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I n d u s t r i a l  Chemistry 

The U n i v e r s i t y  o f  New South Wales 
P.O. Box 1, Kensington, New South Wales 

Aust ra l  i a  , 2033 

ABSTRACT 

An i n v e s t i g a t i o n  o f  t he  q u a l i t a t i v e  aspects o f  t he  l i q u i d  
chromatography of carbon d iox ide  i s  described. It s demon- 
s t r a t e d  t h a t  al though i n j e c t e d  as a h igh  pressure 1 quid, carbon 
d iox ide  d isso lves i n  aqueous methanol mobi le  phases and e l u t e s  
as a so lu t i on .  The de tec to r  response i s  discussed n terms o f  
t he  poss ib le  chemical i n t e r a c t i o n s  between the carbon d i o x i d e  
molecule and the mobi le phase; t h e  e f f e c t  o f  e l u e n t  pH upon t h e  
response i s  described. 
mobi le phase composition i s  d e t a i l e d  and the r e s u l t s  discussed 
i n  terms o f  Horvath’s 

The v a r i a t i o n  o f  r e l a t i v e  r e t e n t i o n  w i t h  

solvophobic theory. 

INTRODUCTION 

For some time, t h i s  l a b o r a t o r y  has been engaged i n  t h e  
development of a technique f o r  the determinat ion o f  t he  l i m i t s  
o f  s o l u b i l i t y  o f  organic  compounds i n  l i q u i d  carbon d iox ide.  
Although t h e  bas ic  technique f o r  t h e  sampling and ana lys i s  o f  
h igh  pressure l i q u e f i e d  gas s o l u t i o n s  has been es tab l i shed  (11, 
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2180 NIEASS, WAINWRIGHT, AND CHAPLIN 

s o l u b i l i t y  data cannot be obtained from subst rate q u a n t i t a t i o n  

alone; i t  i s  necessary t o  determine t h e  q u a n t i t y  o f  l i q u i d  
carbon d iox ide  present i n  so lut ion,  

formance l i q u i d  chromatography f a c i l i t a t e s  q u a n t i t a t i o n  o f  t h e  
organic species and i t  would be exper imenta l ly  expedient i f  t h e  
sol  vent could be simultaneously quant i ta ted.  

Reversed-phase h i g h  per-  

However, before any progress toward t h i s  o b j e c t i v e  can be 
made, i t  i s  f i r s t  necessary t o  i n v e s t i g a t e  t h e  q u a l i t a t i v e  

aspects o f  t h e  l i q u i d  chromatography o f  carbon d i o x i d e  t o  ensure 
t h a t  t h i s  technique i s  i n  f a c t  appropr ia te.  
describes such an i n v e s t i g a t i o n  w i t h i n  t h e  f o l l o w i n g  framework: 

This  c o n t r i b u t i o n  

* I s  carbon d iox ide  detectable? 
* I s  carbon d iox ide  e lu ted  as a gas o r  as a s o l u t i o n  

i n  t h e  mobi le phase? 
* Does carbon d iox ide  i n t e r a c t  chemical ly  w i t h  t h e  

e luent? 

reversed-phase chromatographic system? 

* Is r e t e n t i o n  o f  carbon d iox ide  observed i n  t h e  

EXPERIMENTAL 

The instrument employed i n  t h i s  i n v e s t i g a t i o n  was o f  

modular design comprising components obta ined f rom Waters 
Associates A u s t r a l i a  Pty. Ltd:  a model 6000A so lven t  d e l i v e r y  
system and a model R401 d i f f e r e n t i a l  refractometer.  Samples 
were in t roduced v i a  a 4 p o r t  internal-volume sample i n j e c t i o n  

va lve (Valco, Texas), of nominal volume of 2 mm , i n t o  a Waters 
Associates 30 cm x 3.9 mm I D  p-Bondapak C18 a n a l y t i c a l  column. 

