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Abstract  

The adsorption of the cationic surfactant ce ty l t r imethylammonium bromide (CTAB)  on 
silica gel and on molybdenum-modif ied  silica gel substrate, in the solid state, was studied 
by differential scanning calorimetry and Fourier  transform IR photoacoust ic  spectroscopy 
(FTIR-PA)  techniques. 

Examinat ion of the solid state IR spectra of CTAB absorbed onto molybdenum-s i l ica  
sut~strate, as a function of tempera ture ,  shows a new band at 938 cm ~ shifted to 961 cm -~ 
(during the tempera ture  flow), representing a chemisorpt ion via the interaction of the head 
group of the suffactant (CH3).~N ÷ and Mo--O stretching vibration species. 

In the presence of NaCI, shifting of the high tempera ture  exothermic peak at 411'C to 
451"C was obtained,  providing an enhancement  of ce ty l t r imethylammonium chloride 
adsorption onto molybdenum-s i l ica  substrate and a considerable reduction in the AH 
value is observed. This decrease in the AH value was obtained as a result of the inter- 
ference of the less reactive site Na ÷ ions in the adsorption,  because of substitution of Na"  
for M e  6÷ ions. 

I N T R O D U C T I O N  

The adsorption of cetyltrimethylammonium bromide (CTAB) on silica 
in aqueous and non,aqueous media has been extensively studied over the 
last two decades [1-3]. 

The behaviour  of t he  adsorption of CTAB on silica and on metal rod 
surfaces, from solutions, have been evaluated using Fourier transform IR 
( F T I R )  and surface enhanced Ra ma n  spectroscopy techniques [4-5]. 

Calorimetric measurements concerning the adsorption of surfactants on 
silica gel from solutions have recently been described :[6, 7] . . . . . .  

Fewer studies have been reported on metal-surfactant  complexes. 
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However ,  de ta i led  in format ion  concern ing  the  adsorp t ion  of cat ionic  
surfactant  on silica subs t ra te  modif ied  by meta l  ions has not  yet  been  
c a r r i e d  out.  

As  s ta ted  by Ikeda  and co-workers  [8], sur fac tants  in aqueous  solut ions  
general ly  form spherical  micelles above  cer ta in  critical concent ra t ions ,  and  
some  o the r  surfactants  (i.e. ionic ones)  can form rod- l ike  micelles over  a 
cer ta in  • range  of concen t ra t ion  of sur fac tan t  or added  electrolyte.  

The  s p h e r e - r o d  t ransi t ion has been  d e d u c e d  f rom physical measu re -  
men t s  of viscosity, conduct ivi ty  and flexibility of rod- l ike  micelles [9, 10]. 

In this paper ,  the  adsorp t ion  of C T A B  on m o l y b d e n u m - m o d i f i e d  si l ica 
gel subs t ra te  with t ime and the influence of  t e m p e r a t u r e  using D S C  and 
F T I R - P A  have  been  invest igated and discussed.  M o r e o v e r ,  the effect of 
NaC!  addi t ion  on the proper t ies  of  the modif ied  subs t ra te  is also examined .  

EXPERIMENTAL 

Materials 

Silica gel 60 (Merck )  with a par t ic le  size of 0 .040-0.063 m m  (230-  
400 mesh  A S T M )  was used as a suppor t .  

The  m o l y b d e n u m - l o a d e d  sample  ( 1 0 w t . %  with a surface area  of 
2 5 0 m 2 g  -~) was p r e p a r e d  by impregna t ion  with an aqueous  solut ion of  
a m m o n i u m  h e p t a m o l y b d a t e  (NH4)~, MO7024" 4 H 2 0 .  

The  Mo-modi f i ed  subs t ra te  was dr ied  at 393 K and finally calc ined at 
773 K in air for 16 h. 

5 × 1 0 - ' ~ M C T A B  (Aldr ich)  was used  to s tudy its adsorp t ion  on to  
Mo-modi f ied  silica gel substra te .  

