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HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 
IN ENVIRONMENTAL ANALYSIS: PRESENT AND 

FLJTURE APPLICATIONS 

Badar K. Afghan*, 
Analytical Chemistry Research Section, 

Analytical Methods Division 
National Waters Research Institute 
Canada Centre for Inland Waters 

867 Lakeshore Road, Box 5050 
Burlington, Ontario L7R 4A6 Canada 

and 

Aaron W. Wolkoff 

Waters Scientific Ltd., 
6840 Viscount Road 

Mississauga, Ontario L3T 3H7 Canada 

ABSTRACT 

This review is intended to present the authors' views on the 
present and future applications of high performance liquid 
chromatography (HPLC) to environmental analysis. It is chiefly 
concerned with publications in the period 1977 - 1980 and is not 
meant t o  be an all-inclusive review. The authors have selected 
only those publications which either deal with compounds of enviro- 
mental interest or  methods of future potential to enviromental 
analysis. For full inventory-type reviews the reader is directed 
to summaries presented in various journals, e.g. the annual review 
issue in Analytical Chemistry 6 Journal of Chromatography. 

INTRODUCTION 

As a result of efforts to upgrade living standards through 
increased productivity and food supplies, the dependence of man- 

kind upon synthetic and naturally occuring chemicals has increased 
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100 AFGHAN AND WOLKOFF 

r a p i d l y  s ince World War 11. To d a t e ,  over  s i x  m i l l i o n  chemica ls  a re  

known t o  e x i s t ,  many of which f i n d  t h e i r  way i n t o  our  environment .  

Many s y n t h e t i c  compounds tend t o  accumulate i n  t h e  components 

of t h e  environment ,  i n c l u d i n g  segments  o f  t h e  food c h a i n .  I n  

a d d i t i o n ,  numerous compounds a r e  a l s o  t ransformed v i a  chemica l ,  

m i c r o b i o l o g i c a l  or p h o t o l y t f c  pathways t o  o t h e r  produc :s which i n  

some c a s e s  may pose a more s e r i o u s  hazard  then  t h e  o r i g i n a l  com- 

pound. 

I n  1978, t h e  Implementat ion Committee of t h e  Grea t  Lakes Water 

Q u a l i t y  Board of  t h e  I n t e r n a t i o n a l  J o i n t  Commission p r e s e n t e d  a 

r e p o r t  cover ing  a v a i l a b l e  d a t a  on t h e  d i s t r i b u t i o n  and b ioaccumula t ion  

of " tox ic  m a t e r i a l s "  i n  t h e  b a s i n s  of  Lake Er i e ,  Huron, S u p e r i o r  

and Michigan ( 1 ) .  This r e p o r t  i d e n t i f i e d  over  350 contaminants  

d e t e c t e d  i n  water, sediment ,  a i r ,  d i s c h a r g e s ,  s l u d g e ,  p l a n k t o n ,  

f i s h  and w i l d l i f e  of  t h e  b a s i n s .  I n  a d d i t i o n ,  US EPA and t h e  

Canadian Environmental  Agencies have a l s o  developed p r i o r i t y  

p o l l u t a n t  l i s ts  w i t h  t h e  u l t i m a t e  aim of c o n t r o l l i n g  and r e g u l a t i n g  

t h e  i n p u t  of t h e s e  and o t h e r  hazardous  materials i n t o  t h e  environ-  

ment. These p o l l u t a n t s  i n c l u d e  p e s t i c i d e s ,  PCB's and r e l a t e d  

compounds, ha logenated  a l i p h a t i c s ,  e t h e r s ,  phenols  and c r e s o l s ,  

p h t h a l a t e  e s t e r s ,  a romat ic  and polyaromat ic  hydrocarbons ,  

n i t rosamines  and o t h e r  n i t r o g e n - c o n t a i n i n g  compounds as  w e l l  as 

metals and i n o r g a n i c s .  

Thus, t h e r e  i s  a need t o  d e v e l o p  a p p r o p r i a t e  a n a l y t i c a l  tech-  

n iques  f o r  d e t e c t i n g ,  q u a n t i f y i n g  and c o n f i r m i n g  a wide v a r i e t y  of 

chemicals  a t  u l t r a - t r a c e  l e v e l s  i n  sample m a t r i c e s  r a n g i n g  from 

o r i g i n a l  p r o d u c t s  t o  wastes as w e l l  as v a r i o u s  components of t h e  

enviornment (e .g .  a i r ,  water, s o i l ,  sed iment ,  suspended m a t e r i a l ,  

b i o t a  and p l a n t s ) .  HPLC o f f e r s  a g r e a t  p o t e n t i a l  f o r  envi ronmenta l  

a n a l y s i s  f o r  s e v e r a l  reasons .  

from v o l a t i l e  t o  n o n - v o l a t i l e  w i t h  m o l e c u l a r  weights  d i f f e r i n g  as 

much as 3 - 4 o r d e r s  of magni tude from each  o t h e r .  

mobile  phase is a l i q u i d  and is t h u s  o f t e n  s imilar  i n  n a t u r e  t o  t h e  

A wide r a n g e  of compounds r a n g i n g  

Because t h e  
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HPLC IN ENVIRONMENTAL ANALYSIS 10 1 

sample matrix, a larger variety of samples can be handled compared 

to gas chromatography ( E l .  The separating power of HPLC is 

potentially greater than that of GC in that two parameters affecting 

separation, the stationary and mobile phases, can be varied over a 

wide range of polarities and chemical functionalities. In GC only 

the stationary phase can be varied since the mobile phase serves 

only as a carrier. Since the mobile phase is a liquid other 

techniques may be interfaced, both before and after the separation 
has been performed, allowing a wide variety of materials and 

matrices t o  be analyzed. These, amongst other factors, have made 

HPLC the fastest growing technique in analytical chemistry ( 2 - 4 ) .  

COLUMNS AND INSTRUMENTATION 
Columns and Packings 

Kowlaczyk (5) studied the effect of the porous structure of 
packings on selectivity of HPLC systems and concluded that the 
mass transport may be affected by only a portion of the particle 

material if their porous structure is adequately heterogeneous. 

The heterogeneity of the particle structure leads to reduced 
selectivity; however it may be possible to increase the selectivity 
by raising the temperature. This observation is of importance 

particularly where home-made wider bore columns, with larger 

particle diameter, are used for cleanup of environmental samples. 
Afghan (6) reported varying selectivity of C-18 columns 

prepared by various manufacturers. In this work, various C-18 
columns were investigated for their ability to separate carbamates 
and polynuclear aromatic hydrocarbons. Zorbw ODS did not exhibit 
any separation for metacil, permicarb and zcctran. These carbamates 

were not even eluted when the mobile phase composition was changed 

from 20% to 70% acetronitrile - water. uPondapak C-18 gave varying 
retention times for metacil. Chromegabond M-C-18 and M-C-18-2 also 
exhibited varying selectivity ratios. 
by other workers. 

This phenomena has been reported 
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102 AFG&.t AND WOLKOFF 

Colmsjo (7 )  h a s  r e p o r t e d  t h a t  C-18 columns manufactured by 

v a r i o u s  manufac turers  showed d i f f e r e n t  a b i l i t y  t o  s e p a r a t e  a 

p o l y n u c l e a r  a romat ic  hydrocarbons (PAH). 

Evans (8) proposed a new method f o r  t h e  p r e p a r a t i o n  of h i g h  

q u a l i t y  bonded p h a s e s  f o r  use i n  reverse-phase  HPLC. T h i s  involved  

t h e  r e a c t i o n  of  s i l i c a  g e l  w i t h  a t r i c h l o r o s i l a n e ,  m e t h a n o l y s i s  of 

t h e  product  and subsequent  capping  w i t h  t r i m e t h y l c h l o r o s i l a n e .  

