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A common m ethod for the estimation of uncertainties introduced by sur
face and im purity effects into experimental measurem ents of virial coeffi
cients is described. T he sign and the am plitude of the second virial 
coefficient response to perturbation caused by adsorption of molecules on the 
internal surface of the vessel have been determined. It has been shown that 
the magnitude of the second virial coefficient distortion depends on such 
competing factors as adsorption—im purity perturbation parameter, m ixture 
composition which has been corrected taking into account this perturbation, 
and the nature of the im purity expressed in term s of its second virial coeffi
cient and of the solvent—im purity cross second virial coefficient. T he charac
ter of the Lennard-Jones 12-6 potential parameters perturbation, caused by 
the adsorption-im purity effects, is determined using second virial coefficient 
data inversion technique. Numerical estimates are made for nitrogen, helium, 
argon, xenon, their binary mixtures, and also for krypton-sulphur hexa
fluoride gaseous mixtures.

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

In  rec en t years ex p e rim en ta l th e rm o p h y sica l d a ta  fo r gases an d  gaseous m ix 
tu re s  have been  u sed  to  ob ta in  in fo rm atio n  a b o u t the  in te rm o lec u la r  p o ten tia l 
energy  fu n c tio n s. O rig in a l ite ra tive  m e th o d s  have been  dev ised  by  w h ich  t r a n s 
p o r t p ro p e rtie s  [1 ] an d  second  v iria l coeffic ien t [1 , 2] d a ta  m ay be in v e rted  to  
give th e  p o te n tia l energy  fu n c tio n . S m ith  and  cow orkers [3 , 4 ] have recen tly  
d eve loped  th e  new  ite ra tiv e  p ro c e d u re  w h ich  enab les th e  fu ll p o te n tia l energy  
fu n c tio n s  to  be o b ta in ed  w ith  co n sid erab le  accuracy  fro m  th e  virial eq u a tio n  o f 
sta te

я  =  P V / R T  =  1 +  X  « „ + , ( 7 W " -  (1)
n = 1

In  ( 1 ) г  is th e  co m p ress ib ility  fac to r, P  is th e  p ressu re , V  is th e  m o la r vo lum e, R  
is th e  gas co n s tan t, T  is th e  te m p e ra tu re , an d  B n+i(T )  are  th e  co rre sp o n d in g  virial 
coeffic ien ts.

As a ru le  [5 ], th e  v iria l coeffic ien ts are ca lcu la ted  b y  th e  co m p u ta tio n a l 
m e th o d  o f M ichels  o r d e te rm in e d  by  ex trap o la tio n  o f  ex p e rim en ta l gaseous iso 
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th e rm s  to  zero  d en sity  in  K ey es’s co o rd in a tes  fo r n =  1

B 2( T ) =  lim  [ K ( * - l ) ] r , 
k- i ->o

an d  for n ^  2:

B n + 1( T ) =  lim  <(F" * - l  -  I  B n{ T ) /V " ~ l
n = 2

n ^  2.

(2)

( 2')

