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QUANTITATION OF CARBON D I O X I D E  BY H I G H  PERFORMANCE LIQUID 
CHROMATOGRAPHY: THE KEY TO SOLUBILITY MEASUREMENTS I N  

LIQUEFIED GAS SOLUTIONS 

C.S. Nieass, R.P. Chapl in and M.S. Wainwright 
School o f  Chemical Engineering and 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, N.S.W. 

Aus t ra l i a .  2033 

ABSTRACT 

A technique i s  descr ibed whereby s o l u b i l i t y  data may be 
obtained f o r  systems employing l i q u e f i e d  carbon d iox ide  as t h e  
solvent.  Analysis o f  t he  s o l u t i o n  i s  e f f e c t e d  by the d i r e c t  
i n j e c t i o n  o f  an a l i q u o t  o f  pressur ized l i q u i d  i n t o  a modern 
1 i q u i d  chromatograph f i t t e d  w i t h  a reversed-phase c18 column. 
Detect ion o f  t h e  carbon d iox ide  i s  accomplished by a d i f f e r e n t i a l  
refractometer.  A f t e r  t he  appropr ia te c a l i b r a t i o n s  a re  performed, 
data are obtained which compare favourably  w i t h  t h e  1 i t e r a t u r e  
value o f  t he  s o l u b i l i t y  o f  naphthalene i n  l i q u i d  carbon d iox ide.  

INTRODUCTION 

L i q u i d  carbon d iox ide  i s  assuming a r o l e  o f  i nc reas ing  
importance i n  the development o f  modern technology. Several 
processes which employ t h e  so lvent  p roper t i es  of t h i s  h i g h  pres- 
sure l i q u i d  are the  e x t r a c t i o n  of essen t ia l  i ng red ien ts  f rom 
hops (1-3), py re th r ins  from chrysanthemum f l owers  (4-5) and 
aroma ing red ien ts  f rom apples, pears, co f fee  and orange j u i c e  
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2194 NIEASS, CHAPLIN, AND WAINWRIGHT 

(6-7). A novel a p p l i c a t i o n  by the  Commonwealth I n d u s t r i a l  Gases 
L im i ted  (Sydney, Austral  i a )  employs h i g h l y  compressed carbon 
d iox ide as both a so lvent  and a p r o p e l l e n t  f o r  t h e  aerosol  
d ispensat ion o f  i n s e c t i c i d e s  (8). 

r e l i a b l e  data on the  s o l u b i l i t y  o f  t h e  des i red components i n  
l i q u i d  carbon d iox ide.  A1 though several  techniques f o r  est imat-  

i n g  these data have been descr ibed (9-12), these procedures a re  
considered inadequate because o f  t h e  d i f f i c u l t y  i n  determining 
the  mass o f  so lvent  present i n  s o l u t i o n  (13). 

graphic analys is  o f  1 i q u e f i e d  carbon dioxide-based s o l u t i o n s  has 
been described i n  a previous r e p o r t  from t h i s  l abo ra to ry  (13). 
The qua1 i t a t i v e  aspects o f  t he  1 i q u i d  chromatography and detect -  
i o n  o f  carbon d iox ide have been i n v e s t i g a t e d  (14) and no b a r r i e r s  
t o  the  q u a n t i t a t i o n  o f  carbon d iox ide  by reversed-phase l i q u i d  
chromatography were found. This  paper descr ibes t h e  t h i r d  and 

f i n a l  stage o f  the development o f  a technique which enables gen- 

e r a t i o n  o f  accurate s o l u b i l i t y  data f o r  systems comprising an 

organic subst rate i n  e q u i l i b r i u m  w i t h  a saturated l i q u i d  carbon 
d i  o x i  de-based sol u t i  on, 

A f ea tu re  common t o  a l l  these a p p l i c a t i o n s  i s  t he  need f o r  

A technique f o r  t h e  d i r e c t  sampling and l i q u i d  chromato- 

EXPERIMENTAL 

Chromatographic Apparatus 
The instrument employed i n  t h i s  research comprised a 

