  o f  e a c h  fu n d a m en ta l fa c to r  a f fe c t in g  tran sp ort p h e n o m e n a . T h e  C T  g as  
p h a se  a d so r p tio n  o n  p o r o u s  m e d ia  w ith  d ifferen t p o re  s iz e s  is  a  cu rren t resea rch  effo rt
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w h ic h  h a s b e e n  c o n d u c te d  in  th e  resea rch  g ro u p s o f  C M E R . T h e  p o ro u s  a d sorb en ts  
u se d  as a  c o n ta m in a te d  m e d ia  w e r e  sy n th e s iz e d  fro m  s i l ic a te  m a te r ia ls  in  var io u s p o re  
s iz e s  w ith  a  n a rro w  p o r e  s iz e  d istr ib u tio n . A c c o r d in g ly , M C M -4 1 , w h ic h  h a s a  w e l l -  
d e f in e d  p o r e  s iz e  in  th e  ra n g e  o f  2 -5 0  n m  and n arrow  p o r e  s iz e  d istr ib u tion , w a s  
s u g g e s te d  to  b e  o n e  o f  th e  m e d ia  u se d  in  th e  ex p e r im e n t. T h is  le d  to  an  in terest in  th e  
u tiliz a t io n  o f  th e  s y n th e s iz e d  R H -M C M -4 1  o b ta in ed  fro m  C h ap ter  IV  a s th e  
m e so p o r o u s  m e d ia  fo r  th e  s tu d y  o  f  a d so rp tio n  an d  d e so r p tio n  b e h a v io r  o f  C T . T h e  
e x p e r im e n t  w a s  a s su m e d  to  b e  in  g a s  p h a se  an d  d ry  c o n d it io n . T h e  c o m p e tit io n  o f  
w a te r  an d  o th e r  d is s o lv e d  c h e m ic a ls  h a s n o t  b e e n  in c lu d e d  in  th is  ex p er im en t.

R e c e n t ly , n e w  p r o c e d u r e s  for  g a s  p h a se  so r p tio n  s tu d ie s  w e r e  carried  ou t  
[H u d so n , 2 0 0 3  an d  M ille r , 2 0 0 2 ] .  M o r e  r e lia b le  so r p tio n  te c h n iq u e s  and rea l t im e  
m e a su r e m e n t h a v e  b e e n  d e v e lo p e d  to  o v e r c o m e  s o m e  o f  th e  d r a w b a c k s  o f  th e  b a tch  
e x p e r im e n ts . M ic r o b a la n c e s  h a v e  b e e n  in tro d u ced  fo r  g r a v im e tr ic  so rp tio n  stu d ie s .  
W ith  th is  in stru m en t, th e  a d so rb ed  m a ss  c a n  b e  m e a su r e d  a s  a  fu n c tio n  o f  t im e  w ith  
r e p r o d u c ib ility  an d  lo n g -te r m  sta b ility . T h e  m ic r o b a la n c e  s y s te m  is  co m p u te r  
c o n tr o lle d , a l lo w in g  m e a su r e m e n ts  o n  sa m p le s  req u ir in g  lo n g  e q u ilib r a tio n  t im e s , as 
w e l l  a s  lo n g -te r m  r e le a se  rate s tu d ie s .

In  th is  p r e se n t w o rk , M C M -4 1  sy n th e s iz e d  fro m  r ic e  h u sk  s i l ic a  w a s  u se d  as a  
m e s o p o r o u s  a d so rb en t. T h e  sy n th e s is  p ro ced u re  an d  sa m p le  ch a ra c ter iza tio n s  
e x a m in e d  b y  X -R a y  D iffr a c t io n , S c a n n in g  E lec tro n  M ic r o s c o p e , T r a n sm iss io n  
E le c tr o n  M ic r o s c o p e  an d  F o u r ier  T r a n sfo r m  In frared  S p e c tr o m e tr y  w e r e  p r e v io u s ly  
d is c u s s e d  in  C h a p ter  IV . T h e  so rp tio n  s tu d ie s  o f  C T  m e a su r e d  at 2 5  ๐c  w e r e  
d e te r m in e d  o n  a m a g n e t ic a lly  c o u p le d  m ic r o b a la n c e . T o  d e te r m in e  w h e th e r  th e  P S D  
c a lc u la te d  fro m  th e  a d so r p tio n  iso th e r m  o f  C T  a g r e e s  w ith  th e  d istr ib u tio n  cu rv e  
o b ta in e d  from  th e  stan d ard  n itr o g e n  iso th e r m  m e a su r e d  at 7 7  K , th e  B J H  m e th o d  w a s  
u t il iz e d  an d  th e n  c o m p a r e d  w ith  c o rrected  K e lv in  e q u a tio n s  r e c o m m e n d e d  b y  N a o n o  
(2 0 0 1 ) .
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5 .2  E x p e r im e n t a l