Chlor ina ted  s o l v e n t s  were found t o  y i e l d  s u p e r i o r  bonded phases  and 

t h e  u s e  of  e l e v a t e d  tempera tures  was shown t o  be unnecessary .  

R e s o l u t i o n  of v a r i o u s  s u b s t a n c e s  such as  hydrocarbons,  k e t o n e s  and 

n i t r o - i m i d a z o l e  was found t o  be  s u p e r i o r  compared t o  bonded phases  

prepared by o t h e r  methods. 

Van d e  Venne (9 )  proposed a method to  o b t a i n  non-polar 

chemically-bonded s t a t i o n a r y  phases  w i t h  low r e s i d u a l  hydroxyl  

group c o n t e n t  which tend  t o  a f f e c t  t h e  performance,  r e s o l u t i o n  and 

e f f i c i e n c y  of columns. To a c h i e v e  t h i s  lower hydroxyl  group 

c o n t e n t ,  a p a r t i a l  c o n d e n s a t i o n  of s u r f a c e  s i l a n o l  groups a t  

t empera tures  g r e a t e r  t h a n  2OO0C w a s  performed. 

packing  m a t e r i a l s  were compared w i t h  materials prepared  by t h i s  

method . 

Commercially a v a i l a b l e  

Baum (10) d e s c r i b e d  t h e  p r e p a r a t i o n  of h i g h  e f f i c t e n c y  columns 

of m i c r o - p a r t i c u l a t e  Amber l i te  XAD-2. Columns, s lur ry-packed  w i t h  

3.6 - 8.4 l~ XAD-2, were found t o  y i e l d  e f f i c i e n c e s  g r e a t e r  t h a n  

20,000 p l a t e s  p e r  metre. Because of i t s  hydrophobic c h a r a c t e r i s t i c s ,  

low c o s t ,  wide pH r a n g e  (pH 0 -14), s t r o n g  adsorbent  p r o p e r t i e s  and 

c o m p a t a b i l i t y  w i t h  v i r t u a l l y  a l l  s o l v e n t s ,  t h i s  packing  material  

o f f e r s  e x c e l l e n t  p o t e n t i a l  for t h e  s e p a r a t i o n  of t h e  wide v a r i e t y  

of compounds i n  envi ronmenta l  samples. One of u s  (BKA) is p r e s e n t l y  

e v a l u a t i n g  t h e  u s e  o f  t h e s e  packings  f o r  t h e  s e p a r a t i o n  of trace 

organics i n  envi ronmenta l  samples .  

Rotsch (11)  o b t a i n e d  i n c r e a s e d  r e t e n t i o n  and improved peak 

shapes  and improved r e s o l u t i o n  u s i n g  Amber l i tc  XAD-2 columns w i t h  

added t e t r a l k y l  ammonium sal ts  added t o  t h e  mobile  phase.  
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HPLC 'IN ENVIRONMENTAL ANALYSIS 10 3 

A number of  new c h e m i c a l l y  bonded s t a t i o n a r y  phases  have  been 

r e p o r t e d  ( 1 2  - 16) t o  o b t a i n  improved S e p a r a t i o n  of a r o m a t i c s ,  

amines,  phenols  and i n o r g a n i c  s a l t s .  

R e c e n t l y  c a p i l l a r y  columns have played a s i g n i f i c a n t  r o l e  i n  

gas  chromatography provid ing  i n c r e a s e d  r e s o l u t i o n  and s e l e c t i v i t y  

f o r  v a r i o u s  i somers  and complex mixtures .  

a t tempted  t o  p r e p a r e  c a p i l l a r y  columns f o r  l i q u i d  chromatography,  

T e s a r i k  (17 )  proposed a procedure f o r  t h e  p r e p a r a t i o n  o f  HPLC 

c a p i l l a r y  columns i n v o l v i n g  t h e  r e a c t i o n  between a s o l u t i o n  of  

ammonia and t e t r a m e t h y l  ammonium hydroxide .  S c o t t  (18,19) 

d i s c u s s e d  t h e  performance c h a r a c t e r i s t i c s  and a d v a n t a g e s  o f  micro- 

bore  columns i n  terms of high e f f i c i e n c y ,  speed and high m a s s  

s e n s i t i v i t y  s e p a r a t i o n s  us ing  b i o l o g i c a l  samples .  Krejci (20)  

demonstrated t h e  p o s s i b i l i t y  of u s i n g  c a p i l l a r y  columns w i t h  

commercial LC i n s t r u m e n t a t i o n .  I t  w a s  p o s s i b l e  t o  o b t a i n  h i g h  

p l a t e c o u n t s ( u p  t o  1,250,000) u s i n g  open t u b u l a r  columns. 

A number of workers  have 

A number of  a u t h o r s  have r e p o r t e d  alumina o r  s i l i c a  s u p p o r t -  

coa ted  open t u b u l a r  columns t o  a c h i e v e  h i g h  e f f i c i e n c e s  ( 2 1 , 2 2 ) .  

I t  was p o s s i b l e  t o  o b t a i n  improved r e s o l u t i o n  f o r  a r o m a t i c  amines 

and o t h e r  o r g a n i c s .  Aromatic amines and p h t h a l a t e s  w e r e  a l s o  

s e p a r a t e d  u s i n g  soda-lime g l a s s  t r e a t e d  w i t h  a l k a l a i  (23 ) .  The 

b e s t  column f o r  m i c r o - c a p i l l a r y  l i q u i d  chromatography w a s  made by 

t r e a t m e n t  w i t h  1N sodium hydroxide s o l u t i o n  a t  25 - 54OC f o r  two 

days.  

Other s t a t i o n a r y  phases  such  as  B,6' - o x y d i p r o p i o n i t r i l e  

and e t h y l e n e  g l y c o l s  have been used t o  s e p a r a t e  aromatic-amines 

and p h t h a l a t e s  i n  normal-phase systems (24). Chemical bonding 

of a n  o c t a d e c y s i l a n e  s t a t i o n a r y  phase w a s  s u c c e s s f u l l y  a c h i e v e d  on 

t h e  i n n e r  glass s u r f a c e  of a m i c r o - c a p i l l a r y  t u b e  o f  60pm I.D. (25). 
Using methanol-water  o r  a c e t o n i t r i l e - w a t e r  r o b i l e  phases ,  improved 

s e p a r a t i o n s  o f  several a romat ic  hydrocarbons were o b t a i n e d .  

ra tes  i n  t h e  r a n g e  of 0.3 - 1.3 cm/rcc were used w i t h o u t  s a c r i f i c i n g  

e f f i c i e n c y ,  on  columns of 507 CP i n  l e n g t h .  

Flow 
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104 AFGHAN AND WOLKOFF 

A new s e p a r a t i o n  technique u t i l i z i n g  c o a t e d  open- tubular  

c a p i l l a r y  l i q u i d  chromatography w i t h  f low segmenta t ion  was r e p o r t e d  

by Snyder and Dolan (26,  27) .  Segmented-flow l i q u i d  chromatography 

w a s  d e s c r i b e d  a s  a u s e f u l  s i z e - e x c l u s i o n  t e c h n i q u e  for sample 

t rea tment  p r i o r  t o  HPLC. This  technique  may s e r v e  as  a n  improved 

clean-up technique  f o r  h igh  m o l e c u l a r  weight  compounds such as 

humic and f u l v i c  a c i d  m a t e r i a l s ,  p r o t e i n s .  and l i p i d s  p r i o r  t o  

a n a l y s i s  of  envi ronmenta l  samples .  

