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The U n i v e r s i t y  of New South Wales 
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A u s t r a l i a .  2033 

ABSTRACT 

A novel  technique  h a s  been developed whereby s u b s t r a t e  and 
s o l v e n t  q u a n t i t a t i o n  can b e  e f f e c t e d  by means of reversed-phase 
h igh  performance l i q u i d  chromatography. 
d e t e c t e d  by a d i f f e r e n t i a l  r e f r a c t o m e t e r .  

Carbon d i o x i d e  i s  

A p p l i c a t i o n s  of t h i s  technique  i n c l u d e  t h e  a n a l y s i s  of 
l i q u e f i e d  carbon dioxide-based a e r o s o l  mixtures ,  s o l u b i l i t y  
measurements and l i q u i d  carbon d i o x i d e  e x t r a c t i o n  s t u d i e s .  
P r e l i m i n a r y  exper iments  s u g g e s t  t h a t  t h i s  technique  may a l s o  f i n d  
a p p l i c a t i o n  t o  t h e  d i r e c t  a n a l y s i s  of s u p e r c r i t i c a l  carbon 
d i o x i d e  e x t r a c t i o n  systems.  

INTRODUCTION 

Although t h e  phenomenon of s o l u b i l i t y  of o r g a n i c  compounds i n  

compressed and l i q u e f i e d  g a s e s  h a s  been explored  by numerous 

“Based on a paper  p r e s e n t e d  a t  t h e  I n t e r n a t i o n a l  Conference on 
D e t e c t o r s  and Chromatography, U n i v e r s i t y  of Melbourne, Melbourne, 
A u s t r a l i a .  May 30 t o  June  3,  1983. 
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494 NIEASS, WAIIWRIGHT, AND CHAPLIN 

r e sea rche r s  during t h e  p a s t  century,  it i s  only i n  t h e  l a s t  

decade o r  so  t h a t  t h i s  sub jec t  has  been explo i ted  t o  advantage. 

Some advances such as t e r t i a r y  enhanced o i l  recovery us ing  n i t r o -  

gen and carbon d ioxide  misc ib le  flooding ( 1 , 2 )  have fos t e red  much 

bas i c  research  of vapour-liquid e q u i l i b r i a  f o r  s e l ec t ed  organic- 

compressed gas  systems (3 -11) .  Compressed and l i que f i ed  gases 

have found app l i ca t ion  a s  e x t r a c t i o n  media and thus  replaced 

commonly used so lven t s  such as methylene ch lo r ide  and dichloro- 

e thylene  ( 1 2 ) .  Many n a t u r a l  p roducts  such as chrysanthemum 

flowers,  hops, soya beans, f r u i t ,  cof fee ,  sunflower and rapeseeds 

and f a t s  and o i l s  have y ie lded  u s e f u l  e x t r a c t s  when t r e a t e d  wi th  

l i q u i d  carbon d ioxide  (13-22).  Other uses  of  l i q u i d  and super- 

c r i t i c a l  carbon d ioxide  inc lude  t h e  s t r i p p i n g  of organic 

contaminants from ac t iva t ed  carbon used i n  t h e  treatment of waste- 

water (23)  and t h e  recovery of n e u t r a l  o i l s  from coa l  t a r  ( 2 4 ) .  

A pa t en t  granted i n  1978 (25) demonstrated t h a t  two-phase 

carbon d ioxide  could be used t o  dispense as ae roso l s  a v a r i e t y  of 

i n s e c t i c i d e s  and odour absorbers,  thus  rep lac ing  t h e  t r a d i t i o n a l  

hydrocarbon and chlorofluorocarbon so lvent -propel lan ts .  A s  a 

d i r e c t  r e s u l t  of t h e  invent ion  of t h i s  l i q u i d  carbon d ioxide  based 

system by the  Commonwealth I n d u s t r i a l  Gases Limited (CIG), w e  have 

been engaged i n  t h e  development of s u i t a b l e  a n a l y t i c a l  procedures 

whereby condensed g a s  systems can be d i r e c t l y  analyzed f o r  t h e i r  

organic conten t .  

phys ica l  behaviour of products based upon t h i s  technology, t h e  

developed procedures (26-28) permit t h e  d i r e c t  a n a l y s i s  by modern 

l i q u i d  chromatography of l i que f i ed  carbon d ioxide  s o l u t i o n s  f o r  

q u a l i t y  con t ro l  and fundamental s o l u b i l i t y  measurements. 