Waters Associates model 6000A solvent  d e l i v e r y  system, a model 
440 absorbance detector  mon i to r i ng  a t  254 nm and an R401 d i f f e r -  

e n t i a l  refractometer.  Each detector  was coupled t o  a Hewlett- 

Packard model 3390A r e p o r t i n g  i n t e g r a t o r .  These i n t e g r a t o r s  
were modi f ied t o  permi t  simultaneous remote s t a r t i n g  upon t h e  
i n j e c t i o n  o f  a sample. Separations were e f f e c t e d  on a Waters 
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SOLUBILITY MEASUREMENTS 2195 

Associates u-Bondapak C18 30 cm x 3.9 mm ID analytical column 
which was protected by a Brownlee Labs RP-8 guard cartridge. 
Mobile phases were prepared from water, which was freshly 
dis t i l led from a glass apparatus, and Waters Associates HPLC- 
grade acetonitri le.  Eluents were f i l t e red  t o  0.45 vm and 
thoroughly degassed before use. 
Revised Sampling Procedure 

opment of the basic sampling technique was that  of partial 
gasification o f  the solvent carbon dioxide w i t h i n  the sample 
stream, and the corresponding irreproducibil i t y  of the sol Ute peak 
h e i g h t  data i n  the liquid chromatographic analysis. T h i s  was 
overcome by the pressurization, w i t h  nitrogen, of the solution. 
However, when this  technique was applied t o  the analysis of a 
solution which was saturated w i t h  a solid substrate, we again 
observed irreproducibility of the solute peak height data. 
explanation of this  irreproducibility lay i n  a phenomenon occur- 
r i n g  i n  a system comprising a saturated solution and a two- 
component vapour phase: when a small volume of liquid i s  w i t h -  
drawn from such a system, some solvent must vaporize i n  order t o  
ma in ta in  constant the vapour-phase composition. In non-saturated 
systems containing a single-component vapour phase, this  phenome- 
non accounts for  the observed increase i n  solute concentration 
dur ing  the dispensation of 1 iquefied carbon dioxide-based insect- 
icide mixtures (15).  
solvent results i n  the dissolution of excess substrate and the 
subsequent entrainment of material i n  the sample stream. There- 
fore, the quantity of solute i n  solution i s  overestimated, 
furthermore, the analytical da t a  are irreproducible. 

different method of so lu t ion  pressurization was developed. 
Figure 1 presents a schematic diagram of the apparatus used i n  

One of the major diff icul t ies  encountered during the devel- 

The 

In saturated systems, vaporization of 

In order t o  obviate this phenomenon of phase separation, a 
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Figure 1: Schematic Diagram o f  Sampling Apparatus. 

t h i s  modi f ied technique. A small c y l i n d e r  (L) con ta in ing  two- 
phase carbon d iox ide  was immersed i n  a thermostat ted water bath 

(B1). The vapour stream was connected t o  t h e  upper va l ve  o f  a 
Whitey double-ended sample c y l i n d e r  (M), which was f i l l e d  w i t h  
c lean mercury. 

connected t o  the  lower va l ve  o f  a Jerguson l i q u i d  l e v e l  gauge 
(S/G) which contained a q u a n t i t y  o f  l i q u i d  carbon d iox ide  
saturated w i t h  an organic s o l i d  (naphthalene) i n  e q u i l i b r i u m  w i t h  
carbon d iox ide vapour. The l i q u i d  l e v e l  gauge o u t l e t  was coupled 
t o  three series-connected Valco i n t e r n a l  volume sample i n j e c t i o n  
valves ( V ) ,  which, together  w i t h  the  s o l u t i o n  containment vessel, 
were immersed i n  a second thermostat ted water bath (B2). 

temperature o f  t he  f i r s t  bath (B1) was maintained s l i g h t l y  above 
t h a t  o f  the second bath (B2). Vapour-phase carbon d iox ide  was 
vented t o  atmosphere by means of a micrometer ing va lve l oca ted  
downstream o f  t h e  sample i n j e c t i o n  valves.  
a l lowed the admission o f  mercury i n t o  the  l i q u i d  l e v e l  gauge. 

