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The state of water attached to surfaces assumes
e: important role when, among others, these ma-
',¿rials are placed in contact with a biological en-
r:ronment. This is part icularly true for a low tem-
-rature isotropic (LTI) or si l icon-al loyed (SLTI)
:¿rbon surface contacting blood in devices implanted
: humans, Under these condit ions, the adsorption
r f lexible macromolecules such as native proteins
'-akes place, and the mechanism as well  ae the ener-
¡: t ics of protein sorption is affected by the degree
: ¡  wh ich  water  i s  e t ruc tu red  on  those sur faces .

Micropart iculate adsorbents composed o{ either
: - .3% pure  LT l -carbon or ,  96 ,7% pute  S l ,T l -carbon
:crtaining on the order of l0% by weight si l icon,
¡e¡e obtained from discs which were prepared at the
' " ted ica l  Produc ts  D iv . ,  Genera l  A tomic  Co.  by  de-
rcsit ion of the corresponding types of carbon on
r:rathin graphit ic substrates. The pulverization
;í both types of discs, which was carr ied out over
:rtended periods of t ime, was performed in non-
--etal l ic equipment to avoid any contamination.

Both LTI- and the SLTI-carbon adsorbents were
ao l -vd isperse  par t i c les  measur ing  =  lp  in  the  SEM.
ioe cif ic surface area (Z) determinations performed
-1, '  B. E. T.. mult ipoint N2 adsorption at - I !5oC g31e
-  -9 .2  rn¿/g  fo r  the  pure  LT l -carbon and 52 .8  rn¿/g
: ¡ r  SLTI -carbon,  In  bo th  cases ,  these 2 ts  have
:cen disproport ionately greater than the specif ic"
¡ : r face  area  tha t  can  be  es t imated  (v í2 .  ,  L0-2Orn ' /g l
:¿sed on the part icle sizes observed and the density
- the materials. This has indicated the presence
:j  i ¡ ternal. porosity in both types of adsorbents,
r : i ch ,  in  the  case o f  LTI -carbon,  i s  cons is ten t  w i th
::e establ ished internal micromorphology of that
::bstance.[11 The value of Z obtained for the SLTI-
:arbon, indicating of a smaller degree of porosity,
-:  consistent with the known effects of si l icon-
el loying on pyrolyt ic carbon microstructure. To
:etermine the pore size and shape distr ibutions of
:oth adsorbents, (a) the measured hysteresis between
:-:eir 25oC water vapor adsorption and desorption
- :o therms,  and (b )  the  pressur ized  mercury  pene-
:rat ion technique[Z] were ut i l ized. Analyses of these
:ata revealed that, in both powders, their porosity
- :  cons t i tu ted  by  ' r ink -bo t t le "  p^oTes.  The same
rea lyses  gave 27 .7  and 17 .  8 rn? /g ,  respec t ive ly ,  fo r
: : -e  LTI -  and SLTI -carbon adsorbents  as  the i r  sur -
:ace  areas  wh ich  are  exc lus ive  o f  the  in te rna l  sur -
:ace  area  assoc ia ted  w i th  the  r r ink -bo t t le t r  pores .
lhe relat ively greater degree of internal porosity
-:.  the LTI-carbon adsorbent is substantiated bv the

=Th is  work  was per fo rmed w i th  suppor t  f ¡om the
Biomater ia ls  P¡qg¡¿m,  Dev ices  and Techno logy
Branch,  D iv is ion  o f  Hear t  and Vascu la ¡  D iseases ,
National Heart,  Lung, and Blood Inst i tute, under
Cont rac t  NIH-N0 l  - } lY  -3 -29L7.

fact that i ts rat io between i ts B. E. T. surface area
and "pore- f reer r  a rea  (3 .9 )  i s  g rea ter  than tha t  ob-
tained for SlTl-carbon powder (a. O¡.