T h e  im p o r ta n t advan tage  o f th e  v iria l eq u a tio n  o f sta te  o f gases lies in  th a t fact 
th a t th e re  is a d irec t co n n ec tio n  b e tw een  v iria l coeffic ien ts an d  in te rm o lec u la r  
forces. In  som e cases, on  th e  basis o f good q u a lity  data , th is  co n n ec tio n  allow s us 
to  es tim ate  th e  p a ra m e te rs  o f  th e  m ode l p o ten tia l en erg y  fu n c tio n  chosen , and  
th e re b y  to  ca lcu late  a large n u m b e r  o f th e rm o p h y sica l p ro p e rtie s  o f gaseous 
sy stem s [6 ]. O n  th e  o th e r  h an d , (1) enab les us to  in te rp re t th e  dev ia tion  from  
ideality  o f  any  eq u ilib riu m  p ro p e r ty  o f n o n id ea l gaseous sy stem  b e in g  s tu d ie d  in 
te rm s  o f in te rm o lec u la r  in te rac tio n s. C learly , defin itive in fo rm a tio n  a b o u t th e  
in te rm o lec u la r  p a ra m e te rs  can on ly  be o b ta in ed  fro m  virial coeffic ien t an d  its 
te m p e ra tu re  deriva tive  m e asu rem en ts  th a t m ee t th e  c r ite r ia  o f h ig h  p rec ision  an d  
are free  fro m  system atic  e rro rs . R ecen tly , th e  investiga tion  o f fin ite  size effects in 
a th e rm o d y n a m ic  sy stem  have been  m ade  an d  a genera l ap p ro a ch  to  th e  p ro b lem  
o f th e  fin ite -s ize  co rrec tio n s  to  th e  co m p re ss ib ility  fac to r, th e  second  v iria l coeffi
c ien t an d  its te m p e ra tu re  d eriva tive  have been  p ro v id ed  fo r spherica l co n d itio n s  
[7 , 8 ]. H o w ev er, no  acco u n t is taken  in  th ese  s tu d ies  o f in te rac tio n s  o f m olecu les 
w ith  a real b o u n d a ry  o f a system , i.e. w ith  a w all o f a vessel. I f  su ch  an in te rac tio n  
does n o t take p lace th e  fin iteness effects a re  s ign ifican t on ly  in  system s w ith  a few 
dozen  o f p artic le s . O ne o f us has show n  [9 , 10] th a t th e  co n figu ra tion  o f th e  
th e rm o d y n am ic  sta te  su rface  o f real gaseous m acroscop ic  sy stem  m ay have the  
essen tial ex p e rim en ta l d is to rtio n  caused  by  su rfaces an d  im p u ritie s  effects. T h is  is 
m ostly  exposed  in th e  range  o f p a ra m e te rs  n ea r th e  f irs t-o rd e r  phase  tran s itio n  
p o in ts . T h e se  effects sh ift th e  tra n s itio n  p o in ts  an d  th e  values o f d isp lacem en t 
ca n n o t be neg lec ted . E xclu sion  o f  th e  ran g e  o f p re tran s itio n a l p h en o m en a , 
how ever, allow s the  ex p e rim en ta l d a ta  o b ta in ed  in d iffe ren t la b o ra to ries  to  be in  a 
good  ag reem en t [11 ]. V irial coeffic ien t m easu rem en ts , fo r exam ple  [12 , 13], 
show ed  th a t the  resu lts  o f  b u tc h e r  and  D ad so n  fo r ca rb o n  d iox ide o b ta in ed  a t low 
p ressu re s  ( P  ^  0-2 M P a) and  th e  resu lts  o f M ichels an d  cow orkers o b ta in ed  at 
h igh  p re ssu re s  reveal a d isc rep an cy  exceed ing  the  u n c e r ta in ty  o f  ex p erim en ta l 
da ta . C e rta in  d ifficu lties  in u sing  eq u a tio n  (2) fo r p rec ise  d e te rm in a tio n  ol helium  
an d  o f  n itro g en  second  virial coeffic ien ts from  / ’, V, '/ '-m e asu rem en ts  al very low 
p ressu re s  w ere no ted  in | 14 | . It was observed  that the iso th erm s bo th  foi helium  
an d  fo r n itro g en  varied  in a nnn lincai m a n n er in K eyes 's  co o rd in a tes  al su ffic
ien tly  large m o la r vo lum es of gases. W e assum e that the above anom alies an d  
d iffe rences betw een  the virial coeffic ien ts derived  lin m  low p ressu re  ex p e rim en ta l 
d a ta  as well as in the case of h igh p ressu re  m easu rem en ts  m ay be seen as resu ltin g  
fro m  ad so rp tio n  en c o u n te d  In the trad itio n a l vo lum etric  m e th o d , im p u rity  effects, 
an d  th e  se lective ad so rp tio n  of m ajo r com ponen t or ol im p u rity  cross-effects. 
T h e re fo re  it is necessary  to  take in to  account the sign and th e  am p litu d e  o f  the  
in te rm o lec u la r  po ten tia l fu n c tio n  p aram ete rs  response to p e r tu rb a tio n s  in tro 
d u ced  by  these  he te ro g en eo u s ex tern a l effects in to  resu lts  o f second  v iria l coeffi
c ien ts  m easu rem en ts .

L e t us co n s id er th e  role o f  each o f these  p e r tu rb a tio n  factors u n d e r  typ ical 
c o n d itio n s  o f v o lu m e tric  e x p e rim en t in consecu tive  o rd er.
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2. T hf. m e t h o d

W e now  co n s id er th e  case in w hich  N  gaseous m olecu les are co n ta in ed  in a 
vessel o f co n s ta n t vo lum e V 0 a t a given te m p e ra tu re  an d  p ressu re . T h e  n u m b e r  o f 
m olecu les ad so rb ed  on th e  m in im u m  geom etrica l in s id e  su rface  area  S 0 ~  V q/3 o f 
the  vessel we den o te  as N a ( N a <4 N ) .  S peak ing  a b o u t th e  g eom etrica l su rface  area 
we take in to  acco u n t th a t in n e r  vessel w alls even very  carefu lly  p o lish ed  have 
som e ro ughness . In  p rac tice  th ey  exc lude m ir ro r  reflection  o f falling  m o le c u le s : 
for gaseous h y d ro g en  it w as show n  [15 ] th a t a t room  te m p e ra tu re  an d  ro u g h n ess  
h e ig h t ^ 1 0 ” 7m  reflection  o cc u rre d  on ly  fo r those  m olecu les w hich  had  an angle 
o f inc idence > 8 9 °  56'. A cco rd ing  to  [1 5 ] th e  value o f N J V q13 is defined  as th e  
p ro d u c t o f the  m o lecu lar flow on th e  wall

n =  8-33 x 1022 P { M T ) 1'2 (3)

an d  th e  average se ttled  life tim e o f m olecu les on  th e  so lid  surface

t =  t0 exp (Q J R T ). (4)

In  th e  above eq u a tio n s  n is th e  n u m b e r  o f m olecu les s tr ik in g  upon  1 m 2 o f  the  
su rface  in 1 s, P  is p re ssu re  in Pa, M  is th e  m o la r m ass o f investiga ted  gas in 
kg m o l 1, t0 ~  1 0 ~ 13s an d  rep re se n ts  th e  reverse  value  o f  osc illa tion  fre q u en c y  of 
so lid  su rface  a tom s, an d  Q a is th e  h ea t o f ad so rp tio n  in  J m o b  1. T h e n