5 .2 .1  E q u ip m e n t  a n d  P a r t ic le  P r e p a r a t io n

S tu d ie s  o f  C T  e q u ilib r iu m  an d  k in e t ic s  o n  m ic r o p o r o u s  s i l ic a s  w e r e  p erfo rm ed  
o n  a  m a g n e t ic a lly  c o u p le d  m ic r o b a la n c e , m a n u fa ctu red  b y  R u b o th erm  in  B o c h u m ,  
G erm a n y . T h e  m ic r o b a la n c e  s y s te m  a l lo w s  d irect m a ss  m e a su r e m e n ts  o f  a  s i l ic a  g e l 
sa m p le , and  c h a n g e s  in  m a ss  d u rin g  a d so rp tio n  an d  d e so r p tio n , a ll w ith in  a  co n tro lled  
a tm o sp h e r e  c e l l .

Balance

Electromagnet 

Gas Inlet
Permanent Magnet 
Sensor Core

Sensor Coil

Decoupling Cage

Solid Sinker

Sinker Deposit 
Screw

Sample Holder

Gas Outlet

F ig u r e  5 -1  M ic r o b a la n c e  apparatus [H u d so n , 2 0 0 3 ] ,

A  s c h e m a tic  o f  th e  m ic r o b a la n c e  is  s h o w n  in  F ig u r e  5 -1 . A  sa m p le  h o ld e r  and  
s o lid  s in k e r  are su sp e n d e d  in  th e  m a in  c e l l  v o lu m e , b e lo w  a p erm a n en t m a g n e t  
c o n ta in e d  w ith in  th e  u p p er  c e l l  c o u p lin g  h o u s in g . T h e  lo a d  is  tra n sm itted  b y  
m a g n e tic  fo r c e  to  th e  e le c tr o m a g n e t, w h ic h  h a n g s  fro m  th e  b o tto m  h o o k  o n  th e  
b a la n c e  p an . T h e  c o n tr o l sy s te m  a llo w s  m e a su r e m e n ts  to  b e  ta k en  in  th ree  v er tica l  
p o s it io n s :  a tare  p o s it io n , a  p o s it io n  w ith  th e  sa m p le  h o ld e r  (a n d  c o n te n ts )  lif te d , and a
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p o s it io n  w ith  th e  s in k e r  lif te d  a s  w e ll .  T h e  b a la n c e  ca n  b e  a u to m a tic a lly  ca lib rated  
a g a in st  in tern a l stan d ard  m a s s e s ,  b u t c o r r e c tio n s  h a v e  to  b e  m a d e  fo r  b u o y a n c y  e ffe c ts  
o f  th e  ro o m  air. T h e  p r e c is io n  o f  th e  b a la n c e  is  0 .0 0 0 0 1  g  w ith  a r e p r o d u c ib ility  and  
a c c u r a c y  a p p r o a c h in g  0 .0 0 0 0 2  g.