Another new development(28,29)  i n  column technology u t i l i z e d  

p l a s t i c  c a r t r i d g e s  c o n t a i n i n g  a packing  material. 

c a r t r i d g e s  are  p laced  i n  a chamber and rad ia l ly-compressed  they 

form a h i g h l y - e f f i c i e n t  column which g e n e r a t e s  low back p r e s s u r e s  

making i t  u s e f u l  for f a s t  a n l y s i s  times and f low programming. 

The c a r t r i d g e s  are  r e l a t i v e l y  inexpens ive  and d i s p o s a b l e .  

When t h e  

Mobile Phase 

A promising new f i e l d  employing aqueous s o l u t i o n s  of s u r f a c t a n t  

a g g r e g a t e s  ( o r  m i c e l l e s )  h a s  been s u g e s t e d  (30) a s  a novel  and 

h i g h l y  e f f e c t i v e  mobile  phase f o r  HPLC. 

sodium dodecyl  s u l p h a t e  w a s  used f o r  t h e  s e p a r a t i o n  of p o s i t i o n a l  

isomers  of a wide v a r i e t y  of  phenols .  

f low and c o n c e n t r a t i o n  g r a d i e n t s .  

reverse-phase column d i d  not  show and d e l e t e r i o u s  e f f e c t s  w i t h  

t h i s  mobile  phase f o r  up t o  f o u r  months u s e .  

An aqueous s o l u t i o n  of 

PAH's were a l s o  s e p a r a t e d  u s i n g  

I t  w a s  a l s o  claimed tha't t h e  

The I n f l u e n c e  of o r g a n i c  m o d i f i e r s  and composi t ion  of t h e  

mobile  phase on r e t e n t i o n  b e h a v i o u r s  of v a r i o u s  compounds h a s  been 

s t u d i e d  (31 - 33). I t  is r e p o r t e d  (31 ) .  by e x t e n s i v e  s t u d i e s  u s i n g  

th i r ty- two a r o m a t i c  compounds, t h a t  t h e  optPmum g r a d i e n t  shape 

may be  convex r a t h e r  t h a n  l i n e a r  a s  p r e s e n t l y  assumed by many 

workers. 

Flow programming h a s  a l so  been e v a l u a t e d  as an a l t e r n a t i v e  to 

g r a d i e n t  e l u t i o n  i n  reverse-phase  chromatography. Afghan (34) 

found t h a t  t h e  p r a c t i c a l  a p p l i c a t i o n  of flow p r o g r a m i n g  d u r i n g  

s e p a r a t i o n  of carbamates  is l i m i t e d  by p r e s s u r e  i n c r e a s e s  which 
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WLC I N  ENVIRONMENTAL ANALYSIS 10 5 

i n  t u r n  could  r e s u l t  i n  damage and subsequent  l o s s  i n  e f f i c i e n t y  

of  a n a l y t i c a l  columns. However, f l o w  programming was found t o  be 

u s e f u l  f o r  l a t e  e l u t i n g  PAH's ( 3 5 ) .  

used t o  reduce a n a l y s i s  times and r e t e n t i o n  volumes i n  pa i red- ion  

chromatography and g e l  permeat ion chromatography (36, 3 7 ) .  

Flow programming h a s  a l s o  been 

G i l p i n  ( 3 8 )  h a s  s t u d i e d  t h e  e f f e c t  of  tempera ture  on t h e  

p r e c i s i o n  of r e t e n t i o n  times i n  HPLC. 

of both normal and r e v e r s e  phase packing materials as w e l l  a s  

vary ing  mobile  phase  composi t ions.  I t  was concluded t h a t  for 

reverse-phase sys tems,  t h e  p r e c i s i o n  of  r e t e n t i o n  measurements 

was good t o  e x c e l l e n t .  However. normal-phase sys tems were e f f e c t e d  

d r a m a t i c a l l y  by changing thermal c o n d i t i o n s  and t h e  l a r g e s t  e r r o r s  

were observed when a p o l a r  s t a t i o n a r y  phase  was used i n  combina t ion  

with p o l a r  mobile  phase m o d i f i e r s .  

The s t u d y  covered a series 

Gant (39) h a s  developed a g e n e r a l  model € o r  t h e  e a s y  

o p t i m i z a t i o n  o f  s e p a r a t i o n s  i n  reverse-phase  LC systems.  I t  w a s  

found t h a t  tempera ture  p l a y s  a n  impor tan t  r o l e  and c a n  b e  opt i rnised 

s imul taneous ly  w i t h  mobile  phase composi t ion t o  o b t a i n  i n c r e a s e d  

r e s o l u t i o n .  G e n e r a l l y ,  r e s o l u t i o n  was improved a t  h i g h e r  tempera- 

t u r e  w i t h  accompanying lower c o n c e n t r a t i o n s  o f  o r g a n i c  i n  t h e  

mobile  phase.  

Afghan ( 3 4 )  s t u d i e d  t h e  e f f e c t  of tempera ture  on t h e  s e p a r a t i o n  

of carbamates  o v e r  t h e  range 20 - 4OoC, f i n d i n g  t h a t  i n c r e a s e d  

tempera ture  reduced r e t e n t i o n  t imes  and produced u n d e r s i r a b l e  

r e d u c t i o n  i n  s e l e c t i v i t y .  Simultaneous change of  t e m p e r a t u r e  and 

mobile  phase  composi t ion  d i d  n o t  o f f e r  any s i g n i f i c a n t  improvement 

over  i s o c r a t i c  s e p a r a t i o n s .  

Peak broadening  induced by t h e  n a t u r e  of t h e  sample s o l v e n t  

It w a s  and volume i n j e c t e d  have been r e p o r t e d  by W i l l i a m s  (40). 
demonstrated t h a t  peak h e i g h t s  are a f f e c t e d  by changing  sample 

s o l v e n t  composi t ion .  T h i s  may produce e r r o r s  i n  q u a n t i t a t i o n  

p a r t i c u l a r l y  when complex mixtures  are analyzed .  Afghan ( 3 4 , 3 5 )  

i n v e s t i g a t e d  t h e  e f f e c t  of  volume and s o l v e n t  composi t ion  of f i n a l  

a l i q u o t s  p r i o r  t o  i n j e c t i o n .  I t  w a s  found t h a t  sample s i z e  and 
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106 AFGHAN AND WOLROFF 

s o l v e n t  composi t ion  of  f i n a l a l i q u o t s d i d  n o t  pose s i g n i f i c a n t  

e r r o r s  i f  proper  c o n d i t i o n s  were s e l e c t e d .  Sample size was 

v a r i e d  from lOul t o 1  m l w i t h o u t  loss of s e p a r a t i o n  and 

r e p r o d u c i b i l i t y .  

D e t e c t o r s  

V e r s a t i l i t y  o f  a n  a n a l y t i c a l  t e c h n i q u e  t o  cover  t h e  w i d e  

spectrum of compounds found i n  envi ronmenta l  samples depends upon 

a number of f a c t o r s :  ( a )  i t  should  respond t o  a l l  compounds of  

i n t e r e s t ;  (b)  i t  should  be  a b l e  t o  p r o v i d e  q u a n t i t a t i v e  d a t a  i n  

t h e  nanogram o r  picogram r a n g e s ;  ( c )  i t  should  be  a b l e  t o  provide  

p o s i t i v e  i d e n t i f i c a t i o n  and c o n f i r m a t i o n  on  a c o s t  e f f e c t i v e  b a s i s ;  

(d)  i t  should not  i n v o l v e  e x t e n s i v e  and complex d e r i v i t i z a t i o n  

s t e p s .  Obviously,  t h e  d e t e c t o r  p l a y s  a s i g n i f i c a n t  ro le  i n  t h e  

t o t a l  a n a l y t i c a l  scheme. As noted  b e f o r e ,  t h e  a b i l i t y  t o  i n t e r -  

f a c e  a wide v a r i e t y  of d e t e c t i o n  sys tems p o t e n t i a l l y  makes HPLc 

a n  extremely u s e f u l  t o o l  i n  envi ronmenta l  a n a l y s i s .  

