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Abu esc  

We measured  and modeled the  solubi l i t i es  and  d i ffus ion coeff icients  of  

carbon dioxide  (CO 2 )  in  poly(ethylene -co-acry l ic  acid)  (PEAA) over  

temperatures  of  373−473 K and pressures  of  up  to  20  MPa.  The measured 

solubi l i t i es  of  CO2  in  PEAA obeyed Henry’s  law and decreased  with  an  increase  

in  the  acry l ic  acid  content  of  the  copolymer.  The Sanchez-Lacombe equat ion  of  

s tate  could be  appl ied  to  correla te the  measured  so lubi l i t i es .  The  temperature  

dependence of  the  CO2  solubi l i t ies  in  PEAA was  found to  be  s imilar  to  that  in  

polyethylene  wi th  analysis  using  Henry’s  law.  Further,  the gas  solubi l i ty  and 

acryl ic  ac id  content  were  the  influent ia l  factors  for  determining  the  d i ffusiv i ty  

of  CO 2 ,  which could  be modeled  based  on the f ree volume theory.   

 

 

Kaywde u:  po ly(ethylene-co-acryl ic  acid)  (PEAA);  carbon dioxide;  so lubi l i ty ;  

Sanchez−Lacombe equat ion of  s tate;  di ffusion  coeff icient ;  f ree volume theory  
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1. MIt ed rc ndt  

Supercri t ica l  f luids  (SCF),  including  supercri t ica l  carbon d ioxide  

(CO 2 ) ,  a re  a t t ract ing  cons iderable  at tent ion  for  use  in  indus t r ial  appl icat ion s  

such  as  polymer  processing .  In  a  polymer –gas  mixture ,  the  solubi l i ty  of  the  gas  

is  the  maximum amount  of  the gas  that  can  be disso lved in  the polymer mat r ix  

at  a  specif ic  operat ing  temperature  and pressure  [1] .  Further,  the gas  di ffusiv i ty  

is  the primary  factor  determining  the  t ime requi red by a  polymer−gas  mixture  to  

reach  a  s tate  of  di ssolu t ion  equi l ibrium [2] .  Accordingly,  quant i ta t ive  s tudies  of  

the solubi l i t i es  and  di ffusiv i t i es  of  gases  in  polymers  are  essent ia l  for  des igning  

polymer processing  techniques  that  use  SCFs.  In  fac t ,  the  so lubi l i t i es  and  

di ffusiv i t i es  of  CO2  in  di fferent  polymers  such as  polyethylene [3-5] ,  

polys tyrene  [5-8] ,  polypropylene [5 ,  7 ,  9] ,  poly(vinyl  acetate) ,  [8]  polycarbonate 

[10] ,  and poly(methyl  methacrylate)  [11-14] have been  reported  previously.   

Poly(e thylene-co-acry l ic  acid)  (PEAA),  which  is  a  copolymer  

composed of  e thylene and acryl ic  ac id  (AA),  is  an indus t r ial ly  impor tant  material  

that  has  wide appl icabi l i ty  because of  i ts  h igh tensi le  s t rength,  moldabi l i ty,  

f l exib i l i ty,  impact  s t rength,  and gas  permeabi l i ty  [15] .  Moreover,  these  

propert ies  can  be  cont rol led  by  varying  the  composi t ion  of  AA repeat  uni ts  in  

the copolymer  [15] .  In  addi t ion ,  foamed PEAA can  be a promising  material  wi th  

good  mechanical  s t rength,  which is  at t r ibutable  to  proper t ies  of  the  polymer 
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mentioned above.  To eff icien t ly  des ign  foaming processes  for  polymers  such as  

PEAA, the solubi l i t y  and d i ffus ivi ty  of  CO 2 ,  which is  a  representa t ive blowing 

gas  used  in  the  polymer foaming process ,  mus t  be known over a  wide  range of  

temperatures  and  pressures .  However,  to  the bes t  of  our  knowledge,  there  have 

been no  previous  report s  on  the  solubi l i ty  and  d i ffus iv i ty  of  CO2  in  PEAA.  

Given thi s  fac t ,  in  this  s tudy,  we measured the  so lubi l i t i es  and di ffusi on 

coeff ic ient s  of  CO 2  in  two types of  PEAA polymers  having  d ifferent  AA content s  

at  t emperatures  of  373−473 K and pressures  of  5−20 MPa.  In addi t ion,  the effec ts  

of  the  temperature ,  pressure,  and  AA content  of  the polymer on  the  solubi l i ty  

were e lucidated  by comparing the obtained data with those  reported  previously  

for  the  solubi l i ty  of  CO 2  in  polyethylene [3,  4 ]  based on  the  Sanchez-Lacombe 

equat ion of  s tate  (SL–EoS)  [16,  17] .  F inal ly,  the  d i ffus ion coeff ic ients  of  CO 2  

in  the  PEAA samples  were  evaluated  in  terms  of  the temperature ,  gas  solubi l i ty,  

and polymer  AA content  based on  the  f ree volume theory.  

 

2. Mes aens iu Mst Mea hd u  

2.1 .  Materia ls  

The PEAA samples  used ,  which  contained  5 and  20 wt% AA, were  labeled  

as  PEAA5 and PEAA20,  respect ively ,  and were purchased f rom Sigma -Aldrich.  

The weight  average molar  mass  (Mw )  of  PEAA20 was repor ted  by the suppl ier  to 

be  17 .2  kg/mol .  In  addi t ion ,  we assumed  the Mw  value for  PEAA5 to  be  equal  to  
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that  for  PEAA20 because no data were  avai lable for  PEAA5. The mel t ing  

temperatures  (T m )  of  PEAA5 and PEAA20  were  determined  to  be  373 and  352 K ,  

respect ively ,  using  di fferent ial  scanning calorimetry  (DSC7020,  Hi tachi  High-

Tech Science ,  Japan)  under  ni t rogen a tmosphere  at  a  heat ing  rate of  10 K /min .  

Table  S1  (supplementary  material )  shows t he DSC curves  for  each  polymer .  Al l  

the CO 2  solubi l i ty  and di f fusion coeff ic ient  measurements  were  performed a t  

temperatures  higher  than  the  mel t ing  poin t  of  the  polymer s  used .  Final ly ,  the 

CO2  gas  (pur i ty :  99 .5  vol%) used was  obtained  f rom Iwatani  Indust r ial  Gas Co.  