The  sur fac tan t  concen t ra t ion  was chosen  to be above  the C T B A  critical 
micelle concen t r a t ion  (CMC) ,  which is k n o w n  to be 9 x 10 -4M [11], to 
p r even t  a n y  change  in the  adsorp t ion  as a result  of the sur fac tan t  
concen t ra t ion .  

0.5 M NaC! ( A R )  was also used to p r e p a r e  5 × 10 --~ M C T A B  in o rde r  to 
es t imate  the influence of the e lectrolyte  on the  micelle and consequen t ly  on 
the samples  u n d e r  invest igation.  

Adsorpt ion o f  C T A B  on the samples 

• T w e n t y  millil i ters of  C T A B  was mixed with 0.16 g of  the sample  (silica or  
Mo-si l ica)  in a s t o p p e r e d  centr i fuge tube ,  and the  mix ture  was gent ly  s t i rred 
by a magne t ic  chip for  the requ i red  t ime at 25°C. 

T h e  sample  suspens ions  were  cen t r i fuged  a t  3 0 0 0 g  to s ed imen t  the 
sample ,  and t h e  supe rna t an t  was carefully wi thdrawn .  The  s ed imen ted  
samples  were  dr ied  at 393 K for 4 h and  placed in a dry n i t rogen -pu rged  
g!ovebox.  

. . . : "  . :  . . 
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Characterization o f  the samples 

F o r  D S C  m e a s u r e m e n t s ,  12 m g  of  t he  s a m p l e  was  t a k e n  in AI  c ruc ib les  
and  t r e a t e d  in a P e r k i n - E l m e r  D S C 7  uni t  and  s c a n n e d  f r o m  30 to  500°C at  a 
r a te  o f  10°C m i n - ' ,  ml m e t a l  was  used  as a r e f e r e n c e  and  a n i t r o g e n  pu rge  of  
50 ml min  -I was  used  d u r i n g  the  e x p e r i m e n t .  

I R  s p e c t r a  w e r e  r e c o r d e d  wi th  a N ieo l e t  5 - D X B  F T I R  s p e c t r o m e t e r ,  
us ing  a M E T C - 1 0 0  p h o t o a c o u s t i c  d e t e c t o r .  

In this  wor k ,  a scan  s p e e d  of  0 . 1 6 c m s  -t was  used .  Th i s  gives  t h e  
s t r o n g e s t  p h o t o a c o u s t i c  s ignals .  T h e  s p e c t r a  w e r e  t a k e n  wi th  4 c m - '  
r e so lu t i on  and  3 0 0 - 5 0 0  scans  w e r e  a v e r a g e d ,  d e p e n d i n g  on the  in t ens i ty  of  
the  signal .  

R E S U L T S  AND D I S C U S S I O N  

T h e  D S C  t h e r m o g r a m s  of  t he  p a r e n t  silica gel 60 ca lc ined  at  773 K, silica 
gel 60 m o d i f i e d  with 10 w t . %  M o  and  silica gel 60 with 0.005 M C T A B  are  
s h o w n  in Fig. 1. 
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Fig. I .  D S C  t h e r m o g r a m s :  cu rve  a, silica gel 60, c a l c i n e d  at 773 K; cu rve  b, silica gel 60 
m o d i f i e d  wi th  1 0 w t . %  Me ,  ca lc ined  a t  7 7 3 K :  cu rve  c, silica g e l 6 0 + 0 . 0 0 0 5  M C T A B ,  
h e a t e d  at 373 K. 
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A n  exo the rmie  peak  with a m a x i m u m  at 89°C for  the  pa ren t  sample  is 
observed .  The  same  p e a k  posi t ion is also observed  for  the Mo-modi f ied  
silica gel sample ,  but  with a n o t h e r  exo the rmic  peak  at 242°C. 

In the  case of the silica gel 60 plus C T A B  system, a large exo the rmic  
peak  a r o u n d  87°C is ob ta ined .  