I n i t i a l l y  aimed at f a c i l i t a t i n g  t h e  s tudy  of t h e  

The purpose of this paper i s  t o  present  d e t a i l s  of some 

ana lyses  of carbon dioxide-based systems which have been performed 

wi th  these  procedures. Although t h e  range of systems inves t iga t ed  

so f a r  i s  l imi t ed ,  i t  is  hoped t h a t  many of the  foregoing appl ica-  

t i ons  may b e n e f i t  from the  development of t h i s  novel a n a l y t i c a l  

technique. 
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LIQUID CARBON DIOXIDE SOLUTIONS 495 

EXPERIMENTAL 

Analyses were performed by means of a Waters Associates 

Liquid Chromatograph assembled from separate components, viz, an 

M6000A solvent delivery system, a model 440 absorbance detector 

operating at a wavelength of 254 nm and an R401 differential 

refractometer. Chromatograms were recorded with either a Linear 

Instruments dual-channel strip chart recorder or two Hewlett- 

Packard 33908 reporting integrators. The latter devices were 

modified to permit simultaneous remote start and stop and facili- 

tated calibration and quantitation procedures. 

Liquid and supercritical gas mixtures were introduced to the 

chromatograph by means of Valco sample injection valves of both 

external and internal loop configurations; various delivery 

volumes were used and the procedures followed for liquefied gas 

injection have been described elsewhere (26-28). 

Separations were effected on either a Brownlee Labs RP-8 

18 25 cm x 4.6 mm ID column or a Waters Associates u-Bondapak C 

30 cm x 3 . 9  mm ID column. 
acetonitrile, freshly distilled methanol and water. All mobile 

phases were thoroughly degassed by vacuum filtration to 0.45 pm. 

Eluents were prepared from HPLC grade 

RESULTS AND DISCUSSION 

Analysis of Envirosols 

Envirosols is the term used in reference to the liquid car- 

bon dioxide-based aerosol mixtures produced by CIG. There are 

three products in the current range: Pestigas which comprises 

0.4% w/w natural pyrethrins synergized with piperonyl butoxide in 

liquid carbon dioxide; Insectigas, 5% w/w dichlorvos in carbon 

dioxide, and Deodourgas, a complex mixture of esters dissolved in 

liquid carbon dioxide at a concentration of 1% w/w. 

abundant components of the presently-used concentrate are tri- 

ethyl citrate, isopropyl myristate and methylated resin acid 

The most 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
1
6
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



496 NIEASS , WAINWRIGHT, AND CBAPLIN 

esters. T h i s  l a t t e r  group of compounds comprises  a t  l eas t  35 

components, n o t  a l l  of which have been i d e n t i f i e d .  

Liquid samples f o r  q u a l i t y  c o n t r o l  procedures  a r e  taken  

d i r e c t l y  from i n d u s t r i a l  c y l i n d e r s  i n t o  small volume double-ended 

sample c y l i n d e r s  and analyzed by reversed  phase l i q u i d  chromato- 

graphy. Sample handl ing  i s  confined t o  p r e s s u r i z a t i o n  w i t h  

n i t r o g e n  o r  o t h e r  i n e r t  g a s  ( 2 6 ) .  Figure  1 p r e s e n t s  a chromatogram 

obta ined  from a methanol ic  s o l u t i o n  of t h e  P e s t i g a s  c o n c e n t r a t e  and 

one obta ined  from t h e  d i r e c t  i n j e c t i o n  of t h e  l i q u i d  carbon d i o x i d e  

s o l u t i o n .  The two traces are q u a l i t a t i v e l y  s imilar  w i t h  no s p u r i -  

ous b a s e l i n e  p e r t u r b a t i o n s  a r i s i n g  from t h e  i n t r o d u c t i o n  of t h e  

l i q u e f i e d  gas .  E l u t e d  w i t h  a mobile  phase compris ing 85 volume 

p e r c e n t  methanol / l5  volume p e r c e n t  w a t e r  a t  a f l o w r a t e  of 3.0 

cm min , a n  a n a l y s i s  t a k e s  6 minutes;  t empera ture  programmed g a s  

chromatographic a s s a y s  of t h e  a c t i v e  i n g r e d i e n t  t y p i c a l l y  r e q u i r e  

35 minutes .  

