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The measurement of chlorophyll pigments and derivatives has traditionally 
been very important in oceanography because of the specific character of these algal 
pigments and their relative ease of measurement, especially using fluorescence. How- 
ever, over the last 10 years, dissatisfaction has been expressed with the various 
methods for measuring chloropigments I. The principal concerns rested with inter- 
ference of various chloropigments and the non-uniformity of different technical de- 
tails among users. This was clearly expressed in the SCOR/Unesco report by Lor- 
enzen and Jeffrey*. They noted that chromatography was the only acceptable method 
to obtain a precise knowledge of pigment composition. 

Various forms of chromatography have been used through the years for pig- 
ment analysis, viz., column3, paper and thin-layer chromatography (TLC)4,5. Exten- 
sive reviews on the TLC of chloropigments have been published by Sestak6q7. How- 
ever, these techniques have not found much popularity in oceanography because they 
are difficult to use at sea. The situation changed with the introduction of high-per- 
formance liquid chromatography (HPLC) in this field. Many different HPLC tech- 
niques have been used for chloropigment analysis in the last 10 years. Both normal- 
phase (NP) and reversed-phase (RP) HPLC techniques have been tried, although the 
reversed-phase mode seems to be favored by most researchers now. This review sum- 
marizes this information, concentrating on applications to the marine environment. 

* Present address: INRS-Octanologie, 310 avenue des Ursulines, Rimouski, Qu&ec, Canada G5L 
3Al. 
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2. NORMAL-PHASE HPLC TECHNIQUES 

The earliest HPLC method described for pigment analysis is that of Evans et 
d8, who used two long (90 x 0.22 cm I.D.) columns of stainless steel packed with 
pellicular silica (Corasil II) or porous silica (Merckosorb SI 60 or Partisil) to separate 
natural porphyrins and chlorophyll derivatives in a short time (10-30 min) by eluting 
with various proportions of ethyl acetate in light petroleum. Flow programming and 
gradient elution were tested. Results were given only for pheophytin a and b among 
the major chloropigments. 

In the field of plant biochemistry, other examples of normal-phase separations 
of chloropigments are given in Table 1. Stransky9 and Watanabe et aLlo used Nu- 
cleosil columns, but with different mobile phases (see Table 1). Iriyama et al.* l used 
a micro-column made of a fine PTFE tubing (65 x 0.5 mm I.D.) packed with silica 
gel powder (particle size 0.5 pm) (Japan Spectroscopic) and eluted pigments with a 
75 min step gradient of isopropyl alcohol in hexane. Rebeiz et al.12 used a 25 cm 
Spherisorb column (particle size 5 pm) with a step gradient of benzene, hexane and 
acetone. Hanamoto and Castelfranco 1 3 developed conditions for separating the more 
polar chlorophyllides (Chlid) of higher plants using a LiChrosorb silica column and 
a hexane-acetone mobile phase. 

Geochemists have also shown interest in chloropigments, especially related to 
the phenomenon of diagenesis in marine sediments. A few studies have used NP 
HPLC14 (see Table 1 for details). 

The earliest description of an NP HPLC method for the analysis of phyto- 
plankton pigments in oceanography was made by Jacobsen’ 5, who obtained a good 
separation of chlorophyll (Chl) a and b and pheophytin (Phe) a and b in 20 min using 
a silica-packed column and isocratic elution with a mixture of acetone and ligroin. 
Abaychi and Riley16 were able to separate pheophorbide (Pheid) a and Chl c (these 
more polar chloropigments require different conditions than the phytolated chloro- 
pigments) using NP HPLC with a Partisil 10 column. They changed their solvent 
mixture to a more polar composition after about 40 min. Lorenzen17 used an NP 
HPLC technique to determine the importance in the oceans of Chl b, a pigment that 
interferes significantly with the popular fluorimetric technique. He used a LiChrosorb 
silica column and eluted isocratically with a mobile phase composed of 2,2,4-trimeth- 
ylpentane and acetone. Finally, Gieskes and Kraay’* used an NP HPLC method 
similar to that of Abaychi and Riley l6 in their work in the North Sea and central 
Atlantic ocean. They identified unknown Chl a derivatives, which accounted for a 
large part of the difference between HPLC and conventional measurements of Chl 
a. 