Ltd . ,  Japan .   

 

2.2 Measurement s  o f  solubi l i t i es  and  di f fus ion coef f icien ts  of  CO2  in  PEAA  

A magnet ic  suspens ion  balance  (MSB) (Rubotherm GmbH) was  used  to  

measure the so lubi l i t i es  and di f fus iv i t i es  of  CO 2  in  PEAA; the  detai l s  of  the  

experimental  procedure  can  be  found el sewhere  [10 ,  11,  18] .  The mass  of  the  

disso lved  gas  a t  t ime t ,  mg ( t ) ,  was  calcu la ted  as  fol lows [11]:  

 

( ) ( ) ( ) ( ) ( ) g 0 g B p p0 w, , 1m t W t W P T V m v P T S t  = − + + +    (1)  

  

where  W0  and  W ( t )  are the  MSB readouts  at  zero pressure and  t ime t ,  respect ively .  

Fur ther ,   g  (P, T )  i s  the  densi ty  of  CO 2  at  pressure P and temperature  T ,  as  
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calculated  based on  the  Span−Wagner  equat ions  of  s ta te  [19] ,  and  VB  i s  the  

volume of  the sample  basket .  Final ly ,  mp  i s  the mass of  the pure PEAA sample  

loaded in the sample basket ,  and vp 0 (P,T )  i s  the speci f ic  volume of  the  pure 

polymer  sample.  The Tai t  equat ion [20]  was used to  determine  vp 0 :  

 

( ) ( ) ( ) p0 , 0, 1 0.0894ln 1v P T V T P B T= − +     (2)  

( ) ( )0, 273.15V T a b T= + −   (3)  

( ) ( )0 1expB T B B T=   (4)  

 

Table  1  l i s t s  the  Tai t  parameters  determined  based  on  the  prev iously  

reported  speci f ic  volumes  of  s imilar  PEAA samples  [21] .  In  Eq.  (1) ,  S w  i s  the  

degree of  swel l ing  of  the PEAA samples  because  of  the  d issolut ion  o f  CO2  in  

them and was  determined  as  fo l lows:  

 

( )
( ) p p0

w

p0

1v S t v
S t

v

+ −
=   (5)  

 

where S( t )  is  the amount  of  gas  d issolved in  the PEAA sample  per  uni t  mass  of  

the sample ,  and  vp  i s  the speci f ic  volume of  the CO2 –PEAA mixture ,  which was  

calculated  based  on the  SL–EoS,  as  described  in  Sect ion 3 .1 .   
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The CO 2  solubi l i ty  (S s a t )  was  determined  from the  mass  of  the  d issolved  

gas  (mg , s a t )  at  satura t ion :  

 

g,sat

sat

p

m
S

m
=   (6)  

 

Fn reaM1  shows the  sorp t ion curves  of  CO 2  in  PEAA5 and PEAA20  at  423  

K as  determined while  rapidly increas ing the pressure from 0 to  5 MPa.  As can  

be  seen f rom the  f igure ,  the  amount  of  d issolved  CO 2  in  the PEAA samples  

increased  gradual ly,  wi th  the  solubi l i ty  values  a t  saturat ion,  S s a t ,  being  0 .0361 

and 0 .0349 g-gas /g -polymer for  PEAA5 and PEAA20,  respect ively.   

The di ffusivi t i es  of  CO2  in  the PEAA samples  were determined f rom 

the sorpt ion curves  obta ined f rom the solubi l i ty  measurement s  (Fn . M 1 ) .  During  

the analysi s ,  the fo l lowing  assumpt ions were made for  each  di ffusion  process  

[10,  18]:  ( i )  the  di ffusion  pro cess  obeys  Fick’s  second law;  ( i i )  the gas  disso lves  

f rom the  upper  surface  of  the  polymer  sample ,  and  the  di ffus ion  process  is  a  one-

dimensional  one  and  occurs  a long the  thickness  di rect ion  of  the  sample ;  ( i i i )  the  

thickness  of  the  polymer  sample,  L ,  remains  constant  during  the  gas  di ssolut ion  

process  in  considera t ion  of  the  swel l ing at  the  average  value  between the  ini t i al  

and f inal  so lubi l i ty.  Keeping  these  assumptions  in  mind,  the di ffusion  equat ion 

was  as  fol lows  [22] :  
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( ) ( )

( ) ( )

( )
2 2

g g

22 2
0g,sat g

0 2 18 1
1 exp

0 42 1n

m t m n Dt

m m Ln







=

 − + 
= − − 

− +   
   (7)  

 

The di ffusion coeff icient s ,  D ,  were obta ined by adjus t ing  the sorp t ion  

curves  obtained using Eq.  (7)  to  the exper imenta l ly  determined  ones  for  speci f ic  

temperature  and  pressure  condi t ions  while us ing  D  as  the  f i t t ing  parameter.  The  

sol id  l ines  in M F n . M 1  p resent  the f i t t ed  curves for  CO2  sorpt ion in  PEAA5 and 

PEAA20 at  423  K for  rap id  s tepwise  increases  in  the  pressure  f rom 0  to  5  MPa;  

the values  of  D were  determined  to be  2 .9×10 - 9  and  1 .6×10 - 9  m 2 / s  for  PEAA5 and 

PEAA20,  respect ively.   

 

3. Med ai Mrua  

3.1 Correla t ion of  solubi l i t y  using Sanchez –Lacombe equat ion  of  s tate  

The SL–EoS [16] was  used to  corre late  the data for  the  so lubi l i ty  of  

CO2  in  the  PEAA samples :  

 

( )2 1
1 ln 1 0P T

r
  

  
+ + − + − =  

  
 (8)  

 

*

* * * * *
,  ,  ,   

P T P M
P T r

P T RT




 
= = = =  (9)  

 

where  *,  P*,  and  T* are  the  character is t ic  densi ty,  pressure,  and  temperature ,  
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respect ively,  for  each  component .  Further,  r  i s  the number of  segments  in  a  

molecule ,  and  M  i s  the  molar  mass .  For the  mixtures ,  the  mixing  ru les  were  used ,  

as  fo l lows:  

 

( )* * *1i j ij i j

i j

P k P P= −   (10)  

 

*
* *

*

i i

i i

T
T P

P


=    (11)  

 

0

0

1 i

i ir r


=   (12)  

 

1 i

i i

w

M M
=   (13)

 

* *
0

* *

i i i
i

j j j

j

P T

P T





=


  (14)  

 

*

*

i i
i

j j

j

w

w





=


  (15)  

 

where k i j  i s  the  parameter  for  b inary interact ions  between molecules  i  and  j .  

