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The p r o t g n  C'r; t l i + IRkpec t ra  o f  benzene adsorbed on c h a i c o a l ,  

s i l i c a  g e l  a ~ d  Cab-o -s i l  have been measured a t  v a r i o u s  tempera-  

t u r e s  i n  t h e  r i n g e  30 *C t o  -100 OC. ~ u d b e n  changes i n  t h e .  

t m p e r a t u r e  dependence o f  theLNMR s i g q a l  i n t e n s i t i e s  e v a l u a t e d  

4 
f r o m  t h e  s p e c t r a  ? r e  i n t e r p r e t e d  as a  l i q u i d - s o l i d  phase 

/ 
t r a n s i t i o n .  ~ 2 i s c t r s s i o n o f  t h e s u i t a b i f i t y o f  t h e N M R s t g m a i  

- i n t e n s i t i e s  a s  a measure o f  r e l a t i v e  c o n t e n t s  o f  phases i s  . 
\ r 

g i v e n .  

Di  f f e r e n i i a  I scann i  ng ca  l o r i m e t r y  measurement$;~de o? t h e  
t .  

same a d s o r p t i o n  s y s t e m  show t h e r m a l  e f f e c t s  a t  a p p r o x i m a t e l y  t h e  

same t e m p e r a t u r e s  3nd i h u s  c o n f i r m  t h a t  t h e  phase t r a n s i t i o n  i s  

o f  t h e  f i r s t  o r d e f .  

I t  hdas been found t h a t  t h e  phase 

benzene on  ' a  1 1 t h e  adso rben ts  s t u d  i ed 

l ower  t h a t .  t h e  .norma l mel t i  ng p o i  n t  o  

t r a n s i t i o n  o f  adsorbed 

o c c u r s  a t  t e m p e r a t u r e s  

f benzene and t h a t  t h e  - 

amounts 'of phases change g r a d u a l l y  o v e r  a  c e r t a i n  tempera,ture 

rancje d u r i n g  t h e  t r a n s i t i o n .  
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1. I n t roduc t ion  

When a substance i s  adsorbed on a s o l i d  surface, c e r t a i n  o f  i t s  " 

+:, C 1 

physical  p r o p e r t i e s  a re  modif ied, sometimes t o  a ' ve ry  considerable 

degree, I t  seen; t o  be def i n  i t e l  y estab I i shed t h a t  t h e  me l t i ng  
Q 

p o i n t s  o f  adsorbed substances on porous adsorbents are  lower than 

. those of t h e  correspond i ng bu I k substances ( 1 

- The phenomenon, besides i t s  basic importance i n  adsorp t ion .  

theory, cou,ld p l a y  an important p a r t  i n  heterogenous nuc leat ion  

connection w i t h  t h e  l i q u i d - s o l i d  phase t r a n s i t i o n  o f  water contained 

i n  c a p i l l a r y  systems such as s o i l  and b u i l d i n g - m a t e r i a l s .  I 

I 
The ' f r o s t  act ion,  f reez ing and thawing o f  so) I and t h e  i r 

r e s u l t i n g  e f f e c t s  on contac t ing  ma te r ia l s  and s t ruc tures ,  and a ' 
0 

r e l a t e d  e f f e c t  c a l  led f Eost heaving, the  r a i s i n g  o f  grouhd sur face . 
- - - - - - - - 

i c e  i n  t h e  
-- 

both 
- 

camp l i ceted phenomena, no t  f u l  l y  udderstood, and have cons i derab I e 

importance i n  c o n s t r u c t i o n  engineer ing as a possibte,cause o f  damage 

o f  ground sur face s t ruc tu res  such as h i ghways, a i rf i e I d pavements, 
0 

and canals ( 2 ) .  Freezing o f  adsorped water i s  a l s o  important i n  

b u i l d i n g  m a t e r i a l s  technology (31, hydrology (21, and it was studied 

i n  connect ion w i t h  h a i l  format ion and i t s  prevent ion ( 4 ) .  

The l i q u i d - s o l i d  type t r a n s i t i o n s  o f  adsorbated havg been 

s tud ied by a number of techniques, such as measurements of' 

adsorpt ion i sosteres (5,6,7 1, measurements o f  heat capaci t 1 es . 

(8,9,7,10,11 ,f2), d i  l a tomet r i c  measurements (13,14,15,16,17), E- 

measurements o f  d i e l e c t r i c  constants (18,191, EIP9R spectroscopy 



(21,22,23), and X-ray d i f r a c t i o n  (29). However, r e l i a b l e  data 

cover ing more aspects o f  t h e  phenomena are  scarce, p a r t l y  due t o  t h e  

d i f f i c u l t i e s  i n  a t t a i n i n g  an e q u i l i b r i u m  s t a t e  i n  t h e  reg ion o f  t h e  

. phase t r a n s i t i o n  and due t o  extensive experimental measurements' 

needed. Reviews on t h e  sub jec t  may be found i n  t h e  e x c e l l e n t  

monographs. o f  ~ r u n a u e r  Cf 1. Young .and Crowe l l (24 1, and a rev,iew 

a r t i c l e  o f  Dubin in (25). L - 
The general p i c t u r e  which may be drawn from reported data i s  

t h a t  on t h e  systems w i t h  porous adsorbents, such-as s i l i c a  gel  
- 

(6,8,12J8,20) and f e r r i c  ox ide  gel  (51, t h e  me l t i ng  p o i n t  o f  

adsorbade i s  lower than i n  t h e  bu lk  phase and t h e  me l t i ng  i s  not.  

sharp, bu t  occurs i n  a c e r t a i n  i n t e r v a l  o f  temperatures. From 

exper i menta l data accumu l ated u n t  i l now, no cork  l us ion about 

c i n t e r a c t i o n s  between adsorbent and adsorbate concerning t h e  - 
r * 

,- ! The loweri  ng o'f t h e  me l t i ng  po in ts  i n  cap i l l a r t y  systems i s  - 
explained on t h e  bas is  o f  t h e  c a p i l l a r y  condensation theory as a - 

P 

consequence o f  t h e  e q u i l i b r i u m  between t h e  s o l i d  adsorbate, present 
# .  

. i n  normal b u l k  form, and c a p i l l a r y  l iqu'id, having lower vapor 

\ 
tens ion than b u l k  I i q u i d  a t  f h e  same temperature (5,12,19). 

Rather s u r p r i s i n g  resu I t s  o f  c a l o r i m e t r i c  &asurements were 
I 

reported by k r r i c o n  e t  ai. (7 ,9 )  showing, t h a t  i n  t h e  systems 

n i t r *en and argon adsorbed on r u t i l g  which can be considered as a ' 

9 

I non-porous adsorbent, s i m i l a r  Phase t rans i t i ons .occu r  and also, t h a t  
I* 

t h e  vapour pressure i n me IJ- i ng reg  ion- was lower than- t h e  vapour 
f 

pressure o f  t h e  corresporiding but  k soi id.  I t  seems unl i k e l y  t h a t  i r t  

these systems t h e  c a p i i f a r y  condensation can play  any important park, 



i s  no t  compatible w i t h  experimental I y  'found Vapour 

In  t h i s  work t h e  s o l i d  l i q u i d  t ype  t r a n s i t i p n  

was stud i ed on,  t h r e e  adsorbents o f  d i f f e r e n t  poros i 
f 

resonance absorpt  idn f o r  determ i n a t  i on o f  r e  I a t  i ve 

pressures .. 
o f  adsorbed benzene a 

t y ,  us ing magnetic 

amounts o f  phases. 

The o b j e c t  was t o  determine i f  t he  l i q u i d - s o l i d  type o f  t r a n s i t i o n  , - 
* 

can be detected, p a r t i c u l a r l y  on Cab-o-sil, which m y  be considered 

Comparison w i t h  d i f f e r e n t i a l  scanning ca lo r ime t ry  measurements 
.L 

- was made t o  determ i i 5 F F i f j 3 G 5 T t r a n s  it i on i s ' o f  t h e  f i ~ s t ' o r d e r ,  

, p a r t l y  due t o  t h e  p o s s i b i l i t y ,  pointed o u t  by Resing (341, o f  an 

"apparent" non-themdynamic t r a n s i t i o n ,  which may be an a r t e f a c t  o f  

t h e  NMR technique. 

