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Abstract

Copper chlorins, complexes o f copper with the most abundant derivatives o f chlo
rophyll a in this environment, were investigated in the water and sediments o f the 
Baltic Sea using HPLC and LC-M S. Extracts o f the organic substance adsorbed 
from water on X A D -2  resin revealed the presence o f allo-phaeophytins a, oxy
genation products o f Cu-phaeophytin a. The sediments contained small amounts 
o f Cu-phaeophytin a and Cu-pyrophaeophytin a. The results indicate that in the 
investigated area copper is incorporated into the chlorin complexes o f phytoplank
ton origin in the surface water and released from the complexes above the bottom  
or within the sediments.

1. Introduction

T he speciation o f  copper in seawater has been a su b ject o f  continuous 
research over the last tw enty years. In the beginning, m ost scientists assu
m ed, m ainly on the basis o f  calculations, that copper occurred  in seawater 
predom inantly in inorganic carbonate and h ydroxide com plexes. On the 
other hand, experim ental studies have shown (B uckley and van den Berg, 
1986; Hanson et al., 1988) that the m a jority  (4 0 -9 9 % ) o f  copper ions in 
seawater are com plexed  by organic ligands. A lthough  at present this seems 
to  be the prevailing view , the extent o f  com plexation  and the nature o f  the 
ligands still rem ain vague.



V oltam m etric and sorption  m ethods indicate that the ligands com plex- 
ing copper belong to  at least tw o classes -  one with a high cond itional stabi
lity  constant ( l o g K l \ — 11 -13 ) and low  concentration  (2 -5  n M ), the other 
w ith a low er stability constant ( l o g i i £,2 =  8 -1 0 )  and higher concentration  
(6 -2 0 0  n M ) (C oa le  and Bruland, 1990; M offet et al., 1990).

C opper is included am ong the ‘ n u trien t’ trace m etals (L i, 1991), as 
the free copper ion concentration  is often observed to  decrease w ith depth 
in the ocean. One o f  the causes o f  such a distribution m ay be p h otod e 
com position  o f  the organic copper com plexes. M offet and Zika (1987 ) have 
shown that sunlight causes photolysis o f  the com plexes, a lthough the p ro 
cess is slow  (M offet et al., 1990). T h ey  also observed a m axim um  o f  copper 
binding in the region o f  the chlorophyll m axim um , w hich poin ts to  the 
b iological origin o f  the L\ ligands. It is several years since phytop lank 
ton  was confirm ed as a significant fa ctor controlling copper speciation  in 
seawater (W angersky, 1986), but the m echanism  o f  this con trol is as yet 
unresolved. T he strong belief in hum ic substances as the on ly  ligands com - 
plexing copper in seawater has now  subdued, and the large-scale chelation 
o f  copper by  certain phytoplankton  and bacteria  exudates (Sw allow  et a i ,  
1978; M cK night and M orel, 1979, 1980) is also in doubt.

It is w orth  m entioning here that hum ic substances in seawater are de
fined operationally, as substances adsorbing on A m berlite  X A D -2  resin or 
other neutral sorbents. Similarly, ‘ d isso lv ed ’ com plexes are determ ined 
optionally, depending on the filtration conditions. Thus, such a ‘ solution ’ 
contains m ore or less particulate m atter. Chester et al. (1988 ) studied the 
solid-state speciation o f  copper in surface w ater particulates and organic 
sedim ents. Their w ork  showed that around 50%  o f  copper in the surface 
w ater particulates is bound up in organic associates. W h en  the m aterial 
is deposited  on the b o ttom , som e o f  the organic form s are destroyed to  an 
extent dependent on the diagenetic environm ent o f  deposition . T hese w or
kers are o f  the opinion that the preservation o f  the organic copper fraction  
in sedim ents reflects prim ary production  in the overlying w aters. A  correla
tion was found betw een copper and silica in m aterial collected  in sedim ent 
traps in A n tarctic regions (W esterlund and O hm an, 1991), w hich suggests 
the rem oval o f  copper from  the w ater colum n by  diatom s or oth er skeletal 
algae.

T h e  results o f  our recent studies (K ow alew ska, 1990; K ow alew ska et al., 
in press) indicate that these strong copper chelators m ight be porphyrin- 
typ e  ligands. N um erous results confirm ing this supposition  m ay be found 
in the literature. Slowey et al. (1967) were the first to  poin t to  porphyrins 
as the organic ligands com plexing copper in seawater. Sm ith and W in dom  
(1980) found that 90%  o f  organic copper com plexes have a m olecular mass



o f  the order o f  m agnitude 103. O sterroht et al. (1983, 1988) observed 
a correlation betw een the am ount o f  organically bonded  copper and ab
sorption  at 400 nm o f  the organic extract isolated from  B altic seawater; this 
is the wavelength at w hich the Soret band, characteristic o f  the porphyrin  
system , occurs. E P R  studies o f  estuarine materials have revealed the pre
sence o f  copper-porphyrin  spectra  in the hum ic acids isolated from  living 
and dead Spartina alterniflora, a plant grow ing in the highly prod u ctive  
w arm -tem perate salt marshes (Filip et al., 1988; A lberts et al., 1989).