Thus, as can be seen in Table 1, a great variety of stationary and mobile phases 
exist for the NP HPLC determination of chloropigments. For relatively complete 
separations of phytolated chloropigments and carotenoids (although not discussed 
in this review, the conditions used for chloropigments also separate most carotenoids), 
the techniques of Jacobsen15, Iriyama et al. 1 l, Stransky9 and Abaychi and Riley i6 
seem to be the most appropriate. Of these, Stransky’s9 method is the fastest (15 min) 
and gives a good resolution of all the major low-polarity chloropigments. In addition, 
it uses a simple isocratic elution. However, all of these separations encounter prob- 
lems with the more polar (dephytolated) chloropigments (Chl c, Chlid and Pheid). 
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These pigments are found to accumulate on the columns, causing deterioration”jJ’, 
and their separation, attempted by only a few workers’ 6~1 *, requires a relatively large 
increase in polarity, achieved by changing to a different solvent under isocratic con- 
ditions. 

Some workers have also mentioned another problem, that of the relatively 
high reactivity of the silica stationary phases, in some instances causing degradation 
of pigments12. However, others have not encountered this problem16. 

3. REVERSED-PHASE HPLC TECHNIQUES 

Because most HPLC methods used for pigment analysis are in this category, 
a sub-division will be used: isocratic elution will be treated first, followed by gradient 
elution. 

3.1. Zsocratic elution 
This form of HPLC has the advantage that simple equipment is required, as 

no change in the eluent composition takes place during the chromatographic run. 
The first report of chloropigment separation using isocratic RP techniques is 

that by Staublg, who studied the stratigraphy of diatoms and chlorophyll derivatives 
in the uppermost sediment of a lake in Switzerland. The chloropigments were ana- 
lysed by RP HPLC on a C1s column eluted with methanol for about 30 min. Again, 
the resolution of the polar pigments was poor. 

Other reports in aquatic sciences include that of Shoaf2O, who presented a 
simple RP HPLC separation of algal Chl a and b using a Cl8 column and eluting 
with a mixture of methanol and water. This was followed by the work of Liebezeit2 1 
and Bessiere and Montie122, who separated Chl a and b and Phe a and b using 
Spherisorb ODS columns and similar mobile phases to that of ShoafzO. Bessitre and 
Montie122 also compared various columns for the determination of Chl a and b and 
found Spherisorb S5W ODS CIs to be the best. They also noted that some filtration 
membranes made of cellulose derivatives interfered with the RP HPLC separation, 
and that the dimethyl sulphoxide extractant caused a large increase in viscosity and 
affected the resolution if injected directly into the column. Finally, Goeyens et a1.23 
reported an isocratic RP HPLC separation of chloropigments, of which only Chl a 
was positively identified. Table 2 summarizes the technical details. 

A number of plant biochemists also used RP HPLC isocratically for pigment 
separations: Schoch et al.24 and Schoch25 separated complex mixtures of pheophy- 
tins esterified with different Czo diterpene alcohols with the help of a LiChrosorb 
RP-8 or Bondapak Cl s column eluted with methanol and acetone. Burke and Aron- 
off” separated Chl a,a’, b and b’ on a Varian CHlO column. A change of mobile 
phase composition was necessary to elute the unwanted pheophytins. Rebeiz et al. 1 2, 
Scholz and Ballschmiter27*28~2g, Gleixner et al. 30, Shioi and Sasa31 and Shioi ef a1.32 
used Cl8 columns for separations of various Chl a and b derivatives and bacterio- 
chlorophylls (bCh1) 28,2g,32. Various mobile phases were used but they were generally 
composed of methanol, acetone, water and acetonitrile. 