ЛГа =  6-93 x 1010V l ' 3 1 +  Y , R n+l{ T ) /V ” { T / M ) 112 exp  (Q J R T ) / V . (5)

D u e  to  ad so rp tio n  th e  in itia l n u m b e r  o f gaseous m olecu les in the  vo lum e V 0 
changes an d  becom es equal to  th e  value defined  by

A1V =  iV — iVa =  (JYa F 0 — N aV ) /V ,  (6)

w here  N A is A vogadro  n u m b e r. T h e  value o f A N  m ay  be in te rp re te d  as an 
increase  o f th e  m o la r vo lum e o f gaseous p h a s e :

A N  =  N a V J { V  + A V ) ,  A V ^ O ,  (6 ')

w hence

A V  = N aV /{ N  — N a), (7)

an d  u n d e r  th e  co n d itio n s  o f N a N ,  z  — 1 <4 1 w h ich  co rre sp o n d  to  su ffic ien tly  
la rge vo lum e (for th e  v irial eq u a tio n  tru n c a te d  a fte r th e  second  virial coeffic ien t 
th e  last co n d itio n  is eq u iv a len t to  B 2{T) <4 V)

A V  ^  N aV / N  =  tV , (7')

w h ere  t can  be called  as th e  ad so rp tio n  p e r tu rb a tio n  p a ra m e te r  an d  d e te rm in e d  by

t =  A ( T I M ) 1' 2 exp ( Q J R T ) / V o 13. (8)

In  eq u a tio n  (8) A  =  T 15  x 1 0 ~ 13. T h e n  th e  m o la r vo lu m e p e r tu rb e d  by  a d so rp 
tio n  m ay be defined  as

V* = (1 +  t )V ,  1 !> / >  0. (9)

C o m p arin g  eq u a tio n  (1) w ith  th a t fo r p e r tu rb e d  system  a t the  sam e te m p e ra tu re

г * =  p * v */ R T = A +  £  B n+l{ T ) / V *" = 1 + 1  B*+1{ T ) /V ", (Г)
n=1 n=1



1140 G. P. Dudchik and G. G. Kuleshov

we ob ta in  th e  co rre la tio n  be tw een  co m p ress ib ility  fac to rs d e te rm in e d  tak ing  in to  
acco u n t ad so rp tio n  p e r tu rb a tio n  o r n o t co n s id erin g  it

00

Дг  =  г * -  г  ^  [1 -  (1 +  t ) - " ]B „ +1(7 1 /F " . (10)
П — 1

In  th e  sam e m a n n e r we can ob ta in  th e  co rre la tio n  fo r v iria l coeffic ien ts

B*+1(T) = Bn + lC n /Q + t) '.  (11)
In  th e  case of th e  v iria l eq u a tio n  o f s ta te  tru n c a te d  a fte r th e  second  te rm  (n =  1) 
eq u a tio n  (10) is red u c ed  to

Az n = l ~  - t B 2{ T ) /V .  (10')

E q u a tio n  (10 ') y ie lds th e  n ex t (figure 1) q u a lita tiv e  resu lts :

V/ T >  T B,

=  Zy

IIbs (12)

T <  T B,

w here  T B is Boyle te m p e ra tu re . A cco rd in g  to  the  sam e ap p ro x im a tio n  (n =  1) an d  
u sing  eq u a tio n  (11) we find  th a t th e  ad so rp tio n  effects in th e  in d iv id u a l gaseous 
sy stem  m ake th e  cu rv e  o f  th e  second  v iria l coeffic ien t te m p e ra tu re  d ep en d en ce  
tu rn  clockw ise ro u n d  the  B oyle te m p e ra tu re  value  being  a po le (figure 2).

T h e  resu lts  o b ta in ed  from  eq u a tio n  (11) show  th a t positive  — 1)
— V 2( z 2 — 1) >  0  a t F j  >  F 2 an d  T  =  co n st.)  dev ia tions of h e liu m  second  v iria l 
coeffic ien t a t T >  T B ob se rv ed  in [14 ] ca n n o t be ex p la in ed  b y  a d so rp tio n  o f th e  
gas b e in g  s tu d ied  (ex p erim en ta l d a ta  for n itro g e n  [1 4 ] are in q u a lita tiv e  a c co rd 
ance w ith  eq u a tio n  (11)). M o reo v e r, it m ay  be con firm ed  th a t in th e  case of 
h e liu m  dev ia tions ob se rv ed  are caused  b y  d is to rtio n  effect w h ich  has sign ifican tly  
la rger ab so lu te  value an d  o p p o site  sign o f system  response  in co m p ariso n  w ith  
ad so rp tio n  p e r tu rb a tio n .

f ig u re  I Influence ol the adsorption perturbation  upon pure gas isotherms at te m 
peratures above and below Boyle tem perature  / ’„ a is the compressibility factor, V 
is the molar volume. T h e  solid lines: unperturbed  system, the dashed lines: p e r 
turbed system.
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Figure 2. Influence of the adsorption perturbation upon tem perature dependence of the 
second virial coefficient of pure gas. Key as for figure 1.