When a l l  t races o f  vapour had been removed, the  micrometering 
valve was closed so t h a t  thermal e q u i l i b r i u m  could be re-  
establ ished. This  was v e r i f i e d  by n o t i n g  t h e  constancy o f  t h e  

pressure i n  both the mercury r e s e r v o i r  and t h e  l i q u i d  l e v e l  gauge 
by means o f  two s t r a i n  gauge pressure t ransducers (T1,T2). I f  

The lower va lve o f  t h i s  sample c y l i n d e r  was 

The 

The vent ing o f  vapour 
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SOLUBILITY MEASUREMENTS 2197 

necessary, the temperature o f  bath B1 was adjusted t o  ensure t h a t  
a small b u t  p o s i t i v e  pressure d i f f e r e n c e  e x i s t e d  between the  
mercury r e s e r v o i r  and the l i q u i d  l e v e l  gauge. 

When e q u i l i b r i u m  was establ ished, the micrometering va lve 
was cracked and a slow stream o f  s o l u t i o n  was withdrawn through 
the sample i n j e c t i o n  valves. 
ored by passing the  vaporized so l ven t  e x i t i n g  the  micrometer ing 
va lve through a p r e c i s i o n  wet gas meter. 

was homogeneous and t h a t  the composition o f  t h e  b u l k  s o l u t i o n  
remained constant du r ing  the sampling and a n a l y t i c a l  procedures. 
Absolute C a l i b r a t i o n  o f  Carbon Diox ide 

e f f e c t e d  by comparing the de tec to r  response r e s u l t i n g  f rom sample 
processing t o  t h a t  obtained from processing a number o f  mix tures 
whose accurate compositions are known. Unfor tunate ly ,  because o f  
vapour - l i qu id  equ i l i b r i um,  i t  i s  extremely d i f f i c u l t  t o  prepare a 
standard s o l u t i o n  o f  subst rate d isso lved i n  1 i q u i d  carbon d iox ide.  
Therefore, i n  t h i s  study, a d i f f e r e n t  approach was taken. I t 
involved t h e  cons t ruc t i on  o f  a c a l i b r a t i o n  curve f o r  carbon 
d iox ide and n o t i n g  the  chromatographic response. 

Fol lowing the  procedure o f  Ogan and Katz (16), t he  actual  
volumes o f  three Valco internal-volume sample i n j e c t i o n  valves 
(nominal ly 0.5 mm , 2 mm and 5 m ) were determined us ing  a 
s o l u t i o n  o f  r e c r y s t a l l i z e d  naphthalene i n  methanol as the  u l t r a -  
v io le t -absorb ing compound. The design o f  t he  Waters Associates 
absorbance detector  g r e a t l y  f a c i l i t a t e d  t h i s  procedure s ince  t h i s  
detector  i s  equipped w i t h  both a d i g i t a l  absorbance meter and a 
d i r e c t  absorbance output.  
Absorbance U n i t  i s  equal t o  1.0 v o l t  output.  

With a knowledge o f  t h e  ac tua l  volumes o f  l i q u i d  carbon 
d iox ide i n jec ted ,  t he  number o f  moles o f  carbon d iox ide  cou ld  
the re fo re  be computed from the  l i t e r a t u r e  va lue (17) o f  t h e  
l i q u i d  dens i t y  a t  the temperature o f  t he  experiment. 

The f l o w r a t e  o f  s o l u t i o n  was monit-  

Th i s  rev i sed  sampling system ensured t h a t  t h e  sample stream 

I n  most instrumental  methods o f  analys is ,  q u a n t i t a t i o n  i s  

3 3 3 

Both a re  scaled such t h a t  1.0 

I n  t h i s  and 
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2 198 NIEASS, CHAPLLN, AND WAINWRIGHT 

subsequent experiments, t h e  temperature o f  t h e  s o l u t i o n  was main- 

t a ined  a t  25.0"C * 0.2"C. A p l o t  o f  moles o f  carbon d iox ide  

against  the peak area was prepared and i s  shown as F igure 2. 
Clear ly ,  the response of t h e  d i f f e r e n t i a l  re f ractometer  was non- 

l i n e a r .  
l i q u i d  carbon d iox ide as l a r g e  as 5 nun i n  f a c t  "saturated" t h e  
detector.  That i s ,  t he  s igna l  from t h e  de tec to r  was diminished. 