On t h e  nex t  pages, i n  Sect ion 2, t h e  s u i t a b i l i t y  o f  t h e  WR , 

> -  - 
technique f o r  determinat ion o f  r e l a t i v e  amounts o f  phases i n  m u l t i -  . 
phase systems i s  discussed. 

In  Sect ion.3,  t he re  a re  descrtbed experimental procedures o f  

B p reparat ion of'sarnpies, and M R  and DSC measurements. 

~ e s u  i t s  a re  swnmari zed and discussed ,in Sections 4 and 5. 



- A-- 
%2. ~hiz ise ;ontent determinat ion by NMR 

d' 

NMR technique o f f e r s ,  i n  p r i n c i p l e f i  least,  a s u i t a b l e  means 

R 
o f  observing phase t r a n s i t i o n s . - i n  adsorbed layers. In  comparison 

'# 
w i t h  some o the r  methods, f o r  instance metho based on ana lys is  o f  B . . 
adsorpt ion da+-a, where o n l y  the  onset o f  t he  formation o f  t h e  new 

Y 

0 * ,  
4 phase i s  detected, t h e  NMR method has a l s o  t h e  advantage' t h a t  it may \ 

- -- -- -- -----A - - A 

/ 
determine t h e  r e l a t i v e  contents of,phaseo i n  multiph'ase systems; 

x The under ly ing p r i n c i p l e s  a re  t h a t  t h e  s ignal  i n t e n s i t y  i s  
-& 

proport ionaf  tci t h e  number o f  magnetic nuc le i  a rd  That the molecules'----- 

i n  d i f f e r n e t  s t a t e s  of agregat ion have d i f f e r e n t  mob* i ! i t ies  and 

d i f f e r e n t  loca l  magnetic f i e l d s .  
% 

The use o f  NMR as a t o o l  o f b , q u a n t i t a t i v e  ana lys is  has been 

-reviewed by several authors (30,31,32). The dependence o f  t h e  
- 

s ignal  i n t e n s i t y  on some o f  t h e  instrumental f a c t o r s  was discussed by 
- - 

WilJiams (331, who pointed out,  t h a t  f o r  accurate i n t e n s i t y  measure- 

ments, t h e  problems o f  magnetic f i e l d  and, r. f . t r a n s m i t t e r  i nstabi  I it ies, 
1 '  

non l i "ear i t i e s  ais0c.i a ted w i t h  t h e  resonance s i gna I  i n t h e  rece iver  

and t h e  recorder have t o  be overcome. These f a c t o r s  are  mainly design 
i 

problems o f  apparatus. Because 6f t h e  dependence o f  t h e  s ignal  

i n t q n ~ i  t y  on t h e  instrumental f a c t o r s  such as' t h e  Q ,of t h e  samp l e 

I 
c i r c u i t ,  e f f e c t i v e  volume o f  t h e  c o i l ,  f i l { i n g  fac tor ,  rece ive r  pass , -- 

i 

- - 
- - - -- band - - - width, - - which connot be evaluated precisely,  o h l y  r e l a t i v e  - 

f 
measurements w i t h  respect t o  some standard aye possible. 

- - --- - -- 

1 
Apart from t h e  inst rumentat ion problems,;t-e main problem i n  

q u a n t i t a t i v e  an? 1 ys i s by EMR a r i ses  f r& t h e  depen'&nce o f  t he  
XL, * B 
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t absorpfion on the vaf u s  n 
.2  1 as can be =bh fru'll tk c+ 

. I  

equat iqns (1 1 and ( fa ) ,  which were obtained by combining the. ~ G r a d a ~  
- 

law w i t h  s o l u t i o n s  o f  Bloch equations, f o r  steady s t a t e  cond i t i ons  
1, < 

- 
and \- 

where V and V a re  t h e  vo l tages induced-in t h e  rece ive r  c o i l  f o r  v  . . U * 

the  absorpt ion and t h e  d ispers ion  ma& respect ive ly ,  w and a, are  
- 

frequency and resonance frequency- respect i ve l y , TI a n d  T2 are  t h e  
/ 
t- 

long i tud  i na I and t h e  t ransverse re lazat ion '  times, H I  and Ho a i e  the  . - 
i 

r.f. and t h e  constant  magnetic f i e l d s r e s p e c t i v e l y , X o  i s  magnetic 

suscepti  b  i l i Ty, and s i s  thefsaturat i .on f a c t o r  def i ned a~s k 

2 2 
s = Y HlTlTZ . "2) 

- f 
The m&t i c stlscept i b i l i t y  i s  ;e l ated- t o  the-number- o f  oucl e i N 

i n  u n i t  volume, and consequently t o  the  concentrat ion o f  s tud ied sub"- 

stance i n. t he  e f f e c t i v e  vol  ume o f  t h e  rece ive r  c o i  I ,  by t h e  equation 
h I 

Xo = ( I (  l+l )p2/3k~)t4 I31 

- where p' i s  t h e  m a g n e t i c m e n t  of t h e  nucle i ,  I i s  t h e  sp in  number 
L--% 

i and k i s  t h e  Boltzman constant. 

The q u a n t i t i e s  r e l a t e d  t o  t h e  concentrat ion o f  

ch may be evaluated from the  absorpt ion 

+ritenrtiy o r  peak he igh t  Vv,max and t h e  

4- 
OE(O,~. From equation ( I ) ,  we f i n d  

>. 

and 

t h e  nuc le i  . 
made spectra 

area under t h e  

* w i  n 
v v .  



- 
- - - - - - - I 

l va  XOHl/(l+g)' ( 5 )  
P 

By cmpar  i son o f  - t h e  equations' (4 and (5)  i i  i s  apparent t h a t  
' 

-% 
f o r  low r.f. f i e l d s ,  whe?s(l, t h e  peak he ights  a re  dependent on 

T2 and ther- usable o n l y  i f  t h e  I  ines a re  o f  identical width, 

' . 
whereas t h e  in tegra ted i n t e n s i t i e s  are independent o f  T 2 ' # 8  

The use o? t h e  i ntegrated i ntens i t i e s  i s  preferab l e even a t  

-- 
where t h e  sa tu ra t i on  f a c t o r  i s  noT neg l ig ib le , .  

because the  l i n e a r  defiendence on concentrat ion i s - I e s s b i n f I u e n c e 8 y n d  
1 

w - > 
t h e i r  va lues tend t o  f i n i t e  I i m i t s  as H~ tends t o  i n f i n i t y ,  whereas 
- - -- - -- - - -  - - - - - - - - -- - -- 

t h e  peak he igh ts  tend t a  zero. 
. t .  

There are  -some advantages ih using t h e -  d i spersion mode s igna I* f o r  

i n t e n s i t y  evaluat ion.  As- can be seen from equation ( l a )  VU(W) i s  an 

odd func t i on  and has local  extrema a t  

00 - '0 = ? (  l /T2)  (14-S) 3 ( 6 )  

- - -- - - -  
where t h e  s igna l  i n t e n s i t y  i s -  '. 

The integral '  & V (0) i n  t h e  i nterva I-.W(UO,~) i s  divergent,  bu t  
U 

t -  

a usefu l  expression can be obtained by i n t e g r a t i o n  i n  t h e  i n t e r v a l  

,a can be seen, t h e  r e s u l t i n g  i n teg ra l  i s  independent of both 

-- 4, 

dependence o f  magnetic suscept i b i  i t y  g iven by equation ( 3 ) .  J 
b i, Minimizat ion  o f  temperature depende ce o f  i nst;omentai f ac to rs  i s a 



,- - -- 

+ -* 

design prob iem. The dependence o f  magnet ia ~ b s c e ~ t  i b i  I i t y  on 

temperature may be taken i n t o  account by us ing t h e  Cur ie  law. 