During t h e  p a s t  8 - 10 y e a r s  t h e  area of HPLC d e t e c t o r s  h a s  

r e c e i v e d  i n c r e a s i n g  a t t e n t i o n .  McKinley (41 )  h a s  reviewed HPLC 

d e t e c t o r  technology.  Detectors u t i l i z e  p r o p e r t i e s  such  a s  

r e f r a c t i v e  index,  absorbance ,  i n f r a r e d ,  f l u o r e s c e n c e ,  c o n d u c t i v i t y ,  

thermal  energy and electro c h e m i s t r y .  T r a n s p o r t  d e t e c t o r  technology 

is a l s o  d i s c u s s e d  a s  w e l l  as d e r i v i t i z a t i o n  t o  f u r t h e r  enhance 

d e t e c t o r  s e l e c t i v i t y  and s e n s i t i v i t y .  

U l t r a v i o l e t  a b s o r p t i o n  (W) d e t e c t o r s  f o r  HPLC a r e  t h e  most 

f r e q u e n t l y  employed. Most are of  a f i x e d  wavelength but  t h e  

u s e  of t u n a b l e  wavelength d e t e c t o r s  is r e c e i v i n g  i n c r e a s i n g  

a t t e n t i o n  because of t h e  i n c r e a s e d  s e n s i t i v i t y  and s e l e c t i v i t y  

obta ined .  Micro-processor  c o n t r o l  h a s  i n c r e a s e d  t h e  v e r s a t i l i t y  

of v a r i a b l e  wavelength d e t e c t o r s  and i t  is  now p o s s i b l e  t o  purchase  

d e t e c t o r s  where a t t e n u a t i o n  and wavelength are  changed d u r i n g  a 

run. One may a l so  scan  a peak d u r i n g  a r u n ,  u s i n g  a s topped  f l o w ,  

t o  o b t a i n  a f u l l  spectrum to  a i d  i n  i d e n t i f i c a t i o n  and c o n f i r m a t i o n  

of conpounds. A p o t e n t i a l l y  more u s e f u l  system, a l t h o u g h  t h e  c o s t s  
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are p r e s e n t l y  q u i t e  h igh ,  i s  a d e t e c t o r  t h a t  s c a n s  t h e  whole 

wavelength range v e r y  q u i c k l y  (approx.  1 s e c )  t o  g i v e  s p e c t r a  

wt thout  s t o p p i n g  t h e  flow. Afghan (34,35)  u t i l i z e d  a scanning  

c a p a b i l i t y  t o  o b t a i n  t h e  d e s i r e d  s e n s i t i v i t y  and s e l e c t i v i t y  f o r  

carbamates ,  PAH's and o t h e r  t r a c e  o r g a n i c s .  
Fluorescence d e t e c t o r s  a r e  a l s o  e x t e n s i v e l y  used by a number 

of workers. Afghan (6) compared commercial ly  a v a i l a b l e  f l u o r e s c e n c e  

d e t e c t o r s  w i t h  convent iona l  f l u o r o m e t e r s  and s p e c t r o f l u o r o m e t e r s  

u s i n g  s t a n d a r d  f low ce l l s .  It  w a s  p o s s i b l e  t o  o b t a i n  comparable, 

o r ,  i n  some c a s e s ,  increased  s e n s i t i v i t y  u s i n g  s tandard  equipment 

a v a i l a b l e  i n  most l a b o r a t o r i e s .  Ogan (42) compared t h e  u s e  of 

cut-off  f i l t e r s  w i t h  monochromatxs f o r  HPLC and concluded t h a t  

cut-off  Eilters provide  increased  s e n s i t i v i t y  f o r  PAH's provided 

s u f f i c i e n t  s e p a r a t i o n  of compounds i s  achieved .  

D e r i v a t i z a t i o n  techniques  have f u r t h e r  enhanced d e t e c t i o n  

s e n s i t i v i t y  and s e l e c t i v i t y  of v a r i o u s  compounds such a s  a l c o h o l s ,  

c a r b o x y l i c  a c i d s  and amino a c i d s .  D e r i v a t i z a t i o n  has  been employed 

i n  c o n j u n c t i o n  wi th  W and f l u o r e s c e n c e  d e t e c t o r s .  Lawrence (43) 

reviewed r e c e n t  advances i n  t h e  u s e  of f l u o r i m e t r i c  d e r i v a t i z a t i o n  

techniques .  Formation of d e r i v a t i v e s  b o t h  p r i o r  t o  HPLC s e p a r a t i o n  

(pre-column) and on- l ine  post-column d e r i v a t i z a t i o n  is d i s c u s s e d .  

Nanogram q u a n t i t i e s  o f  phenols ,  amines,  c a r b o x y l i c  a c i d s  and 

carboxyl  compounds c a n  be d e t e c t e d .  S p e c i f i c  a p p l i c a t i o n s  of  pre-  

and post-column d e r i v a t i z a t i o n  of s t e r i c a l l y  unhindered pr imary 

amines, carbamate i n s e c t i c i d e s  and a c i d i c  h e r b i c i d e s  such as 

2,4-Dhave a l s o  been r e p o r t e d  ( 4 4 - 4 6 ) .  

Atomic spec t roscopy h a s  been s u c c e s s f u l l y  i n t e r f a c e d  w i t h  

HPLC t o  de te rmine  v a r i o u s  heavy metals and o r g a n o m e t a l l i c s .  

A f t e r  HPLC s e p a r a t i o n  of a r s e n i t e .  a r s e n a t e ,  methylarsonic  a c i d  

and d imethylarsonic  a c i d  i n  s o i l  e x t r a c t s  and d r i n k i n g  water,  a 

g r a p h i t e  furnace  atomic a b s o r p t i o n  s p e c t r o m e t e r  was used a8 a 

s e l e c t i v e  d e t e c t o r  (47). Other h i g h  tempera ture  furnace-atomic 

a b s o r p t i o n  systems and on- l ine  i n d u c t i v e l y  coupled a rgon  plasma 

systems have a l s o  been used wi th  HPLC (48-50). 
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A microcomputer-control led i n t e r f a c e  between HPLC and a d i f f u s e  

r e f l e c t a n c e  i n f r a r e d  f o u r i e r  t r a n s f o r m  spec t rophotometer  (HPLC/FT-IR) 

w a s  d e s c r i b e d  by Kuehl ( 5 1 ) .  The t e c h n i q u e  is c a p a b l e  of a c h i e v i n g  

d e t e c t i o n  l i m i t s  down t o  submicrogram q u a n t i t i e s  f o r  l o w - v o l a t i l e  

compounds. 

A new naphelometr ic  d e t e c t o r  has  been developed f o r  BPLC ( 5 2 )  

t o  d e t e c t  low c o n c e n t r a t i o n s  of  non-polar l i p i d s .  The d e t e c t o r  

u t i l i z e d  a hel ium n e o n l a s e r  beam as  a l i g h t  s o u r c e  and t h e  

s c a t t t e r e d  l i g h t  is d e t e c t e d  a t  r i g h t  a n g l e s  t o  t h e  i n c i d e n t  beam. 

A s p e c i a l  l i g h t  s c a t t e r i n g  d e t e c t i o n  c e l l  i s  a l s o  d e s c r i b e d  which 

e x h i b i t s  a wide l i n e a r i t y  range  (0.5 t o  1OOug). 