Fur ther,   i  and w i  are  the segment  mole f rac t ion and mass f ract ion  of  component  

i ,  respect ively.  The pure -component  parameters  (T i*,  P i*,  and  i*) for  each  

component ,  i ,  o f  the  SL–EoS are l is ted  in  Tsbia M 2 .  In  thi s  work,  t he pure-
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component  parameters  for  the  two PEAA polymers  were obta ined  by  f i t t ing  the  

speci f ic  volume data for  the polymer  reported by  Zol ler  and Walsh  [21].  

While  ca lcula t ing  the  solubi l i t i es  using  the  SL–EoS,  i t  was  assumed that  

the polymers  d id  not  disso lve into the gas  phase  and th at  they were  

monodispersed .  Therefore,  the equi l ibr ium relat ionship  for  the  chemical  

potent ia l s  of  CO2  (1)  in  the polymer phase (1
P )  and that  in  the  pure  gas  phase 

(1
G )   a t  a  given  T  and P  could  be  described  as  fol lows  [9] :  

 

( ) ( )P P G

1 1 1, , ,T P T P  =   (16)  

 

The value of  the  b inary interact ion  parameter ,  k1 2 ,  for  the  CO2  (1)  and polymer  

(2)  mixture in  Eq.  (10)  was  determined  by  minimizing  the  average rela t ive  

deviat ion  (ARD),  which  was  defined as  fo l lows:  

 

 
exp corr

sat, sat,

exp
1 sat,

1
ARD % 100

ND
k k

k k

S S

ND S=

−
=    (17)  

 

where ND  i s  the  number  of  data  points  and  S s a t
e x p  and  S s a t

c o r r  a re  the  

experimental ly  determined  and calculated  solubi l i t i es  of  CO 2  in  the  polymers ,  

respect ively.  
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3.2 Model  for  di ffusion coeff ic ient s  of  CO 2  in  PEAA based  on  free volume 

theory  

In  the  present  s tudy,  the  model  proposed by  Areerat  [5 ] ,  which  is  based  

on  the  f ree  volume theory,  was  employed  to model  the  di ffusion  coeff ic ient s  of  

CO2  in  the polymers .  In  th i s  model ,  the se l f -di ffusion coeff icient  of  a  gas  can be  

described as  fol lows [5]:  

 

d
self d f

mix

exp
B

D RTA
v

 −
=  

 
  (18)  

 

( )f 0

mix mix 1 mix, ,v v w P T v= −   (19)  

 

where  Ad  and  Bd  a re  the  character is t ic  parameters  [5 ,  23] .  Fur ther,  
f

mixv  i s  the  

speci f ic  f ree  volume of  the  CO2−polymer mixture ,  which  i s  given by  Eq.  (19) ;  

mixv  corresponds  to  the  speci f ic  volume of  the  CO2 –polymer  sys tem at  a  CO 2  

mass  f ract ion of  w 1  and pressure  P  and temperature  T ;  th is  was  determined us ing  

the S−L EoS.  Final ly,  
0

mixv  ,  which  is  the occupied  speci f ic  volume of  the  

CO2−polymer  mixture,  was  determined  using  the fo l lowing expression  [23]:  

  

( )0 0 0

mix 1 1 1 21v w v w v= + −   (20)  
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In  Eq.  (20),  t he value  of  the  occupied  speci f ic  volume of  pure CO 2 ,  
0

1v ,  was  

taken to  be  0 .589 cm 3 /g  [5 ,  11 ,  14,  24]  based on  i t s  van  der  Waals  volume  [25] .  

The occupied speci f ic  volume of  the pure polymer,  
0

2v ,  was a lso  determined  

f rom i ts  van  der  Waals  volume (v w, 2 ) ,  as  fol lows  [5]:  

 

 
0

2 w,21.3v v=  (21)  

 

The vw, 2  values  for  the  PEAA polymers  (
PEAA

w,2v  )  were  calcu la ted  using  the 

fo l lowing equat ion :  

 

 
PEAA PE PAA

w,2 AA w,2 AA w,2(1 )v w v w v= − +  (22)  

 

where  
PE

w,2v  (00 .7307 cm 3 /g  [26])  and  
PAA

w,2v  (00.5032  cm 3 /g  [26])  are  the  vw, 2  

values  o f  polyethylene  (PE)  and  poly(acry l ic  acid)(PAA),  respect ively ,  and  wA A  

i s  the mass  f rac t ion of  AA in the pure PEAA polymers .  The 
PEAA

w,2v  values  for  

PEAA5 and PEAA20 calcula ted us ing Eq.  (22)  were 0.719 and 0 .685  cm 3 /g ,  

respect ively.  

 To al low for  a  comparison of  the  measured  d i ffus ion coeff icients  of  CO 2  

in  the PEAA polymers  wi th those calculated ,  t he mutual -di ffusion coeff ic ien t s  

of  CO 2  in  the  polymer (Dm u t u a l )  for  the gas  (1)−polymer (2)  mixture  were  

calculated  using the  se lf -di ffusion  coeff icient s  (D s e l f)  and the  fol lowing equat ion  
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[5 ,  27] :  

 

( )P

1 12 self
mutual

1 ,

, ,

ln
T P

T P xx D
D

RT x

 
=  

 
  (23)  

 

where 1
P  i s  the chemical  potent ial  of  CO 2  in  the polymer  phase and  x i  i s  the  

mole  f rac t ion  of  component  i .  The fol lowing equat ion  could  be  derived  f rom Eqs .  

(18) and  (23) :  

 

( )d
d f

P

1 1

mut

i

ual 2

m 1 , x

, ,

ln
exp

T P

T P x
D

v
x

B
A

x

 −



 
=  

 


 
   (24)  

 

The part ial  di fferent ial  t e rm  in  thi s  equat ion  was  determined numerica l ly  us ing  

the S−L EoS.  