For each of the 2 micropart iculate adsorbents,
the 0o, 250 and 3?oC water vapor adsorption iso-
therms were determined using a vacuum quartz-
s pring balance deecribed elsewhere. [3]

For both the LTI- and SlTl-carbon adsorbents,
their 250 and 3?oC heats of imrnersion were algo
determined in (a) pure water, h1(SLW)a, and ft)  a
sodium acetate/HCl buffer, h1(SLB)f , having a pH=
?.4  and an  ion ic  e t rength  o f  0 .05 .  These heats  were
measured us ing  a  cus tom-bu i l t ,  i so thermal - jacke ted
thermistorized microcalorimeter system having a
sensit ivi ty of + I  x l0-5oC when charged with I00 ml
of l iquid volume. Detai ls of the design, specif i-
cations and operation of this instrument have been
des cribed elsewhere. [4]

The 25o and 3?o mic¡oelectrophoretic mobil i t ies
of each of the 2 adsorbents were determined in the
buffer specif ied above. These experiments were
performed in a cal ibrated precision-bore glass
capil lary cel l  having a ground optical pol ished f lat.
For each adgo¡bent, the mobil . i t ies of an average
of. 12- 14 part icles were individual ly determined,
after al l  part icles > 1¡r, were al lowed to sett le out.
Al l  mobil i ty values oütained at 37oC have been cor-
rected to 25oC according to standard methods.

Al l  water vapor adsorption isotherms which have
been ob ta ined a t  the  3  spec i f ied  tempera tures ,  a re
of Type II  for both the micropart iculate LTI- and
SLTI -carbon adsorbents .  Cons is ten t  w i th  the  in -
ternal porosity found in both materials, determina-
t ion of their heats of water vapor adsorption in the
fi¡st stat ist ical monolayer can not be performed ac-
cord ing  to  the  B.E.T .  n ¡e thod.  For  bo th  adsorbents ,
every  i so therm p lo t ted  in  te rms o f  the  B.E.T .  func-
t ion  vs .  re la t i ve  p ressure  dev ia tes  f rom l inear i ty  a t
values^of pf /pfo = 0. 1. In fact, when plotted up to
p r / W  =  0 . 3 ,  t h e  B . E . T .  i s o t h e r m  o f  S L T I - c a r b o n
appeals to be parabolic.

Comparison of the water vapor adsorption and de-
sorption isotherms of thq LTI-carbon powder did
not  ind ica te  hys teres is  up  to  pa /pT"  o^  0 .3 ,  and
those o f  the  S lT l -carbon up  to  pa /pTt  o  0 .4 .  Thus ,
the application of standard thermodynamic functions
which imply equi l ibr ium condit ions is just i f ied in the
range up  to  those re la t i ve  p ressures .  D i f fe ren t ia l
i sos ter ic  heats  o f  adsorp t ion  have been computed
us ing  q" ,  =  (RT2T t /Tz  -  T1)  In  (u_¡ /vz l  where  T2 is
taken a i -e i ther  3 ló .  to rx  o r298.  lo -K ,  w i th  T1  =
273. LoK, and p1 and p2 denote the measured iqui l ib-
r ium pressures  a t  the  respec t ive  tempera tures .
With this set of 9e¡ values and the computable free
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energ ies  o f  sorp t ion ,  changes in  en t ropy  and the  en-

t r o p y  o f  s o r b e d  l a y e r s  h a v e  b e e n  d e t e r m i n e d '