The q u a n t i t a t i v e  determinat io? o f  t he  amounts o f  phases i n  a . 
rT 

two-phase system can be based on t h e  factpthat-the m o b i l i t y  o f '  

c l e i  i n  one phase i s  much less than i n  t h e  other ;  as a 

nsequence, t he  resonance spectrum o f  such a system cons i s t s ,o f  a 

r e \ l a t i v e l y  narrow l i n e  a r i s i n g  from t h e  nuc le i  o f  more mobi l a  phase 

super imposed on a broad l i ne o f  nuc le i  i"n less mob i l e phase The , 
Q 

-A b 

imp l i c i t z s u m p t  ion here / , f i  t%qt t he re  i s  no. exchange o f  nuc l e i  
-1- 

between .the phases, o r  if i s  so b o w ,  i n  cqmparison w i t h  r e l a x a t i o n  
I k 

times, t h a t  each phase behaves as i f  it were i s o l a t e d  from t h e  
. * 

;other. - - 

, . -- 

U *= 

I f  we have two phases d, and@, w i thout  any exchange involved 
~ 

and w i t h  t h e  same resogance frequency, then t h e  r e s u l t i n g  s igna l  
6 - x.  

V t  i s  a superposi t  i on  o f  t h e  s igna ls  o f  t h e  i nd i v idua l  phases Va, 

v& . . Z 

For t h e  absorpt ion-  mode s igna l  t h e  t o t a l  peak hGight i s  
9 

Y 

and t h e  r e l a t i v e  e r r o r  i n  i n t e n s i t y  made, i f  we read Vmax,t instead 

of vU I S 
max' 

Th i s  i s  va l i d ,  i f  t h e  he igh ts  a r e  read r e l a t i v e l y  t o  t h e  " t r u e  

baseline", i.e. l i n e  def ined by V v  = 0. I n  p rac t ise ,  because o n l y  

p a r t  

s f  r a  

tkF5 

o f  t h e  spectrum i s  recorded, t h e  basej ine i s  taken as a 

g h t  l i n e  passing through some po in t s  VB(lsBl,'VB(@,-%). I n  



. Simil i3rly f o r  t h e  in tegra ted in tens i ty ,  i f  it i s  in tegra ted i n  the  

i nterva  WE(uB, O,-L$) and t h e  basel i ne i s  taken as a  s t r a  i g h t  l i ne 

through p o i n t s  VBCWB), VB(q - ($ ) ,  t h e  r e l a t i v e  e r r o r  i s  g iven 

'~7 

8' - 

It should be stressed t h a t  t h e  above considerat ions a re  v a l i d  

on ly  for Lorentz ian shaped l ines, however, they may -serv_e as a  - 

s- gu i de l i nes i n genera I .  

I n  t h e  case o f  benzene, t h e  width o f  l i nes a t  maximum sib$ 
values a re  2.80 gauss a t  2 7 3 ' ~  and 2.82 gauss a t  180 OK (35).  'lf t h e  

i 

l i n e  width a t  half-maximum i n t e n s i t y  o f  adsorbed benzene were 250 Hz 

and t h e  sweep w i t h  o f  t h e  spk?rum 5000 Hz, then t h e  expected e r r o r  

would be about 6% o f  t h e  t r u e  value o f  t h e  mobi le phase amount, f o r  
.+ 

t h e  r a t i o  o f  phase amounts 3:1. 

- - - - - - - - - - 

Howevery- i f  e t a T v e e z s u r e m e n t s  a r e  made. by comparing t h e  



- 
\ 

3.1. Ma te r ia l s  
< 

* 

3:f. 3 .  Adsorbents 

a 

.Adsorbents used i n  t h i s  study were: 

_ - _ - -  _-&I- 

Charcoa I, activated; l l ~ a r c d '  6-60, 20-40 mesh from Matheson 

\ 
Coleman 8 EbII Co., Norwood, Ohio; 3 

S i l i ca ge 1, "For gas chr-ma-tography", 60-80 mesh from t h e  same. 

company, and 
% 

a type of aerogel s i l i c a ,  Cab-o-sil, grade M-7D, from Cabot 

Corporation, Boston, Massac~husetts. 

A I l adsorbents were f i r s t  d r i ed  i n  vyuum a t  200 O C  and then 

ex t rac ted w i t h  benzene i n a Soxh l e t  appa&tus f o r  app rox  ima te ty  170 

hours t o  remove poss ib ly  present benzene so lub le  compounds. I n  t h e  

case o f  t h e  charcoal t h e  ext,ractidn was prolonged t o  approximately 

500 hours. The s a m p l w  were then d r i e d  i n  vacuum a t  100 " C  and used 

fo; a 1 I- NMR, adsorpt ion, and DSC measurements. 
I < 

3.1.2. Adsorbate 



- - -  - - 10 - 
4 

- - - - - - - - - - - - 

9 

Lawn, ~ e w #  ~ e r s e ~ .  I t was d r ied  over  meta 1 1 i c  sod i urn and kept over 
/ , 'I 

sodium i n  a r e s e r v o i w a c h e d  t o  t h e  adsorpt ion apparatus. Before 

admi t t i ng  t o  t h e  adsorbent, f h e  benzene was degassed by repeated . 
. 6 

d i s t i l l a t i o n  i n  vacuum. 

3 

3.3.3. Adsorbents CKarac te r i s t i cs  

' Adsorpt ion isotherms o f  n i t rogen were measured f o r  a 1-1 t h ree  
* 

adsorbents a t  t h e  temperature o f  boi l ing l i qu i d n i t rogen 'us4 ng t h e  
- 

grav imet r ic  method. The adsorbent samples were t rea ted  i n  theV'same' 
-% 

way as  t h e  samples used f o r  t h e  NMR measurements. The employed 
, 

adsorpt ion apparatus consisted o f  a Worden microbalance, w i t h  

magnetic compensation, o f  s e n s i t i v i t y  and a mercury 

U-manometer and two McLeod gauges. BET spec i f i c  sur face areas were 

evaluated from measured data and are  given i n  Table I .  The molecular 
- - 

- 2 area o f  n i t rogen  was taken 'as 16.2 1 . 
P 

B 

C ha rcoa 1 

S i I i.ca ge 1 

Cab-o-si l 

2 - 
Surface area rn /a 



3.2. NMR Measurements 

L 2 . J .  Apparatus 

-Nuclear magnetic 

XL-3 00 spectrometer. 

s tud ies  were performed on t h e  Var ian Mod-el 

The standard Varian Model V-4415 probe u n i t  

w i t h  the  gas-f low type temperature c o n t r o l  was used, w i t h  i n s e r t  f o r  ' 
- - - -- --- ---- - - - - -- 

32mrn samp l e tubes. The cool  i ngMmed i um was n i t rogen  gas passed 

through a heat exchanger f i l led w i t h  l iqu  i d  n i t rogen.  

The NMR sample tube i tself was equipped w i t h  a h igh  vacuum - - -  - 

stopcock (Ace Glass Inc., t ype 8195) and provided w i t h  a thermo- 

couple wel l ,  t o  a l l ow  measurements o f  temperature i n  s i t u ,  t o  

make poss ib le  NMR s tud ies  on t h e  same sample o f  adsorbent w i t h  

d i f f e r e n t  adsorbate coverages, and t o  permi t  determinat ion o f  t h e  

9 

f r e e  volume o f  t h e  NMR sample tube.* The tube cou ld  be e a s i l y  
- - 

at tzched and detached via, a ~ a j o k  U l t r a - ~ o r r -  f i tt i ng t o  t h e  mani f o  l d f - 

o f  a  h igh vacuum adsorp t ion  apparatus w i thout  changing th-orbate . 
amount i n  t h e  tube. To minimize temperature grad ien t -  i n  t h e  sample 

along t h e  l ong i tud ina l  a x i s  o f  t h e  tube and t h e  subsequent 

red  i s t p i  bu t  ion o f  adsorbate due t o  temperature d i f ferences, a 

t h i  n-wa l led (~0.4rk-11 t;be was used and t h e  amount o f  adsorbent' was 

kept  as small as poss ib le .  The standard adsorbent column he igh t  

used was about 17mm. 

The temperature o f  t h e  sample was measured by means o f  t h e  
--- 

copper-constantan thermocouple j u n c t i o n  inser ted  i n  t h e  we l l  o f  t h e  

NMR sample tube. The reference j u n c t i o n  was kept  a t  t he  temperature 

o f  an ice-waier bath. 



I r 

Care was t a k e n ?  o k5ep temperatukp --t i me dependence mno ton  i c, ' ..% 
/- 

:. 
t o  avo i d a n  i n t e r f  erence o f  a poss i b l e hysteres i s. 