The detector  s igna l  was re layed  t o  a Hew1 et t -Packard r e p o r t i n g  
i n teg ra to r ,  model 3390A. Binary mobi le  phases o f  var ious 
compositions were prepared from methanol and water, each o f  
which had been f r e s h l y  d i s t i l l e d  i n  g lass  apparatus. 
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HPLC OF CARBON DIOXIDE 2181 

were f i l t e red  and degassed prior to  use. All chemicals were of 
analytical reagent grade and were obtained from local suppliers. 
Liquid  carbon dioxide of "FOOD GRADE" (99.8% m i n i m u m  purity) was 
obtained from The Commonwealth Industrial Gases Limited (Sydney, 
Australia). 
ders equipped w i t h  an internal tube  attached t o  the valve t o  
permit withdrawal of the liquid phase. Liquid carbon dioxide 
was introduced t o  the chromatograph by the procedure described 
elsewhere (1) af te r  f i l t ra t ion  t o  2 um by a Nupro in-line f i l t e r  
(Sydney Valve and F i t t i n g  Co., Sydney, Australia). All analyses 
were performed a t  approximately 22°C. 

The liquefied gas i s  supplied i n  aluminium cylin- 

RESULTS AND DISCUSSION 

Detection of Carbon Dioxide 
Although the carbon dioxide molecule does not  absorb radi- 

a t i o n  i n  the ultraviolet  and visible regions of the electro- 
magnetic spectrum, i t  does possess a small refractive index ( 2 ) .  
T h i s  value varies w i t h  the temperature and pressure of the gas 
and increases upon liquefaction. As indicated i n  Table 1, the 
refractive index of carbon dioxide i s  significantly different 

TABLE 1 
Indices of Refraction 

Substance Refractive Index Reference 

Methanol 1.329 
Ethanol 1.361 
I sopropanol 1.38 
Acetoni t r i l e  1.344 
Water 1.333 
C02, O O C ,  101.3 kPa 1.0004 
C02, liquid, 2 5 O C  1.173 
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2182 NIEASS, WAINWRIGHT, AND CHAPLIN 

f rom t h a t  o f  compounds f r e q u e n t l y  employed as mobi le  phases i n  
reversed phase 1 i q u i d  chromatography. 
I t  i s  t o  be expected, therefore,  t h a t  t he  d i f f e r e n t i a l  r e f r a c t -  

ometer should be capable o f  de tec t i ng  t h e  presence o f  e l u t e d  

carbon d iox ide.  

d i f f e r e n t i a l  re f ractometer  when pure 1 i q u i d  carbon d iox ide  was 

introduced i n t o  t h e  chromatograph. As imp l i ed  by the  data i n  
Table 1, the  peak obtained was o f  negat ive p o l a r i t y .  

F igure 1 represents t h e  response o f  t he  

The s o l u b i l i t y  o f  carbon d iox ide  i n  methanol and water i s  

appreciable a t  ambient temperature and atmospheric pressure. 
Typica l  values are, a t  25'C and 101.3 kPa, 38 1 and 0.83 1 o f  
carbon d iox ide  per l i t r e  o f  t h e  respec t i ve  so lvents  (4).  
s i d e r i n g  t h a t  t h e  operat ing pressures o f  modern l i q u i d  

Con- 

2.138 

0 1 2 3 
Time (min.) 

I 

Figure 1. Detector  response f o r  carbon d iox ide  i n j e c t i o n .  
HPLC condi t ions:  mobi le phase - 70:30 methanol/ 
water; f l o w r a t e  - 1.8 ~ m ~ m i n - 1 ;  de tec to r  -1 
a t tenua t ion  - 4X; c h a r t  speed .- 1.0 cm min . 
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chromatographs may reach 34 MPa (5), there can be no doubt t h a t  
l i q u i d  carbon d iox ide  d isso lves i n  the  mobi le phase a t  t he  p o i n t  

o f  i n j e c t i o n .  There i s ,  however, a pressure g rad ien t  along t h e  

l eng th  o f  t h e  column, the  system pressure reducing t o  atmospheric 

i n  the regime o f  t he  de tec to r (s ) .  The p o s s i b i l i t y  of t he  d i s -  

s o l u t i o n  o f  carbon d i o x i d e  under these cond i t i ons  could n o t  be 
discounted. Were the  response i l l u s t r a t e d  i n  F igure 1 due t o  

gaseous carbon d iox ide,  then quant i  t a t i o n  would 
nce such response would depend on the  e q u i l i b r i u m  

the  presence o f  
be impossible s 

I n  o rde r  t o  demonstrate t h a t  t he  de tec to r  was responding t o  

C 0 2  (so ln)  and no t  gaseous carbon d iox ide,  t h e  pump was d i r e c t l y  
connected, v i a  the  sample i n j e c t i o n  valve, t o  the  d i f f e r e n t i a l  
refractometer.  
d iox ide vapour produced the  response i l l u s t r a t e d  i n  F igure 2. 
We concluded t h a t  t he  sharp peaks were due t o  a gas bubble pass- 
i n g  through the  de tec to r  c e l l ;  t h e  broad peak was a t t r i b u t e d  t o  
d isso lved carbon d iox ide.  