 To corre late  the measured  di ffusion coeff ic ien t s  using  Eq.  (24),  the  

characteri s t ic  parameters ,  Ad  and  Bd ,  were  used  as  the  f i t t ing parameters  for  the  

invest igated  temperature  and  pressure condi t ions during the minimizat ion of  

ARD,  as  fol lows:  

 

  
exp corr

exp
1

1
ARD % 100

ND
k k

k k

D D

ND D=

−
=    (25)  
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where D e x p  and D c o r r  (0Dm u t u a l  in  Eq.  (24))  are  the experimenta l ly  determined  and 

correlated  di ffusion  coeff icien ts ,  respect ively,  and  ND  i s  the number of  data  

points .  

 

4. MRauri  u Mst M nucruundt  

4.1.  Solubi l i t y  of  CO2  in  PEAA   

Fn reau M 2 M st M 3 M show the  measurement  resul t s  for  the  so lubi l i t ies  of  

CO2  in  PEAA5 and PEAA20,  respect ively,  whi le  Tsbia M3  l i s ts  the  experimental ly  

determined  values . M For  al l  the temperatures  invest igated ,  the  solubi l i t i es  

increased  a lmost  l inearly  with an  increase  in  the  pressure ,  obey ing  Henry’s  law 

in the invest igated  pressure  range in  a  manner  s imi lar  to  other  CO2 –polymer  

sys tems [6 ,  8 ,  11,  28 ,  29] .  Further,  the so lubi l i t i es  of  CO 2  increased  with  a  

decrease in  the temperature;  s imilar  temperature dependence s  have been  repor ted  

previously  during  the  d issolut ion of  condensable  gas es  such as  CO 2  [6 ,  8 ,  28,  

29]  and  ethylene [30]  in  other  polymers .   

Fn reaM 4  compares  the measured solubi l i t i es  of  CO 2  in  low-dens i ty 

polyethylene  [3]  (acry l ic  ac id :  0  wt%),  PEAA5 (acryl ic  acid :  5  wt%),  and 

PEAA20 (acryl ic  ac id :  20  wt%) at  423 K;  these  polymers  conta in  AA in  d i fferent  

mass  fract ions .  As  shown in the  f igure,  the so lubi l i t i es  of  CO 2  in  the  polymers  

decreased with an  increase in  the AA content ;  th is  resul t  can mainly be  at t r ibuted  
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to  low aff ini ty  of  CO 2  for  AA resul t ing  f rom the  possible  sel f -associa t ion  

between the  AA groups .  

The sol id  l ines  in  Fn u . M2  st M3  correspond to  the  f i t t ed  solubi l i t ies  of  

CO2  in  PEAA determined us ing  the  S−L EoS.  As  shown in  Tsbia M4 ,  the  S−L EoS 

al lowed the  solubi l i ty  data  to  be  adjus ted  to  wi thin  2 .8% of  the ARD.  Fn rea M 5  

and TsbiaM4  show the k1 2  va lues  (Eq.  (10))  for  CO2  and PEAA used  as  the f i t t ing  

parameters .  The k 1 2  va lues  decreased l inearly  with  an increase in  the  

temperature ;  this  was t rue for  a l l  the  polymers  invest igated .  Further,  thi s  

temperature  dependence of  k i j  was  s imi lar  to  that  for  p olyethylene ,  as  shown in M

Fn . M5 ,  and  can  be  expressed  using  the  fol lowing approximated  curve s  based  on  

the least -squares  method.  

 

For  CO2  in  PEAA5:  
3 1

12 1.302 10 4.468 10k T− −= −  +   (26)  

 

For  CO2  in  PEAA20 :  
3 1

12 1.284 10 4.282 10k T− −= −  +   (27)  

 

These  approximated curve s  can  be  usefu l  for  interpola t ing and even  

ext rapolat ing  the so lubi l i t i es  of  CO at  o ther  temperatures .   

 



- 16 - 

4.1.2.  Henry’s  cons tant  for  di ssolut ion  of  CO 2  in  PEAA  

The value  of  Henry’s  constant ,  K p  for  the  solubi l i t ies  of  CO 2  in  the  PEAA 

polymers  was determined  based on the S–L EoS.  The l inear  relat ionship  between 

(T c /T )2  and  ln (1/K p ) ,  which was  or iginal ly  proposed by S tern et  a l .  [31] ,  was 

used  to  analyze  the data;  here ,  T c  (0304 .12 K [32])  i s  the cr i t i cal  t emperature  

of  CO 2 .  Fn reaM6  compares  the values  of  Henry’s  constant  corresponding to  the  

CO2  solubi l i t ies  in  the  PEAA polymers  with  those  reported  in  the  l i t e rature  for  

the solubi l i t i es  of  CO 2  in  low-dens i ty  polyethylene [3,  4 ] .  As can be seen f rom 

the f igure,  the curves  for  the  1/K p  values  for  CO 2  in  PEAA and polyethylene 

exhibi t  s imilar  s lopes and hence  represent  s imilar  t emperature  dependences .  

Fur ther,  the  values  of  1/K p  for  CO2  in  the  copolymers  decreased  with an increase  

in  the  AA mass  f ract ion  and could  be  ar ranged in  the  fol lowing  order :  

polyethylene > PEAA5 >  PEAA20.  This  was  probably  because  of  a  decrease  in  

the extent  of  in teract ions  between CO2  and  AA,  s ince the  la t ter  conta ins  the  

acryl ic  group ,  in  cont rast  to  the e thylene s t ructure .   

As shown in Fn . M 6 ,  the  ln(1/K p )  and  (T c /T )2  values  for  the  PEAA 

polymers  were l inearly  re la ted .  Hence,  we could obtain the  fol lowing 

approximate curves  using  with  the least -squares  method:  

 

For  CO 2  in  PEAA5:   ( ) ( )
2

p cln 1 1.523 7.365K T T= +   (28)  
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For  CO2  in  PEAA20 :   ( ) ( )
2

p cln 1 1.770 7.145K T T= +   (29)  

  

4.2 .  Di f fus iv i t i es  of  CO2  in  PEAA   

4.2.1 .  Resul ts  of  measurements  of  d i f fus ion  coef f icients  of  CO 2  in  PEAA  

Fn reauM 7M st M 8 M show the  d i ffus ion coeff icients  of  CO 2  in  PEAA5 and 

PEAA20,  respect ively,  as  funct ions  of  the average solubi l i t ies  dur ing the  

sorp t ion  process  whi le  Tsbia M 5  l i s ts  the  exper imental  values .  The d i ffus ion  

coeff ic ient s  of  CO2  in  the two  PEAA polymers  increased wi th an  increase in  the 

temperature ;  this  was t rue for  al l  the  condi t ions invest igated .  A s imilar  

temperature  dependence of  the  di ffusion coeff ic ient  has  al so been reported in  the  

case of  the  CO2− low-densi ty  polyethylene system [3] ,  as  shown in Fn reaM 9 .  In  

fact ,  this  is  a  typ ical  phenomenon for  the  di ffusivi ty  of  gases  in  polymers  [2 ,  8 ,  

10 ,  11 ,  14 ,  18] .   