A general conclusion of these studies is that isocratic elution is well suited for 
the rapid and good resolution of the low-polarity photosynthetic pigments (Chl and 
Phe). However, the more polar pigments are not well resolved with the techniques 



T
A

B
L

E
 2

 

R
E

V
E

R
SE

D
-P

H
A

SE
 

C
H

R
O

M
A

T
O

G
R

A
PH

Y
: 

IS
O

C
R

A
T

IC
 

E
L

U
T

IO
N

 

R
ef

 
A

na
ly

si
s 

C
O

lU
R

l?
l 

M
ob

il
e 

ph
as

e 
D

et
ec

ti
on

 

St
at

io
na

ry
 

D
im

en
si

on
s 

C
om

po
si

tio
n 

F 
an

d/
or

 P
 

Z
?l

.W
W

U
%

l 
W

av
el

en
gt

h 

ph
as

e 
(n

m
) 

19
 

20
 

Se
di

m
en

ta
ry

 
ch

lo
ro

pi
gm

en
ts

 
A

lg
al

 C
hl

 a
 a

nd
 

b 

25
 

24
 

26
 

Ph
e 

es
te

r&
d 

w
ith

 d
if

fe
re

nt
 

al
co

ho
ls

 
Ph

e 
es

te
ri

fi
ed

 
w

ith
 d

if
fe

re
nt

 
al

co
ho

ls
 

C
hl

, 
a,

 a
’,

 b
 a

nd
 

b’
 

21
 

A
lg

al
 C

hl
 a

 

PB
on

da
pa

k 
C

, s
 

W
ha

tm
an

 
Pa

rt
is

il 
PX

S 
10

25
,O

D
S

-2
 

L
iC

hr
os

or
b 

R
P-

 
8,

 $
10

 
pm

 

,u
B

on
da

pa
k 

C
te

 

V
ar

ia
n 

C
H

lO
 

n.
a.

 
95

%
 m

et
ha

no
l-

S%
 

w
at

er
 

F 
= 

4m
l/m

in
 

Sp
he

ri
so

rb
 

23
0 

x 
4 

m
m

 
94

.5
%

 m
et

ha
no

l-
5.

5%
 

O
D

S,
 5

 p
m

 
w

at
er

 

30
0 

x 
6.

4 
10

0%
 m

et
ha

no
l 

F 
=

 
2 

m
l/m

in
, 

m
m

 
P

 =
 

40
0 

p.
s.

i. 
25

 c
m

 
95

%
 m

et
ha

no
l-

5%
 

w
at

er
 

F=
 

4m
l/m

in
 

25
0 

x 
5 

m
m

 
95

%
 m

et
ha

no
l-

S%
 

w
at

er
 

10
0 

x 
4 

m
m

 
90

%
 m

et
ha

no
l-

IO
%

 
ac

et
on

e 

F
 

=
 

1.
5 

m
l/m

in
 

F
=

 
lS

m
l/m

in
 

F=
 

2m
l/m

in
 

Sp
ec

tr
op

ho
to

m
et

er
 

V
ar

ia
bl

e-
w

av
el

en
gt

h 
sp

ec
tr

op
ho

to
m

et
er

 

L
D

C
 

12
02

 v
ar

ia
bl

e-
 

w
av

el
en

gt
h 

de
te

ct
or

 

L
D

C
 

12
02

 
va

ri
ab

le
- 

w
av

el
en

gt
h 

de
te

ct
or

 
n.

a.
 

L
D

C
-U

V
II

I 
or

 
G

ils
on

 
Sp

ec
tr

oc
hr

om
 

M
 o

r 
Sc

ho
ef

fe
l 

F
S

97
0 

sp
cc

tr
of

lu
or

im
et

er
 

66
5 

30
 

65
4 

30
 

66
7 

20
 

41
0 

15
 

64
8m

n(
C

hl
 

40
 

b)
, 

66
5 

nm
 

(C
hl

 a
) 

25
4 

or
 6

50
; 

50
 

39
0 

(e
x.

),
 

58
0 

(e
m

.)
 



HPLC ANALYSIS OF CHLOROPIGMENTS 
25 



26 S. ROY 

described above. In most studies reported here a C1s column was used and the elution 
solvent most often consisted of high proportions (>95%) of methanol in water. 
Acetonitrile could also replace methanol and give good results. In fact, it was rec- 
ommended over methanol in some instances 27 because of the possibility of allom- 
erization occurring with methanol. 