D u e  to  th e  f in e  p a r tic le  s iz e  o f  th e  s il ic a  sa m p le s , a  sp e c ia l  sa m p le  h o ld er  
(F ig u r e  5 -2 )  w a s  d e s ig n e d  to  b e  p la c e d  in  th e  m ic r o b a la n c e  to  m a x im iz e  su r fa ce  area  
in  c o n ta c t  w ith  C T  v a p o r . T h e  s i l ic a  sa m p le  is  c o n ta in e d  in  fo u r  b e d s  พ  ith  in s id e  
d ia m eter  o f  16  m m , e a c h  p a c k e d  w ith  s i l ic a  p a r tic le s  2 -3  m m  d e e p , and  h e ld  in  p la c e  
b y  s ta in le s s  s te e l  sc r e e n s . T h e  sa m p le  b e d s  are th e n  s ta c k e d  o n  th ree  v e r tic a l rods  
sp a c e d  e v e n ly  o n  th e  p e r im e te r  o f  th e  h o ld er . T h ere  are th ree  sp a c e r s  o n  e a c h  le v e l o f  
th e  h o ld e r  that fit o v e r  th e  rod s. T h e  sp a cers are sm a ll (3  m m  O D ), and  d o  n o t  
in ter fere  w ith  g a s  f lo w  in to  or o u t o f  th e  sa m p le  b e d s . T h e  sa m p le  h o ld e r  i s  eq u ip p ed  
w ith  a h o o k  to  su sp e n d  it in  th e  m ic r o b a la n c e . T h e  fa c to r y  m a ss  o f  th e  a sse m b le d  
sa m p le  h o ld e r  w a s  in it ia lly  d e term in ed  to  b e  3 9 .5 7 2 0 7  g.

-H o ok

--------Lid:22 mm ODx 1 mm H

4 Sam ple Holders 
เ ^  Outside: 22 mm Ox 5 mm H

Inside:! 6 mm 0  X 4 mm H

4 Porous Sam ple 8eds

'  12 Spacers: 3 mm 0 0  X 2 mm H

4 Screens: 16  mm 0 0  
-  200 mesh (<0.1 mm opening) 

- 3  Vertica l Rod ร: 2 mm 0๐

F ig u r e  5 -2  S c h e m a tic  an d  p ic tu re  o f  sa m p le  h o ld e r  [H u d so n , 2 0 0 3 ] ,

A  sc h e m a tic  o f  th e  en tire  s y s te m  is  sh o w n  in  F ig u re  5 -3 . T h e  m e a su r e m e n t  
c e l l  and c o u p lin g  h o u s in g  a b o v e  it w e r e  su rrou n d ed  b y  a th erm a l ja c k e t  w ith  a 
c ir c u la tin g  f lu id  from  a co n sta n t tem p era tu re  c ircu la to r  (T P -6  H e a tin g  C ircu la tor , 
J u la b o ®  U S A ,  In c .). W ith  th is  c ircu la to r , o p era tio n a l tem p era tu res  w e r e  in  th e  ran ge  
from  2 0  ๐c  to  2 5 0  ๐c ,  an d  th e c e l l  tem p era tu re  w a s  m a in ta in e d  w ith in  ± 0 .0 5  ° c .  C ell
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tem p era tu res w e r e  m e a su r e d  w ith  a  p la tin u m  r e s is ta n c e  th e r m o m e ter  (su p p lied  by  
R u b o th e r m ), w ith  a  p r e c is io n  o f  0 .0 1  ° c  an d  a ccu ra te  to  0.1 ๐c .  R ep orted  
tem p era tu res a s  w h o le  n u m b ers , e .g . ,  2 5  ° c ,  sh o u ld  b e  c o n s id e r e d  to  b e  rep resen ta tive  
o f  ( 2 5 .0  ± 0 . 1 )  ๐c .  C e ll  p ressu re  w a s  m e a su r e d  b y  a  R u sk a  q u artz  sp iral g a u g e , 
a ccu ra te  to  0 .1  k P a , w ith  a ra n g e  o f  (0 - 1 1 0 0 )  k P a . T h e  s y s te m  w a s  c o n n e c te d  to  a  
c o m p r e s s e d  g a s  c y lin d e r . It w a s  a lso  c o n n e c te d  to  th e  c o n ta m in a n t so u rce  cy lin d e r ,  
w h ic h  w a s  m a in ta in e d  in  a  c o n sta n t tem p era tu re  bath  (J u la b o ®  U S A , In c ., F 8 3 -H P  
U ltr a -L o w  R e fr ig e ra te d  C ircu la tor , tem p era tu re  ran ge  -8 0  ° c  to  5 0  ๐c ,  co n tr o lla b le  to  
± 0 .0 1  °C ). T h e  c e l l  a lso  had  a  v e n t  lin e  to  an  a tm o sp h e r ic  h o o d  lo c a te d  in  th e  lab , 
w h ic h  c o n ta in e d  a  sa m p le  port fo r  sy r in g e  sa m p lin g  o f  th e  o f f -g a s .  T h e  c e l l  w a s  
c o n n e c te d  to  a  v a c u u m  p u m p , so  that it c o u ld  b e  e v a c u a te d  in  p rep ara tion  for  a  run, 
and  a  liq u id  n itr o g e n  c o ld  trap w a s  lo c a te d  in  th e  v a c u u m  lin e  to  p rev en t an y  o rg a n ic  
c o n ta m in a n t fro m  e n te r in g  th e  p u m p  [H u d so n , 2 0 0 3 ] .