3 -1 

Employing t h e  same i s o c r a t i c  chromatographic  c o n d i t i o n s ,  

I n s e c t i g a s  i s  analyzed i n  approximately two minutes .  Comparative 

chromatograms f o r  t h i s  product  a r e  p r e s e n t e d  i n  F igure  2. The 

l e a d i n g  peak i n  each case i s  due t o  a product  of t h e  p a r t i a l  

h y d r o l y s i s  of t h e  organophosphate i n s e c t i c i d e  which may occur  

dur ing  s t o r a g e  of t h e  pure  material .  

The m u l t i p l i c i t y  of components i n  Deodourgas i s  i l l u s t r a t e d  i n  

Figure  3 .  Although t h i s  chromatogram w a s  ob ta ined  w i t h  e l u t i o n  by 

a 90 volume p e r c e n t  methanol/lO volume p e r c e n t  0.01 M (NH ) HPO 

no s i g n i f i c a n t  change i n  t h e  s e p a r a t i o n  w a s  observed when the 

b u f f e r  w a s  omi t ted  from t h e  mobile  phase. 

4 2 4’ 

The technique  which p e r m i t s  t h e  d i r e c t  sampling and a n a l y s i s  

of l i q u i d  carbon dioxide-based a e r o s o l  mixtures  h a s  one major 

advantage over  o t h e r  methods of q u a l i t y  a s s u r a n c e  i n  t h a t  t h e  need 

t o  evapora te  t h e  s o l v e n t  and t o  then d i s s o l v e  t h e  recovered  sub- 

s t ra te  i n  an a p p r o p r i a t e  s o l v e n t  is obvia ted .  A less a p p a r e n t  

advantage i s  t h a t  s o l v e n t  evapora t ion  may r e s u l t  i n  t h e  loss  of t h e  

more v o l a t i l e  compounds from a complex s u b s t r a t e  which comprises  
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FIGURE 1. Compara t ive  chromatograms of  P e s t i g a s  Organ ic  S o l u t e  
( a )  M e t h a n o l i c  S o l u t i o n ,  (b )  Direct C 0 2  S o l u t i o n  I n j e c t i o n .  H P L C  
c o n d i t i o n s :  
water; f l o w r a t e  - 3 . 0  cn13min-~; column - Brownlee Labs  R P 8 ;  
d e t e c t o r  s e n s i t i v i t y  - 2.0 AUFS; c h a r t  speed  - 10 mm min-1. 

s ample  volume - 10 mm3; e l u e n t  - 85 v% m e t h a n o l / l 5  v% 

components w i t h  w i d e l y  d i f f e r i n g  b o i l i n g  p o i n t s .  Thus d i r e c t  

s ampl ing  and a n a l y s i s  e l i m i n a t e s  t h e  p o t e n t i a l  l o s s  of  s u b s t r a t e .  

S o l u b i l i t y  Measurements 

The development  of a t e c h n i q u e  which would pe rmi t  t h e  d e t e r -  

m i n a t i o n  o f  the  l i m i t s  of  s o l u b i l i t y  of  o r g a n i c  s u b s t r a t e s  i n  

l i q u e f i e d  ca rbon  d i o x i d e  (28) was a n  e x t e n s i o n  of  t h e  b a s i c  a n a l y -  

t i c a l  t e c h n i q u e  (26). The t e c h n i q u e  h a s  been t e s t e d  u s i n g  t h e  

naph tha lene -ca rbon  d i o x i d e  s y s t e m  (28)  and t h e  r e s u l t s  o b t a i n e d  

compare f a v o u r a b l y  with p u b l i s h e d  d a t a  (29) .  