3.2.2: Preparat ion o f  NMR samples 
7'.2 

The NMR sample tube w i t h  an adsorbent was attached t o  t h e  
I .  

I .  
adsorpt ion apparatus and t h e  adsorbent was degassed a t  350 OC f o r  48 

- 6 
h o u k  a f t e r  t h e  res idua l  pressure was <5*30 t o r r .  The sample tuge 

- -- - - - - - - - - - 

w i t h  degassed adsorbent was then weighed on t h e  a n a l y t i c a l  balance 

t o  deterk ine  t h e  weight o f  t h e  adsorbent. The tube was again 

attached t o  t h e  adsorpt ion - apparatus - and t h e  required amoun+of 

benzene vapor was adsorbed, keg l ing  t h e  end o f  t h q  sample tube w i th  ' 

adsorbent i n  ice-water bath. A mercury U-manometer was used t o  

r,,y?.. 
measure e q u i l i b r i u m  pressure. However, t he  amount o f  adsorbate in. 

rd 

t h e  sample tube was determined by d i r e c t  weighing o f  t h e  sample t 'e 

a f t e r  i t was detached. 
Y' 

Th i s  procedure was repeated w i t h  each NM.R samp l e; except a f t y -  - 

t h e  f i r s t  adsorpt ion o f  benzene vapor the  sample was degassed a t  

room temperature f o r  2 hours. 

3 . 2 . 3 ;  Spectra Measurements 
I 

. Using the  spectrometer i n  frequency-sweep mode, pro ton spectra 

were recorded f o r  each adsorbent sample and coverage a t  var ious 

temperatures. S t a r t i n g  w i t h  t h e  apparatus steady s t a t e  temperature 

t h e  temperature was decreased approximately a t  t h e  r a t e  0.25 * ~ / m i n .  

t o  t h e  next  requ i red  temperature. Time was allowed f o r  t h e  sample 



t o  come t o  constant  temperature before measurement wa-s made; spectrq 
J - ?- 

were measured when temperature was w i t h i n  0.3 OC f o r  a; 

l  eas t  15 m i  nutes. Spectra were measured both - fo r  i ncreas i ng and f o r  

decreas i ng se r ies  o f  temperatures. 

To avoid s a t u r a t i o n  o f  t h e  samp l  e, the*  amp l i tude o f   the'^^ sweep 

f i e l d  was kept  a t  t h e  lowest value f o r  which a s u i t a b l e  s igna l  could 
- - - - - - 

be obtained. The input  power level  was adjusted u n t i l  t h e  onset o f  

sa tu ra t i on  was noted and the" reduced we1 l below t h i s  level  . 



3.3. D i f f e r e n t i a l  Scanning Ca lor imet ry  -- 

DSC measurements were performed on t h e  Perk in  Elmer Model DSC-1 

d i f f e r e n t i a l  %canning ca lo r ime te r  us ing t h e  low temperature.accessory. 

The samp les  here  encapsu l ated i n  pans usua l l  y used f o r  so l  i d  samp l es, 

but, instead o f  t he  standard f l a t  pan l i d  another pan w i t h  a s l i g h t l y  

con i c a l  l  y s t re tched wa l 1 was used as a l  id .  ?b ~ w a p s u  I a t  ion_w%-- 

n o t  completely hermet ica l .  

and an eventual c o r r e c t i o n  

adsorbate content .  Sample 

Therefore t h e  leak r a t e  was determined 

was considered i n  es t ima t ion .o f  v o l a t i l e  

holder  domes were used i n  a l l  measurements. 

3.3.1. Preparat ion o f  samp 

- 
les  . 

A sample o f  adsorbent ('0.591 was placed i n  a small g lass  bulb 

provided w i t h  a stopcock, attached t o  t h e  'adsorpt ion apparatus and 

degassed i n  t h e  same way as t h e  samples f o r  NMR measurements. 

Benzene vapor was then condensed'on the  adsorbent a t  a temperature 

o f  about 10 O C  u n t i  l it was completely immersed i n  1 i q u i d  benzene. 

The appropr ia te  amount ('lOmg) o f  adsorbent was +hen taken from t h e  

l i q u i d  and placed i n t b  t h e  sample pan which was imned ia te lycovered . . 

w i t h  a 's t retched pan. 

J u s t  b e k r e  the  DSC measurement?;he weight o f  t h e  pan w i t h  t h e  

sample was determined a t  several t ime i n t e r v a l s  a t  room temperature 



3 . 3 . 2 .  Measurements 

)Measurements were done a t  

O~/min.,  f o r  a l l  samples. 

two. scan speeds, 30 "~/rni,n, and 2.5 

The pan was weighed immed i a t e  y a f t e r  t h e  measurement and 

c o r r e c t i o n  was even tua l l y  made t o  est imate t h e  amount o f  adsorbate 

a t  t h e  t ime  o f  measurement. The l i d  o f  t h e  pan was then per fo ra ted  
-- - - - -- -- 

and adsorbed benzene removed by heat ing  a t  200 OC i n  vacuum f o r  2 

hours. Weighing t h e  pan w i t h  adsorbent and again a f t e r  adsorbent 
1 

was removed, t h e  weight o f  adsorbent was determined. . 



4. Resu l ts  and I n t e r p r e t a t i o n  
/' 

- - - - - - - - 

4.1 . NMR Measurements 
'.. 

The proton NMR spectra were measured o f r  several systems 

benzene / adsorbent l i s t e d  i n  Table I t . ,  together  w i t h  values o f  

benzene adsorp t ion  g iven i n  g o f  benzene per  g o f  degassed adsorbent 

and monolayer coverage r e l a t i v e  t o  n i t rogen  BET area values. The 
-- A - - - - - - - - - - - 

2 molecular area o f  benzene i s  taken as 43.0 a (36 ) .  

Adsorbent 

. Charcoa I 

S i l i c a  ge 

Ca b-o-s i l  

Benzene a d s o r ~ t  i on (a/a 1 

, 

No. o f  Monolayers 

The values o f  adsorp t ion  g iven are no t  cor rec ted  f o r  t he  amount 

o f  adsorbate i n  t h e  f r e e  volume o f  +he NMR sample tube. The 

co r rec t i ons  were est imate by means o f  t h e  equat ion 
L 4 

$here n i s  t h e  t o t a  l ntkpber o f  mo l  e i  o f  an ads&bate present  i-n t h e  

sample tube, n i s  t h e  number o f  males adsorbed, V i s  t h e  f r e e  volume 
a 9 

o f  t h e  sample tube, and P i s  t h e  vapor pressure i n  t h e  sample tube, 

-- - - - -- -- --- 

which depends on t h e  temperature T and t h r s p e c i f  i c  adsorp t ion  a, 

ff W s E u i X  t h a t  c ~ c t i o n s a ~ s  than 2 % 7 m a l  systems, 

except f o r  t h e  systems benzene / Cab-o-sil, where t h e  c o r r e c t i o n  can 
-+ 



- 

and 30% f o r  t h e  f r a c t i o n a l  monolayer coverages 4.5 and be about 22% 
% 

3 . I ,  respect i v e l y .  

charcoal systems both abso,rption and d i spe rs ion  spectra 

a t  var ious  temperatures, and he igh ts  o f  peaks and l i ne 

For t h e  

were scanned 

widths a t  ha l f -he igh ts  were evaluated. C 

For the  s i l i c a  systems t h e  i n t e g r a l s  were scanned a d d i t i o n a l l y ,  
- - - - - - -  --- - 

a 

using the,bu i I t - i n  e l e c t r o n i c  i n teg ra to r ,  and in tegra ted  i n t e n s i t i e s  
. s 

were evaluated, usual ty ,  as  an average from t h r e e  repe t i t i ve . scans .  

The lowes* reachabte temperature was l i m i t e d  by instrument 

design, and was about 360 OK. 