In this study, an investigation o f  copper chlorins, derivatives o f  ch loro 
phyll a, was carried out in the w ater and recent sedim ents o f  the Baltic 
Sea.

2. Experimental 

Sample collection
Figure 1 shows the location  o f  sam pling stations during the cruises o f  r /v  

‘ O cea n ia ’ in June 1989 and M ay 1991. Seawater sam ples were collected  in 
polyethylene containers for on -board  extraction  o f  organic com plexes. T h e 
sedim ent samples were collected  w ith a core sam pler. T h e  top  0 -5  cm  o f  
the core was transferred to  a polyethylene container and stored in a freezer 
for later analysis.

Extraction of the organic matter from water 
A fter collection , the seawater sam ple (50 dm 3) was left to  stand over

night, then filtered through a W hatm an  G F /C  glass fibre filter and passed 
through a colum n with A m berlite  X A D -2  resin (30 X 1 cm  b ed ) at a rate 
o f  25 cm 3 m in- 1 . T he bed was then washed with 100 cm 3 o f  redistilled w a
ter and the sorbed organic substance eluted with 250 cm 3 o f  acetone. T he 
acetone solution was evaporated under vacuum  to  reduce the final volum e 
o f  the solution to  25 cm 3. Chlorins were transferred to  hexane by  extraction  
in an acetone:hexane:w ater system  (25 :5 :5  v / v / v ) .  T h e  hexane solution was 
transferred to  a vial, evaporated to  dryness in a stream  o f  argon and stored 
in a freezer prior to  H PLC  analysis.

Extraction of chlorins from sediment samples 
A  frozen sedim ent sam ple (6 0 -1 3 0  g wet w eight) was allowed to  thaw , 

and then centrifuged to  rem ove w ater. N ext, the sedim ent was flushed with 
acetone ( c a 2  cm 3 g -1 o f  sedim ent), sonicated for 15 mins, then centrifuged. 
T h e extraction  procedure was usually repeated three tim es. T h e  collected  
supernatant fractions were evaporated under vacuum . T h e  residue was dis
solved in a few  millilitres o f  acetone, transferred to  a vial and the solvent 
rem oved in a stream  o f  nitrogen.



Fig. 1. Location o f the sampling stations



High-performance liquid chromatography
T he A m berlite  X A D -2  resin extract dissolved in acetone, was injected 

into a Knauer C hrom -a-S cope liquid chrom atograph  (20 /A) equipped w ith 
a diode-array typ e  detector. Separations were carried out at room  tem p e
rature on a M erck Lichrospher 100 R P  end-capped  colum n (250 X 4 m m , 
5 /m i) w ith a M erck Lichrospher 100 R P18 end-capped  precolum n (4  x
4 m m , 5 fim ) in an isocratic system . T h e m obile phase was 90:10 ( v /v )  
acetone:w ater at a flow  rate o f  2.0 ml m in- 1 . D uring the analysis, the spec
trum  was scanned in the 360 -700  nm range every 0.1 sec and recorded  by 
IBM  com puter.

T he ch lorophyll a, ch lorophyll b and chlorophyllide a standards were 
extracted  from  leaves o f  higher plants and purified by  T L C  on M erck Kie- 
selgel 60 plates in a 20:35 ( v /v )  acetone:hexane system . Phaeophytin  a 
and phaeophorbide a were obtained in the sam e w ay after prior acidifi
cation o f  the acetone pigm ent extract. Pyrophaeophytin  a was provided  
b y  D r B. Keely o f  the U niversity o f  Bristol. C u-phaeophytin  a and Cu- 
pyrophaeophytin  a were obtained by the m ethod  described b y  V erne-M ism er 
(1988) from  copper acetate and the relevant phaeopigm ents in a ch loroform  
-  m ethanol solution.

T h e cultures o f  M onoraphidium  contortum  isolated from  the B altic Sea, 
were obtained from  the U niversity o f  G dansk ’s M arine Plant E cology  L abo
ratory collection. T he algae were cultivated on an f /2  grow th  m edium  pre
pared on the basis o f  natural seawater.