3.2. Gradient elution 
In gradient elution, the eluent composition is generally continuously changing 

(unless stepwise elution is used). This requires more sophisticated HPLC instrumen- 
tation, normally including a mixing chamber where two or more solvents can be 
mixed in different proportions according to a pre-selected program before being 
pumped into the column. It is often preferable to use gradient elution when the 
separation involves a series of compounds of greatly varying polarities, as in pigment 
analysis. 

Eskins et a1.33 were the first to use gradient elution RP HPLC for chloropig- 
ments. They separated and identified chlorophylls and carotenoids from spinach and 
the marine alga Nitzschia closterium using two 610 x 7 mm I.D. Cl8 columns in 
series and a mobile phase consisting of various mixtures of methanol, water and 
diethyl ether. A total time of 290 min was needed for the complete separation of the 
major pigments. Of the polar pigments, only Chl c was identified. 

Other studies in plant physiology and biochemistry include the resolution of 
various forms of bChl c from the green sulfur bacteria Chlorobium limicola, using 
polyethylene powder as the stationary phase 34. Disposable Sep-Pak cartridges 
(Waters Assoc.) were used by Eskins and Dutton35 in their sample preparation pro- 
cedure for the RP HPLC of chloropigments. Gugliemelli et aZ.36 separated Chl a, cl 
and c2 from pigment-protein complexes of Phaeodactylum tricornutum using a PBon- 
dapak Cl8 column and gradient elution with various proportions of methanol, water 
and ethyl acetate. Burke and AronotY’ were able to separate the chlorophyllides, 
pheophorbides and methyl pheophorbides of higher plants using semi-preparative 
columns and mixtures of methanol and water. This type of column was also utilized 
by Eskins and Harris3* for the separation of protochlorophyllide, chlorophyllide and 
various forms of Chl a. Braumann and Grimme compared the separation of low- 
polarity chloropigments from the green alga Chlorella fusca using a Cl8 and a Cs 
column. They found that the separation took longer with the Cl8 column but that 
the resolution was better than with the Cs column. The separation of Chl a and a’ 
could only be achieved with the C 1s column. They also demonstrated the negative 
effects of silica gel stationary phases by passing a spinach chloroplast extract through 
a low-pressure silica gel column and re-chromatographing the chlorophyll fraction 
on their RP HPLC system. Several artificialy produced chlorophyll isomers were 
reported, proving the reactivity of the silica gel. 

Brown et al.40 were the first to report the use of a gradient elution Cl8 RP 
HPLC technique for chloropigments in oceanography. They used it to analyse sedi- 
mentary pigments. However, separation was restricted to .the low-polarity (phyto- 
lated) chloropigments. Falkowski and Sucher41 reported a good resolution of all 
major chloropigments (including the more polar ones but excluding allomers and 
isomers) using a CB column and a step gradient consisting of methanol and water. 
Liebezeit and Barte14* used a gradient composed of four solvents (methanol, water, 
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acetone and acetonitrile) to resolve, not always completely, sedimentary chlorophylls, 
pheophytins, chlorophyllides, pheophorbides and Chl c. Gieskes and Kraay43 ana- 
lysed phytoplankton chloropigments from the North Sea by gradient elution RP 
HPLC. They reported the separation of Chl a and two of its derivatives, of Chl b 
and c and many carotenoids on a LiChrosorb RP-18 column with a mobile phase of 
methanol, ethyl acetate and water. Wright and Shearer44 also used RP HPLC for 
the analysis of algal chloropigments and carotenoids. Their chromatographic system 
was modified from that of Eskins and Dutton 3 5; they also utilized a Sep-Pak cartridge 
clean-up procedure, but replaced methanol with acetonitrile in the mobile phase to 
obtain an excellent resolution for both high- and low-polarity chloropigments. They 
noted, as did Gieskes and Kraay is, the presence of a number of Chl a derivatives, 
including Chl a’ and allomers of Chl a in extracts of healthy algal cultures. They also 
analysed salp faeces and krill gut contents and found three or four unknown pigments 
thought to be Pheid a derivatives. Sartory 45 described a gradient elution RP HPLC 
method by means of which all the major chloropigments were separated, but with 
better resolution for the non-polar chloropigments. Again, based on Eskins and Dut- 
ton3 5, a clean-up sample preparation step using Sep-Pak C1 8 cartridges preceded the 
HPLC proper. Pigment separation was realized on a Cl8 column eluted with a gra- 
dient mixture of methanol, acetone and water. 