F u r th e r  we co n s id er a gaseous system  w h ich  co n ta in s  n o t on ly  a p u re  co m 
p o n e n t b u t also som e im p u ritie s . A  n u m b e r  o f  m olecu les a d so rb e d  N am m ay  be 
g iven , like exp ression  (5), by  th e  eq u a tio n

ЛГа т = 1 > ; т; , (13)
i= l

w h ere  n an d  т have been  defined  above in  eq u a tio n s  (3) and  (4), th e  su b sc rip t i 
d en o tes  a co m p o n en t in the  ^ -c o m p o n e n t m ix tu re , m  des ig n ates  th e  m ix tu re . 
F o llo w in g  th e  above ap p ro x im a tio n  such  as s lig h t n o n id ea lity  o f  th e  sy stem  and  
w eakly  developed  ad so rp tio n  we can show  th a t a n u m b e r  o f  m olecu les o f the  
c o m p o n en t i a d so rb e d  m ay be rep re se n ted  by

N ai =  A x * T 1/2V q/3 exp (Q J R T ) / V mMj<2. (14)

T h e  last eq u a tio n  was o b ta in ed  assu m in g  th a t th e  sy stem  being  s tu d ied  obeys 
D a lto n ’s law . H ere  x f  is th e  m ix tu re  co m p o sitio n  (in m ole frac tion  o f th e  co m 
p o n e n t i) p e r tu rb e d  by  selective ad so rp tio n  o f co m p o n en ts

xf = (AT,- -  Njl  £  (N, - N ti), (15)

an d  it has been  d e te rm in e d  in  an ite ra tiv e  p ro ce d u re  by  su b s titu tin g  (14) in  (15) 
w ith  a first ap p ro x im atio n

x, =  (15')

w h ich  is th e  in itia l m ix tu re  com position .
In  th e  case o f  m ix tu re  a d so rp tio n - im p u rity  p e r tu rb a tio n  p a ra m e te r  has the  

fo rm  analogous to  (8)

tm =  £  x f t ,  =  A T ^ V o 113 £  x f  exp ( Q J R T ) / M l ' 2. (16)
i= 1 i= 1

A nalysis o f (16) reveals th a t  im p u rity  m ay  increase  o r  decrease  th e  effects 
caused  by  ad so rp tio n  o f the  m ajo r co m p o n en t. F o r  exam ple , fo r a b in a ry  gaseous
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m ix tu re  ( th e  su b sc rip ts  1 an d  2 d es ig n ate  th e  so lven t an d  th e  im p u rity , 
respectively ) t l 2 >  h  w hen

exp (Q J R T ) / M \ 12 >  exp (Q J R T ) / M \ /2,

th a t is eq u iv a len t to

0a2 -  £>al >  R T  ІП ( M 2/ M l )/2.

T h u s ,  th e  p resen ce  o f im p u rity  does n o t change, in  p rin c ip le , th e  p ic tu re  of 
ad so rp tio n  p e r tu rb a tio n , in o th e r  w ords th e  re la tio n sh ip  betw een  th e  v iria l coeffi
c ien ts m ay b e  w ritte n  like (11). H o w ev er, th e  co rre la tio n  b e tw een  th e  th eo re tica l 
second  v iria l coeffic ien ts o f th e  so lven t B {2 l)(T )  an d  th a t o f th e  ex p e rim en ta l 
p e r tu rb e d  b y  im p u rity  B (2exp)(T ) takes th e  fo llow ing  fo rm

B ^ \ T )  =  x * \ { \  4- tm) B {2̂ \ T )  -  2x*x* B {2 2\ T )  -  x 22B {22)( T )]. (17)

In  th e  above B {2 2\ T )  an d  B t22\ T )  are  th e  so lv e n t- im p u r ity  cross second  virial 
coeffic ien t, an d  th a t o f im p u rity , respectively . In  th is  case th e  sign  an d  th e  m a g n i
tu d e  o f th e  second  v iria l coeffic ien t resp o n se  to  ad so rp tio n  an d  im p u rity  p e r tu r 
b a tio n  sh o u ld  d ep e n d  on such  co m p etin g  fac to rs  as a d s o rp tio n - im p u rity  
p e r tu rb a tio n  p a ra m e te r  tm , m ix tu re  co m p o sitio n  x*  w h ich  has been  co rrec ted  
tak in g  in to  acco u n t th is  p e r tu rb a tio n , an d  th e  n a tu re  o f  th e  m ix tu re  ex p ressed  in 
te rm s o f th e  second  v iria l coeffic ien ts B^2 2\ T )  an d  B {2 2)(T).  3