In  addi t ion ,  for  al l  the temperatures  invest igated ,  the  di ffusion 

coeff ic ients  of  CO 2  in  the PEAA polymers  increased wi th an increase in  the  

average solubi l i ty  of  the gas ,  especial ly  at  lower temperatures .  This  so lubi l i ty  

dependence  of  the d i ffusion coeff icient s  is  main ly at t r ibutable to  the  

plas t icizat ion  effect  ar is ing  from the  so lvat ion  of  the  gas;  the  mobil i ty  of  CO2  

i s  promoted  by the  plas t icizat ion of  the copolymers ,  especial ly  at  lower 

temperatures .  The effect  of  plas t icizat ion on  the  d i ffus ion coeff ic ien t  of  CO2  has  
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also  been  observed  in  the  cases  of  polystyrene  [8]  and  poly(methyl  methacryla te)  

[11]  for  the  same temperature  range .  

Further,  for  al l  the  temperature  condi t ions ,  the  di ffusion  coeff ic ien ts  of  

CO2  in  PEAA 5 (Fn . M 7 )  were  larger  than  those  in  PEAA20 (Fn . M 8 ) .  This  was 

probably because the  mobil i ty  of  CO 2  in  the  PEAA polymers  decreased  with  an 

increase in  thei r  AA content .  In  fact ,  as  shown in Fn u . M7 , M8 , Mst M9 ,  the  d i ffus ion 

coeff ic ients  of  CO 2  at  423  K in the polymers  decreased in  the order  of  thei r  mass  

f rac t ions  of  AA:  polyethylene [3] (Fn . M 9 ,  AA:  0  wt%) > PEAA5 (Fn . M 7 ,  AA: 5 

wt%)> PEAA20 (Fn . M 8 ,  AA:  20  wt%).  Consequent ly,  a  higher  AA content  

reduced the di ffusiv i ty  of  CO 2  in  PEAA; th is  can be a t t r ibutable to  an increase 

in  the  d i ffus ion resi s tance  of  the  gas  wi th an  increase  in  the  in teract ion  between 

the  AA uni t  in  the  polymers  resul t ing  f rom the  sel f -associa t ion  in  the  AA groups .   

 

4.2.2.  Model ing  of  d i f fusion  coef f icients  based  on  f ree  vo lume theory  

The dashed  l ines  in  Fn u . M 7 , M 8 , M st M 9 M show the  d i ffus ion coeff ic ien t s  of  

CO2  in  the  polymers  as  calcu la ted  based on  the  free  volume theory (Eq.  (2 4)) .  

For  the  correlat ions  represented  by  the dashed  l ines ,  the  characteri s t ic  

parameters ,  Ad  and  B d ,  in  Eq.  (24)  were  used  as  the  universal  f i t t ing  parameters  

for  the  inves t igated  polymers  (PEAA5:  Fn . M7 ,  PEAA20:  Fn . M8 ,  and  polyethylene  

(Mw 0133 kg/mol  [3] ) :  Fn . M9 ) ,  based  on  the  f ree volume theory [5,  23] .  The f i t t ing  
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resul t s  are l i s ted in  TsbiaM 6 .  We confi rmed that  the  molecular  weight  of  the  

polymers  has  l i t t l e  effect  on the calculat ion resu l t s .  As can be seen f rom the  

f igures ,  the  model  could  describe the  effects  of  the temperature,  solubi l i ty,  and  

AA mass f ract ion  in  the PEAA polymers  on the di ff usivi t i es  of  CO 2  to  within  

25 .8% of the  ARD,  whic h  is  in  keeping  with the  di scussion in  Sect ion 4.2 .1 .   

Further,  to  improve  the corre lat ion  accuracy  of  the di ffusion coeff icien t s  

of  CO 2  in  the  polymers ,  the  characteri s t ic  parameter  Ad  in  Eq.  (24)  was  used  as 

the polymer-dependent  f i t t ing parameter  whi le parameter  Bd  was used as  the  

universal  parameter ;  the sol id  l ines  in  Fn u. M 7 , M 8 , M st M 9M show the correlat ion  

resul t s ,  whi le Tsbia M 7  l i s t s  the  determined parameters  and  ARD  values .  As can  

be  seen f rom the  f igures ,  the f ree volume theory and the  polymer-dependent  

parameter,  Ad ,  could describe  the di ffusion coeff icien t s  to  with in  5 .7  % of the  

ARD.  Fn rea M10  shows the values  of  the polymer -dependent  parameter,  Ad ,  as  a  

funct ion  of  the  AA mass  f ract ion in  the  polymers  (w A A ) ;  th i s  relat ionship  can  be  

represented by  the  fol lowing curve ,  which  i s  shown as  the  sol id  l ine  in  Fn . M10 .  

 

 ( )PE

d AA d AA( ) expA w A w


 = −
   (30)  

 

where  Ad
P E  i s  the  A d  value  for  polyethylene  (Tsbia M 7 ) ;    (00.1071)  and    

(00 .4392) are the f i t t ing parameters  determined  based on the  correla t ions  of  the  
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A d  va lues  in  TsbiaM 7  and Fn .10 .  Eq .  (30) can be  used  to  predict  the  d i ffus ion  

coeff ic ient s  of  CO 2  in  other  PEAA polymers  with the  di fferent  AA contents .  