Although t h e  above d e t e c t o r s  (HPLC/FT-IR and naphelometr ic )  

have n o t  been e v a l u a t e d  e x t e n s i v e l y  f o r  t h e  types  of  compounds 

u s u a l l y  found i n  envi ronmenta l  samples, we a r e  of t h e  o p i n i o n  t h a t  

they  o f f e r  a n  e x c e l l e n t  means f o r  a n l y s i s  of l i p i d s ,  n o n - v o l a t i l e s  

and o t h e r  h i g h  molecular  weight  s u b s t a n c e s  such a s  humic and f u l v i c  

a c i d s .  

During t h e  past 3 - 5 y e a r s ,  t h e  u s e  of e l e c t r o - a n a l y t i c a l  

i n s t r u m e n t a t i o n  as  s e n s i t i v e  and s e l e c t i v e  d e t e c t o r s  f o r  HPLC h a s  

grown r a p i d l y .  These i n c l u d e  vol tamet ry  and amperometry (53 -58 ) ,  

t i t r a t i o n  t e c h n i q u e s  ( 5 9 ) ,  c u r r e n t  s e m i - i n t e g r a l  e l e c t r o - a n a l y s i s  

(60), coulometry  (61,621 and c o n d u c t i v i t y  ( 6 3 . 6 4 ) .  These d e t e c t o r s  

o f f e r  an e x c e l l e n t  means of d e t e c t i n g  and conf i rming  a wide v a r i e t y  

of i n o r g a n i c ,  o r g a n i c  and organo metall ic compounds. The s y s t e m s  

are  c a p a b l e  o f  c o v e r i n g  a wide dynamic r a n g e  of c o n c e n t r a t i o n s  

ranging from u l t r a - t r a c e  l e v e l s  to macro amounts. S e n s i t i v i t i e s  

as lov as  10-l1g f o r  c e r t a i n  e l e c t r o a c t i v e  s u b s t a n c e s  c a n  be 

achieved ,  making t h e s e  d e t e c t o r s  v e r y  s u i t a b l e  f o r  envi ronmenta l  

a p p l i c a t i o n s .  

B l a e d e l l  ( 6 5 )  h a s  proposed a n  improved f low c e l l  w i t h  a 

r o t a t i n g  glassy carbon d i s c  e l e c t r o d e  f o r  vo l tammetr ic  and 

amperometric techniques .  High a n a l y t i c a l  c u r r e n t s  are o b t a i n e d  

due t o  e f f i c i e n t  mass- t ranspor t  and new hydrodynamic modula t ion  

techniques  reduce  t h e  major background c u r r e n t s  d u r i n g  vol tammetry.  
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F r i e  (66) proposed a n  e f f i c i e n t  e lec t ro-chemica l  s c r u b b e r  

c o n t a i n i n g  a porous  s i l v e r  e l e c t r o d e  t h a t  p e r m i t s  t h e  c l e a n u p  o f  

mobile  phase f o r  oxygen, t r a c e  meta ls  and o t h e r  r e d u c i b l e  o r g a n i c  

i m p u r i t i e s  i n  t h e  e l u e n t .  I n  c o n j u n c t i o n  w i t h  a mercury d r o p p i n g  

e l e c t r o d e ,  background c u r r e n t s  and n o i s e  were s i g n i f i c a n t l y  reduced .  

For f u r t h e r  d i s c u s s i o n  of t h e s e  d e t e c t i o n  systems,  t h e  r e a d e r  

is r e f e r r e d  to  r e c e n t  reviews ( 6 7 , 6 8 ) .  The r e a d e r  is a l s o  r e f e r r e d  

t o  a rev iew by K i s s i n g e r  ( 6 9 ) w h e r e i n h e  d i s c u s s e s  t h e  combinat ion 

of p t e - a n d  post-column d e r i v a t i z a t i o n  and e l e c t r o - c h e m i c a l  d e t e c t o r s  

f o r  n o n - e l e c t r o a c t i v e  compounds. T h i s  i s  a n  a r e a  which w i l l  o f f e r  

a u s e f u l  approach t o  o b t a i n  s e l e c t i v i t y  and s e n s i t i v i t y  f o r  v a r i o u s  

envi ronmenta l  samples. 

Phenol ic  compounds i n  water  have been determined (70)  u s i n g  

e l e c t r o - c h e m i c a l  d e t e c t i o n  employing a u n i q u e  carbon-polye theylene  

t u b u l a r  anode.  Trace  l e v e l s  (ppb) could  b e  de te rmined  by t h i s  

method. P ic loram,  a h e r b i c i d e ,  w a s  d e t e c t e d  a t  15ng/ml (71) 

u s i n g  d i f f e r e n t i a l  p u l s e  polarography.  

l i n e a r i t y  up t o  5 x I .o-~w.  
The sys tem e x h i b i t e d  good 

Afghan ( 6 )  r e p o r t e d  t h e  p o t e n t i a l  of v o l t a m e t r i c  d e t e c t i o n  

i n  t h e  d e t e r m i n a t i o n  of  a wide range  of  envi ronmenta l  samples  

such a s  phenols ,  amines,  h e t e r o c y c l i c s  c a r b o n y l s  and organo-  

m e t a l l i c s .  Compounds p r e s e n t l y  under  i n v e s t i g a t i o n  (72) u s i n g  

e l e c t r o - c h e m i c a l  d e t e c t i o n  i n c l u d e  t r i a z i n e s ,  amines,  phenols ,  

carbamates  and c a r b o x y l  c o n t a i n i n g  compounds. 

Probably  t h e  u t i m a t e  i n  d e t e c t i o n  sys tems i s  t h e  mass 

s p e c t r o m e t e r .  Although r e l a t i v e l y  e x p e n s i v e ,  and a t  p r e s e n t  

r e l a t i v e l y  i n s e n s i t i v e ,  i t  o f f e r s  one of the few t e c h n i q u e s  where 

p o s i t i v e  i d e n t i f i c a t i o n s  of  chromatographic  peaks  is p o s s i b l e .  

GC-MS h a s  proven to  be  a n  ex t remely  u s e f u l  t o o l  b u t  i s  l i m i t e d  t o  

v o l a t i l e  compounds o r  d e r i v a t i v e s  of  n o n - v o l a t i l c s .  Because LC 

c a n  c o v e r  a r a n g e  from n o n - v o l a t i l e  t o  v o l a t i l e  compounds, LC-MS 

may o f f e r  a g r e a t e r  p o t e n t i a l  t h e n  GC-MS. Direct c o u l p i n g  of  LC 

v i t h  t h e  mass spec t rometer  h a s  been r e p o r t e d  (73 ,74) .  A new 

approach  (75) h a s  been laser v a p o r i z a t i o n  o f  t h e  LC e f f l u e n t  and 
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a molecular  beam technique  t o  t r a n s p o r t  and i o n i z e  t h e  sample. 

V o l a t i l e  a r o m a t i c s  and o t h e r  compounds were employed i n  t h i s  s t u d y .  

LC-MS h a s  a l s o  been r e p o r t e d  (76 - 80) f o r  t h e  s e p a r a t i o n  and 

d e t e c t i o n  of a romat ic  compounds, PCB i somers ,  h e r b i c i d e  p h o t o l y s i s  

p r o d u c t s  and o t h e r  p r i o r i t y  p o l l u t a n t s .  

h a s  e x t e n s i v e l y  reviewed cont inuous  o n - l i n e  LC-MS s y s t e m s .  