M a ss  a d so r b e d  w a s  d e te r m in e d  fro m  th e  m ic r o b a la n c e  m a ss  rea d in g s  v e r su s  
t im e . T h e  m a ss  a d so rb ed  w a s  c a lc u la te d  b y  fo l lo w in g  e q u a tio n

M  -M " + ;~ p V\A _  app Irue r'1 ad ~
H + S

1 -
Pcr: T (/)

(5 -1 )

w h e r e  PCT(I) is  th e  liq u id  d e n s ity  o f  C T , th e  true m a s s  o f  sa m p le  p lu s  h o ld er ,

Mapp th e  a p p ea ra n ce  m a ss , an d  VH+S th e  v o lu m e  o f  sa m p le  p lu s  h o ld er .
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F ig u r e  5 -3  S c h e m a tic  o f  th e  so rp tio n  sy ste m .

T h e  M C M -4 1  sa m p le s  u se d  in  th is  e x p e r im e n t w e r e  sy n th e s iz e d  from  r ice  
h u sk  s i l ic a . In o rd er  to  รณ d y  th e  d e so r p tio n  o f  C T  from  s i l ic a  p a r tic le s  u n d er dry  
c o n d it io n s , sa m p le  p retrea tm en t w a s  req u ired . B e fo r e  r u n n in g  th e  e x p e r im e n ts ,  
sa m p le s  w e r e  g ro u n d  in to  f in e  p a r tic le s , h ea ted  in  an o v e n  at 1 5 0  ° c  for  12 h , and th en  
tran sferred  to  a d e s s ic a to r  to  c o o l .  T h en , p a r tic le s  w e r e  lo a d e d  in  th e  sa m p le  h o ld er  
and d ried  in  th e  o v e n  a g a in  b e fo r e  u s in g . T h e  sa m p le  h o ld e r  w a s  tran sferred  to  th e  
h o o k  in  th e  m ic r o b a la n c e , and  th e  c e l l  ra ised  q u ic k ly , w ith  c o n tin u o u s  f lu sh in g  o f  
h e liu m  fro m  th e  u p p er  part o f  th e  c e l l .  O n c e  th e  c e l l  w a s  a s s e m b le d , h e l iu m  f lo w  w a s  
term in a ted , th e  c e l l  tem p era tu re  w a s  ra ised  to  7 0  ° c  fo r  at le a s t  12 h o u rs , u n d er  
e v a c u a tio n , w ith  a  liq u id  n itr o g e n  c o ld  trap in  th e  v a c u u m  lin e . W h e n  th e  m a ss  
re a d in g  fro m  th e  m ic r o b a la n c e  w a s  s te a d y , th e  t e m p e r a t e  w a s  lo w e r e d  to  2 5  ° c ,  and  
th e  s tu d y  o f  C T  iso th e r m s  w a s  c o n d u c te d .
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5 .2 .2  C a r b o n  T e t r a c h lo r id e  A d s o r p t io n  a n d  D e s o r p t io n  I s o t h e r m s