I n t r o d u c t i o n  o f  a sample o f  low pressure carbon 

Chem i c a l  I n t e  rac t i on s 
I t  i s  w e l l  known t h a t  carbon d iox ide  and water r e a c t  t o  

form carbonic ac id .  Th i s  compound then d i ssoc ia tes  t o  form a 

proton and bicarbonate i o n  (6 ) :  

A C 0 2  + H20 7 H2C03 

H2C03 

c21 

[31 

The t o t a l  e q u i l i b r i u m  can be represented by 

C 0 2  + H20 Ht + HCO; c41 

An e q u i l i b r i u m  such as [4] would be r e a d i l y  a f f e c t e d  by a change 
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igure  2.  Detector response f o r  vapour - phase carbon dioxide.  
HPLC condi t ions:  mobile phas - 80:20 methanol/ 
water;  f l owra te  - 1.5 ~ m ~ r n i n - ~ ;  d e t e c t o r  a t t e n u a t i o n  - 4X; c h a r t  speed - 5 cm min-1. 

i n  pressure o r  pH: 
a t e  ion formation would be favoured; a c i d i c  cond i t ions  would 
preserve the non- reac t iv i ty  of carbon dioxide.  

a t  high p res su res  and/or high pH, bicarbon- 

In order  t o  test  whether o r  not the response i l l u s t r a t e d  i n  

there 
Figure 1 was due t o  a r eac t ion  product,  l i q u i d  carbon dioxide 
was in j ec t ed  i n t o  an e l u e n t  of pure (anhydrous) methanol: 
was no difference i n  the d e t e c t o r  response,  i n d i c a t i n g  t h a t  
r eac t ion  products do not  account f o r  the observed response f o r  
carbon dioxide.  T h i s  i s  t o  be expected s i n c e  the equi l ibr ium 
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HPLC OF CARBON DIOXIDE 2185 

constants f o r  reac t i ons  [2]-[4] have values o f  3 . 6 ~ 1 0 - ~  (7) ,  
~ ! x l O - ~  (8) and 7.2x10-’ (9), respec t i ve l y .  

The e f f e c t  o f  low pH upon t h e  de tec to r  response was deter-  
mined by i n j e c t i n g  l i q u i d  carbon d i o x i d e  i n t o  an e luen t  compris- 
i n g  40 v % methanol/60 v % water which had been a c i d i f i e d  w i t h  
g l a c i a l  a c e t i c  acid;  t h e  pH of t h i s  s o l u t i o n  was approximately 
3.5. 
non - reac t i v i  t y  o f  carbon d iox ide  under a c i d i c  condi t ions.  

60 v % methanol/40 v % 2 . 6 ~ 1 0 - ~  M Na2C03 was prepared. Such a 
mobi le phase would be a l k a l i n e  due t o  t h e  e q u i l i b r i u m  

That no change i n  the  response was observed conf i rmed t h e  

I n  o rde r  t o  produce an e luen t  o f  h igh  pH, a s o l u t i o n  o f  

COi-4- H20 HCO; t OH- 

I n j e c t i o n  o f  l i q u i d  carbon d iox ide  i n t o  t h i s  medium r e s u l t e d  i n  
the  chromatogram i l l u s t r a t e d  as F igu re  3. The appearance o f  t h e  
broad peak o f  p o s i t i v e  p o l a r i t y  demonstrated t h a t  carbon d i o x i d e  
undergoes chemical r e a c t i o n  i n  a1 k a l  i n e  so lu t i on .  Such r e a c t i o n  
proceeds according t o  t h e  f o l l o w i n g  e q u i l i b r i u m  (9):  

However, t h e  i n j e c t i o n  o f  a s o l u t i o n  of e luen t  saturated w i t h  
NaHC03 f a i l e d  t o  e f f e c t  a de tec to r  response, i n d i c a t i n g  t h a t  t h e  
f i r s t  peak i n  F igure 3 could n o t  be a t t r i b u t e d  t o  t h e  presence 
o f  bicarbonate ions.  