W i t h i n  t h e  r e l a t i v e  p r e s s u r e  r a n g e  s p e c i f i e d  a b o v e ,

each o f  the  isos ter ic  heat  curves  o f  LTI -carbon pow-

er  adsorbents  wh ich  were  ac t iva ted  e i ther  a t  25o or

3?oC,  d isp lay  2  peaks  as  a  func t ion  o f  sur face  cover -

a g e ,  T h e  f i r s t  p e a k  i s . q u i t e  s h a r p ,  
" a n d  

i s  c e n t e r e d

" i  "  
.o r r " t "ge  o f  ?  x  10 I3  rno lec /c rn¿,  w i th  a  rnax i -

mum heat  o1  adsorp t ion  tha t  i s  about  5 .5  Kca l /moIe

s r e a t e r  t h a n  Q  ( -  1 0 . 6  K c a l / r n o l e ) ,  t h e  l a t e n t  h e a t

i f  c o n d e n s a t i o n  o f  w a t e r  v a p o r .  T h e  s e c o n d  p e a k

which  is  f la t te r  bu t  rnore  broad,  i s  cen tered  a t

2 . 5  x  l 0 l 4  m o l e c , / c m Z ,  w i t h  a  m a x i m u m  -  I . 5 K c a I /

m o l e  > Q .  T h e  p e a k s  i n d i c a t e  t h e  p r e s e n c e  o f  2  t y p e s

o f  h e t e r o g e n e o u s  ( v i z . ,  n o n - c a r b o n )  a c t í v e  s i t e s  o n

the  LTI -Carbon sur face ,  wh ich  are  capab le  o f  b ind-

ing  water  in  an  ordered s ta te .  In  the  domain  o f  these

o" lk " ,  the  d i f fe ren t ia l  and in tegra l  en t rop ies  o f  water

- .o rbed on to  LTI -carbon are  s ign i f i can t ly  be low the

ent ropy  va lue  o f  bu lk  l iqu id  water  a t  the  cor respond-

i n g  t e m p e r a t u r e s .  A t  s u r f a c e  c o v e r a g e s  >  4  x  I 0 r +

- á t . . / " - 2 ,  9 5 ¡  r a p i d l y  a p p r o a c h e s  t h e  v a l u e  o f  Q

ind ica t ing  the  ábsence o f  in te rac t ion  be tween water

a n d  t h e  L T I - c a r b o n  s u r f a c e .

T h e  m i c r o c a l o r i m e t r i c a l l y - d e t e r m i n e d  2 5 o  a n d

37oC heats  o f  immers ion  o f  the  LTI -carbon powder  .
i n t o  p u r e  w a t e r  a r e ,  r e s p e c t i v e l y ,  -  6 6 . 7  +  4 , 7  e r g /

. r o 2 ,  a n d  :  6 2 . 6  +  4 . 7  e r g / c t ¡ ¡ ¿ ,  w h i c h  a r e  s t a t i s t i -

ca l l y  ind is t ingu ishab le  ind ica t ing  no  tempera ture  -

d e p e n d e n c e .  A s  c o m p a r e d  t o  G r a p h o n ,  w h i c h  i s  a

graph i t i zed  carbon b lack  w i th  a  compa. rab le  B .  E .  T  .
Ñ 2  s u r f a c e  a r e a  o f  9 ! . 0  r n ¿ / g  a n d  a n  h 1 ( S L W ) Z 5 o  =

- " 2 2 . +  +  4 . 0  e r g / c t o ¿ , [ 5 ]  t h e  L T I - c a r b o n  s u r f a c e  i s

. . ro " .  po l " t .  A f te ¡  convers ion  in to  the  appropr ia te

un i ts ,  the  in tegra l  o f  the  9" ¡  func t ion  o f  LTI -carbon

cor responds to  about  85o/o  ó f  the  measured heat  o f

immers ion  va lues  o f  tha t  adsorbent '  In  v iew o f  the

fac t  tha t  q " ¡  and h1(SLW )  have been de ter rn ined by

ent i re ly  d i? fe ren t  methods ,  the  cor respondence is

s  a t i s  fac to ry .