E x p e r im e n ts  to  d e te r m in e  C T  iso th e r m s w e r e  c o n d u c te d  to  o b ta in  im portant 
in fo r m a tio n  a b o u t th e  p o r e  s iz e  d istr ib u tio n , w h ic h  is  o n e  o f  th e  e s se n t ia l factors for  
c h a r a c te r iz in g  m e s o p o r o u s  m a ter ia ls . It w a s  d e s ir a b le  to  c o m p a r e  th e  C T  iso th erm  
resu lts  w ith  n itr o g e n  a d so rp tio n  resu lts  at 7 7  K . A c c o r d in g  to  th e  trad itio n a l B JH  
m e th o d , th e  K e lv in  e q u a tio n  is  u se d , in  c o n ju n c tio n  w ith  in fo r m a tio n  o n  ad sorp tion  
o n to  fla t su r fa c e s  o f  th e  m a ter ia l in  q u e s tio n  and  to  c a lc u la te  th e  p o r e  s iz e  d istr ib u tion . 
H o w e v e r , th e  r e l ia b ility  o f  th is  ap p roach  h as b e c o m e  a  c o n c e r n  for  m e so p o r o u s  
s il ic a s , b e c a u s e  it p r o d u c e s  u n d erestim a ted  p o r e  s iz e  d is tr ib u tio n s  [S to rck , 1 9 9 8  ; 
N a o n o , 2 0 0 1 ;  C arrott, 2 0 0 1 ] ,  F o r  th is  rea so n , a n e w  m e th o d  to  c a lc u la te  th e  p ore s iz e  
d is tr ib u tio n s  w a s  u t iliz e d  to  a n a ly z e  th e  iso th erm s. A c c o r d in g  to  N a o n o  and  
c o w o r k e r s  [N a o n o , 2 0 0 1 ] ,  th ere  are d if fe r e n c e s  o f  a b so rb ed  th ic k n e s s  b e tw e e n  cu rved  
and fla t su r fa c e s , w h ic h  n e e d  to  b e  tak en  in to  a c c o u n t. In th is  e x p e r im e n t , th e  p ore  
s iz e  d is tr ib u tio n s  w e r e  c a lc u la te d  b y  th e m e th o d s  r e c o m m e n d e d  b y  th ese  
in v e st ig a to r s .

5 .2 .2 .1  P r o c e d u r e s

A  d e so r p tio n  iso th e r m  w a s  carried  ou t at 2 5  ° c  b y  f i l l in g  th e  m ic r o b a la n c e  c e l l  
w ith  C T  v a p o r  at 0 .1 3  atm  (C T  sa m p le  tem p era tu re  o f  2 4  ๐C ) an d  a l lo w in g  th e  m a ss  
and p r e ssu r e  to  c o m e  to  an eq u ilib r iu m . T h e  v a lv e  b e tw e e n  th e  C T  s a m p le  and th e  
c e l l  w a s  c lo s e d  p r io r  to  th e  fin a l a p p roach  to  an e q u ilib r iu m . T h e n , th e  v a c u u m  sy ste m  
w a s  u se d  to  r e m o v e  s o m e  C T  (d e p o s ite d  in  th e  c o ld  trap) and  o b ta in  a n e w  
e q u ilib r iu m  c o n d it io n . T h e  e q u ilib r iu m  p o in ts  w e r e  m e a su r e d  fro m  0 .1 1  a tm  to  0 .0 1  
atm . B e fo r e  sta r tin g  a  su b se q u e n t a d so rp tio n  iso th e r m , th e  c e l l  w a s  e v a c u a te d  at 2 5  ๐c  
for  3 0  m in u te s , an d  th en  C T  v a p o r  w a s  a d d ed  in c r e m e n ta lly , b y  v a r y in g  th e  C T  

sa m p le  b a th  tem p era tu re  from  -3 0  ° c  to  15 ° c .  F o r  ea c h  p o in t , th e  c e l l  w a s  o p e n e d  to  
th e  sa m p le  c y lin d e r  fo r  a b o u t 3 0  m in , and th en  th e  v a lv e  w a s  c lo s e d  to  is o la te  th e  c e ll  
d u rin g  th e  fin a l a p p ro a ch  to  r e a c h in g  an  eq u ilib r iu m .
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ร .2 .2 .2  R e s u lt s  a n d  D is c u s s io n

