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SORPTION OF PLUTONIUM-237 BY TWO SPECIES OF
MARINE PHYTOPLANKTON>-^
Jeannette Yen
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ABSTRACT

The adsorption of plutoniurn-23 7, added from an acid
solution, by two species of marine phytoplankton, MOTIOchrysis luLheri Droop, a flagellated chrysomonad, and
Phaeodactylutn tricornutum Bohlin, a diatom, is governed by a passive mechanism. This is clearly indicated by
the observation that the rapid rates of sorption were not significantly different for live and heat-killed cells incubated
at 24° C and 0° C. The Qjo values for the chrysomonad and
the diatom of 0.95 and 1.18, respectively, are indicative of
passive processes. The average ratio of (activity on algae/
activity infiltrate) per unit volume at 24 h, the time when
maximum levels of algal radioactivity were attained, of
(32 ±4) X 1(P was not significantly different for the diatom or the chrysomonad. On a per cell basis, maximum
levels of radioactivity were attained within 2 h. Less than
20% ofthe adsorbed ^^^Pu clesorbed after 24 h.
Key index words: adsorption factor; phytoplankton, marine; radionuclide; plutonium-237; sorption kinetics, passive mechanism

whether tbe process is active (Q,,, ^ 2) or passive
(Qio = !)• Heat-killing can alter membrane characteristics and cyanide may interact with Pu, thus interfering with sorption kinetics. My study also
differs from previous reports as follows. The sorption kinetics were measured at very early time intervals of 0.1 and 1.0 min. I have compared the
adsorption of -^^Pu by two species of marine phytoplankton, a diatom vs. a non-diatom, having equal
cellular volumes of 68 fxm^. Furthermore, experiments were done to monitor the effects of cell concentration and the addition of a second spike on cell
sorption.
MATERIALS AND METHODS
Sorpiion oj '^'"Pu in algcil suspeiuions. Axenic cultures of Monochrysis lutheri anci Phaeodadytum tricornutum were supplied by Dr.

F. Taub. Cloliege of Ocean and Eisheries Sciences, University of
Washington, Seattle. Semicontinuous cultures of the algae were
maintained at 24° C in Davis seawater medium (as described in
tlupuy 1968. p. 28). Aliquots (20.8 mL) of algal cultures in logphase growtb were aseptically distributed into sterile 50 mL
Erlenmeyer flasks; half of the aliquots were heat-killed (40° C,
0.5 min) and allowed t<» cool. Heat-killed cells did not appear Lo
have ruptured membranes. .Miquots of tbe live and heat-killed
cells were each divided into two groups: one group was incubated
at 24° C. and the other at 0° C. 1 he saline algal suspension did not
freeze at this temperature. During the 0° C incubation, the live
cells did noL grow hut aliquots taken from these cultures inoculated into fresh medium at 24° C did resume growth. Therefore,
the only difference between the live cells at 24° C and those at
0° C was a reduced metabolic rate in the cold-incubated cells.

Recent concern about ocean dumping of radioactive wastes has promoted increased interest in the
biological control of radionuclide distribtuion in
aquatic systems. Algae, when exposed to plutonium,
a component of nuclear fission reactions, accumulate the radionuclide 100-100 000 times its ambient
concentration in water (Gromov 1976, Mo and Lowman 1976). Surveys show that diatoms sorb transuranics like plutonium (Edgington et al. 1978).
However, the mechanism of Pu-sorption by phytoplankton has not been convincingly elucidated. Active uptake of colloidal Pu by marine algae via ultraphagocytosis bas been claimed (ZIobin and
Mokanu 1970, ZIobin and Perlyuk 1971). They
found that uptake was inhibited by cyanide, a metabolic poison. On the other hand, a passive sorptive
mechanism controlled the accumuIaUoti of Pu on
the outer surface layers of kelp (Folsom et al. 1975).
Tbe findings of Fisber et al. (1980) suggest tbat the
'initial uptake of plutonium by diatoms seems to be
passive' based on evidence that live and heat-killed
cells accumulated comparable amounts of the radionuclide.
My study examines the sorption kinetics of plutonium by live algal cells at two temperatures. A
calculation of their Q,Q values was used to determine