The re fo re ,  it is no t ewor thy  tha t  the  first exo the rmie  peaks  (low 
t e m p e r a t u r e  peak)  in all the samples  have  the same p e a k  posi t ion bu t  differ 
only in A H  values. The  increase  in A H  intensi ty of the  low t e m p e r a t u r e  
peak  for  the  silica gel 60 plus C r A B  system indicates a value of 102J  g- l ,  
whereas  silica gel 60 modif ied with 10 wt .% Mo and the pa ren t  sample  give 
values of 99 and 66 J g-t  respectively.  

H o w e v e r ,  we may a t t r ibute  this difference to the invo lvement  of the 
wa te r  which could have  been  ob ta ined  dur ing  the p repara t ion .  

T h e  second peak  observed  for the Mo-sil ica sample  represen t s  possible 
in terac t ions  be tween  m o l y b d e n u m  and silica, Mo replacing a cons iderab le  
n u m b e r  of  hydroxyl  groups,  indicat ing the high probabi l i ty  of  oxygen 
vacancies;  po lymolybda te  species could be obta ined .  This  peak  gives a A H  
value of  16.6 J g-  t. 

Accord ing  to the findings of Cirillo et al. [12], large areas  of a lumina  
surface r ema in  u n c o v e r e d  at 8 wt .% Mo loading,  and becau,~e we need  to 
reach  to a fairly un i form dis t r ibut ion of Mo over  a large surface a rea  of  
silica gel,  we tr ied to cover  our  surface with a 10 wt .% Mo loading.  

F u r t h e r m o r e ,  Fig. 1 also indicates  tha t  there  is no in teract ion be twe en  
the  pa ren t  sample  and the sur fac tant  C T A B ,  reveal ing that  no b o n d  
fo rma t ion  could be ob ta ined  dur ing  the  t e m p e r a t u r e  flow. 

F igure  2 shows the D S C  scans of  the  influence of t ime on the adsorp t ion  
of C T A B  on silica gel 60 conta in ing  10 wt .% Mo.  Two  exo the rmic  peaks  
with. m a x i m a  at 7 8 - 8 0  and  4110C were  obse rved  t h roughou t  the r rnograms  
a - e  in Fig. 2. It is obse rved  tha t  the first t e m p e r a t u r e  peak  is shifted 
to a lower  t e m p e r a t u r e  than fer  silica gel modif ied with 1 0 w t . %  Mo 
(Fig. 1). 

M o r e o v e r ,  the intensi ty of  tb.e p e a k  becomes  smal ler  af ter  C T A B  
adsorp t ion  takes  place. Its obvious  that  C T A B  has a cons iderable  influence 
on the  low t e m p e r a t u r e  peak ,  r ep resen t ing  the in terac t ion  with the rest  of  
the non- reac t ed  hydroxyl  groups  and  indicat ing that  the  p resence  of  
m o l y b d e n u m  helps C T A B  adsorFt ion.  

F u r t h e r m o r e ,  a d e c r e a s e  of the AH values  for the low t e m p e r a t u r e  peaks  
was o b s e r v e d  w i t h  t ime. . . . . . . . . . . . .  

It w a s  found  also that  the AH values  for the exo the rmic  peaks  at 4110C 
increase cont inuously  with t ime to give values of 46.3, 131.9 and 149.9 J g- t  
a t  10, 20 and 60 min respect ively,  and then  decrease  af ter  180 and  400 min 
t o g i v e  A H  values of 111.3 and 112.0J  g-Z respectively.  This can be due to 
such a high Mo  loading: a n  excess of MoO3 can aggrega te  to fo rm a bulk 
phase  on the  surface,  b locking off the  pores  of the silica with Mo. A t  such a 
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Fig. 2. D S C  thermograms  o f  C T A B  adsorbed  on  silica gel 60 modi f i ed  with 10 wt .% M o  as a 
funct ion  o f  time: curve a, 10 min; curve b, 20 rain; curve c, 60 min; curve d, 180 min; curve e, 
400 min.  Curve  f s h o w s  the inf luence  o f  0.5 M NaC! on the modi f i ed  sample .  

high coverage  of  C T A B  (correlated with t ime)  the less reactive sites are 
occupied  and consequent ly  A H  decreases .  