3. R esu lts

N ow  we co n s id er som e n u m erica l e s tim a tio n s o f b o th  ad so rp tio n  and  
a d s o rp tio n - im p u rity  effects fo r h e liu m , n itro g e n , xenon , and  th e ir  b in a ry  m ix 
tu re s . C a lcu la tio n s w ere co m p le ted  assu m in g  th a t m olecu les have been  ad so rb ed  
in a m o n o m o lecu la r layer m a n n e r  because of re la tive ly  s lig h t n o n id ea lity  o f the 
sy stem  (su ffic ien tly  low  p ressu re s  an d  re la tive ly  h igh  te m p era tu re s ) . T h is  
assu m p tio n  also rests  on  th e  co n d itio n  th a t th e  value o f  ad so rp tio n  h ea t decreases 
sh a rp ly  w ith  layer n u m b e r  in c reasin g  [1 6 ]. F o r  gases ad so rb ed  on d iffe ren t 
m etallic  su rfaces ex p e rim en ta l h ea t o f ad so rp tio n  d a ta  are in su ffic ien t an d  are n o t 
in a good ag reem en t. H ow ever, fo r th e  p u rp o se  o f o u r  es tim a tio n s  it is su ffic ien t 
to  know  on ly  an o rd e r  o f ad so rp tio n  h ea t value. H ea ts  o f ad so rp tio n  o f xenon  on 
n ickel [1 7 ] and  p a llad iu m  [18 ] are equal to  29 3 an d  42 7 k J m o l_1, respectively . 
T h e se  values are ab o u t th ree  tim es g rea te r  th an  th a t o f  xenon  en th a lp y  o f ev ap o 
ra tion  u n d e r no rm al p ressu re  (1 2 -6 k Jm o l 1 [1 9 ]). T h e  values o f h e liu m  an d  
n itro g e n  en th a lp y  o f ev ap o ra tio n  [1 9 ] w ere increased  on  th e  sam e scale to  o b ta in  
necessary  hea ts  o f ad so rp tio n  o f these  gases.

C h a ra c te ris tic  values o f ad so rp tio n  p e r tu rb a tio n  p a ra m e te r  lr 0.(и are lis ted  in 
tab le  1. T h e  e s tim a tio n s w ere m ade for th e  spherical vessel w ith  rad iu s  0 01 m . I t  
can  be seen th a t m a g n itu d e  o f p e r tu rb a tio n  effect is s ign ifican tly  d e p e n d e n t on 
h ea t o f ad so rp tio n  an d  te m p e ra tu re , and  m ay reach co n sid erab le  value even  at 
re la tive ly  h igh  te m p e ra tu re : fo r xenon  I -3 p e r cen t at 7 ’ 200 K.

T h e  re su lts  o f  the  ca lcu la tion  ot ad so rp tio n  im p u rity  p e r tu rb a tio n  p a ra m e te r  
tm are  su m m arized  in tab le  2 an d  show  that value is s tro n g ly  sensitive  to  th e  
p resence  o f im p u r ity : ad d itio n  o f 0 01 p er cen t ol xenon to p u re  h e liu m  leads to  
300 tim es increase  fo r lm at T  =  200 K.
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Table 1. T he adsorption perturbation parameters for pure gases. 0 a is heat of adsorption. 
t V ' 13 is some effective adsorption perturbation parameter for a vessel of arbitrary 
volume V0 . tr = 0 0l is the adsorption perturbation param eter for the spherical vessel 
with radius 0 01 m.

O f '1 =  1 7 kj m o b 1 O f 2' =  1 7 k J m o r ' 0 f e) =  2 9 k j m o r ‘

T /K t V g 3/m ff = 0 01 t V g 3/m tr=001 t V g 3/m *r=0-01

200 71  x 10 11 4-4 x 10~9 3-2 x 10“ 7 2 0 x 10“ 5 2 0 x 10~4 1-3 x 10“ 2
250 6-5 x 10 11 4 0 x 10-9 4-3 x 10~8 3 0  x 10 6 3 0 x 10“ 5 1 9  x 10“ 3
300 6-2 x 10“ u 3-9 x 10~9 1-4 x 10“ 8 0-9 x 10“ 6 7-5 x 10~7 4-7 x 10~5
350 6 0  x 10~n 3-8 x 10“ 9 5-7 x 10-9 3-6 x 10 7 1 0  x 10“ 7 0-6 x 10~5

P ossib le  in fluence o f th e  a d s o rp tio n - im p u rity  effects u p o n  th e  ex p e rim en ta l 
values o f second  virial coeffic ien ts has been  illu s tra te d  on d a ta  fo r gaseous 
K r - S F 6 system . T h e  second  v iria l coeffic ien ts Д (2ехр)(7п) o f a K r - S F 6 m ix tu re  w ere 
m easu red  recen tly  [2 0 ] at d iffe ren t te m p e ra tu re s  an d  m ix tu re  co m p o sitio n , and  
th e  cross second  v irial coeffic ien ts B ^ TSFb\ T )  w ere ca lcu la ted  w ith  th e  help  o f 
eq u a tio n  ana logous to  (17). In  p a rtic u la r  at T  =  273 К  В {2 ' SFft' =  
—130 c m 3 m ol [2 0 ]. W e have m ade  th e  e s tim a tio n s o f  th e  p ossib le  u n c e r
ta in tie s  o f  th is  value  fo r a w ide range  o f  tm an d  A x  =  x*  — x  acco rd in g  to

# 2 XP,0  +  О  =  x * 2B f r Kr* +  2x*(l -  x e) B ? ' ^ ™  +  (1 -  * * )2B (2SF<- SF6>, (18)

w here  x*  is th e  p e r tu rb e d  co m p o sitio n  o f  th e  eq u im o la r  m ix tu re , Д 2ехр' is the  
ex p e rim en ta l second  virial coeffic ien t o f  the  K r - S F 6 m ix tu re  at x  =  0-5 and  is 
equal to  — 165 7 c m 3.m o l-  1 [2 0 ], В 2Кг Кг' a n d £<sf®-sf6) are the secon<j  virial coef
ficien ts o f th e  p u re  c o m p o n en ts  th a t w ere  taken  fro m  [2 0 ]. T h e  resu lts  o f th e  
ca lcu la tions are p re se n ted  in tab le  3. T h e  u p p e r  values in the  tab le  rep re se n t the 
cross second  virial coeffic ien ts Д 2Кг SF<,) w hich have been  co rrec ted  tak ing  in to  
ac co u n t th e  p ossib le  a d so rp tio n —im p u rity  effects, th e  low er ones co rre sp o n d  to  
th e  possib le  e rro rs  in  m easu red  second  v iria l coeffic ien t (in p e r  cent).