Technical details of the various methods using gradient elution discussed in 
this section are given in Table.3. 

In summary, gradient elution RP HPLC is better than isocratic elution for 
chloropigment analysis because of the range of polarities encountered among the 
various chloropigments. With gradient elution, separation of the more polar pig- 
ments can be carried out in the same chromatographic run as the other chloropig- 
ments. Of the work discussed here, this is best accomplished with the conditions 
developed by Falkowski and Sucher+i, Gieskes and Kraay43, Wright and Shearef14 
and Sartory45. Some methods may be preferred to others, depending on the degree 
of resolution needed. However, for general oceanographic application, the methods 
of Falkowski and Suchefil and of Wright and Shearer44 can be recommended for 
their short analysis times (20 min or less) and good separations of the major pigments. 
In general, C18 columns were preferred over others because of increased resolution. 
Many of the mobile phases include methanol and water, and polar pigments usually 
need lO-20% of water for elution, whereas the pheophytins will elute with 100% 
methanol. Acetonitrile may be favored over methanol as in isocratic elution44, and 
acetone or ethyl acetate is often chosen as a third solvent to improve the selectivity 
further. 

4. ION-PAIR HPLC TECHNIQUES 

Ion-pair chromatography (IPC), as adapted to modern LC, was first applied 
in the mid-1970s. It finds its usefulness with difficult separations involving com- 
pounds that are very polar, multiply ionized and/or strongly basic. IPC can be carried 
out in either NP or RP modes, but the latter is more popular. Ion suppression will 
also be included in this section. 

The first application of IPC to chloropigment analysis was described by Han- 
amoto and Castelfranco l 3, who separated monovinyl and divinyl protochlorophyl- 
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lides and chlorophyllides from cucumber cotyledons. They used Waters Assoc. Pit 
A reagent (5 mM solution of tetrabutylammonium phosphate, pH 7) as the ion- 
pairing substance. This reagent was used to stabilize the carboxylate ions of the 
chlorophyllides which have no phytol side-chain. Other reports of the use of IPC for 
pigment separation in the field of plant biochemistry include the work of Steiner and 
co-workers46~47, who used a form of ion suppression in their separation of bCh1 b 
to prevent this pigment from reacting with the stationary phase during the chro- 
matographic separation. This was done by adding 1% sodium ascorbate to the 
aqueous phase (Table 4). Shioi et a1.48 used a 13 mM solution of acetic acid in the 
aqueous phase to prevent interaction between sample components and the stationary 
phase for measurement of chlorophyllides and pheophorbides. The stationary phase 
used (Partisil ODS-2) contained 25% residual silanol groups, which caused high and 
selective adsorption of ionized solutes. Under acidic conditions, the ionization was 
suppressed and separation could take place. 