However, the use o f  another valve o f  nominal volume o f  2 mm and 
a d e l i v e r y  volume d i f f e r e n t  t o  the o the r  va lve of the same nominal 

volume enabled the i n j e c t i o n  o f  t h ree  d i f f e r e n t  volumes o f  l i q u i d  
C02 w i t h i n  t h e  l i n e a r  range o f  the r e f r a c t i v e  index detector.  The 
actual  volumes de l i ve red  by the  valves a re  presented i n  Table 1. 

However, we were ab le  t o  demonstrate t h a t  a sample o f  
3 

3 

The c a l i b r a t i o n  curve f o r  carbon d iox ide  a t  25.0"C us ing 
these valves i s  shown as F igure 3, demonstrating t h a t  t h e  d i f f e r -  

6 )  

0 1 2 3 4 6 6 7  

MOLES c 0 ~ , ~ 1 0 ~  

Figure 2: C a l i b r a t i o n  Curve f o r  Carbon Dioxide. 
Nominal Valve Volumes a re  0.5 mm3, 2 mm3 and 5 mm3. 
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TABLE 1 
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3 Actual Delivery Volume of Each Valco Valve (mm ) 

Nominal 
Vol ume 

Del i vered 
(mean) 

Vol ume 
(s td .  dev.) 

0.5 
2 
2 

0.552 
1.43 
1.59 

0.006 
0.02 
0.02 

0 1 2 

MOLES coTX1o5 

Figure 3: Plot  of Area Counts Against Moles f o r  Carbon Dioxide. 
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2200 NIEASS , CHAPLIN, AND WAINWRIGHT 

e n t i a l  re f ractometer 's  response i s  indeed l i n e a r  f o r  t he  range o f  
i n j e c t e d  volumes used. 
S o l u b i l i t y  o f  Naphthalene i n  L i q u i d  Carbon Diox ide 

described above was a v a l i d  method f o r  q u a n t i f y i n g  the  amount o f  
l i q u i d  carbon d iox ide  present i n  a so lu t i on ,  i t  was necessary t o  
v e r i f y  the accuracy o f  t h e  technique by comparing s o l u b i l i t y  data 
obtained from t h i s  method w i t h  publ ished values. 
o f  organic compounds i n  l i q u i d  carbon d iox ide  have been descr ibed 
w i t h  s u f f i c i e n t  p r e c i s i o n  t o  enable a v a l i d  comparison o f  data; 
t he  systems r e f e r r e d  t o  are: naphthalene-C02 and iodine-C02 (10). 
Since i od ine  could n o t  be detected by the  UV absorbance detector  
( A  = 254 nm), we attempted t o  determine t h e  s o l u b i l i t y  o f  naphtha- 
lene i n  l i q u i d  carbon d iox ide  a t  25°C. 
Procedure 

e luent  composed o f  80 v% acetoni  tri le/20v% water as s u i t a b l e  f o r  
the separat ion o f  naphthalene and carbon dioxide. A c a l i b r a t i o n  
curve f o r  carbon d iox ide was prepared us ing  "ANAEROBIC" grade 
1 i q u i d  carbon d iox ide  (99.95% minimum p u r i t y )  obtained from t h e  
Commonwealth I n d u s t r i a l  Gases L i m i t e d  (Sydney, A u s t r a l i a ) .  The 
l i q u i d  l e v e l  gauge was then emptied of mercury and carbon d i o x i d e  
and r e c r y s t a l l i z e d  naphthalene (Eastman Organic Chemicals), s u f f i -  
c i e n t  t o  produce a saturated so lu t i on ,  was in t roduced t o  t h e  
vessel. L i q u i d  carbon d iox ide  was then admitted, the vessel 
connected t o  the  mercury r e s e r v o i r  and then the  vapour-phase car-  
bon d iox ide was vented. A f t e r  a t t a i n i n g  thermal equ i l i b r i um,  the  
l i q u i d  l e v e l  gauge was removed t o  a purpose-designed, end-over- 
end r o t a t i o n  apparatus t o  ensure t h a t  t h e  system was thoroughly 
mixed and indeed saturated. 
water bath, mercury and s o l u t i o n  withdrawal l i n e s  connected and 
the  system al lowed t o  come t o  thermal e q u i l i b r i u m  once more. 
Meanwhile, a se r ies  o f  so lu t i ons  o f  naphthalene d isso lved i n  t h e  