Considerat ion o f  t h e  t o t a l  r e a c t i o n  

COP t C0:- t H20 2HCO; c71 

suggests t h a t  the observed response may a r i s e  from a l o c a l  change 
i n  e luent  composition due t o  t h e  consumption o f  water. That i s ,  
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Figure 3 .  Chromatogram of carbon dioxide in a lka l ine  e luent .  
HPLC conditions:  
2.6~10-4 M Na2C03; de tec tor  a t tenuat ion  - 4X; cha r t  
speed - 1.0 cm min-1 .  

mobile phase - 60:40 methanol/ 

the f i r s t  peak i n  Figure 3 r e f l e c t s  an increase i n  the methanol 
concentration with respect t o  the composition o f  the eluent 
trapped i n  the reference c e l l .  
t h a t  quant i ta t ion  of carbon dioxide is  impossible i f  a lka l ine  
el  uents a re  employed. 

Retention of Carbon Dioxide 

the resolut ion of adjacent peaks (10).  
depends on, among other  parameters, the capaci ty  f a c t o r ,  k '  . 
I t  i s  therefore  of i n t e r e s t  t o  inves t iga te  the var ia t ion  of the 

In any event, i t  is  apparent 

The accuracy of quant i ta t ion  depends t o  a l a rge  extent  on 
Resolution i n  t u r n  
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capaci ty  f a c t o r  o f  carbon d iox ide  w i t h  mobi le phase composition. 
This study was a l so  r e s t r i c t e d  t o  t h e  use o f  b ina ry  methanol- 
water eluents.  

Aqueous methanol so lu t i ons  of var ious concentrat ions were 
prepared and t h e  absolute r e t e n t i o n  times o f  carbon d iox ide  and 
several o the r  compounds measured by means o f  t he  r e p o r t i n g  
i n t e g r a t o r .  
where t h i s  would have r e s u l t e d  i n  exceeding t h e  column's 
recommended pressure l i m i t  o f  21 MPa. I n  those instances, t he  
maximum a t t a i n a b l e  f l o w r a t e  was selected. The exact  f l o w r a t e  

3 was obtained from the  t ime taken t o  f i l l  a 25.0 cm volumetr ic  
f l a s k .  Absolute r e t e n t i o n  times were converted t o  r e t e n t i o n  
volumes i n  t h e  usual fash ion (10). 
was est imated by the  i n j e c t i o n  o f  a volume o f  mobi le  phase 

d i l u t e d  s l i g h t l y  w i t h  water (11). 

A nominal f l o w r a t e  o f  2 cm3min-l was used except 

The column hold-up volume 

The data obtained i n  t h i s  study a re  presented i n  F igure 4 
as p l o t s  o f  I n  k '  against  t he  percentage methanol i n  the mob i l e  
phase. Several authors (12-15) have remarked t h a t  p l o t s  o f  t h i s  
type a re  f requen t l y  quasi - l inear .  

According t o  the  solvophobic t reatment o f  t h e  phenomenon o f  
r e t e n t i o n  i n  reversed-phase 1 i q u i d  chromatography (13,15) t h e  
magnitude o f  so lu te  r e t e n t i o n  depends on the  balance o f  t h e  
so lu te -s ta t i ona ry  phase and solute-mobi le phase i n t e r a c t i o n s .  
Approximate l i n e a r i t y  o f  t h e  t h e o r e t i c a l  I n  k ' -  composi t ion 
p l o t s  has been obtained from considerat ion o f  t he  e f f e c t s  o f  t he  
surface tens ion o f  t he  e luen t  and t h e  surface area change which 
occurs upon b ind ing  t h e  so lu te  t o  t h e  hydrocarbonaceous s t a t i o n -  
a ry  phase (15). 
t he  reduct ion i n  concentrat ion o f  organic m o d i f i e r  i n  the  
eluent, then departure f rom l i n e a r i t y  towards lower I n  k '  values 
could reasonably be expected. 

Were t h e  surface area change t o  decrease w i t h  
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'/. Methanol (vlv) 

Figure 4. Variation i n  capacity factor w i t h  eluent 

(1) methylene chloride; (2 )  n-butanol; 
(3 )  methyl ethyl ketone; (4)  n-propanol; 
(5) 1,4 dioxane; (6) acetone; (7)  carbon 
dioxide; (8) acetonitri le;  (9)  formamide. 

composition. 