 

5. MCdtcirundtu  

We measured  and modeled the  solubi l i t i es  and  d i ffus ion coeff icients  of  

carbon dioxide  (CO 2 )  in  poly(ethylene -co-acry l ic  acid)  (PEAA)  for  temperatures  

of  373−473 K and pressures  of  up  to  20  MPa.  The measured  solubi l i t i es  of  CO 2  

in  the  PEAA polymers  obeyed Henry’s  law and decreased  wi th  an  increase  in  the  

AA mass  frac t ion in  the polymers .  The SL–EoS was used  to  correlate  the  

measured  solubi l i t i es .  The analys is  using Henry’s  law  revealed  that  t emperature 

dependence of  the  solubi l i t i es  of  CO 2  in  PEAA was  s imi lar  to  that  in  

polyethylene.  The CO2  solubi l i ty  and  acry l ic  acid content  were  the  crucia l  

factors  for  affect ing  the di ff usion coeff icient  of  CO 2  in  the  PEAA polymers .  In  

addi t ion,  the effec t s  of  these parameters  on the di ffusion coeff ic ien t  could be  

described quant i tat ively  based  on the f ree volume theory.  
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Tsbiau  

Table  1 .  Tai t  parameters  for  P EAA samples  used  in  this  s tudy  

Polymer  a  

[cm 3 /g ]  

b   

[cm 3 / (g·K)]  

B0  

[MPa]  

B1   

[K - 1 ]  

 T  range  

[K]  

 P  range  

[MPa]  

PEAA5 1.107  9.82×10 - 4  203.2  -4 .93×10 - 3  373 to  473  0 to  20  

PEAA20 1.045  8.49×10 - 4  209.7  -4 .47×10 - 3  373 to  473  0 to  20  

 

TsbiaM2. MCharacter i s t ic  parameters  for  each  component  for  S−L EoS  

Component  
w A A   

[%]  a  

P* 

[MPa]  

* 

[kg/m 3 ]  

T*
  

[K]  
Reference  

CO2  -  720.3  1580.0  
208.9 + 0 .459 T  

-0 .756×10
- 4  

T
2
 

[33]  

Polyethylene  0  382.1  889.3  685.0  [3]  

PEAA5  5  434.5  906.9  674.8  This  work  

PEAA20  20  438.3  957.4  711.7  This  work  

a:  Mass  f ract ion of  acryl ic  acid (AA) in  PEAA polymers  
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TsbiaM3 .  Measured  solubi l i t i es  of  CO 2  in  PEAA polymers  a  

Polymer  T [K]   P [MPa]  S
s a t

 [g-gas/g-polymer]  S
w

 
[ - ]  b  

PEAA5  373.15  5.04  0.0436  0.0412  

 
 

9.94  0.0839  0.0791  

 
 

14.9  0.125   0.118  

 
 

19.8  0.148   0.138  

 398 .15  5.42  0.0409  0.0407  

 
 

10.1  0.0778  0.0773  

 
 

15.1  0.115   0.114  

 
 

19.6  0.142   0.140  

 423 .15  5.08  0.0361  0.0380  

 
 

10.1  0.0727  0.0763  

 
 

15.0  0.106   0.111  

 
 

19.9  0.140  0.145  

 448 .15  5.27  0.0336  0.0375  

 
 

10.3  0.0676  0.0751  

 
 

15.3  0.101   0.111  

 
 

20.0  0.133   0.146  

 473 .15  5.01  0.0313  0.0372  

 
 

10.1  0.0625  0.0736  

 
 

15.3  0.0958  0.112  

 
 

20.1  0.130   0.151  

PEAA20  373.15  5.15  0.0419  0.0409  

  9.96  0.0801  0.0783  

  15.1  0.112   0.110  

  20.0  0.141   0.137  

 398 .15  5.01  0.0365  0.0376  

  10.1  0.0745  0.0766  

  15.2  0.107   0.110  

  20.1  0.132   0.135  

 423 .15  5.4  0.0349  0.0379  

  10.1  0.0676  0.0733  

  15.2  0.0990  0.107  

  20.1  0.125   0.134  

 448 .15  5.08  0.0293  0.0338  

  10.2  0.0600  0.0688  

  15.3  0.0904  0.103  

  20.1  0.116   0.131  

 473 .15  5.33  0.0280  0.0342  

  10.2  0.0544  0.0661  

  15.4  0.0840  0.101  

  20.2  0.111   0.134  

a:  Standard  uncertaint ies  u  a re u (T )0 M0.05  K,  u (P )0 M0.01  MPa,  and  the  combined  

relat ive expanded uncerta inty  U r  i s  es t imated to  be  less  than U r (S s a t )  0 0.05  (0 .95 

level  of  confidence) .  

b:  Degree  of  swel l ing  as  es t imated  using S−L EoS  
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TsbiaM4. MBinary  interact ion  parameter,  k
1 2

,  in  Sanchez−Lacombe equat ion and  

ARD values  obtained by  f i t t ing data for  so lubi l i ty  of  CO 2  in  PEAA  

Polymer  T  [K]   k
1 2  

[ - ]  ARD [%] a  

PEAA5  373.15  -0 .0424  1.6  
 

398.15  -0 .0694  1.3  
 

423.15  -0 .1015  1.5  
 

448.15  -0 .1345  0.7  
 

473.15  -0 .1726  1.7  

PEAA20 373.15  -0 .0522  1.5  
 

398.15  -0 .0825  2.8  

 423.15  -0 .1138  2.4  
 

448.15  -0 .1453  1.6  
 

473.15  -0 .1812  0.8  

a:  Average rela t ive  deviat ion between exper imental  and  calculated  values  as  

determined  us ing Eq.  (17) .  
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TsbiaM5. MDiffusion  coeff ic ien ts  ( D )  of  CO 2  in  PEAA a  

Polymer  T [K]  
P range  [MPa]  Average solubi l i ty  [g -

gas/g -polymer]  

D×10 9
 

[m 2 / s ]  min  max 

PEAA5  373.15  0  5.04  0.0218  1.5  
 

 
5.04   9.94  0.0638  1.8  

 
 

9.94  14.9  0.104  2.1  

  14.9   19.8  0.137  2.1  

 398.15  0  5.42  0.0205  2.1  

 
 

5.42   10.1  0.0594  2.5  

 
 

10.1   15.1  0.0964  2.6  

  15.1   19.6  0.129  2.8  

 423.15  0  5.08  0.0181  2.9  

 
 

5.08   10.1  0.0544  3.2  

 
 

10.1   15.0  0.0894  3.6  

 
 

15.0   19.9  0.123  3.7  

 448.15  0  5.27  0.0168  3.9  

 
 

5.27   10.3  0.0506  4.1  

 
 

10.3   15.3  0.0843  4.3  

 
 

15.3   20.0  0.117  4.6  

 473.15  0  5.01  0.0157  5.1  

 
 

5.01   10.1  0.0469  5.5  

 
 

10.1   15.3  0.0792  5.8  

 
 