Although ca rbon  d i o x i d e  d o e s  n o t  y i e l d  a r e s p o n s e  on an 

u l t r a v i o l e t  a b s o r b a n c e  d e t e c t o r ,  i t  can b e  d e t e c t e d  w i t h  a d i f f e -  

r e n t i a l  r e f r a c t o m e t e r  ( 2 7 ) .  However, as i l l u s t r a t e d  i n  F i g u r e  4 ,  
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FIGURE 2 .  Comparative Chromatograms of I n s e c t i g a s  S o l u t e  
(a)  Methanol ic  S o l u t i o n ,  (b) D i r e c t  C 0 2  S o l u t i o n  I n j e c t i o n .  HPLC 
c o n d i t i o n s  - a s  F igure  1 except  d e t e c t o r  s e n s i t i v i t y  - 0.1 AUFS. 

t h e  carbon d i o x i d e  peak is of n e g a t i v e  p o l a r i t y .  T h i s  a r i s e s  

because t h e  r e f r a c t i v e  index of carbon d i o x i d e  i s  much lower than 

most organic  compounds used as mobile phases  i n  l i q u i d  chromato- 

graphy. Consequently, t h e  i n t e g r a t o r  must be  capable  of peak 

p o l a r i t y  i n v e r s i o n  i f  bo th  s u b s t r a t e  and s o l v e n t  a r e  t o  be  detec-  

t e d  by means of a d i f f e r e n t i a l  r e f r a c t o m e t e r .  A l t e r n a t i v e l y ,  two 
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2 FIGURE 3. 
Injection. HPLC conditions: sample volume - 10 m 3 ;  eluent - 
90 v% methanol/lO v% 0.01 M (NH4)2 HPO4; flowrate - 3.0 cm3min- ; 
column - Brownlee Labs RP-8; detector sensitivity - 0.1 AUFS, 0.5 
AUFS; chart speed  - 10 mm min-l. 

Chromatogram of Deodourgas Solute by Direct CO 
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T I M E  

FIGURE 4 .  Naphthalene and Carbon Dioxide Chromatograms. HPLC 
conditions: 
acetonitrilei20 v% water; flowrate - 2.0 cm3min-1; column - 
Waters Associates C-18; detector sensitivity, RI-4X; UV - 2.0 
AUFS;  chart speed - 5 mm min-l. 

sampl- volume - 2 mm3 (nominal); eluent - 80 v% 
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L I Q U I D  CARI3ON U I O X I D E  SOLUTIONS 50 1 

i n t e g r a t o r s  may be  i n t e r f a c e d  t o  t h e  one d e t e c t o r .  Q u a n t i t a t i o n  

of carbon d i o x i d e  i n v o l v e s  c a l i b r a t i o n  of response v e r s u s  abso- 

l u t e  sample volume. It is impor tan t ,  t h e r e f o r e ,  t h a t  t h e  s o l v e n t  

peak b e  s e p a r a t e d  from t h e  s o l u t e  peak if such i s  d e t e c t e d  by t h e  

d i f f e r e n t i a l  r e f r a c t o m e t e r .  It i s  f o r t u i t o u s  i n  t h i s  regard  t h a t  

carbon d i o x i d e  demonst ra tes  anomalous r e t e n t i o n  behaviour  i n  t h e  

aqueous methanol-CI8 chromatographic  system ( 2 7 ) :  

f a c t o r  of t h i s  compound i n c r e a s e s  very  s lowly  w i t h  d e c r e a s i n g  

organic  c o n t e n t  i n  t h e  mobile  phase.  Thus carbon d i o x i d e  should 

be r e a d i l y  s e p a r a b l e  from t h e  s u b s t r a t e .  T h i s  s ta tement  r e q u i r e s  

some q u a l i f i c a t i o n ,  however, a s  a l k a l i n e  media are n o t  s a t i s f a c -  

t o r y  f o r  carbon d i o x i d e  a n a l y s e s  due t o  r e a c t i o n  of CO w i t h  t h e  

mobile phase ( 2 7 ) .  A l k a l i n e  s u b s t r a t e s ,  such as a n i l i n e ,  may a l s o  

cause d i f f i c u l t i e s  due t o  a d s o r p t i o n  on t h e  s t a t i o n a r y  phase and 

t h e  concomitant change i n  e l u e n t  pH i n  t h e  reg ion  of t h e  s t a t i o n a r y  

phase-mobile phase boundary. I n  c a s e s  such as t h i s ,  paired-ion 

chromatography i n  ac id-buffered  media may overcome t h i s  problem. 