T h e  C T  iso th e r m s  and  th e  p o r e  s iz e  d istr ib u tio n  p r e se n te d  in  F ig u r e  5 -4  are 
c la s s i f ie d  a s  r e v e r s ib le  T y p e  V  iso th e r m s [B ran ton , 1 9 9 9 ] ,  w h ic h  a g r e e s  v e r y  w e l l  
w ith  th o s e  fo u n d  in  th e  literatu re [P a n k o w , 1 9 9 6 ; N a o n o , 2 0 0 1 ] .  T y p e  V  iso th erm s  
in d ic a te d  th e  p r e s e n c e  o f  m o n o la y e r -m u lt ila y e r  a d so rp tio n . T h e  a d so rb en t-a d so rb a te  
in te r a c tio n s  are w e a k  w h e n  c o m p a r e d  to  a d so rb a te -a d so rb a te  in tera c tio n s . N o  
s ig n if ic a n t  h y s te r e s is  w a s  fo u n d  b e tw e e n  th e  a d so r p tio n  an d  d e so r p tio n  iso th erm s.  
T h e  c a p illa r y  c o n d e n s a t io n  o c c u r s  in  a  v e r y  n arro w  r e la tiv e  p r e ssu r e  ra n g e  (P/P° = 
0 .1 6  ±  0 .0 2 ) .  T h is  s te e p  r e g io n  in  th e  iso th e r m  in d ic a te s  th e  p r e se n c e  o f  n ear ly  
u n ifo r m  p o r e s  in  th e  M C M -4 1  p a r tic le s .
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F ig u r e  5 - 4  A d so r p tio n  a n d  d e so r p tio n  iso th erm  o f  ca rb o n  te tr a c h lo r id e  at 2 5  ° c  and  
p o r e  s iz e  d is tr ib u tio n  o f  M C M -4 1  p a r tic le s  c a lc u la te d  b y  th e  a d so r p tio n  iso th erm  
u s in g  th e  B J H  m e th o d  an d  th e  m e th o d  su g g e s te d  b y  N a o n o  ( 2 0 0 1 ) .

T h e  c a lc u la t io n s  o f  P S D s  w e r e  d e r iv e d  fro m  E q u a tio n s  5 -2  an d  5 -3  fo l lo w in g  
N a o n o ’s  m e th o d  ( 2 0 0 1 ) ,  a s  u t il iz e d  b y  H u d so n  (2 0 0 3 ) .  T h e s e  tw o  e q u a tio n s  p r o v id e  
th e  fu n d a m en ta l in fo r m a tio n  n e c e s sa r y  to  c a lc u la te  th e  P S D  o f  m e s o p o r o u s  m ateria ls
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in  th e  ra n g e  o f  1 -5  n m . T h e y  are u se d  to  c a lc u la te  c o r e  rad iu s (rc) , an d  th e  th ic k n e ss  o f  
a d so rb ed  C T  o n  th e  c u r v e d  su r fa c e  ( tp). P o re  d ia m eter  is  d e te r m in e d  fro m  rad iu s (rp), 
w h ic h  i s  th e  su m  o f  rc a n d  tp. T h e  v o lu m e  a d so rb ed  is  c a lc u la te d  fro m  th e  d e n s ity  o f  
liq u id  C T  an d  th e  C T  m a ss  a d so rb ed  from  th e  m ic r o b a la n c e  r e a d in g s . T h e  P S D  p lo t  
from  th e  a d so r p tio n  an d  d e so r p tio n  C T  iso th e r m s is  in se r te d  in  F ig u r e  5 -4 . B o th  
a d so r p tio n  an d  d e so r p tio n  r e su lts  are in  a g reem en t w ith  e a c h  o th er. T h e  p o r e  d ia m eter  
o f  th e  M C M -4 1  p a r tic le s  w a s  fo u n d  to  b e  ce n te r e d  at 2 8  Â , w ith  a  n arrow  d istr ib u tio n  
(h a lfw id th  o f  a b o u t 2  Â ) . T h is  w a s  in  g o o d  a g r e e m e n t w ith  T E M  r e su lts  a s  p resen ted  
fo r m e r ly  in  F ig u r e  4 -5 .