Although we were con f iden t  t h a t  a procedure such as has been 

Only two systems 

Pre l iminary exper imentat ion r e s u l t e d  i n  t h e  s e l e c t i o n  o f  an 

The vessel was then replaced i n  the  
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mobile phase were prepared and a c a l i b r a t i o n  curve f o r  naphthalene 
obtained. 
o r i g i n .  

meter ing va lve was cracked and a stream o f  s o l u t i o n  withdrawn and 
several i n j e c t i o n s  i n t o  the  1 i q u i d  chromatograph were made. The 
r e s u l t i n g  peak areas f o r  naphthalene and carbon d iox ide  were 
averaged and the  respect ive number o f  moles computed from the  
c a l i b r a t i o n  curves. Then a s i n g l e  est imate o f  t he  mole f r a c t i o n  o f  
naphthalene i n  s o l u t i o n  was computed. The e n t i r e  procedure of 
c a l i b r a t i o n ,  e q u i l i b r a t i o n  and ana lys i s  was repeated tw ice  y i e l d i n g  
a t o t a l  o f  three estimates o f  t h e  s o l u b i l i t y  o f  naphthalene i n  
l i q u i d  carbon d iox ide.  

The curve was a s t r a i g h t  l i n e  passing through the  

When the  saturated s o l u t i o n  had equ i l i b ra ted ,  the micro- 

RESULTS 

S o l u b i l i t i e s  a re  expressed i n  a v a r i e t y  o f  ways: w t  %, w t /  
vo l ,  and mole f r a c t i o n .  I n  view o f  t h e  s i g n i f i c a n t  volume con- 
t r a c t i o n  which may occur when l i q u i d  carbon d iox ide  and organic 
substrates a re  mixed ( l l ) ,  w t  % and mole f r a c t i o n  a re  t o  be 
prefer red.  

i n  l i q u i d  C02 a t  25OC, when expressed as mole f rac t i on ,  i s  0.00698 k 
0.00002. 
t h i s  laboratory :  0.0069 k 0.0091. 

Quinn (10) has repor ted t h a t  t he  so l  ub i  1 i ty o f  naphtha1 ene 

This  r e s u l t  compares favourably  w i t h  t h a t  determined by 

CONCLUSION 

We have descr ibed a technique whereby accurate s o l u b i l i t y  
data f o r  systems compris ing an organic subst rate d i sso l ved  i n  
l i q u e f i e d  carbon d iox ide  may be obtained. 
o f  up t o  1.6 m3, we have ca l cu la ted  t h a t  t h e  c a l i b r a t i o n  curve 
should be l i n e a r  f o r  l i q u i d  carbon d iox ide  a t  temperatures i n  the  

For i n j e c t e d  volumes, 
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2202 NIEASS, CHAPLIN,  AND WAINWRIGHT 

range o f  -5OC t o  30°C. Therefore t h i s  technique may be app l i ed  t o  
many systems o f  p r a c t i c a l  importance. One such a p p l i c a t i o n  i s  the 
e x t r a c t i o n  o f  na tu ra l  products f rom b i o l o g i c a l  mater ia ls ,  where 
data on the  s o l u b i l i t y  o f  a complex subst rate may be requ i red  a t  
a v a r i e t y  o f  process temperatures. 
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