Such a departure from linearity could result  also from the 

In the case of formamide, 
strengthening o f  the solute-solvent interaction relat ive t o  
solute-stationary phase interaction. 
this  i s  a plausible explanation of the retention behaviour since 
the solvent properties (16,17) of this compound are almost 
identical t o  those of water. Consequently, solute-solvent 
interactions are etrhanced when the eluent assumes properties 
similar t o  those of pure water and decreased retention results.  
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An explanat ion o f  t he  r e t e n t i o n  behaviour o f  carbon d iox ide  
i s  somewhat more complex, s ince t h i s  compound i s  considered t o  be 
non-polar, and s i g n i f i c a n t  i n t e r a c t i o n  between the  so lu te  and 
s t a t i o n a r y  phase i s  t o  be expected. 
bonds o f  t h e  l i n e a r  carbon d iox ide  molecule a re  undoubtedly 
po la r i zed  (18) , thus o f f e r i n g  oppor tun i t i es  f o r  hydrogen bonding 
w i t h  the  p o l a r  eluent.  Associat ion of t he  carbon d iox ide  mole- 
c u l e  w i t h  t h e  mobi le phase would therefore r e s u l t  i n  t h e  form- 
a t i o n  o f  a complex, t h e  p o l a r i t y  o f  which would be g rea te r  than 
t h a t  o f  carbon d iox ide  alone, l ead ing  t o  a reduc t i on  i n  t h e  
r e t e n t i v e  fo rces  (15). I f , i n  f a c t ,  i n t e r a c t i o n  between t h e  
aqueous e luen t  and carbon d iox ide  r e s u l t e d  i n  hyd ra t i on  o f  t h e  
l a t t e r  (as d i s t i n c t  f rom reac t i on  t o  form carbonic acid,  then the  
decreased r e t e n t i o n  of carbon d iox ide  a t  h igh  concentrat ions o f  
water cou ld  be explained, despi te  t h e  f a c t  t h a t  pure water i s  a 
poorer so lvent  f o r  carbon d iox ide  than i s  pure methanol. That 
i s ,  s ince carbon d iox ide  i s  more so lub le  i n  methanol than i n  
water, we would expect enhanced r e t e n t i o n  as t h e  concentrat ion 
o f  methanol i n  the e luen t  decreases due t o  the  weakening o f  the 
so lute-so lvent  i n t e r a c t i o n  because o f  d i l u t i o n  e f f e c t s .  Whi le 
t h i s  phenomenon i s  observed f o r  a range i n  methanol-water 
composition, i t  does n o t  p e r s i s t ;  t he re fo re  carbon d iox ide  must 
i n t e r a c t  w i t h  the  added water. 
hydrogen bond format ion o r  hyd ra t i on  o f  t h e  d i sso l ved  carbon 
dioxide. 

While carbon d iox ide  may p h y s i c a l l y  assoc iate w i t h  t h e  
mobi le phase, t he re  i s  no change i n  t h e  de tec to r  response w i t h  
mobi le phase composition, i n d i c a t i n g  t h a t  chemical r e a c t i o n  
products do n o t  account f o r  t he  observed response f o r  carbon 
d iox ide  i n j e c t i o n s  i n t o  neu t ra l  o r  a c i d i c  media. Therefore we 
consider t h a t  t he  phenomenon of phys ica l  assoc ia t i on  i s  n o t  
det r imenta l  t o  the  v i a b i l i t y  of q u a n t i t a t i n g  d isso lved carbon 
d i o x i  de. 

However, t h e  carbon-oxygen 

Such i n t e r a c t i o n  may be due t o  
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CONCLUSION 

Carbon d iox ide  has been found t o  be so lub le  i n  b ina ry  
methanol water mobile phases and can be detected by moni tor ing 
the r e f r a c t i v e  index o f  t h e  etuent. A1 though a l k a l i n e  so lvents  
a re  unsui tab le f o r  carbon d iox ide  analys is ,  no evidence f o r  
chemical reac t i on  i n  neu t ra l  o r  a c i d i c  media has been found. A 
semi- logar i thmic p l o t  o f  capaci ty  f a c t o r  versus methanol content  
has been found t o  be non l i n e a r  f o r  both carbon d iox ide  and 
formamide. Such a phenomenon may be explained by proposing t h a t  
these compounds i n t e r a c t  p r e f e r e n t i a l l y  w i t h  the  e luent .  Carbon 
d iox ide may i n t e r a c t  v i a  hydrogen bond format ion o r  hyd ra t i on  
w i t h  the aqueous component o f  t he  mobi le phase. 
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