The 250 and 37oC e lec t rophore t ic  mob i l i t ies  o f

L T I - c a r b o n  p a r t i c l e s  a r e  u " ( 2 5 0 )  =  -  1 . 6 3  +  0 . 1 7  a n d

o ^ t ¡ t ó  . o r t . ' t o  2 5 0 )  =  -  r . E 5  +  ó . 2 + p - s e c - T - v - l c m .
S i=nce pr io r  to  these measurements  a l l  par t i c les  >  l ¡ r '

* " re  á l lo*ed  to  se t t le ,  the  rnean rad ius  o f  those

w h o s e  m o b i l i t y  h a s  b e e n  d e t e r r n i n e d ,  a  -  Z .  5  x  1 0 - r c m .

I t  can  be  shown tha t ,  in  the  bu f fe r  used,  the  th ick -

ness  o f  the  Debve-Hücke l  doub le  layer ,  I /R  -

12 .5  x  l0 -8  cm' in< l i ca t ing  tha t  the  ion ic  a tmosphere

s u r r o u n d i n g  t h e s e  p a t t i c l e s  a ¡  a '  T h i s  j u s t i f i e s  a p -

p l i ca t ion  o f  the  He lmho l tz -Smoluchowsk i  equat ion  to

c o m o u t e  t h e  c h a r g e  d e n s i t y  o f  L T I - c a r b o n  p a r t i c l e s ,

o e  = ^ 1 .  I  u C o u l , / c á Z  w h i c h  c o n v e r t s  t o  6 . 9 x  I 0 r ¿

s i tes f  c rnZ.  Tak ing  tha t  water  vapor  in te rac ts  w i th

a l l  po ten t ia l  b ind ing  s i tes  regard less  o f  whether  these

are  on  the  par t i c le  sur face  or  ins ide  o f  " ink -bo t t le r l
p o r e s ,  b u t  c h a r g e d  s i t e s  i n s i d e  o f  t h e s e  p o r e s  c a n

not  cont r ibu te  to  e lec t rophore t ic  mob i l i t y ,  the  ra t io

b e t w e e n  Z  x  l 0 l 3  
" ^ - ? ,  

i h e  s u r f a c e  n u m b e ¡  d e n s i t y
o f  ac t i ve  s i tes  b ind ing  water  w i th  the  re la t i ve ly  g rea t -

es t  energy ,  and the  computed charged s i te  dens i ty

g i v e n  a b ó v e  i s  2 . 9 .  T h i s  v a l u e  c o m P a r e s  f a v o r a b l y

i , i t ¡  : . 9 ,  w h i c h  i s  t h e  r a t i o  b e t w e e n  t h e  t o t a l  B ' E . T .

and "pore- f ree"  sur face  areas  no ted  ear l ie r  fo r  LTI -

carbon.  Based on  these da ta ,  i t  can  be  assumed tha t

the  s i tes  on  the  LTI -carbon sur face ,  wh ich  are  b ind-

inq  water  w i th  energ ies  equa l  to  tha t  o f  an  H-bond

and induce the  negat ive  charge o f  those par t i c les ,  a re

o f  the  carboxy l i c  ac id  tYPe.

The d i f fe ren t ia l  i sos ter ic  heat  curves  o f  water  vapor

sorp t ion  on  the  SLTI -carbon powder  wh ich  was ac t i -

va tÉd a t  e i ther  Z5o or  37oC,  a lso  d isp lay  2  peaks '  The

f i r s t  o f  t h e s e  i s  c e n t e r e d  a t  a  c o v e r a g e  -  5  x  l 0 r J

t " " t " . / " tJ  * i i r t  
"  

max imurn  energy  ó f  about  3 , .5 \ca l /

mo le  >  Q;  and the  second a t  -  2  * - f 'O l4  rno lec /c rnz

wi th  Z  Kca l , /mo le  in  excess  o f  Q.  A t  coverages
> 5  x  1014 Áo lec /c tnz ,  Q"1  fa l l s  be low the  va lue  o f  O,