T h e  activa~.ion energy  values  (which are valuable data attributed to the 
relative values  of  various propert ies  of  the various active sites present  in thc 
solid materials  under  study and the strength of  their interactions)  have 
a lmost  identical  E^ values.  It is clear from Table  1 that after 2 0 m i n  

T A B L E  1 

Parameters  o f  the high temperature  peaks  (411 and 451°C) obta ined  from C T A B  adsorbed  
o n t o  Mo-si l ica substrate by D S C  as a funct ion  of  t ime 

T i m e  (min)  T e m p .  range (°C) Peak  max.  (°C) A H  (J g - ' )  E,., (kJ m o l - ' )  

10 3 6 5 - 4 5 5  411 46.3 
20 3 7 0 - 4 7 1  • 411 131.9 
60 3 6 8 - 4 7 0  411 149.9 

180 3 7 0 - 4 6 1  411 111.3 
400 3 7 2 - 4 6 0  411 112.0 

2 0  ~ 4 2 6 - 4 7 8  451 34.1 

44.7 
.... 53.9 

53.7 
51.4 
50.1 
40.3 

" D a t a  based on the result o f  interact ion of  Mo-si l ica sample  with C T A B  disso lved in 
0.5 M NaCI.  

• . . . '  ' . . .  . .  : • . ' .  . . .  • . .  
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Fig. 3. Low frequency FrFR-PA spectra of CTAB adsorbed onto 10 wt.% Mo-silica sample, 
as a function of the temperature flow. Samples represented by curves a, b, c, d and e were 
desorbed at 413, 473, 543, 643 and 723 K respectively. 

a d s o r p t i o n  is be ing  l imi ted  and no  m o r e  r o o m  is ava i lab le  on the  a d s o r b e n t  
for further  m o l e c u l e s  to be  a d s o r b e d .  T h e r e f o r e ,  a d e c r e a s e  in EA with t ime  
is o b t a i n e d .  

T h e  p e a k  at 242°C ( f r o m  Mo-s i l i ca  in teract ion)  c o m p l e t e l y  d i sappears  
u p o n  C T A B  a d s o r p t i o n  and the  p r o m i n e n c e  o f  the  n e w  p e a k  at 411°C 
ref lects  a major  in terac t ion  o f  M o  with C T A B .  T h e  a b o v e  result  is 
c o n s i s t e n t  with  the  IR spectra  taken  for the  M o - m o d i f i e d  sil ica s a m p l e  at 
var ious  t e m p e r a t u r e s  (Fig.  3) .  

F igure  3 s h o w s  ( in  the range  1 7 0 0 - 4 0 0  c m  -1) a n e w  b a n d  at 938 cm -t and 
three  o ther  bands  at 986,  867 and 694 c m  -1, r e p r e s e n t i n g  the  sil ica s tructure .  
A t  t h e  b e g i n n i n g ,  the  b a n d  at 938 c m - '  is a t tr ibutable  to the i n v o l v e m e n t  of  
water ,  but  on  hea t ing  the  s a m p l e  to 723 K the p r o m i n e n c e  o f  this band  
s u g g e s t s  c h e m i c a l  b o n d  f o r m a t i o n .  

This  i s  s u p p o r t e d  by  the  shi f t ing o f  the  b a n d  at 9 3 8 c m  -t with a 
c o n t i n u o u s  increase  in t e m p e r a t u r e  ( to  723 K)  to 961 cm -~. 

F r o m  the a b o v e  d i scuss ion ,  it is o b v i o u s  that  this b a n d  at 938 cm "i is a 
result  o f  a pre ferent ia l  in teract ion  o f  M o  with C T A B .  T h e r e f o r e ,  it is 

• . • ' . . . . . . . . 
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r e a s o n a b l e  to  assign the  9 3 8 c m  -~ b a n d  to t he  s t r e t ch ing  v ib ra t i ons  o f  
Mo---O • • • N + C  m o d e .  