I t  seem s in te re s tin g  to  exam ine th e  in fluence o f th e  d is to rtio n , in tro d u c e d  by 
the  ad so rp tio n —im p u rity  effects in to  m easu red  second  v iria l coeffic ien ts, on the  
in te rm o lec u la r  p o te n tia l fu n c tio n  p a ra m e te rs  w hich  are  ex tra c te d  from  th e  e x p e ri
m en ta l second  v iria l coeffic ien t data.

T h e  second  v iria l coeffic ien t as a fu n c tio n  o f te m p e ra tu re  m ay  b e  used  to 
define the  po ten tia l energy  fu n c tio n  by  em p lo y in g  an inversion  te ch n iq u e  d eve l
o ped  by  S m ith  an d  co -w orkers [3 , 4 ]. F ro m  th e  second  v iria l coeffic ien t d a ta  we

Table 2. T he adsorption-im purity perturbation parameters for helium—xenon mixtures. 
x  is the mole fraction of component. tmV g 3 is some effective adsorption-im purity 
perturbation parameter for a vessel of arbitrary volume V0 .

tmV'0,3/rn

*<Xe) T  = 200 К T  = 300 К

1 0000 0-0000 7-1 x 10~ " 6-2 x 1 0 -“
0-9999 0-0001 2-0 x 10“ 8 1-4 x 10-1°
0-999 0-001 2-0 x 10“ 7 8-0 x 10-1°
0-99 0-01 2-0 x 10“ 6 7-5 x 10“ 9
0-9 0-1 2-0 x 10~5 7-4 x 10~8
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Table 3. T he surface of the cross second virial coefficient f?(2Kr“SF<,) response to 
adsorption-im purity perturbation at T  = 273 K. tm is adsorption-im purity pertur
bation parameter. Ал: = x* — xe , where x* and xe are perturbed and unperturbed 
compositions of the equimolar m ixture K r-S F 6 respectively. T he upper values in 
the table represent the cross second virial coefficients _B,2Kr-SF6) corrected taking into 
account the possible adsorption-im purity perturbation, in cm 3 mol the lower 
ones are the possible errors in measured B ^ r̂ SF6\  in per cent.

G. pj Dudchik and G. G. Kuleshov

Ax

10_l j 10“ 2 10^3 10“ 4 10 “

К Г 1 — 219 3 —168-7 -163-7 —163-2 — 163-1
40-72 22-93 20-58 20-34 20-31

10 2 -1 8 8 -2 —138 8 -133 -9 -1 3 3 -4 —133-3
30-93 6-36 2-89 2-53 2-48

10~3 — 185-1 -135-8 -1 3 0 -9 -1 3 0 -4 — 130-3
29-77 4-31 0-68 0-30 0-25

10~4 -184 -8 — 135-6 -1 3 0 -6 — 130 1 -1 3 0 -0
29-66 4-09 0-45 0-07 0-03

i о -  “ -184 -8 — 135-5 -130 -6 -130-1 -1 3 0 -0
29-64 4-07 0-42 0-04 0-00

o ped  b y  S m ith  an d  cow orkers [3 , 4 ]. F ro m  th e  second  v irial coeffic ien t d a ta  we

( S + n d B / d T j y *
V 2 я і \ у З  J

T h e  in te rm o lec u la r  p o ten tia l en erg y  l / ' H j )  is th en  rep re se n ted  by

U (1>(?) =  G (0)( T * ) k T ,  (20)

w here  T*  is th e  red u ced  te m p e ra tu re , G <0,(T *) is a slow ly vary ing , te m p e ra tu re  
d e p e n d e n t inversion  fu n c tio n  w hich  is n o t sensitive  to  the  d e ta iled  fo rm  o f the  
p o te n tia l an d  hence  m ay be ca lcu la ted  from  som e m odel p o ten tia l fu n c tio n . U sin g  
such  ap p ro x im ate  values o f G (0)(T *) in (20) allow s an es tim a te  o f en erg y  U il \ r )  
a p p ro p ria te  to  th e  sep ara tio n  r. T h e  p o ten tia l U {l\ r )  th u s  o b ta in ed  allow s a new  
inversion  fu n c tio n  to  be ca lcu la ted  fo rm in g  the  basis fo r an ite ra tive  p ro c e d u re  as 
in d ica ted  by  th e  general equa tion

Ui" + l)(r) =  G {n)( T * ) k T .  (21)

F o r a gaseous system  p e r tu rb e d  by a d s o rp tio n - im p u rity  effects th e  second  
v iria l coeffic ien t, as we show ed above, is ex p ressed  b y  (11). W e use (8) an d  (11) to  
o b ta in  th e  exp ression  fo r the  te m p e ra tu re  d eriva tive  o f th e  second  v iria l coeffi
c ien t in p e r tu rb e d  system

dB* dB , Bt ( 2Q,
------ =  —  (1 +  f) + ------ —
d T  d T  2 T \ R T • >

t y ( 22)