F i n a l l y  McFadden (80) 

Numerous o t h e r  techniques  have a l s o  been i n t e r f a c e d  w i t h  HPLC 

t o  o b t a i n  q u a n t i t a t i v e  and q u a l i t a t i v e  d a t a .  These i n c l u d e :  

hydrogen n u c l e a r  magnet ic  resonance (81) f o r  t h e  d e t e r m i n a t i o n  of  

a l k a n e s ,  a lkylbenzenes  and s u b s t i t u t e d  naphtha lenes ;  an e l e c t r o n  

c a p t u r e  d e t e c t o r  (6,82) for organo-chlor ine  p e s t i c i d e s  whereby 

10-100 t imes more s e n s i t i v i t y  compared t o  UV or f l u o r e s c e n c e  was 

obta ined .  Flame a e r o s o l  d e t e c t o r s  (83) and a thermal  energy  

a n a l y z e r s  (84) a r e  a l s o  proposed.  

SPECIAL TECHNIQUES 

S e p a r a t i o n  of a complex mixture c a n  be  achieved u s i n g  coupled  

column chromatography (85) f o r  sample p r e p a r a t i o n  p r i o r  t o  a n a l y s i s .  

Using s e q u e n t i a l  a n a l y s i s  two techniques  c a n  be  combined. For  example, 

e x c l u s i o n  chromatography c a n  be employed as  a p r e l i m i n a r y  c l e a n u p  of 
mala th ion  i n  v e g e t a b l e  matter v i t h  subsequent  a n a l y s i s  by reverse-phase  

HPLC. (86) .  Carbamate p e s t i c i d e s  have a l s o  been ana lyzed  ( 8 7 )  by a n  

on- l ine  coupled-column technique .  T h i s  method h a s  a l s o  been d e s c r i b e d  

(88) as two-dimensional column l i q u i d  chromatography. The a u t h o r s  

d e s c r i b e d  a system c o n s i s t i n g  of tvo columns i n  ser ies  u t i l i z i n g  t w o  

d i f f e r e n t  s e p a r a t i o n  mechanisms f o r  t h e  a n a l y s i s  of p l a n t  e x t r a c t s .  

HPLC is  a powerfu l  t o o l  and can  be  used for trace enr ichment ,  

c leanup and s e p a r a t i o n .  A number of a u t h o r s  (89 - 92) have  employed 

pre-column a n d l o r  guard columns for on- l ine  t r a c e  enrichment  of 

p h t h a l a t e  es ters ,  PCB i somers ,  c h o r a n i l i n e s  and metal i o n s  p r i o r  t o  

s e p a r a t i o n  by HPLC. 

O f f l i n e  t e c h n i q u e s  i n v o l v i n g  t h e  u s e  o f  s h o r t  columns packed 

v i t h  chromatographic  s u p p o r t  (Amberl i te  XAD-2 r e s i n  and C-18 Sep- 
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HPLC IN ENVIRONMENTAL ANALYSIS 111 

R Paks ) have a l s o  been used f o r  t r a c e  enrichment  and sample c l e a n -  

up. ( 9 1 , ¶ 2 ) .  

On l i n e  column s w i t c h i n g  h a s  been employed f o r  sample c l e a n u p  

(93)  f o r  trace a n a l y s i s  of complex m i x t u r e s .  An automated c leanup 

f o r  2 ,3 ,7 ,8  - tetrachlorodibenzo-p-dioxin was d e s c r i b e d  by Ramstad 

(94) .  
f o r  r e p e t i t i v e  usage.  Up t o  400 r u n s  were processed  on a s i n g l e  

column w i t h o u t  l o s s  of  c leanup e f f i c i e n c y .  Wolkoff ( 9 5 ) .  

Larose  (96)  and Thruston (97) opt imized HPLC sys tems f o r  c l e a n u p  

of envi ronmenta l  samples p r i o r  t o  GC o r  CC-MS a n a l y s i s  o f  organo- 

c h l o r i n e  p e s t i c i d e s  and PCB's. 

T h i s  low c o s t  c leanup procedure u t i l i z e s  a s i l i c a  column 

High molecular  weight  compounds have been removed from complex 

matrices u s i n g  g e l  permeat ion chromatography (GPC) a s  a p r e l i m i n a r y  

s e p a r a t i o n  t e c h n i q u e  (98 - 100). Tessari (101) e v a l u a t e d  an 
automated GPC c l e a n u p  procedure and found t h a t  i t  proved t o  be  a 

c o s t - e f f e c t i v e  technique  f o r  t h e  s e p a r a t i o n  of v a r i o u s  organo- 

c h l o r i n e  p e s t i c i d e s  and PCB's. Afghan(34, 35) u t i l i z e d  GPC f o r  

t h e  removal  of  high molecular  weight  s p e c i e s  p r i o r  t o  HPLC 

s e p a r a t i o n  of PAH's and carbamates  i n  n a t u r a l  waters, suspended 

s o l i d s ,  road  run-of fs ,  s o i l s ,  sed iments  and f i s h .  

I o n - p a i r ,  l i g a n d  exchange and i o n  exchange chromatography h a s  

a lso been explored  t o  o b t a i n  improved s e p a r a t i o n  of o r g a n i c  

compounds (102 - 1 0 4 ) .  Tomlinson (105) h a s  reviewed i o n  p a i r  

HPLC i n  terms o f  its use,  s e p a r a t i o n  e f f i c l e n c y  and f u t u r e  pros-  

p e c t i v e s .  Davanakov (106) reviewed l igand-exchange chromatography 

f o r  t h e  s e p a r a t i o n  o f  v a r i o u s  compounds such a s  phenols ,  c a r b o x y l i c  

a c i d s ,  amines,  su lphur-conta in ing  compounds as  w e l l  as u n s a t u r a t e d  

and a r o m a t i c  compounds. 

F i n a l l y ,  t h e  r e a d e r  i s  r e f e r r e d  t o  some p e r t i n e n t  a r t i c l e s  

publ i shed  i n  t h e  l a s t  3 - 4 y e a r s  g i v i n g  tenera1 rev iews  o r  

methodologies:  F i e l d i n g  (107) proposed a n  a n a l y t i c a l  s c h r o  f o r  

t h e  i so la t ion ,  s e p a r a t i o n  and i d e n t i f i c a t i o n  o f  t r a c e  1 o v d a  of 

n o n - v o l a t i l e  o r g a n i c  compounds from d r i n k i n g  water; s e p a r a t i o n  

was c a r r i e d  o u t  bo th  on p r e p a r a t i v e  and a n a l y t i c a l  scale; and 
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112 AFC?fAN AND WOLKOFF 

Lavrence (108) reviewed and t a b u l a t e d  HPLC s e p a r a t i o n s  and s y s t e m s  

which have beem employed f o r  p e s t i c i d e  a n a l y s i s ;  d a t a  is g i v e n  for  

116 p e s t i c i d e s .  

SPECIFIC APPLICATIONS 

Organochporine Compounds 

C o l l a b o r a t i v e  s t u d i e s  were conducted by Crorud (109) f o r  

c h l o r i n a t e d  phenoxy a c i d s  (MCPA and 2 , 4 , 5 -  T) formula t ions .  

The s tudy concluded t h a t  HPLC can  provide  a c c u r a t e  and r e p r o d u c i b l e  

r e s u l t s  . 
Brinkman r e p o r t e d  s e p a r a t i o n  and a n a l y s i s  of PCB's (110, 111) 

and c h l o r i n a t e d  naphtha lenes  (112, 113) by normal phase HPLC. 

Analys is  of  c h l o r i n a t e d  dibenzo-p-dioxins  on alumina h a s  a l s o  been 

r e p o r t e d  (114 - 116) .  