15.3   20.1  0.113  6.0  

PEAA20  373.15  0  5.15  0.0210  0.6  

  5.15   9.96  0.0610  0.8  

  9.96   15.1  0.0961  1.0  

  15.1   20.0  0.127  1.0  

 398.15  0  5.01  0.0183  1.0  

  5.01   10.1  0.0555  1.2  

  10.1   15.2  0.0908  1.4  

  15.2   20.1  0.120  1.4  

 423.15  0  5.4  0.0175  1.6  

  5.4  10.1  0.0513  1.8  

  10.1   15.2  0.0833  1.9  

  15.2    20.1  0.112  1.9  

 448.15  0  5.08  0.0147  2.3  

  5.08   10.2  0.0447  2.4  

  10.2   15.3  0.0752  2.7  

  15.3   20.1  0.103  2.7  

 473.15  0  5.33  0.0140  3.0  

  5.33   10.2  0.0412  3.3  

  10.2   15.4  0.0692  3.4  

  15.4   20.2  0.0975  3.6  

a:  Standard  uncertaint ies  u  a re u (T )0 M0.05  K,  u (P )0 M0.01  MPa,  and  the  combined  

relat ive  expanded uncerta inty  U r  i s  es t imated  to  be  less  than U r(D )  0  0.2 (0 .95  

level  of  confidence) .  
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Tsbia M 6 . M Diffusion  coeff ic ients  of  CO 2  in  polymers  calcu lated  based  on  f ree 

volume theory  (Eq.  (2 4))  using  Ad  and Bd  used  as  universal  f i t t ing parameters  

Polymer  
wA A   

[%] a  

Ad  ×10 11   

[m 2 ·mol/ (J ·s )]  b  

 Bd   

[cm 3 /g ]  b  

 ARD  

[%]  c  

Polyethylene  0  

1.848  1.004  

25.8  

PEAA5  5  8.3  

PEAA20  20  13.6  

a:  Mass  f ract ion of  acryl ic  acid (AA) in  PE AA polymers  

b:  F i t t ing parameters  of  Eq.  (2 4)  

c:  Average rela t ive  deviat ion between exper imental  and  calculated  values  of  

di ffusion coeff icien ts  defined in  Eq.  (25)  

 

Tsbia M 7 . M Diffusion  coeff ic ients  of  CO 2  in  polymers  calcu lated  based  on  f ree 

volume theory (Eq.  (24))  where f i t t ing  parameter  Ad  was determined for  each 

polymer and  same B d  value was  used  every  polymer  

Polymer  
wA A   

[%] a  

Ad  ×10 11   

[m 2 ·mol/ (J ·s )]  b  

 Bd   

[cm 3 /g ]  b  

 ARD  

[%]  c  

Polyethylene  0  2.487  

1.004  

3.4  

PEAA5  5  2.004  4.6  

PEAA20  20  1.668  5.7  

a:  Mass  f ract ion of  acryl ic  acid (AA) in  PE AA polymers  

b:  F i t t ing parameters  of  Eq.  (2 4)  

c:  Average rela t ive  deviat ion between exper imental  and  calculated  values  of  

di ffusion coeff icien ts  defined in  Eq.  (25)  
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Fn reau  

 

Fn . M 1  Sorpt ion  curves  of  CO 2  in  PEAA5 ( )  and PEAA20 ( )  at  423 K for  

pressures  of  0−5 MPa.  Saturated so lubi l i ty,  S s a t ,  va lues  were determined  to  be  

0.0361  and 0 .0349 g-gas/g-polymer,  respect ively,  whi le  d i ffusion  coeff icient ,  D ,  

va lues  were determined to be 2.9×10 - 9  and 1.6×10 - 9  m 2 / s ,  respect ively,  for  

PEAA5 and PEAA20 (sol id  l ines  are  f i t s  obta ined  using  Eq.  (7) ) .   
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Fig .  2 .  Measured  so lubi l i t i es  of  CO 2  in  PEAA5 at  373  K ( ) ,  398  K ( ) ,  423  K 

(◆ ) ,  448  K ( ) ,  and  473 K ( )  and  f i t s  obtained  us ing Sanchez−Lacombe 

equat ion  of  s tate  (sol id  l ines) .   
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Fig .  3 .  Measured  so lubi l i t i es  of  CO 2  in  PEAA20 at  373 K ( ) ,  398  K ( ) ,  423 

K (◆ ) ,  448 K ( ) ,  and 473 K ( )  and f i ts  obtained using Sanchez−Lacombe 

equat ion  of  s tate  (sol id  l ines) .   
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Fig .  4 .  Comparison  of  measured solubi l i t ies  of  CO 2  in  polyethylene ( )[3]  ,  

PEAA5 ( ) ,  and PEAA20 ( )  at  423 K.  
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Fn . M 5 . M Binary  interact ion  parameter,  k
i j

,  in  Sanchez−Lacombe equat ion as  

determined  by  f i t t ing so lubi l i t i es  of  CO 2  in  polyethylene  () [3]  ,  PEAA5 ( ) ,  

and  PEAA20 ( ) .  Sol id (PEAA5) and  dashed  (PEAA20) l ines  are f i t t ed  curves  

for  data  obtained  in  th is  work  using  Eqs.  ( 26)  and (27),  respect ively.  
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Fn . M 6 . M Henry’s  constant  for  di ssolu t ion of  CO 2  in  polyethylene ([3] ,  ×[4]) ,  

PEAA5 ( ) ,  and  PEAA20 ( ) .  Sol id  (PEAA5) and  dashed  (PEAA20) l ines  are  

f i t t ed  curves for  data obtained in  thi s  work using Eqs .  ( 28) and (29),  respect ively.   
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Fn . M 7 . M Measured  and  calculated  di ffusion  coeff icients  of  CO 2  in  PEAA 5 as  

funct ions  of  average solubi l i ty  of  CO 2  in  polymers  dur ing sorp t ion  s tep a t  373  

K ( ) ,  398  K ( ) ,  423 K (◆ ) ,  448  K ( ) ,  and  473 K ( ) .  Lines  correspond to  

correlat ion  resu l ts  obtained  using  Eq.  (24)  where  values  of  f i t t ing  parameters  Ad  

and Bd  in MTsbiaM6  (dashed  l ines)  and Tsbia M7  (sol id  l ines)  were used.   
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Fn . M 8 . M Measured  and  calculated  di ffus ion  coeff icien ts  of  CO 2  in  PEAA 20 as  

funct ions  of  average solubi l i ty  of  CO 2  in  polymers  dur ing sorp t ion  s tep a t  373  