+ 
The r e s u l t s  f o r  i nd i v idua l1  adsorpt ion systems a r e  summarized i n  * 

a se r i es  o f  graphs represent ing  t h e  dependence o f  t he  NMR s ignal  

i n t e n s i t y  on temperature, t h e  e f f e c t  a4 temperature on t h e  NMR l i n e  

w id th  and t h e  e f f e c t  o f  temperature on t h e  r e l a t i v e  amount o f  t h e  

mobi le phase. 0 

The l a s t  q u a n t i t y  has been evaluated from t h e  expression 

where I  i s  t h e  s igna l  i n t e n s i t y  ( i n  a r b i t r a r y  u n i t s )  a t  temperature 
* 

T, and 1-300 i s  t h e  i n tens i t y ,  i n  t h e  same-units, a t  temperature 300 

OK. The q u a n t i t y  C has a meaning o f  concent ra t ion  o f  t h e  mobi le  

phase i n  t h e  e f f e c t i v e  vo l ume o f  t h e  rece i ve r  c o i  I ,  r e  l a t  tve t o  

by t h e  Cur ie  law. Assuming t h a t  a t  300 O K  a 1 l adsorbate i s  present 

as t h e  mobi le  phase, C is,  w i t h  good approximation, measure o f  t h e  

r e l a t i v e  amount o f  t h e  mobi le  phase. 

Where two symbpls a r e  used t o  , ind ica te  p o i n t s  i n  graphs, then + 

r e f e r s  t o  descending temperatures, and x r e f e r s  t o  ascendingtemperatures, 



4.3 . I .  System benzene / charcoal - - - - - - - 

The r e s u l t s  f o r  t h ree  samples w i t h  f r a c t i o n a l  monolayer coverages 

3.2, 3.3 and 4.9 a r e  presented i n  Figs. 3-9. Because o f  broader 

l i n e  widths, as can be seen from Figs. 2, 5, and 8, t h e  e r r o r s  i n  

i n t e n s i t i e s  are greater  f o r  t h i s  system then f o r  t h e  others.  For t h e  
- 

'xjrange o f  l ine  widths 1400 to 2400 Hz and t h e  usable frequency sweep 

a r e  about 4% and 20%, respect ive ly ,  o r  about 20% i f t h e  concentrat  ions 

cobrespond i ng -to t h e  l i ne w i dfhs 3400 and 2400 Hz a re  compared. 

F i g s .  1-9 show t h a t  t h e  temperature dependence o f  a l l  p l o t t e d  

q u a n t i t i e s  shows hys teres is  i n t h e  cool i ng-reheat i ng cyc l e fo? a l l 

th ree samples. The content  o f  t h e  more mobile phase a t  t h e  same 

temperature i s  h igher  f o r  descending temperatures, as can be seen 

from Figs. 3 ,  6 and 9. 
'c 

The same Figures show t h a t  t h e  content  o f  t h e  mdre mobi le phase 

d t s  t o  decrease a t  c e r t a i n  temperature, and t h e  decreasing proceeds 

w i t h  decreasing temperature. 

4.1.2. System benzene / s i l i c a  gel  

Figs. 30-35 show t h e  r e s u l t s  f o r  two samples w i t h  benzene content  

o f  0.292 and 0.388 g/g o f  adsorbent. 

Figs. 13 and 35 f o r  sample 0.388 g/g show a-'sharp decrease of 
~~ 

-- 

t h e .  i ntens i t y  ahd t h e  r o b  i l e  phase concentrat ion  a t  a temperature w 

- - - - 

about 278 O K .  A s imi  l a r  sharp decrease, bu t  sma l ler ,  can be seen on 



t 

F/g. 1. The Intensity o f  the WR s i g n a l  i n  arbitrary uni ts  
as a function o f  t e m p e r a t u r e . ~ S ~ s t m  benzene / charcoal, 

e- 

3.2 mnotayers.  ,-. 



B 

Fig. 2. ~ f v e c t  of temperature on the NMR l i n e  width at the 
half-maxfmurn intensi ty. System benzene / charcoal- 3.2 mono- 
layers, 



- 

-- 

pppp 

0 ' t I C 
120.00 160,oo nbo, %I 2b.00  .280,0o s b o . ~  381 

rEMPfftATUttt O R  
nt- I 

L 

Fig. 3 .  ~ffecf o f  temperature on the concentration o f  the 
mobile phase i n  arbitrary unfts.  System benzene f -charc~at, 
3 . 2  monalayers. 



F i g .  4. The intensity of the  NMR s i g n a l  
as a function of ternpersturc.,System 
3 . 3  monolayers. 

', - t i 



Fig .  5. E f f e c t  of temperature on the NMR l i n e  width at the 
half-maximum intensity. System benzene / charcoal 3 . 3  mono- 
l a y e r s .  
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F i g .  6. E f f e c t  of temperature on the concentration o f  the 
mobile phase i n  a r b i t r a r y  u n i t s .  System benzene / charcoal, 
3.3 manolayers. 



BENZENE / C H ~ ~ R ~ O A L  1.016 G / G  

1 I 1 I 

ir1.00 272.00 280.00 288.00 2b6.00 3QY .a0 3 
TEMPERATURE 'K 

Fig .  7. The i n t e n s i t y  of the #HR slgnal i n  a r b i t r a r y  u n i t s  
as a funct ion of temperature. System benzene / charcoal, 
4 . 9  mnolayers .  
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F i g .  8. Effect of temperature on the RMR line width  at the 
half-maximum intensity. System benzene / charcoal 4.9 mono- 
l a y e r s .  



Fig.  9.  E f f e c t  of temperature on the concent ra t ion  o f  the 
mabile phase I n  a r b i t r a r y  u n i t s .  System benzene / charcoal ,  
4 .9  monolayers. * 



BENZENE / '  S JLICFIGEL 0.292 G / G  

F i g .  10. The intensity of the YMR signal  in ar 'b l t ra ry  u n i t s  
as a funct f o n  af  temperature. System benzene / sf 1 icagel, 
1.4 monolayers. 



C3 
BENZENE / SILICRGEG 0.292 G / C  

Fig .  11. E f f e c t  of temperature on the  NMR l i n e  width a$ the 
half-maximum i n tens i ty .  System benzene / sflica gel 1.4 mo- 

F*= < 

molayers. - : '  .. 
- - - - - - * 



BENZENE / SJLICRGEL 0.292 G/C 

F f g .  12. Effect  of temperature on the concentration o f  the 
mobile phase i n  arb1 trary un? ts, System benzene, / sl t ica  
gel, 1.4 monolayers. 



Fig .  13. The intensity o f  the NMR s'lgnal -in a r b i t r a r y  un i ts  
as a.  funct Ion of temperature. System benzene / s f  1 i c a g e l ,  
1 . 8  'mnolayers. 
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F i p ,  1 4 .  Ef fect  o f  temperature on the NMR 1 ine b i d t h  a t  the 
h a l f - m a x i m  Intensfty.  System benzene / siltca gel 1-8 ma- 

' nolayers. 
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Ffg. 1 5 .  Effect o f  temperature on t h e  concentration of the 
mobi le  phase i n  arbitrary uni ts .  System benzene 1 silica 
gel, 1.8 monolayers. 

C 



Figs. 30 and 32 f o r  t h e  sample 0.292 g/g. The course o f  t h e  
- -  - - 

3' - 
temperature dependence of t h e  l i n e  widths i s  p r a c t i c a l l y  unchanged, It. 

r as Figs. 31 and 34 show: 
i 

As can be seen from Figs.  12 and 15, a f t e r  t h e  sharp decrease t h e  

amount o f  t he  mobi le phase i s  r e l a t i v e l y  constant ( a c t u a l l y  it i s  

s l i g h t l y  increasing)  over a ra the r  extensive range o f  temperatures, 
C 

and then s t a r t s  gradua l l y t o  decrease. 
- - - - 

The s l i g h t  increase i n  t h e  amount o f  t h e  mobi le phase can on ly  P 

-=. 

p a r t l y  be explained by a d d i t i o n a l  adsorpt ion from t h e  gas phase i n  

t h e  f r e e  volume o f  t he  NMR s a g l e  tube. The o the r  reasons rnay.lxe the  - 

temperature dependence af i nsirurnenta l t h e  red i s t r  i b u t  ion 
I 

' I  

o f  adsorbate due t o  t h e  temperature 
2 

4.1.3. System benzene / Cab-o-sil -4 ' 

The r e s u l t s  f o r  two samples w i t h  f r a c t i o n a l  monolayer coverages 
- - - - 

1 . 1  and 4.5 a re  presented i n  F igs.  16-21, I 

Because o f  smal ler  s p e c i f i c  surface and s p e c i f i c  volume weight 

0 g ,  t o  ompare w,ith 0.87 f o r  s i l i c a  gel  and 0.40 g/rnl fo r  , 

ci 
charcoal)  of Cab-o-sit, t h e  amounts o f  benzene present  i n  NMR sample 

fube were sma I I er, and t h e  amounts adsorbed were more subjected 90 

t h e  change o f  adsorpt ion w i t h  temperature as can be seen from Figs. 