T h e  M o O 3  spec ies  is f o r m e d  p r e f e r e n t i a l l y  at  such a h igh w t . %  o f  
m o l y b d e n u m  a n d  t h e r e f o r e  the  t e r m i n a l  Mo---O ~pecies is o b t a i n e d .  
M o r e o v e r ,  IR  d a t a  sh o w s  tha t  no  b a n d  is f o r m e d  in the  p lace  o f  tha t  a t  
938 cm -z b e t w e e n  silica gel an d  C T A B ,  which  s u p p o r t s  o u r  a s s ignmen t .  

T h e r e f o r e ,  it is r e a s o n a b l e  to co r r e l a t e  the  t h e r m o g r a m  p e a k  at  411°C to 
the  chemica l  b o n d  Mo---O • • • N + C  o b t a i n e d  f rom IR  da ta .  •Figure 2f shows  
the  effect  of  NaC1 a d d i t i o n  on  C T A B  a d s o r p t i o n .  T w o  e x o t h e r m i c  p e a k s  a t  
74 and  451°C w e r e  o b s e r v e d .  Th i s  t h e r m o g r a m  c lear ly  ref lects  a m a j o r  
c h a n g e  if it is c o m p a r e d  to the  o thers .  T h e  shif t  of  the  high t e m p e r a t u r e  
p e a k  f rom 411 to  4510C ref lects  the  s t r e n g t h  of  the  Mo----O • • • N ÷ C  b o n d  
u p o n  e l e c t r o l y t e  add i t i on .  

I k e d a  and  c o - w o r k e r s  [8] s h o w e d  tha t  for  a se r ies  of  ca t ion ic  s u r f a c t a n t s  
in NaCI  so lu t ions  a s h a r p  b r e a k  in the  a p p a r e n t  mice l le  m o l e c u l a r  we igh t  is 
o b s e r v e d  w h e n  the  sal t  c o n c e n t r a t i o n  r e a c h e s  a va lue  of  0.45 M, which  
c o r r e s p o n d s  to t h e  s p h e r e - r o d  t r ans i t ion .  T h e r e f o r e ,  in ou r  case the  d r iv ing  
force  could  be  r e f e r r e d  to the  c h a n g e  o f  the  s t r uc tu r e  w h e n  the  smal l  
C1 + ions r ep l ace  the  l a rge r  B r - i o n s  causes  an e n h a n c e m e n t  of  C T A  + 
affinity t o w a r d s  Mo---O species .  

A c c o r d i n g l y ,  the  inc rease  o f  i n t e r a c t i o n  of  c e t y l t r i m e t h y l a m m o n i u m  
ch lo r ide  ( C A R C )  and  M o  causes  a d e c r e a s e  of  t he  A H  value .  

It is l ikely  to a s s u m e  tha t  the  s t rong  i n t e r a c t i o n  b e t w e e n  M o  a n d  N + C  
will in i t ia te  f u r t h e r  r e a c t i o n  of  success ive  a m o u n t s  o f  C T A C ,  so the  less 
r eac t ive  site N a  + ions (o r ig ina t i ng  f r o m  the  high c o n c e n t r a t i o n  of  the  NaC!  
e l ec t ro ly t e  u sed )  will i n t e r f e r e  with such i n t e r a c t i o n  and  c o n s e q u e n t l y  A H  
will dec rea se .  M o  ions  i m p r e g n a t e d  on  silica can  e x p o s e  Mo---O spec ies  on  
the  su r face  to e n h a n c e  the  A H  va lue  u p o n  a d s o r p t i o n .  H o w e v e r ,  t he  
h e t e r o g e n o u s  su r face  si te d i s t r i bu t ion  o b t a i n e d  as a resu l t  o f  the  r ep l ace -  
m e n t  o f  M o  ions  by  less ac t ive  Na  ÷ ions  causes  the  s ignif icant  d e c r e a s e  o f  
b o t h  A H  and  EA va lues .  

T h e  low t e m p e r a t u r e  p e a k  o f  the  s a m e  t h e r m o g r a m  (Fig. 2f) a lso  shows  
the  i n v o l v e m e n t  of  N a  + ions  in the  h y d r o x y l  g r o u p s  r eg ion  by  shi f t ing  the  
p e a k  to a l ow er  t e m p e r a t u r e  of  74°C c o m p a r e d  to the  o thers .  
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