and the  in tegra l  en t ropy  ó f  sorbed water  becomes
greater  than tha t  o f  the  bu lk  l iqu id  a t  cor respond ing
iempera tures ,  Th is  ind ica tes  tha t ,  except  fo r  a  re l -

at ively low surface nurnber density of hydrophyl ic

s i tes ,  the  res t  o f  an  SLTI -carbon sur face  is  "hydro-
phob ic ' r  as  compared to  tha t  o f  pure  LTI -carbon.
Th is  i s  subs tan t ia ted  by  the  fac t  tha t  bo th  heat  o f  im-

mers ion  va lues  o f  SLTI -carbon in to  pure  water '

h T ( S L W  l z q =  -  5 1 . 4 8 1 3 . 5 0  a n d  h 1 ( S L W l Z l  =  '

5 2 . 5 5  + j ' , 5 4  e r g / c r n z ,  a r e  s r n a l l e r  t h a n  t h o s e  o f  p u r e

L T I - c a r b o n .

S ince  the  s ta te  o f  s i l i con  a toms in  LTI -carbon has

not been clari f ied, only the fol lowing information can

be der ived  about  the  type  o f  func t iona l  g roups  present

o n  S L T I - c a r b o n  s u r f a c e s .  T h e  a b s e n c e  o f  t e m p e r a t u r e -

dependence in  the  h1(SLW)ts  o f  SLTI -carbon i rnp l ies

that the rr iechanism of water attachment to the binding

s i tes  o f  th is  sur face  cou ld  be  s imi la r  to  tha t  exh ib i ted

by  the  ac t ive  s i tes  o f  pure  LT l -carbon.  However ,  the

ca lo r i rne t r i ca l l y -de ter rn ined d i f fe rence,  h I (SLB)T -

h1(SLW)1 measures  the  energy  o f  a t tachment  o f  Na+

cóunter ións  f rom the  bu f fe r  to  the  adsorbent  par t i c les .

For  the  SLTI -c l r rbon,  these d i f fe rences  are  -  8 .  9  and
-  1 3 . Z  u r g / " r n Z  a t  Z 5 o  a n d  3 7 o C ,  r e s p e c t i v e l y ,  w h e r e -

as  fo r  LTI -carbon they  are  grea ts ¡ ,  by  a  fac to t  -  Z ,

v í 2 . ,  -  1 6 . 8  a n d  - 2 5 . í  
" t g / é t n z  

a t  t h e  c o r r e s p o n d i n g
tempera tures .  The e lec t rophore^ t ic  mob i l i t ies  o f

S L T i - c a r b o n  p a r t i c l e s  a r e  u . ( 2 5 o )  =  -  L . 4 6 - *  0 . 2  a n d

" ^ 1 i z o - . á t " .  
i o  z 5 o )  =  -  1 . 5 8 ' l  o .  1 5 p - s e c - 1 - y - I " - ,

*L i .h  a re  s ta t i s t i ca l l y  ind is t ingu ishab le  f rom those o f

pure  LTI -carbon par t i c les ,  ind ica t ing  approx imate ly

equa l  charge dens i t ies .  In  th is  case,  the  smal le r
.rr"Io.r of hi(SLB)T - h1(SLw)1 obtained for the Na'

b ind ing  o f  SLTI -cárbon,  imp ly  s rna l le r  b ind ing  energ ies

per  s i ie  wh ich ,  in  tu rn ,  suggests  tha t  the  type  o f  i t s

iunc t iona l  g roups  may no t  be  ident ica l  to  those on  the

pure  LT l -carbon.  Th is  i s  cor robora ted  by  the  fac t

ih " t  th "  heats  o f  sorp t ion  o f  na t ive  hurnan Y- (7S) -
g lobu l in  wh ich  have been rn ic roca lo r imet r i ca l l y  mea-

iu red  as  presented  in  a  compan ion  paper , [6 ]  a re

smal le r  on  the  SLTI  sur face  under  ident ica l  cond i t ions .
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