In
( p° \
v ^ y

=  2 . 1 7r„
.(5 -2 )

( p ^tp = 0 .1 8 8  +  0 .3 3 6 \P ° J+  0 .3 8 2
r p V

y 0 .0 8  <  p/p° < 0 . 6 0 ................................. (5 -3 )

In th e s e  e q u a tio n s , rc an d  tp are in  n m , and p ° is  th e  C T  v a p o r  p r e ssu r e  at 2 5  ° c .

5 .2 .3  N it r o g e n  A d s o r p t io n  I s o t h e r m

5 .2 .3 .1  P r o c e d u r e s

P rior  to  a d so r p tio n  m e a su r e m e n ts , a 0 .1  g  s a m p le  w a s  o u tg a s s e d  u n d er  
v a c u u m  at 3 5 0  ๐c  fo r  1 2  h . N itr o g e n  p h y s iso r p tio n  w a s  p e r fo r m e d  o n  a  M ic r o m e r it ic s  
A S A P  2 0 1 0  v o lu m e tr ic  a d so r p tio n  a n a ly z e r  at 7 7  K , in  th e  ra n g e  o f  r e la t iv e  p ressu re  
from  0 .0 1  -  0 .9 0 .

5 .2 .3 .2  R e s u lt s  a n d  D is c u s s io n

T h e  n itr o g e n  a d so r p tio n  iso th e r m  for  th e  M C M -4 1  p a r t ic le s  is  s h o w n  in  F ig u re  
5 -5 . A c c o r d in g  to  th e  IU P A C  c la s s if ic a t io n , th e  iso th erm  w a s  T y p e  IV c , w h ic h  is  the
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sa m e  ty p e  o f  iso th e r m  fo u n d  b y  N a o n o  and  c o w o r k e r s  (1 9 9 7 ,  2 0 0 3 ) .  T h e  iso th erm  
r ep resen ted  a  s te e p  v e r t ic a l se c t io n  in  a  ran ge  o f  0.2<p/p°<0.3, w h ic h  o c c u r s  in  
p o r o u s  m a te r ia ls  w ith  a  n arrow  ran ge o f  u n ifo rm , c y lin d r ic a l p o r e s  [K u m ar, 2 0 0 1 ] ,

T h e  to ta l su r fa c e  area  o f  th e  M C M -4 1  p a r tic le s  e v a lu a te d  b y  u s in g  th e  B E T  
th e o r y  w a s  ( 8 0 0  ±  8 ) m 2 g '1. T h e  P S D s  from  th e  n itro g en  iso th e r m  p ro d u ced  b y  u s in g  
th e  B JH  an d  N a o n o  m e th o d s  are in ser ted  in  F ig u re  5 -5 . T h e  p e a k  p o re  d ia m eters  
c a lc u la te d  fro m  b o th  m o d e ls  are s h o w n  in  T a b le  5 -1 . T h e  B J H  and  N a o n o  p o r e  s iz e  
d is tr ib u tio n  c u r v e s  sh o w  th e  M C M  p a r tic le s  w ith  a q u ite  n arrow  p o r e  d ia m eter  
d is tr ib u tio n , w h ic h  are ce n te r e d  arou n d  2 7  an d  2 9  Â , r e s p e c t iv e ly . T h e  P S D  
c a lc u la te d  b y  N a o n o ’s  m e th o d  is  sh ifte d  to  th e  h ig h e r  p o s it io n  in  c o m p a r iso n  w ith  o f  
that c a lc u la te d  b y  th e  B JH  m eth o d . T h is  d is t in g u ish a b le  d if fe r e n c e  fo u n d  is  in  
a g r e e m e n t พ ith  N a o n o  e t a l .  A  c c o r d in g  t o  N a o n o ’s p a p e r , th e r e  i s  a n  a p p r e c ia b le  
d if fe r e n c e  b e tw e e n  th e  a d so rb ed  th ic k n e ss  o n  th e  fla t su r fa ce  (tpore) and o n  th e  p ore  
w a ll (tflat). It is  th e  fa c t that tpore is  larger th an  tfla, d u e  to  th e  e n h a n c e d  a d so r p tio n  fo rce  
o n  th e  c u r v e d  su r fa c e  [N a o n o , 1 9 9 7 ].