Combined liquid chromatography — mass spectrometry 
(L C -M S )

L C -M S  analyses were perform ed using a H PLC  set by W aters A ssociates 
(M S 600 Silk quaternary delivery system , R heodyne 7125 in jection  valve, 
W aters 484 U V /v is ib le  variable wavelength d etector). T h e liquid ch rom ato
graphy separations were carried out on a N ovapak C is  R P  colum n (100 X

5 m m , 5 /im ) in an acetone:m ethanol:w ater gradient system  at an effluent 
rate o f  1.0 ml m in- 1 . T he H PLC  set was linked on line to  a Finnigan M A T  
T S Q -7 0  quadrupole mass spectrom eter via a Finnigan M A T  T S P -2  ther
m ospray interface (source conditions: discharge ionisation 1200 V , vaporizer 
tem perature 65°C , source tem perature 250°C , repeller 0 V  (Eckardt et al.,
1990)). N egative-ion mass spectra  were recorded by  scanning the region 
from  m /z  400 to  1200 in 2 sec.

3. Results and discussion

T he H PLC  chrom atogram s o f  the seawater sam ples are show n in F ig
ures 2 and 3. T he first was collected in Puck Bay, i.e. in the inner part
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Fig. 3. Acetone/hexane extract o f X A D -2  resin with sorbed organic complexes 
from seawater collected at station AN 1 :1  —  (Amax -  402, 668 nm), 2 —  (Amax -  
406, 644)



of the G u lf o f  Gdansk (J -8 9 ), and the second on the open  sea (A N -1 ) . 
The chrom atogram s registered at 660 nm  show  tw o distinct peaks -  one 
at tR  — 7.5 min and the other at tR  =  10 mins. T h e absorption  spectra  o f  
these peaks are o f  the chlorin typ e  (T ab . 1).

T ab le  1. Elution order and spectral characteristics o f the investigated chlorins 
(Lichrospher 100RP18e, 90:10 acetone-water, 2 ml min-1 )

Compound Spectral data
[min] maxima [nm]

1.3 phaeophorbide a 410, 666
2.4 Cu-pyrophaeophorbide a 420, 648
4.0 chlorophyll b 458, 642
5.3 chlorophyll a 428, 662
6.7 phaeophytin b 434, 650
9.8 phaeophytin a 410, 664

OO bo Cu-phaeophytin a allo-forms 408, 648
9.2 _«__ 408, 646
9.9 _U__ 408, 644

10.9 _«__ 402, 652
11.9 Cu-phaeophytin a 408, 642

8.6 Cu-pyrophaeophytin a allo-forms 418, 648
9.6 _«__ 420, 650

11.0 _«__ 420, 650
18.6 Cu-pyrophaeophytin a 422, 648

For com parison , the chrom atogram s o f  C u-phaeophytin  a (F ig . 4) and 
C u-pyrophaeophytin  a (F ig. 5) were obtained  under the sam e conditions. 
T he standards contain considerable am ounts o f  derivatives, as copper ch lo
rins very readily form  oxygenated  derivatives (so-called  a llo-form s), even 
m ore easily than chlorophylls do.

Figure 6a shows a chrom atogram  o f  the lab ora tory  culture extract 
o f  the green alga M onoraphidium  contortum , from  the G u lf o f  Gdansk. 
T h e  chrom atography was also perform ed after acidification o f  the extract 
(F ig . 6b).

C om parison  o f  all the chrom atogram s presented and their spectral cha
racteristics (T able 1) indicates that allomers o f  phaeophytin  a ( t #  =  7.5 m in) 
and o f  C u-phaeophytin  a ( t r  about 10 m ins) were present in the seawater 
extracts.

T he sedim ent extracts analysed b y  the L C -M S  m eth od  revealed weak 
signals corresponding to  the mass o f  C u-phaeophytin  a (tj* =  41 m in) and 
C u-pyrophaeophytin  a ( t r  =  54 m in). Exam ples o f  the relevant R IC  traces



Fig. 5. UV-visible chromatogram of Cu-pyrophaeophytin a standard. Merck 
Lichrospher 100RP18e (250 x 4 mm, 5 /im ), mobile phase: 90:10 acetone-water, 
2 ml min-1
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Fig. 6. UV-visible chromatograms o f acetone chloropigment extract from green 
algae Monoraphidium contortum before (a) and after (b) acidification with 0.1 M 
HC1: 1 —  chlorophyllide a, 2 —  chlorophyll b, 3 —  chlorophyll a, 4 —  phaeo- 
phorbide a, 5 —  phaeophytin b, 6 —  phaeophytin a, spectra in Table 1. Merck 
Lichrospher 100 RP18e (250 X 4 mm, 5/im), mobile phase: 90:10 acetone-water, 
2 ml min-1 , absorption at 660 nm



are given in Figures 7, 8 and 9. T h e registered mass spectra  w ere at the 
limits o f  detection  o f  the m ethod  for the copper chlorins ( o f  the order o f  
0.1 fig  cm -3  i.e. 0.1 nm ol). T o  illustrate the sensitivity o f  the m eth od , the 
chrom atogram  and mass spectrum  o f  the C u-pyrophaeophytin  a standard 
o f  concentration  19.5 /xg dm -3  (0 .02  /xM) are presented in Figure 10.