,I8 and 21. S im i la r l y ,  as f o r  t h e  s i l i c a  gel  &s&s, it seems t h a t  

~bL-kfease-i-- t o  t hs  &* c f  &+mpj-iaq w i t h  
& 

-- -- - - - - - - - temperature. - 

- 
Q u a l i t a t i v e l y  t h e  temperature dependence o f  t h e  i n t e n s i t i e s  and 



Fig .  16. The Intensity o f  the HMA slgnal I n  arbitrary untts 
as a functton of  temperature. System benzene I cab-o-sf?, 



BENZENE / CRB-0-SIL O.q58 G I G  

g. 17 .  E f fect  o f  t e r a t u r e  on the NMR t fne width a t  t h e  
lf-maxfmum Tntensi System benzene / cab-o-sil, 1.1 me- 
layers. 

1 
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BENZENE / CRB-0-SIL 0.OSB G I G  

F i g .  18. Effect o f  temperature on the concentration of the 
m b i l e  phase t n  arbttrary u n i t s .  SysWm benzene / cab-0-sil, 
1.1 monolayers. 

4 



3 19. The lntensl t y  o f  the NMR i i g n a l  i n  arb !  t r a r y  unl t s  
as a function of temperature. System benzene - /  cab-o-sit, 
I S .  5 monolayers. 

\ 

.+ 
- - - -- -- - - - - - - - - - -- - - - "- - - -- 
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BENZENE / CAB-0-SIL 0.250 G/C 

r 0 
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Fig.  20. E f f e c t  o f  temperature on the  NMR l i n e  w i d t h  a t  the 
ha1 f-maximum i n t e n s i f y ,  System benzene / cab-o-sl l ,  4 . 5  mo- 
nolayers, 



BENZENE / CRB-0-SIL 0.250 F/G 

Fig.  21 ,  Ef fect  o fS tempera ture  on the concentration of the 
mobi le  phase i n  a r b i t r a r y  un i ts .  System benzene / cab-o-sfl ,  
4 . 5  monolayers. 



- 41 - - - - - - - - --- -- - - ---- - - - 

% 

+he amuurt-fs e f  &i Ce phase s h ~ w  Gf14 +w fe&wes a s 4  -+------ 
charcoa I  / benzene, t h e  drop a t  t h e  temperaiure about 278 K, and 

then gradual decrease w i f h  decreasing temperature. 

4.2. DSC Measurements 
C 

Because o f  t h e  problem w i t h  completely hermetical  encapsulat ion 

o f  samples, t h e  amounts o f  t h e  adsorbate dur ing  t h e  measurements 

were no t  known exac t l y .  The values g iven a r e  t h e  a r i t h m e t i c  means 
t 

ca lcu la ted  from t h e  exper imenta l ly  determined.beginning and end 
- - 

amounts i n  t h e  i nd i v idua l  runs. The shown u n c e r t a i n t i e s  were 

evaluated as h a l f  o f  t h e  amount o f  adsorbate l o s t  by evaporat ion 

dur ing  t h e  measurement. 

A l l  t he  DSC curves shown represent  the  heat ing  curves. The peaks 

on t h e  coo l i ng  curves were unusual ly  sharp and occured a t  i r rep roduc ib le  

temperatures, lower than those on t h e  h e a f i n g  curves, t h u s  i n d i c a t i n g  

supercooling. 

4.2.1. System benzene / charcoal 

I n  F igs.  22-25 a r e  shown DSC .curves forJsystem benzene / charcoal . 
'-.. 

The two scans o f  t h e  sample 0.88 g o f  benzene / o f  charcoal i n  F igs.  4 
22-23 show t h a t  t h e  behaviour o f  t h e  system w i t h  increasing 

temperature i s  reproducib le.  Figs. 24 and 25 show DSC curves o f  
- -- - - - - 

t h e  ~amp l e 0.79 g i g  a t  scan speeds 10 OC/mi n. and 2.5 "C/mi n., 
- - -- - 

.F . . resp.ectivel y. As can be seen, t h e  genera l fea tures  o f  t h e  .curves 
v 

a r e  &the same; t h e r e f o r e  it may be assumed t h a t  t h e  curves r e f  lec't 



' .  
-p , 

F .  22 .  DSC curve - o f  the sys tem benzene. '/ 
charcoal 0.01, g t g .  . Scan seead 10 ' ~ h l n .  
Range 1.6 mcal sec-'. l nth-' . 



* t g r 2 3 .  c - curve at - the system benzene / 1 i 
charcoal 0.88 0.04 g/g. Scan speed 10 OCl rn in .  i 

Range 1.6 mcal sec" inch" .  Q v d 



Fig. , 24. DSC cxrvc o f t h e  s y ~ t m  b e m e  / 
charcoal 0- 79 * 0 . 0 3  ' g / g .  Scan speed 10 " € / m i n e -  
Range 0.4 mcal sec-' inch" . 



-- --- 

F i g .  2 5 .  DSC cwve of  t h e  system benzene / 
charcoal 0.79 0 . 0 2  glg. Scan speed 2 . 5 * C l 1 n l n . ~  
Range 0.4 mcal sec- inch".-- 

I 
6 



f 

equ i I i b r i urn behay i aur  of the s + f e m - - -  - 

The higher temperature peak i n  F ig .  22 - 25 i s  located a t  t h e  

same temperatures as t h e  peak o f  pure benzene standard, and may be 

assigned t o  the  me1 t ing o f  excessive unadsorbed benzene. The lower 

temperature peak, w i t h  the  departure p o i n t  from t h e  re1 a t i  ve l y 

s t r a  i ght  l i ne a t  about 260 O K, can be ass i gned t o  t h e  me I ti ng o f  t h e  

adsorbed benzene. 
-- - -  - 5 - - -  -- -- 

Q u a n t i t a t i v e  es t imat ion  show, t h a t  t he  t o t a l  area o f  t h e  

peaks, between p o i n t s  T=260 O K  and T= 283 O K ,  represent  on l y  about 44% 

of t h e  heal- o f  f u s i o n  ~f t h e  t o t a l  benzene a m ~ n t s  ifi +he samples. - - 

For $he heat o f  f us ion  t h e  normal mel t ing  po.int value 2.35 kcal/mol 
t 

was taken (42 j .  Comparison w i t h  NMR r e s u l t s  (see Figures 3 and 6)  

shows rough agreement o f  t h e  amounts o f  unfrozen benzene i n  t h e  

samples a't 260 a K. 

4.2.2. System benzene / s i l i c a  gel  
- 

' I n  Fig. 26 t h e  curve A represents t h e  DSC curve o f  t h e  system 

benzene / s i l i c a  gel  0.38 g/g. The curve B i s  t h e  DSC curve o f  t h e  
v 

blank run, w i thout  t h e  adsorbent and adsorbate, shown f o r  comparison 

because o f  n o n l i n e a r i t y  o f  t h e  c a l o r i m e t r i c  system i n  a broader 4 

* 

temperature i n t e r v a l .  

The p o s i t i o n  o f  t h e  h igher temperature peak suggests t h a t  it i s  
I 

caus6d by me I t  i ng o f  t h e  excess i ve unadsorbed begzene.   he* -lower a 
- - -pp-p-p------ --- - 

temperature peak may be assigned t o  t h e  me l t i ng  of t h e  adsorbed 
.. 

-- -- 

- - ~ e m e h e T ~ o m p a r i s o n  u i f h  f- igures 12 and 15 shows f a i r  coincidence o f  

t he  lower DSC peak temperature and t h e  temperature reg ion o f  maximum 1 
r a t e  o f  change o f  C values. 

t 
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fig-2-7. ner ~ 3 i t - Y  / b 

cab-o-si 1 0 .39 0:002 g/g. Scan speed 10 *C/mtn, 
Range 0 . 4  mcat seCf inch" . b 



volume f i l l i n g  is about 0.26 g o f  benzene / g o f  s i l i c a  ge l .  The 

& excessive benzene amount i n  t h e  DSC sample i s  then about 0.12 g/g. 