Organophosphorous I n s e c t i c i d e s  

Otsuki  (117) d e s c r i b e d  t h e  d e t e r m i n a t i o n  of a b a t e  i n  water 

a t  t h e  ppb l e v e l  u s i n g  a d i p h e n y l s i l a n e  column. S z a l o n t a c  (118) 
r e p o r t e d  behaviour  of 23 organophosphorous i n s e c t i c i d e s  on s i l i c a .  

For t h e  a n a l y s i s  of v i n y l  phosphate  i somers ,  h e  concluded t h a t  

HPLC o f f e r s  c e r t a i n  advantages  compared to GC. 

Carbamate I n s e c t i c i d e s  

Cook (119) proposed a method for t h e  d e t e r m i n a t i o n  of carbo-  

f u r a n  r e s i d u e s  i n  soil and water.  The method is based on an 

i n i t i a l  e x t r a c t i o n  of t h e  p a r e n t  compound v i t h  methanol /va te r  and 

subsequent  h y d r o l y s i s  of c a r b o f u r a n  to  i t s  phenol. The r e s u l t a n t  

phenol was s e p a r a t e d  and de termined  u s i n g  HPLC and W d e t e c t i o n  

a t  28Onm. The s e n s i t i v i t y  of t h e  above method could  probably be 

f u r t h e r  improved i f  t h e  phenol  is determined by f l u o r e s c e n c e  

d e t e c t i o n  as proposed by Wolkoff (120). 
P i e p e r  (121) developed an improved method f o r  d e t e r m i n a t i o n  

of  carbamates  i n  f o r e s t  f o l i a g e  and stream water u s i n g  l i q u i d  

chromatography. Sparac ino  (122) s t u d i e d  t h e  HPLC behavior  of 
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HPLC IN ENVIRONMENTAL ANALYSIS 113 

some 30 carbamates  u s i n g  both  normal and reverse-phase  modes. 

M u l t i p l e  wavelengths  (190-22Onm) were s e l e c t e d  f o r  t h e  a b s o r p t i o m e t r i c  

d e t e c t i o n  of  v a r i o u s  carbamates .  

Afghan proposed a n  improved HPLC-Multidetection system f o r  

s imul taneous  d e t e r m i n a t i o n  of a number of carbamates  i n  t h e  sub- 

ppb r a n g e .  The method h a s  been a p p l i e d  t o  n a t u r a l  w a t e r s ,  s o i l s  

and sed iments  ( 3 4 ) .  

T r i a z i n e s  

Dufek (123) s t u d i e d  t h e  s e p a r a t i o n  and HPLC behaviour  of 

twenty two S - t r i a z i n e  d e r i v a t i v e s  on a n  NH2-chemically bonded 

phase. I t  was found t h a t  t h e  NH phase provided b e t t e r  s e p a r a t i o n  

of t r i a z i n e s  compared t o  o t h e r  s t a t i o n a r y  phases .  
2 

An HPLC method f o r  d e t e r m i n a t i o n  of  a t r a z i n e  r e s i d u e  i n  s o i l s  

HPLC w a s  c a p a b l e  of was compared w i t h  a c o l o r i m e t r i c  method ( 1 2 4 ) .  
d e t e c t i o n  a s  low a s  5ng us ing  W a t  254nm. 

Hormann (125) h a s  d e s c r i b e d  a method f o r  t h e  d e t e r m i n a t i o n  

of hydroxy m e t a b o l i t e s  of  S - t r i a z i n e s  u s i n g  s i l i c a  and UV 
d e t e c t i o n  a t  240m. Recoveries  range  from 70 - 113X w i t h  d e t e c t i o n  

l i m i t s  a s  low as 0.05 mg/kg 

Organo-metal l ic  H e r b i c i d e s  

I a d e v a i a  and Woolson (129) d e s c r i b e d  HPLC S e p a r a t i o n  of 

a r s e n i c a l  p e s t i c i d e  r e s i d u e s  and t h e i r  d e t e c t i o n  by g r a p h i t e  

f u r n a c e  a tomic  a b s o r p t i o n .  The compounds were s e p a r a t e d  on  a n  

i o n  exchange column w i t h  g r a d i e n t  e l u t i o n .  The d e t e c t i o n  l i m i t  f o r  

v a r i o u s  a r s e n i c  compounds was a b o u t  5ng per  i n j e c t e d  volume ( 2 0 ~ 1 ) .  

C a l i b r a t i o n  c u r v e s  were l i n e a r  up t o  200ng. 

Polynuclear  Aromatic  Hydrocarbon (PAH) 

Black  (128) d e s c r i b e d  a n  isocrat ic  a c p a r a t i o n  of PAH's on 

o c t a d e c y l s i l a n e .  The method is  a p p l i e d  t o  8 e d i n e n t  and i n v o l v e s  

a n  a l k a l i n e  d i g e s t i o n  and p a r t i t i o n i n g  s t e p  p r i o r  t o  f i n a l  a n a l y s i s .  

Using UV and f l u o r e s c e n c e  d e t e c t i o n ,  P U ' E  could  be determined  

(129, 130) i n  n a t u r a l  and d r i n k i n g  water a t  t h e  low p a r t o  p a r  
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114 AFGHAN AND WOLKOFF 

t r i l l i o n  l e v e l ,  Locke (131,  132) determined PAH's i n  suspended 

matter employing f i r s t  e x t r a c t i o n  w i t h  cyc lohexane  fo l lowed by 

p r e - f r a c t i o n a t i o n  by TLC. 

on o c t a d e c y l s i l a n e  u s i n g  lJV and f l u o r e s c e n c e  d e t e c t i o n .  

The r e s u l t a n t  PAH f r a c t i o n  was s e p a r a t e d  

Afghan (35) h a s  developed a n  Improved method f o r  PAH's i n  
environmental  samples  u s i n g  a m u l t i d e t e c t i o n  system. A c r i t i c a l  

comparison of  v a r i o u s  c o n c e n t r a t i o n ,  c leanup and s e p a r a t i o n  

procedures  was c a r r i e d  o u t .  

chromatography on alumina.  UV and f l u o r e s c e n c e  d e t e c t i o n  is 

employed and t h e  method i s  a p p l i c a b l e  t o  n a t u r a l  waters, suspended 

s o l i d s ,  sediments ,  f i s h ,  road f u n - o f f s ,  p r e c i p i t a t i o n  and c o a l  

l e a c h e t s .  

Cleanup procedures  i n c l u d e  CPC and 

Keslske (133) a p p l i e d  HPLC t o  t h e  a n a l y s i s  of PAH's and 

amino acids  i n  water  samples, inc luded  ground water, d r i n k i n g  

water and s u r f a c e  water. 

Phenols 

Kuwata (134) proposed a method f o r  the d e t e r m i n a t i o n  of 

phenols  In a i r .  D e r i v i t i z a t i o n  o f  t h e  p a r e n t  phenol w a s  c a r r i e d  

o u t  w i t h  p-ni t robenzenediamonium t e t r e f l u r o b o r a t e  P r i o r  t o  

a n a l y s i s  by HPLC. 

Pentachlorophenol  i n  was te  waters, sea water and marine 

b i o t a  h a s  been r e p o r t e d  (135, 136). S e p a r a t i o n  from o t h e r  

contaminants  such as d i o x i n s  and ocher  c h l o r i n a t e d  phenols  was achieved  

u s i n g  cyclohexane-acet ic  a c i d  as a mobi le  phase. Because t h e  

method d i d  not  i n v o l v e  d e r i v i t i z a t i o n  o r  e x t e n s i v e  c l e a n u p ,  i t  w a s  

concluded t h a t  HPLC methods would be  r a p i d  and c o s t - e f f e c t i v e .  

HPLC h a s  a l so  been r e p o r t e d  to  d e t e r m i n e  isomers  of 

aminophenol (137) and o t h e r  n a t u r a l l y  c o c u r i n g  phenols  (138) .  