Assum ing the tota l copper concentration  in the seawater o f  the studied 
region to  be 1 -2  /xg d m -3  (as m easured), and the percentage o f  copper 
bound in organic com plexes to  lie in the range from  5%  (O sterroht and 
W enck, 1983) to  99%  (B uckley and van den Berg, 1986), one obtains from  
0.05 (0 .8  n M ) to  2 /xg d m -3  (31 nM ) o f  organically boun d  copper. From  the 
absorption  o f  the acetone seawater extracts and on the assum ption  that the 
m olar absorption  coefficient o f  the chlorins studied is 5 X 104, it has been 
calculated that the tota l chlorin content ranges from  10 nM  in the open  sea 
w aters to  60 nM  in Puck Bay.

C opper is known to  form  very stable com plexes w ith the porphyrin  sy
stem . T h ey  are stable therm odynam ically, but their rate o f  form ation  in an 
aqueous m edium  is slow. H owever, their form ation  in cultures o f  living al
gae is possible (K ow alew ska and H offm ann, 1989; K ow alew ska and Ł otocka,
1991). T he com plexes m ay be converted to  allo-form s or other derivati
ves during the flux o f  the b iogenic m atter from  the surface to  the b o tto m  
sedim ents.

T he results for sedim ents correspond with expectations as the 
aceton e/h exan e-extractab le  fraction  o f  copper determ ined for sedim ents 
from  this B altic region was 0 .04 -0 .10  /xg Cu g _1 dry sedim ent, i.e . 0 .6 -1 .6  
nm ol Cu g -1  (K owalew ska, 1990). T he tota l chlorin content was estim a
ted from  the absorption o f  the crude acetone extract to  be 20 -30 0  /xg g -1  
(0 .0 2 -0 .33  /xmole g - 1 ) o f  dry sedim ent. T h e copper chlorins thus occurred  
in the investigated sedim ents at a level o f  0 .2 -8  per cent o f  the tota l chlorin 
content. This m ay be explained by  the fact that the investigated sedim ent 
samples originated from  eutrophic regions containing H 2 S, and in such an 
environm ent copper can be readily released (K rem ling et al., 1987), even 
from  a porphyrin com plex form ing sulphides, and substituted b y  other m e
tal ions such as Ni2+ or V 0 2+ in the porph yrin -type ligand. Besides, as 
has already been m entioned, copper chlorins, like C u-ch lorophyll, can be 
transform ed to  a variety o f  different derivatives in the w ater colum n and se
dim ents during diagenetic processes, which makes the study m ore difficult.
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o-ł-=
<D

<+Hoscśf-lbOO
'rôsOU-t
o

O
2
<ü-C

Λ-ł-3
■?
G
O
m

*Sc$Cmso0
•S1
i-tbO
°  Vi  ^ I <
S c

13 .2

1 ^! «
c  'S

' i  "
d. OO o  0

'â  s
^  i
Q.Pi OG, cc 
O t(_,

O o•iS
00 s 
bb ~£= 

rΓ *<D



c
ε

o 1% [ %

>



I % ] i% 1

■

Fi
g.

 9
. 

Co
pp

er
 

ch
lor

in
 

m
as

s 
ch

ro
m

at
og

ra
m

s 
in 

co
m

pa
ris

on
 

wi
th

 
the

 
RI

C 
ch

ro
m

at
og

ra
m

 
of 

the
 

to
ta

l 
ac

et
on

e 
ex

tr
ac

t 
of 

se
di

m
en

t 
co

lle
ct

ed
 

at 
st

at
ion

 
92 

A:
 C

u-
ph

ae
op

hy
tin

 
a 

(a
), 

Cu
-p

yr
op

ha
eo

ph
yt

in
 

a 
(b

)





Fig. 10. UV-visible chromatogram (a), RIC chromatogram (b) and MS spec
trum (c) from LC-M S analysis o f Cu-pyrophaeophytin a standard. HPLC and MS 
conditions as detailed in experimental section

4. Conclusions

• E xtracts o f  seawater revealed the presence o f  com pounds with the 
sam e retention tim e and the sam e spectrum  as a llo-C u-phaeophy- 
tins a.

• Sedim ent extracts contained small am ounts o f  copper chlorins (C u- 
phaeophytin  a and C u-pyrophaeophytin  a) at the detection  level (i.e .  
0.1 nm ol).

• T he results indicate that in the investigated basin copper is incorpo
rated into chlorin com plexes o f  phytoplankton  origin in the surface 
w ater and released from  these com plexes ju st above the b o ttom  or in 
the b ottom  sedim ents.
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