The q u a n t i t a t i v e  ex t imat ion  shows, t h a t  t he  amount o f  benzene 

ca lcu la ted  frbm t h e  h igher ternperatu~e peak area agrees we l l  w i t h  

t h a t  value. The area o f  t h e  lower temperature peak represents about 

80% of t h e  adsorbed benzene, assuming t h a t  t h e  heat o f  f us ion  o f  

benzene i s  the'same as a t  t h e  normal mel t ing  p o i n t  o f  bu l k  benzene. 

The DSC curve o f  t h e  sample 0.39 g o f  benzene / g o f  Cab-o-sil 

i s  shown i n  ~ i b u r e  27. As can be seen, t h e  departure o f  t h e  curve 

from the s t r a i g h t  1 i ne s t a r t s  a t  255 O K ,  t h a t  i s  we1 I  a be low the  norma l 

l t i n g  p o i n t  o f  t h e  b u l k  benzene. 



5. Discuss ion --- 
- - ---- 

CC 
The NMR data f o r  a l l  t h ree  adsorpt ion systems studied show'that 

w i t h  decreasing temperature t h e  NMR signal  i n t e n s i t i e s  and t h e  

corresponding values o f  C - e x h i b i t  a  sudden drop a t  some onset 

temperature and then they  gradua l ly  decrease. 

Comparison w i t h  DSC curves o f  t h e  same adsorpt ion systems shows 

- # w k H ? e ~ ~ t t t ~ e f a - $ - w k - i d r ~ e s s ~ ~ u r - ~ ~ ~  i defais4 y 

wel l  w i t h  t h e  temperatures o f  peaks on DSC curves. Also t h e  
J) 

temperature a t  which t h e  departure from t h e  r e l a t i v e l y  s t r a i g h t  l i n e  
- - - 

occurs on t h e  DSC curve co inc ide  w i t h  the  more s ign  i f i c a n t  change i n  

t h e  r a t e  o f  change o f  C values. " 

The peaks on t h e  DSC curves a re  assumed t o  be mani fes ta t ions  o f  

f i r s t  order  phase t r a n s i t i o n s .  Therefore it may be concluded t h a t  
I 

t h e  NMR signal  i n t e n s i t i e s  and t h e  corresponding values o f  C ind i ca te  

changes i n  t h e  content  o f  t h e  mobi le phase d u r i n g  a f i r s t  o rder  phase 
- - - - - - - - - - - - - - - -  

i 
t r a n s i t i o n ,  and t h a t  ' ~ e s i  ngls (34) theory o f  t h e  apparent phase 

t r a n s i t i o n  i s  no t  v a l i d  here. 

Resing (34)  has developed t h e  theory, based on t h e  Zimmerman 

and B r i t t i n  theory f o r  r e l a x a t i o n  i n  m u l t i p l e  phase systems (431, o f  

an apparent-phase-transit ion e f f e c t  due t o  a broad d i s t r i b u t i o n  o f  

c o r r e l a t i o n  times. - The under ly ing  p r i n c i p l e  i s  t h a t  i f  t h e  system 

cons i s t s  o f  two o r  more phases, character ized by d i f f e r e n t  r e  I  axat  ion 

occur. I n  t h e  l i m i t  o f  f a s t  ekchange a s i n g l e  r e l a x a t i o n  t ime  i s  seen; 

i n  t h e  l i m i t  o f  slow exchange each phase re laxes as i f  it were i so la ted  



from at  t oYhers. A pWse i s - d e f  6 e T h e r e  i n  t h e  NMR sense, as a 

group o f  nuclear  spins having a given re laxa t ion  time. 

- For a system cons is t i ng  o f  many phases and w i t h  a c e r t a i n  

d i s t r i b u t i o n  o f  c o r r e l a t i o n  t imes a t  a given temperature it might be 

expected t h a t  some o f  t h e  phases would be e f f e a t i v e l y  i so la ted  a t  
/ 

t h e  slow exchange l i m i t ,  some o f  t h e  phases would be charac ter ized 

region.  The propor t ions  i n  t h e  var ious regions o f  behavior would be 

expected t o  be. a func t i on  o f  temperature. A t  h igh  temperatures, 

character ized by f a s t e r  molecular 
-, 

expected t o  exchange rap i d  l y, whi 

motions, a l l  phases might  be 

l e  a t  low temperatures, where 

motion i s  slower, a l l  phases- migh t be e f f e c t i v e l y  iso la ted.  As the  

temperature o f  t h e  system changes from s u f f i c i e n t l y  h igh  temperature 

t o  a s u f f i c i e n t l y  low one a "phase t rans i t i on1 '  can be observed. 

However, t,here i s  no phase change i n  t h e  thermodynamic sense o f  t h e  
- - e -- 

- 

term. 

Resing (39 )  used an assumption o f  logLnormal d i s t r i b u t i o n  o f  

c o r g  I a 

c ha rcoa 

e f f e c t s  

-. system 

,: f' 

\ / dynarni c 

ion t imes t o  f i t  NMR r e l a x a t i o n  data f o r  benzene adsorbed on 

, w i t h  very good r e s u l t s .  Unfor tunate ly ,  no search f o r  thermal 

was made, so it has n o t  been proved i f  t h e  behavior o f  t h e  

s due t o  t h e  "apparent phase t r a n s i t i o n "  o r  t h e  r e a l  thermo- 

phase t r a n s i t i o n .  Our res.u I t s  on a s imi  l a r  system benzene / 

charcoal show t h e  eiistenm o f  a d ---- - - i S+ i-* - 

- 
O f  p a r t i c u l a r  i n t e r e s t  i s  t h e  f a c t  t h a t  t h e  phase t r a n s i X m  + 

- - - - - - - 
-- 

was detected on system benzene / cab-o-sit, because cab-o-sil can be 

considered as a nonporous adsorbent. Th is  i s  i n  agreement w i t h  



Morr ison's  ( 7 )  observat ion, t h a t  t h e  lowering o f  me l t i ng  p d i n t  o f  

adsorbate i s  n o t  r e s t r i c t e d  on ly  t o  porous adsorbents. 

- Both NMR data and DSC measurements show t h a t  t h e  phase 

t r a n s i t i o n  i n  t h e  adsorbed layer  i s  no t  genera l ly  sharp process 

occur ing a t  a s i n g l e  temperature, bu t  t h a t  it proceeds, s t a r t i n g  a t  

some onset temperature, g radua l ly  w i t h  decreasing temperature. 
- - - -- - - -- -- - - - - - - - - - - - - A - 

These conclusions a re  i n  general agreement w i t h  t h e  r e s u l t s  o f  

t h e  NMR s tud ies  o f  s i m i l a r  systems such as water / s i l i c a  gel by 

Barnes (231, benzene / s i  l i ca  gel by Woessner (381, benzene /! charcoal 

by Thompson e t  a l .  (391, and t h e  c a l o r i m e t r i c  s tud ies  o f  t h e  systems 

n-hexane, benzene, and water adsorbed on s i l i c a  gel  (121, and benzene 

and carbon t e t r a c h l o r i d e  on s i l i c a  gel (20). However, i n  t h e  l a t t e r  

reference it i s  reported t h a t  no heat e f f e c t  due t o  a phase t r a n s i t i o n  

has been found w i t h  t h e  system benzene / charcoal.  .! 

- 

Cornpari son o f  t h e  behaviour o f  t h e  systems benzene / Cab-o-s i l 

and benzene / s i l i c a  gel i n  t h e  region o f  t h e  phase t r a n s i t i o n  shows 

f e  ures which may be a t t r i b u t e d  t o  t h e  d i s t i n c t i o n  between t h e  

adsorpt ion on nonporous adsorbents and t h e  adsorpt ion on porous ;i" d 
adsorbents i n  t h e  reg ion o f  t h e  c a p i l l a r y  condensation, where t h e  

adsorpt ion can be correbated w i t h  t h e  e f f e c t i v e  pore diameter o r  i t s  

d i s t r i b u t i o n .  