Ion-pair chromatography has also been applied in oceanography. Mantoura 
and Llewellyn49 first used it to obtain, in one run, the separation of all major polar 
and non-polar chloropigments and carotenoids. A Hypersil ODS column was chosen 
from a number of different RP columns tested because of the absence of residual 
silanol sites (fully end-capped), thus reducing the chance of adsorption on these sites 
or of interaction with ionized sample molecules. The notably difficult separation of 
the polar pigments was traced to the anionic character of the carboxylic acid group 
which replaces the phytol side-chain in these pigments. Dissociation of the carboxylic 
acid group, normally occurring at neutral pH, can be suppressed by ion pairing with 
a counter ion. Of the various compounds tested, Mantoura and Llewellyn49 found 
buffered (pH 7.1) tetrabutylammonium acetate to be the best. In subsequent workso, 
they reduced the analysis time to about 10 min by using a 5 min instead of a 10 min 
linear gradient and increasing the strength of the final solvent composition from 
80:20 to 60:40 methanol-acetone. They also suggested the use of Hamilton Chrom 
Prep cartridges in a trace enrichment step for the concentration of algal pigments 
from oligotrophic waters. Bidigare et al. 5 l based their work on Mantoura and Llew- 
ellyn’s 1983 earlier work49, but they chose a regular RP-18 column (see Table 4) and 
changed the eluent composition, starting with Mantoura and Llewellyn’s49 initial 
solvent phase and ending their gradient with 100% methanol after 3 min. The sep- 
aration time was reduced to 15 min by using a much higher flow-rate (9.9 ml/min). 
Roys2 also used Mantoura and Llewellyn’s49 technique (identical conditions) to sep- 
arate successfully chloropigments from algal cultures and natural phytoplankton 
populations. Gieskes and KraayS3 proposed a slightly different approach: they used 
a phosphate buffer instead of the ion-pairing reagent of Mantoura and Llewellyn49, 
advocating the lower cost of the chemicals involved. In their system, a 15-cm long 
Waters Assoc. Novapak Cl8 column was eluted with a gradient mixture of methanol, 
ethyl acetate and phosphate buffer. 

Table 4 summarizes the technical details of the methods using IPC for chlo- 
ropigment analysis. IPC is the latest development in the HPLC analysis of these 
pigments; by this means a good separation of all the major chloropigments and 
carotenoids can be achieved in a single run within a short time. 
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5. SUMMARY AND CONCLUSIONS 

The various HPLC methods that have been used for chloropigment analysis, 
especially in aquatic sciences, have been reviewed. NP HPLC is generally inadequate 
for this type of analysis because of the reactivity of the stationary phase material and 
because a complete separation of all chloropigments (and carotenoids) is generally 
impossible in a single run. Additionally, the extraction solvent normally used for 
chloropigments (acetone or methanol) is not compatible with NP HPLC, an extra 
step thus being required before the HPLC proper. Of the various RP HPLC tech- 
niques reported, isocratic elution can be recommended only for the analysis of se- 
lective pigments. For a complete separation of all major chloropigments, gradient 
elution is better because of the range of polarities encountered among these various 
compounds. Good results are obtained with Cis columns eluted with secondary or 
tertiary gradients of methanol, water and acetone or ethyl acetate mixtures. However, 
for the best reproducibility and separation of high-polarity pigments (dephytolated 
chloropigments), IPC or phase buffering is recommended. The analysis time is less 
than 30 min for many techniques described in this review; this will probably decrease 
with the use of the smaller particle size columns (3 pm) now available. New detectors 
such as diode array spectrophotometers increase the information output and help 
with the identification of unknown pigments, especially abundant in algal degrada- 
tion products or sediment-related samples. 

The range of pigments (both chloropigments and carotenoids) discovered up 
to now in marine and lake samples raises numerous questions concerning the origin 
and causes of the appearance of these compounds. Obviously, older and simpler 
techniques such as filter fluorimetrys4, which have been very popular in aquatic 
sciences, cannot answer these questions because pigments are not adequately sepa- 
rated and measured. The newer chemical techniques, such as HPLC, are the tools 
needed for this and also to substantiate values obtained with these simpler techniques 
still in vogue owing to their low cost, straightforwardness and in some instances the 
possibility of carrying out continuous monitoring (in viva fluorimetry5 ‘). 

It is hoped that this review of HPLC techniques devoted to pigment analysis, 
especially in the marine environment, will help potential and present users of the 
technique to select the most appropriate conditions for their analyses and to appreci- 
ate the diversity of HPLC methods used in this field. It is also hoped that this work 
will be a step towards a rationalization of the chromatographic measurement of 
pigments in the aquatic environment so that one or a few methods may be agreed 
upon as “standard” and allow easier comparisons between results from different 
laboratories. 
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