Solvent  E x t r a c t i o n  

t h e  capac i ty  

2 

The l i q u i d  carbon d i o x i d e  e x t r a c t i o n  from n a t u r a l  p roducts  of 

p o t e n t i a l l y  u s e f u l  c o n s t i t u e n t s  i s  r e c e i v i n g  c o n s i d e r a b l e  a t t e n -  

t i o n .  I n  o r d e r  t o  assess t h e  u t i l i t y  of t h e  developed procedures  

t o  s o l v e n t  e x t r a c t i o n ,  w e  conducted a s imple experiment  i n v o l v i n g  

t h e  c o n t a c t i n g  of l i q u i d  carbon d i o x i d e  w i t h  macerated chrysan- 

themum c i n e r a r i a e f o l i u m  f lowerheads.  The system w a s  p r e s s u r i z e d  

w i t h  n i t r o g e n  and t h e  l i q u i d  analyzed by d i r e c t  i n j e c t i o n .  F i g u r e  

5 i l l u s t r a t e s  bo th  t h e  u l t r a v i o l e t  absorbance and d i f f e r e n t i a l  

r e f r a c t o m e t e r  d e t e c t o r  responses  from a n  a n a l y s i s  of t h e  l i q u i d  

sample. A comparison of t h e  o r g a n i c  s u b s t r a t e  a n a l y s i s  from 

l i q u i d  COq and commercial r e f i n e d  p y r e t h r i n s  e x t r a c t  a p p e a r s  as 

Figure  6 .  The e x t r a c t  composi t ion i s  s i m i l a r  i n  a l l  r e s p e c t s  t o  

t h e  commercial m a t e r i a l  w i t h  t h e  e x c e p t i o n  of t h e  f i r s t  major 

peak. This  component is p r e s e n t  i n  t h e  l i q u i d  carbon d i o x i d e  

e x t r a c t  b u t  n o t  i n  t h e  commercial product  and may be  a waxy com- 

pound removed i n  t h e  r e f i n i n g  process .  
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FIGURE 5. Chromatogram of C02-soluble Pyrethrum E x t r a c t .  HPLC 
c o n d i t i o n s :  
methanol / l5  v% water; f l o w r a t e  - 2.0 cm3rnin-l; column - Waters 
A s s o c i a t e s  C-18; d e t e c t o r  s e n s i t i v i t y ,  RI-32X; UV - 0.02 AUFS; 
c h a r t  speed - 10 mm min-l .  

sample volume - 2 mm3 (nominal) ;  e l u e n t  85 v% 
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FIGURE 6. 
Upper - LC02 e x t r a c t .  Lower  - Commercial e x t r a c t .  HPLC condi-  
t i o n s  - see Figure  5. 

Comparison 01 LC02 and Commercial Pyrethrum E x t r a c t s .  
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FIGURE 7 .  S u p e r c r i t i c a l  C02 - Toluene  A n a l y s i s .  HPLC c o n d i t i o n s :  
sample volume - 0 . 2  mm3; e l u e n t  - 90 v% methano l / lO% water;  
f l o w r a t e  - 2.0 crn3rnin-l; column - Waters A s s o c i a t e s  C-18;  
d e t e c t o r  s e n s i t i v i t y ,  RI-32X, UV - 1.0 AUFS; c h a r t  s p e e d  - 10 mm 
min-1. 
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These chromatograms i n d i c a t e  t h a t  ca rbon  d i o x i d e  has a 

s e l e c t i v i t y  s imilar  t o  t h a t  of t h e  conventional o r g a n i c  s o l v e n t  

used i n  t h e  commercial  e x t r a c t i o n  o f  the i n s e c t i c i d e  and demon- 

s t ra te  t h a t ,  w i t h  a p p r o p r i a t e  a p p a r a t u s ,  the deve loped  t e c h n i q u e s  

c o u l d  b e  o f  b e n e f i t  t o  t h e  s t u d y  of l i q u e f i e d  gas e x t r a c t i o n .  