S u b s titu t in g  (11) an d  (22) in to  (19) y ie lds p e r tu rb e d  ch a rac te ris tic  d istance  

f [B  +  T(dB/dT)~]( 1 +  t y l -  ( B t / 2)[1 -  (2 Q J R T > ]( \  +  t ) ~ 21 1/3
, • (23)2 n N J 3  J

F o r  n o n rig id  co n d itio n s  2 Q J R T ^ >  1 and  V q/3 -4 A Q a exp ( Q J R T ) / R ( M T ) 112 th e  
ratio  r* /f  is ap p ro x im ate ly

r*/r  ~  (1 +  t) 1/3 (24)
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B elow  w e give som e illu stra tiv e  exam ples o f ca lcu la tions o f  th e  in te rm o lec u la r  
p a ra m e te rs  a  an d  z/k  p e r tu rb e d  by  the  a d s o rp tio n - im p u rity  effects. A rgon  and  
xenon  w ere chosen  as m odel system s. T h e  L e n n a rd -Jo n e s  12-6 p o ten tia l energy  
fu n c tio n  p a ra m e te rs  for argon  are well es tab lished  an d  equal [2 1 ] : E/k =  142 5 K , 
a  =  0 335 nm . T h e se  values in co n ju n c tio n  w ith  th e  values o f and
T*(<fB*/<LT*) fo r th e  L J  12-6 p o te n tia l [22 ] w ere  em p lo y ed  to  g enera te  th e  co rre 
sp o n d in g  p se u d o ex p e rim en ta l second  v iria l coeffic ien t an d  its te m p e ra tu re  d e r iv 
ative d a ta  a t T  =  1 1 4 K . T h e se  d a ta  w ere  th en  p e r tu rb e d  (see (11)) in  accordance 
w ith  th e  m a g n itu d e  o f  th e  p e r tu rb a tio n  in tro d u c e d  in to  th e  sy stem  by the  
a d s o rp tio n - im p u rity  p a ra m e te r  tm, w h ich  was taken  equal to  1 0 ~ 3, 5 x 1 0 ~ 3, 
1 0 _ 2 an d  5 x 10 ~ 2 (it can be seen fro m  tab le  3 th a t such  values o f  tm m ay  lead, 
respectively , to  u n ce rta in tie s  in th e  m easu red  second  v iria l coeffic ien t vary ing  
fro m  ab o u t te n th  p a r ts  o f p e r  cen t to  a few p e r cen t). T h e  p e r tu rb e d  p se u d o 
ex p e rim en ta l values o f  B*  and  d B * / d T  so o b ta in ed  w ere in v e rted  to  d e te rm in e  the  
p a ra m e te rs  o f th e  L J 12-6 po ten tia l. T h e  inversion  p ro c e d u re  u se d  was sim ila r in 
th a t p ro p o sed  by S m ith  an d  cow orkers [3 , 4 ]. T h e  re su lts  o f th e  inversions are 
th e  fo llow ing : a  =  0 -3 3 4 9 n m  at tm =  10 3, 0 -3 3 4 4 nm  at 5 x 1 0 - 3 , 0 -3 3 3 9 n m  at 
10 -2  an d  0 -3 2 9 6 nm  at 5 x 1 0 ~ 2 (see figure 3); e/k  =  142-5 К  fo r all th e  values o f 
tm . F ig u re  3 show s th e  LJ 12-6 p o ten tia l energy  fu n c tio n  fo r argon  ca lcu la ted  by 
use o f  th e  u n p e r tu rb e d  an d  o f  th e  p e r tu rb e d  fu n c tio n  p a ra m e te rs . I t  is seen from  
figure 3 th a t fo r th e  repu lsive  b ran c h  o f th e  p o ten tia l th e  a d so rp tio n - im p u rity  
effects can in tro d u c e  sign ifican t u n ce rta in ties  in to  in te rm o lec u la r  p o ten tia l energy  
d eriv ed  from  the  experim en ta l second  v iria l coeffic ien t data.

-<#
Figure 3. The adsorption perturbation of the collision diameter a for argon molecules al 

various values of the adsorption perturbation parameter t. T he points represent tin- 
results of the iterative procedure. T he line is the results obtained using equation 
(24).
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Figure 4. The L j 12-6 potential function response to the adsorption-im purity pertur
bation for argon. 1 — tm = 0; 2 — tm = 5 x 10 3, 3 — tm =  5 x 10~2.

T o  o b ta in  th e  w ell d e p th  p a ra m e te r  e/k  o f the  p o ten tia l fu n c tio n  o f any fo rm  
N e d o s tu p  [2 3 ] p ro p o sed  tran sc en d e n ta l re la tio n sh ip

cp(E, T)  =
1 — exp ( — fie)

e/k
(1 + /fe ) (  1 -  exp  ( - f a ) )

/ к

B { T -  7'B)
T \ B  -  ( d B / d T ) ( T  -  T „ ) ] ’

(25)

w here  /1 =  (k T ]  , T B is th e  Boyle te m p e ra tu re . U n fo r tu n a te ly , th e  m e th o d  p ro 
po sed  in  [23 ] m ay serve fo r e s tim a tin g  an  in itia l ap p ro x im a tio n  to  th e  tru e  value 
o f e/k  o n ly : th e  varia tio n  in values o f e/k  is a b o u t 20 p e r  ce n t ov er th e  te m p e ra tu re  
range  1 <  T*  sj 4.