K ( ) ,  398 K ( ) ,  423 K (◆ ) ,  448 K ( ) ,  and  473 K ( ) .  Sol id l ines  correspond 

to correla t ion resul t s  obtained  using Eq.  (24)  where  values  of  f i t t ing  parameters  

A d  and Bd  in MTsbiaM6  (dashed l ines)  and  Tsbia M7  (sol id  l ines)  were used.   
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Fn . M9 . MCalculated  d iffusion  coeff ic ients  of  CO 2  in  polyethylene  [3]  as  funct ions 

of  average solubi l i ty  of  CO 2  in  polymers  during sorpt ion  s tep  a t  393  K ( )  423 

K (◆ ) ,  and  453 K (◼ ) .  Sol id  l ines  correspond to  correlat ion  resul t s  obtained 

using  Eq.  (24)  where values  of  f i t t ing  parameters  Ad  and Bd  in MTsbiaM 6  (dashed  

l ines)  and Tsbia M7  ( sol id  l ines)  were used .  

 

 

 



- 40 - 

 

Fn . M 10. M Parameter  A d  in  Eq.  (24)  (as  l is ted  in  TsbiaM 7 )  as  funct ion  of  mass  

f rac t ion  of  acry l ic  acid  in  polymers  ( ,  polyethylene;   ,  PEAA5;   ,  PEAA20,  

sol id  l ine:  curve  approximated using  Eq.  (30)) .  
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Fn reaMcsp ndtu  

Fn . M 1  Sorpt ion  curves of  CO 2  in  PEAA5 ( )  and PEAA20 ( )  at  423 K for  

pressures  of  0−5 MPa.  Saturated so lubi l i ty,  S s a t ,  va lues  were determined  to  be  

0.0361 and 0 .0349 g -gas/g-polymer,  respect ively,  whi le  d i ffusion  coeff icient ,  D ,  

va lues  were determined to be 2.9×10 - 9  and 1.6×10 - 9  m 2 / s ,  respect ively,  for  

PEAA5 and PEAA20 (sol id  l ines  are  f i t s  obta ined  using  Eq.  (7) ) .   

 

Fig .  2 .  Measured  so lubi l i t i es  of  CO 2  in  PEAA5 at  373  K ( ) ,  398  K ( ) ,  423  K 

(◆ ) ,  448  K ( ) ,  and  473 K ( )  and  f i t s  obtained  us ing Sanchez−Lacombe 

equat ion of  s tate  (sol id  l ines) .   

 

Fig .  3 .  Measured  so lubi l i t i es  of  CO 2  in  PEAA20 at  373 K ( ) ,  398  K ( ) ,  423 

K (◆ ) ,  448 K ( ) ,  and 473 K ( )  and f i ts  obtained using Sanchez−Lacombe 

equat ion of  s tate  (sol id  l ines) .   

 

Fig .  4 .  Comparison  of  measured solubi l i t ies  of  CO 2  in  polyethylene ( )[3]  ,  

PEAA5 ( ) ,  and PEAA20 ( )  at  423 K.  

 

Fn . M 5 . M Binary  interact ion  parameter,  k
i j

,  in  Sanchez−Lacombe equat ion as  

determined  by  f i t t ing so lubi l i t i es  of  CO 2  in  polyethylene  () [3]  ,  PEAA5 ( ) ,  

and  PEAA20 ( ) .  Sol id (PEAA5) and  dashed  (PEAA20) l ines  are f i t t ed  curves  

for  data  obtained  in  th is  work  using  Eqs.  (26)  and (27),  respect ively.  
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Fn . M 6 . M Henry’s  constant  for  di ssolu t ion of  CO 2  in  polyethylene ([3] ,  ×[4]) ,  

PEAA5 ( ) ,  and  PEAA20 ( ) .  Sol id  (PEAA5) and  dashed  (PEAA20) l ines  are  

f i t t ed  curves for  data obtained in  thi s  work using Eqs .  (28) and (29),  respect ively.   

 

Fn . M 7 . M Measured  and  calculated  di ffusion  coeff icients  of  CO 2  in  PEAA 5 as  

funct ions  of  average solubi l i ty  of  CO 2  in  polymers  dur ing sorp t ion  s tep a t  373  

K ( ) ,  398  K ( ) ,  423 K (◆ ) ,  448  K ( ) ,  and  473 K ( ) .  Lines  correspond to  

correlat ion  resu l ts  obtained  using  Eq.  (24)  where  values  of  f i t t ing  parameters  Ad  

and Bd  in MTsbiaM6  (dashed  l ines)  and Tsbia M7  (sol id  l ines)  were used.   

 

Fn . M 8 . M Measured  and  calculated  di ffus ion  coeff icien ts  of  CO 2  in  PEAA 20 as  

funct ions  of  average solubi l i ty  of  CO 2  in  polymers  dur ing sorp t ion  s tep a t  373  

K ( ) ,  398 K ( ) ,  423 K (◆ ) ,  448 K ( ) ,  and  473 K ( ) .  Sol id l ines  correspond 

to correla t ion resul t s  obtained  using Eq.  (24) where  values  of  f i t t ing  parameters  

A d  and Bd  in MTsbiaM6  (dashed l ines)  and  Tsbia M7  (sol id  l ines)  were used.   

 

Fn . M 9 . M Calculated  di ffusion  coeff ic ien ts  of  CO 2  in  polyethylene  [3]   as  

funct ions  of  average solubi l i ty  of  CO 2  in  polymers  dur ing sorp t ion  s tep a t  393  

K ( )  423 K (◆ ) ,  and 453 K (◼ ) .  Sol id  l ines  correspond to  corre lat ion  resu l ts  

obta ined using Eq.  (24) where values  of  f i t t ing  parameters  Ad  and Bd  in MTsbiaM6  

(dashed l ines)  and TsbiaM7  ( so l id  l ines)  were  used .  

 

Fn . M 10. M Parameter  A d  in  Eq.  (24) (as  l is ted in  TsbiaM 7 )  as  funct ion  of  mass  

f rac t ion  of  acry l ic  acid  in  polymers  ( ,  polyethylene;   ,  PEAA5;   ,  PEAA20,  

sol id  l ine:  curve  approximated using  Eq.  (30)) .  

 