P h t h a l a t e  Esters 

Schouten (139) compared HPLC and GC f o r  t h e  a n a l y s i s  of 

p h t h a l a t e  es ters  i n  r i v e r  water and found good agreement between 

t h e  two methods. HPLC was found t o  be  l e s s  time consuming. A 
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number of  o t h e r  workers  have a l s o  r e p o r t e d  t h e  u s e  of HPLC f o r  t h e  

s e p a r a t i o n  and i d e n t i f i c a t i o n  of p h t h a l a t e  esters (6 ,  1 4 ,  1 4 1 ) .  

Amines 

Young (142) r e p o r t e d  optimum c o n d i t i o n s  f o r  t h e  s e p a r a t i o n  of  

over  f i f t y  amines used i n  i n d u s t r y  r e s e a r c h .  The s e p a r a t i o n s  were 

c a r r i e d  o u t  on v a r i o u s  s i l i c a  g e l s  u s i n g  ch loroform a n d / o r  cyc lohexane  

mobile  phases .  L i n  (143)  proposed HPLC d e t e r m i n a t i o n  o f  n a t u r a l l y  

o c c u r i n g  pr imary and secondary amines i n  f i s h  and shr imp samples .  

Pre-column d e r i v i t i z a t i o n  w a s  employed t o  s e p a r a t e  a l i p h a t i c  

amines. The p r o c e d u r e  w a s  t e s t e d  on d r i e d  f i s h  and shr imp,  f r e s h  

f i s h  and canned f i s h  samples .  A thermal  energy  a n a l y z e r  w a s  used 

i n  c o n j u n c t i o n  w i t h  HPLC to determine  n i t r o s a m i n e s  i n  a g r i c u l t u r a l  

and home-use p e s t i c i d e s  (144) .  The l a t t e r  a r t i c l e  d o e s  n o t  d e a l  

w i t h  t h e  a n a l y s i s  of envi ronmenta l  samples;  however, i t  is  s i g n i f i -  

c a n t  and may have a p o t e n t i a l  f o r  environmental  a n a l y s i s  of  n i t r o -  

samines . 
Amino a c i d s  a t  picogram and subpicogram levels  c a n  be  d e t e c t e d  

u s i n g  pre-column d e r i v i t i z a t i o n  p r i o r  t o  HPLC - f l u o r e s c e n c e  

d e t e c t i o n .  The u s e  of 9-phtha ld ia ldehyde  h a s  been recommended f o r  a 

d e r i v i t i z i n g  a g e n t  t o  improve s e l e c t i v i t y  and s e n s i t i v i t y  '(145 - 1 5 1 ) .  

The above approach  is  used t o  a n a l y s e  sea water and b i o l o g i c a l  f l u i d s  

w i t h  good p r e c i s i o n  and accuracy .  

Misce l laneous  Compounds 

The combina t iona  o f  HPLC and i n f r a r e d  d e t e c t i o n  was used  f o r  

t h e  a n a l y s i s  and c h a r a c t e r i z a t i o n  of p o l y e t h y l e n e  f a t t y  a c i d  

s u r f a c t a n t s  and t h e i r  decomposi t ion  p r o d u c t s  i n  i n d u s t r i a l  p r o c e s s  

waters (152) .  T r a c e  amounts of  non-ionic s u r f a c t a n t s  o f  t h e  

a l k y l p h e n o l  t y p e  have  been measured i n  vaste waters u s i n g  HPLC w i t h  

W and I R  d e t e c t i o n  s y s t e m s ( l 4 9 ) .  Trace e n r i c h m e n t  w a s  c a r r i e d  

o u t  u s i n g  a pre-column packed w i t h  Porapak Q and subsequent  

e l u t i o n  w i t h  n-hexane. 

I 

HPLC h a s  also r e c e i v e d  i n c r e a s i n g  a t t e n t i o n  i n  t h e  S e p a r a t i o n  

and a n a l y s i s  of n a t u r a l l y  o c c u r i n g  o r g a n i c s .  Nagel (150) developed  
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116 AFGHAN AND WOLKOFF 

a s e p a r a t i o n  scheme f o r  t h e  a n a l y s i s  of p l a n t  phenol ic  a c i d s  and 

t h e i r  esters u s i n g  l!PLC. A number of s t a t i o n a r y  phases  were 

e v a l u a t e d  f o r  o b t a i n i n g  optimum s e p a r a t i o n .  Reverse and normal 

phase chromatography on a weakly p o l a r  d i o l  column was used t o  

a c h i e v e  optimum s e p a r a t i o n .  

S e p a r a t i o n  of  quinones and an throquinones  and t h e i r  

d e r i v a t i v e s  is a l s o  r e p o r t e d  u s i n g  HPLC (151,  1 5 2 ) .  The e v a l u a t i o n  

o f  s e v e r a l  packings and s o l v e n t  m i x t u r e s  t o  o p t i m i z e  s e p a r a t i o n  is 

a l s o  d i s c u s s e d .  

High p r e s s u r e  l i q u i d  chromatography i s  also used f o r  q u a n t i -  

t a t i v e  d e t e r m i n a t i o n  of  esters of p o r p h y r l n s  and humic a c i d  sub- 

s t a n c e s .  Horchner and Riefve ld  (153) have developed a n  a l t e r n a t e  

method f o r  o b t a i n i n g  improved s e p a r a t i o n  of  p o r p h y r i n  e s t e r s .  

S a i t o  and Hayno (154) proposed aqueous g e l  permeat ion  chromatography 

f o r  s e p a r a t i o n  and c h a r a c t e r i z a t i o n  of  humic s u b s t a n c e s .  

Octanol  - Water P a r t i t i o n  C o e f f i c i e n t s  

The u s e  of  h i g h  performance l i q u i d  chromatography f o r  

measurement of octanol-water  p a r t i t i o n  c o e f f i c i e n t  w a s  d e s c r i b e d  

by Nahum (155). The technique  w a s  found t o  b e  r a p i d ,  a c c u r a t e  and 

h a s  t h e  f u r t h e r  advantage  t h a t  small samples  are s u f f i c i e n t  fo 

d e t e r m i n e  t h e  p a r t i t i o n  c o e f f i e n t s .  O c t a n o l  vater p a r t i t i o n  

c o e f f i c i e n t s  a r e  used t o  p r e d i c t  t h e  b i o c o n c e n t r a t i o n  p o t e n t i a l  

of o r g a n i c  compounds. 

HPLC c a n  a l s o  s e r v e  a s  a f a s t  and c o s t  e f f e c t i v e  technique  f o r  

d e t e r m i n a t i o n  of  aqueous s o l u b i l i t y  of o r g a n i c  compounds. Aqueous 

s o l u b i l i t y  is a n  impor tan t  parameter  t h a t  a f f e c t s  p e r s i s t a n c e ,  f a t e  

and t r a n s p o r t  of  p o l l u t a n t s .  May e t  a1 (156) de te rmined  t h e  

s o l u b i l i t y  of PM'S u s i n g  dynamical ly  coupled column k i q u i d  

chromatography. The p r e c i s i o n  of t h e  s o l u b i l i t y  measurements was 

t 3 X  o r  b e t t e r .  

SUMMARY 

T h i s  review is  in tended  t o  guide  t h e  r e a d e r  t o  new and u s e f u l  

techniques  i n  t h e  HPLC a n a l y s i s  of  envi ronmenta l  p o l l u t a n t s .  
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High performance liquid chromatography will prove to be a unique 

tool for clean-up of samples. With the development of the newer 

and more sensitive detection systems along with its ability to 

be interfaced with a wide variety of detection systems, will make 

HPLC as common in the environmental laboratory as GC is today. 
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