W e m ay  show  th a t fo r a gaseous sy stem  d is to rte d  by  ad so rp tio n  effects the  
above re la tio n sh ip  can be rew ritte n  as

w ith

<?*(£*, T)  -
B { T  — r B)

T \ a B  -  (d B / d T ) ( T  -  T B)]
=  0, (26)

t ( T -  Ту/) / 2 0 ,  \  _  Q ' t ( T -  T b)

2 Д 1  +  t) \ R T  )  R T 1
(27)

F ro m  (26) we m ay ca lcu la te  p e r tu rb e d  well d e p th  p a ra m e te r  e*/k  by  u sing  a 
m e th o d  o f d ich o to m y . C a lcu la tio n s o f e*/k  w ere ca rried  o u t fo r a rgon  an d  xenon  
b y  em p lo y in g  th e  second  virial coeffic ien t data  for these  su b stan ces from  [24 ]. 
T h e  fu n c tio n  <p*(e*, T)  response to  ad so rp tio n  p e r tu rb a tio n  fo r xenon  is show n in 
figure 5.
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Figure 5. T he adsorption perturbation of the well depth parameter e/k defined by equa
tions (26) and (27) for xenon molecules. A volume of the vessel V0 is assumed equal 
to 15 x 10- 6 m 3. Solid line: a value of the tem perature-dependent adsorption per
turbation parameter t covers the range t =  2-6 x \ 0 2 at T  = 185 К  to t — 10 5 at 
T  = 350 K. Dashed line: t = 0. A value for e/k of 267 К  for xenon at f =  0 used in 
the calculations was taken from [25].

4. C o n c l u s io n s

T h e  above q u a lita tiv e  resu lts  allow  us to  m ake a conc lu sion  as to  th e  p rac tica l 
im p o rta n ce  o f es tim a tio n s  o f u n ce rta in tie s  in tro d u c ed  by  ad so rp tio n  and  
a d s o rp tio n - im p u rity  effects in to  ex p e rim en ta l m e asu rem en ts  o f P, V,  T -d a ta  and  
v iria l coeffic ien ts. In  p a rticu la r, these  es tim a tio n s  are im p o r ta n t in  co n n ectio n  
w ith  th e  d ev e lo p m en t o f m e th o d s  fo r th e  d irec t inversion  o f second  v iria l coeffi
c ien t d a ta  to  ob ta in  th e  in fo rm atio n  ab o u t th e  in te rm o lec u la r  p o ten tia l energy  
fu n c tio n  [3 ]. M odel in te rm o lec u la r  p o te n tia ls  are w idely  used  to  evaluate th e r 
m o p h y sica l p ro p e r tie s  su ch  as e n th a lp y  o f  d im eriza tio n  [2 6 ], etc. I f  m e a su re 
m e n ts  an d  ca lcu la tions are ca rried  o u t in a range o f s ta te  p a ra m e te rs  fo r w h ich  
p e r tu rb a tio n  effects are sign ifican t, th e  in fo rm atio n  a b o u t the  in te rm o lec u la r  
p o te n tia l p a ra m e te rs  m ay co n ta in  sy stem a tic  e rro rs . U n fo r tu n a te ly , th ey  are n o t 
taken  in to  co n s id era tio n  in  the  co rre sp o n d in g  stud ies. T o  th is  aim  special e x p e ri
m en ta l s tu d ies  fo r th e  investiga tion  o f th e  role o f ex tern a l effects in  th e  in te r 
m o lecu lar p a ra m e te rs  d e te rm in a tio n  from  v iria l coeffic ien t d a ta  are also 
necessary .

T h e  m e th o d  p ro p o sed  here  allow s som e ob se rv a tio n s to  be m ade, th a t m ay  be 
im p o r ta n t in p rac tice  w hen  th e  reverse  p ro b lem s of th e rm o p h y sic s  o f gaseous 
s ta te  are exam ined . F irs tly , we re q u ire  know ledge o f  th e  n a tu re  an d  the  m ole 
fraction  o f im p u ritie s  in  th e  gas b e in g  s tu d ie d ; second ly , it is necessary  to  m ake 
eva lua tion  o f th e  ad so rp tio n  and th e  a d so rp tio n - im p u rity  p e r tu rb a tio n s ; and
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th ird ly , if  p a ra m e te rs  o f th e  m odel in te rm o lec u la r  p o te n tia l fu n c tio n  are d e te r 
m in e d  fro m  m e asu rem en ts  o f d iffe ren t th e rm o p h y sica l p ro p e rtie s , e.g. th e  second  
v iria l coeffic ien t in co n ju n c tio n  w ith  th e  coeffic ien ts o f th e  tra n sp o r t p ro p e rtie s , 
th e y  m u s t be w eig h ted  w ith  fac to rs  reverse ly  p ro p o rtio n a l to  th e ir  response  to  
ex te rn a l p e rtu rb a tio n s .
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