I n  t h e  case of t h e  system benzene / s i l i c a  ge t  t h e  detected 
- - - - - - - - - - - - - - - - - - 

onset  temperature of f reez ing  and t h e  corresponding peak temperature 
- - 

t on t h e  DSC curve a re  q u i t e  d i s t i n c t ,  t h e  d i f f e r e n c e  i s  about 80 'K, 

l k  f reez ing  p o i n t  even f o r  t h e  sample w i t h  comptetety 

I l a r  iek  and w i t h  excess bul k adsorbate. 

from t h e  bu 
. 

f i l l e d  capi 



temperature o f  f reez ing  seems t o  increase with increasing adsorpt ion ' 

and t o  approach t h e  m e l t i n g  p o i n t  o f  bu l k  adsorbate. As can be seen 

from F igure  27 t h e  peaks on t h e  DSC curve corresponding t o  t h e  adsorbed 

and t h e  excessive benzene coalesced. 

That behaviour i s  compatible w i t h  t h e  e x i s t i n g  theo r ies  o f  t h e  

- .  
f reez ing o f  adsorbed substances. - 3- _ _ -- --LA 

For t h e  porous adsorbents it i s  assumed t h a t  t h e  l i q u i d  phase 

adsorbate i s  contained i n  c a p i l  l a r i e s  o f  an e f f e c t i v e  rad ius  r, and i s  

i n  e q u i l i b r i u m  w i t h  t h e  adsorbate i n  t h e  gaseous phase and 

phase adsorbate present e i t h e r  as a bu lk  c r y s t a l  o r  a s o l i d  

i n  c a p i l l a r i e s .  By combining t h e  Ke lv in  equation and t h e  C 

Clapeyron equation a formula f o r  .the depression. o f  t h e  m e l t  

I t h  s& i d  
- - -  

conta i ned 

aus i us- 

ng p o i n t  o f  

t h e  adsorbate r e l a t i v e  t d  t h e  bu lk  me l t i ng  p o i n t  can be der ived (40,5,19) 

o r  s i m i l a r l y  f o r  t h e  s o l i d  phase adsorbate contained i n  c a p i l l a r i e s  

and obeying t h e  Ke lv in  equation (5,40,41) 

where To i s  t h e  phase t r a n s i t i o n  temperature o f  t h e  adsorbate i n  t h e  

c a p i l l a r y  system, T i s  t h e  t r i p l e  p o i n t  temperature o f  t h e  bu lk  

adsorbate, v j  and vS a r e  t h e  molar volumes o f t h e  l i q u i d  and t h e  s o l i d  

respect ive ly ,  a H f i s  t h e  molar heat o f  fusion, r i s  t h e  rad ius  o f  t h e  

c a p i l l a r p t t h e r n e n i s c u s  and yl and ySPg a r e  t h e  sur face tensions of 
J 9 

An assumption involved i n  t h e  de r i va t i on  o f  t h e  equations i s  t h a t  

"1 J Yl,g and &Hf a r e  constants, which may no t  be j u s t  f i e d  i f  t h e  



- 

depression o f  t h e  mel t  i n 7  poTnt i s  large. 

The equations (13 and (34) c o r r e l a t e  t h e  me l t i ng  p o i n t  

depression with t h e  pore diameter. The f a c t  t h a f  t h e  me l t i ng  occurs 

over a range o f  temperatures can be explained by t h e  d i s t r i b u t , i o n  o f  

values o f  t h e  pore diameters i n  t h e  adsorbent. 

The value o f  r, ca lcu la ted  by means o f  equation (13) f o r  To180 O K  

using the  vaLuesof  &I-+ Y T -  a n L v -  -at t h e  mrma Cmslf-i ~ - p ~ ~ ~ ~ ~ s l y -  
. '9  1 

2.35 kcal/mol, 33.1 dyn/cm and 87.30 ml/mol), i s  12.6 A .  A somewhat 
* 

b e t t e r  approximation o f  r, using estimated values o f  AH f '  Yl ,g and "1 

f o r  t h e  i n t e r v a l  mean temperature 229 O K  (2.18 kcal/mol, 36.2 dyn/cm 
" 

and 82.73 m l / m o l  respect ive ly ) ,  i s  15.0 1. 

This  value o f  r which corresponds t o  t h e  value temperature 

on +he DSC curve f o r  t h e  sys'tem benzene ! si I ica g e l  i s  a reasonable 

expectat ion o f  t h e  most f requent  pore s l z e  f o r  t h e  type o f  s i l i c a  gel  

used. 
- 

For the-nonporous adsorbents it may be assumed t h a t  t h e  whole 
.' 

a v a i l a b l e  area o f  t h e  adsorbent i s  covered w i t h  l i q u i d l i k e  adso.rbate 

which i s  i n  e q y i l i b r i u m  w i t h  t h e  gas adsorbate and t h e  s o l i d  adsorbate 

present. as a bu l k c r y s t a l  . This  model has been used by P a t r i c k  and ' 

Kemper (81, and Berezln and Kiselev (12).  But as wa; po in ted o u t  by 
' 

- 
Morrison e t  a1.(7), it imp l ies  t h a t . u n t i 1  t h e  end o f  t h e  me l t i ng  process 

t h e  adsorpt ion isos teres  must co inc ide  w i t h  I& subl imat ion curve i n  t h e  

* 
The value o f  

(44) c o r r e l a t  
(451, and a H f  

 was estimated by means of Lydersen, Greenkorn and 
on  method,'^ by using t h e  nomograph by D.F. Othrner e 
by us ing o f  ex t rapo la ted c data taken f r o m  (46-J. 

P -. 

Hougen 
a t .  



Another hypothesis i n  t h e  case o f  nonporous adsorbent i s  t h a t  

t he re  can e x i s t  two d i s t i n c t  sur face phases, one u i t h  molar entropy 

S ,  molar volume v d  and concentrat ion T', t h e  o ther  w i t h  entropy s:, a 
B molar volume v B  and concentrat ion r (27,26,  7 ) .  The equation a 

RTCdIn P/dTI = S - CT'SQ - . ~ ' S ~ ) / C T '  - rS) 
a a 

(35) 
9 

der ived by H i l l  (27) f o r  t h e  e q u i l i b r i u m  o f  t h e  two sur face phases 
- -- - pLp - - - - - -- -- - 

and t h e  gaseous phase def ines  a s i n g l e  l i n e  i n  a P,T diagram. I t  

imp l ies  the  exis tence o f  a s i n g l e  isos tere  i n  t h e  me l t i ng  region, which 
- 5- 

i s  no t  i n  agreement w i + h  experimental data, however, r e c o n c i f i a f i o n  can 

be achieved by consider ing sur face heterogeneity (7 ) .  

I n t e r e s t i n g  and no t  q u i t e  c l e a r  i s  t he  o r i g i n  o f  t h e  coo l ing-  

reheat ing hys te res i s  i n  the  temperature dependence o f  t h e  NMR s ignal  

i n t e n s i t i e s  and t h e  corresponding C values 

S im i la r  hys teres is  was observed by h r n e s  

s i l i c a ,  and by Morar iu and M i l l s  ( 3 7 ) .  

I t  seems tha+ hys teres is  involved may 

observed on charcoal smap 

( 2 3 )  on t h e  system water / 

be o f  t h e  type o f  super- 

coo led+ iqu id  hys teres is  caused by nuc leat ion  k i n e t i c  factors,  o r  o f  

les. 

-- - 

t h e  

type s i m i l a r  t o  adsorpt ion - desorpt ion hys teres is  o f  porous adsorbents. 

However, it does not  seem t h a t  hys teres is  exh ib i ted  i n  Figures 1 - 6 i s  

o f  t h e  fohner type; t h e  temperature dependence i s  gradual w i thout  any 

- 
sudden changes. The l a t t e r  t y p e  o f  hysteresis ,  which was suggested 

by Barnes, assumes t h a t  t h e  adsorbate do not  f reeze i n  c a p i l l a r i e s ,  bu t  

moves outs ide  t o  form bu lk  s o l i d .  I n  t h i s  case it i s  not c l e a r  why t h e  
-- -- -- -- 

hysteres is  was no t  observed a l s o  on t h e  s i l i c a  gel  samples. 
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