S u p e r c r i t i c a l  Carbon D i o x i d e  S o l u t i o n s  

I n  a p r e v i o u s l y  r e p o r t e d  s t u d y  ( 2 7 )  it  w a s  found t h a t  l i q u i d  

ca rbon  d i o x i d e  d i s s o l v e d  i n  aqueous  me thano l  e l u e n t s  a t  t h e  p o i n t  

of i n j e c t i o n .  I t  w a s  o f  i n t e r e s t  t o  f i n d  o u t  whe the r  o r  n o t  

s u p e r c r i t i c a l  c a r b o n  d i o x i d e  behaved s i m i l a r l y .  Thus a d i l u t e  

s o l u t i o n  of  t o l u e n e  i n  l i q u i d  c a r b o n  d i o x i d e  w a s  r e n d e r e d  s u p e r -  

c r i t i c a l  by h e a t i n g  t o  4 O o C  and samples  of  t h e  homogeneous f l u i d  

i n t r o d u c e d  t o  t h e  ch romatograph ic  system. Sample p r e s s u r e  w a s  

m a i n t a i n e d  by means o f  a p r e s s u r i z e d  mercury r e s e r v o i r  (28) .  A 

chromatogram s imi la r  t o  t h a t  p r e s e n t e d  i n  F i g u r e  7 was o b t a i n e d .  

The c a r b o n  d i o x i d e  r e s p o n s e  is c o n s i s t e n t  w i t h  t h a t  o b t a i n e d  from 

l i q u i d  i n j e c t i o n s  which d e m o n s t r a t e s  t h a t  t h e  s u p e r c r i t i c a l  s o l u -  

t i o n  may b e  a n a l y z e d  w i t h  r e v e r s e d  p h a s e  l i q u i d  chromatography.  

I n  p r i n c i p l e ,  t h e r e f o r e ,  a c o n v e n t i o n a l  h i g h  pe r fo rmance  

l i q u i d  chromatograph can  b e  used f o r  t h e  a n a l y s i s  of  s u i t a b l e  

s u p e r c r i t i c a l  sys t ems .  Q u a n t i t a t i v e  a n a l y s i s  re l ies  on t h e  a v a i -  

l a b i l i t y  of a c c u r a t e  p r e s s u r e - d e n s i t y - t e m p e r a t u r e  d a t a  f o r  c a r b o n  

d i o x i d e .  

CONCLUSIONS 

l’iehave a t t e m p t e d  t o  show t h a t  a t e c h n i q u e  f o r  t h e  sampl ing  

and a n a l y s i s  of l i q u e f i e d  c a r b o n  d i o x i d e  s o l u t i o n s  may b e  a p p l i e d  

t o  a c t i v i t i e s  s u c h  a s  quality c o n t r o l ,  s o l u b i l i t y  measurements  a n d  

l i q u i d  and s u p e r c r i t i c a l  e x t r a c t i o n  s t u d i e s .  Although t h e  t ech -  

n i q u e  has l i m i t a t i o n s  which are  p r i m a r i l y  t h e  s u i t a b i l i t y  o f  t h e  

a n a l y t i c a l  method t o  t h e  s u b s t r a t e  o f  i n t e r e s t .  w e  f e e l  t h a t  such  

a t e c h n i q u e  w i l l  f i n d  many a p p l i c a t i o n s ,  n o t  n e c e s s a r i l y  res t r ic-  

t e d  t o  the c a r b o n  d i o x i d e  sys t em.  I n d e e d ,  the p r i n c i p l e  c o u l d  b e  

used f o r  t h e  a n a l y s i s  o f  many l i q u e f i e d  g a s e s  such  as  hydroca rbons .  
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