T h e  c o m p a r is o n s  o f  th e  p o re  d ia m e te r s  c a lc u la te d  fro m  th e  n itr o g e n  and  C T  
a d so r p tio n  iso th e r m s  u s in g  th e  B JH  m o d e l and  N a o n o ’s  m e th o d  are p r e se n te d  in  
T a b le  5 -1 . S im ila r  to  th e  o n e  from  th e  n itr o g e n  iso th e r m , th e  P S D  fro m  th e  C T  
iso th e r m s  a n a ly z e d  b y  th e  B JH  m e th o d  (sh o w n  in  F ig u re  5 -4 )  w a s  u n d erestim a ted  
c o m p a r e d  to  that fro m  N a o n o ’s  m e th o d . T h e  B JH  m e th o d  p r e d ic te d  th e  p o r e  d ia m eter  
fro m  th e  C T  iso th e r m  at a lo w e r  v a lu e  (2 4  À )  than N a o n o ’s m e th o d  (2 8  Â ) .

T a b le  5 -1  P o re  d ia m e te r s  for  n itr o g e n  and  C T  a d so r p tio n  iso th e r m s  o n  M C M -4 1  
p a rtic le s .

M e t h o d s P o r e  d ia m e t e r  (Â )

N 2 P S D  -  B J H  m e th o d 2 7
N 2 P S D  -  N a o n o  et a l. m e th o d  (1 9 9 7 ) 2 9
C T  P S D  -  B JH  m e th o d 2 4
C T  P S D  -  N a o n o  et a l. m eth o d  (2 0 0 1 ) 2 8
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Pressure Ratio

F ig u r e  5 -5  A d so r p tio n  iso th e r m  o f  n itro g en  g a s  at 7 7  K  an d  p o r e  s iz e  d istr ib u tio n  o f  
M C M -4 1  p a r tic le s  c a lc u la te d  b y  u s in g  th e  B JH  m e th o d  a n d  th e  m e th o d  s u g g e s te d  b y  
N a o n o  e t  al. ( 1 9 9 7 ) .

5 .3  S u m m a r y

T h e  ร o r p tio n  ร tu d ie s  o f C T  o n t  h e  M  C M -4 1  p a r tic le s  s y  n th e s iz e d  f  rom  r ice  
h u sk  s i l ic a  u s in g  th e  m a g n e t ic a lly  c o u p le d  m ic r o b a la n c e  p r o v id e d  th e  w e ll-d e f in e d  
iso th e r m s , w h ic h  w e r e  c o m p a r a b le  w ith  th o se  in  th e  litera tu res. T h e  ad so rp tio n  
iso th e r m  s tu d ie s  o f  ca rb o n  te tra ch lo r id e  (C T ) at 2 5  ° c  w e r e  c la s s i f ie d  as r e v e r s ib le  
T y p e  V  iso th e r m s , an d  th e  n itr o g e n  a d so rp tio n  iso th e r m  w a s  T y p e  IV c . C a p illa ry  
c o n d e n sa t io n  fo u n d  in  a  v e r y  n a rro w  p ressu re  ran ge  in d ic a te d  th e  u n ifo r m ity  o f  p o r e s  
in  th e  M C M -4 1  p a r t ic le s , w h ic h  a g r e e s  v e r y  w e l l  w ith  T E M  re su lts . T h e  B E T  su r fa ce  
area w a s  (8 0 0  ±  8 )  m 2 g '1. T h e  p o r e  s iz e  d istr ib u tio n s  o f  n itr o g e n  a d so r p tio n  iso th erm s  
c a lc u la te d  b y  u s in g  th e  B JH  an d  N a o n o  m e th o d s  [3 , 11 ] s h o w e d  q u ite  n arrow  p o re  
d ia m e te r  d is tr ib u tio n s , c e n te r e d  arou n d  2 7  and  2 9  Â , r e s p e c t iv e ly . S im ila r ly , th e  p e a k  
p o re  d ia m e te r s  c a lc u la te d  fro m  C T  iso th e r m s u s in g  th e  B J H  an d  N a o n o  m e th o d s  w e r e  
2 4  an d  2 8  Â .
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