When culture temperatures had equilibrated, they were spiked
wilh the carrier-free radioactive isotope ^^'Pu (99.9% pure, specific activity = 2.682 x 10"^ dpm//i,g, from Oak Ridge National
Laboratory) in acid solution at concentrations beLween 3.32 x
10^ to .5.66 X H)-9 Ci/20.8 mL. The pH was maintained by simultaneous addition of an equimolar solution of .\aOH. Cultures were then placed on a continuous rotary shaker under a
12:12 h LD cycle. Al .specific times, aliquots of 0.8 mL were laken
from the samples and preserved for algal cell counts. J'he remaining 20 mL were filtered through a 0.4 /.tin Nuclepore filter
and rinsed wiih filtered seawater. The filtrate was collected direcdy inLo a couniing ehaniher. After the filter was removed,
rinses of the filtration unit with 6 \ HNO.i and distilled water
were added to the filtrale collection. The Pyrex container that
held the radioactive culture was refluxed for 3 min in 6 N HNO3
10 dissolve the ^^'Pu. The acid refiux solutions from the Hasks
were placed into counting chambers.
Controls with ^''Pu in culture medium without algae were used
to assess the possible formation of inorganic particulate ^'^^Pu that
could he retained on the filter. The controls were prepared hy
filtering out algae from ifie same cultures used in preceding experiments and incubaiiiig the fihraie wiih the i.sotope for the
same exposure times.
Measuremenis of the 100 keV x-ray and the 60 keV y-ray from
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these samples were made with a multichannel analyzer coupled
to a Hat Na(l) crystal. The samples were counted to give a counting error of less than 10% (usually 2%) of the total number of
counis. Corrections were also made for the efficiencies of the
detectors, hatkground radiation, and radionuclide decay. The
total ^'^'Pu added was determined by measuring the radioactivity
of a spike placed directly into a sample container, prefilled with
1 N HNO;(, and having the same geometry as those samples
containing thf liquid filtrate.
Calcutaticm of the adsorption factor (AF). The ratio of plutonium
concentration adsorbed on the algae to that left in the water was
calculated as follows:
, P ^ dpm on algae/mL of cellular volume
dpm in filtrate/niL of filtrate
Cellular volume was determined using a Model TA II Coulter
Counter.
Statistical tests. An analysis ol covariance (BMD 3R4V; BioMed
Statistical Series. University of Washington Computing Facilities)
was used to determine regression equations of dpm adsorbed on
lhe algae against log(min) and to compare lhe slopes of the lines.
The data were tested for the equality of variance about the line
(honiosceda.siicity) by Barilett-Box F and Cochran's C tests (Sokal
and Rohlf 1969).
A parametric analysis of variance was used to determine ihe
effect of treatmeni and species type on the adsorption factors.
Nonparametiic analyses of variance {Kruskal-VValHs H-value.
Smirnov VV-value) were used when the variances were found to
be unequal.
RESULTS

Sorption rates of''^^^Pu by M. lutheri and P. tricor-

nutum. Tbe rates of adsorption of ^''^Pu by live and
heat-killed cells of M. lutheri and P. tricornutum at
24° C and 0° C during 72 b of exposure were extremely rapid (Fig. 1). For M. lutheri,, an average of
39% of tbe added ^^^Pu was sorbed in 30 min and
53% in one day. After one day, the rate of adsorption decreased considerably. For P. tricornutum, an
average of 56% of tbe added ~^^Pu was sorbed in 30
min and 65% in one day. Within 2 h, almost 90%
of the maxiinum amount at day 1 was reached. Preliminary experiments also demonstrated initial rapid rates of sorption by botb algal species (Yen 1977).
In order to determine wbetber tbe adsorption of
^^^Pu is a biologically active or passive process, a
comparison was tnade between initial rates of sorption by live and heat-killed cells at 24° C and 0° C.
Tbe actual amount (not percentage) of sorbed -^^Pu

FIG. la, b. Average percentage of -''Tu added to algal cultures, which was sorbed onto live cells incubated at 24° C (O),
heal-killed cells incubated at 24° C (•), five ceffs incufjated at 0°
C (•), and heat-killed cells incubated at 0° C (x): A = Af. lutheri,
B = P. tricornutum.

vs. log(min) was plotted for values less tban one day
for both algal species (Fig. 2). Tbe data were analyzed for homoscedasticity and the slopes of the
lines (rates) were compared witb an analysis of covariance. The assumption of equal variance was met
and the rates were not significantly different (Table
1). The Q,o values (Belebradek 1935, as cited in
Giese 1973), calculated from the rates of sorption
for tbe live ceils of M. lutheri and P. tricornutum incubated at 24° C and 0° C, were 0.95 and 1.18. respectively. These values are indicative of passive reactions.

TABLE I. Significance levels for tests of equality of variance, dopes and intercepts for linear regressions oj the amount of'^^^Pu .sorbed on live and heatkitted algat cells JAV. togijnin) at two temperatures for M. tutheri (1, 2, 3 and 4) and P. tricornutum (5, 6 and 7).
Treatment

1) Live, 24° C
2) Dead.24° C
4)
^)
G)
7)

t,ive, 0° C
Dead, 0° C
Live. 24° C
Dead, 24° C
Live, 0° C
^ Not significant,
" Significant.

n

P((;.Khran's
C)%

P( Bardetl's
Box F)%

12
12
12
11
11
12
12

68.7 ns''
18.8 ns
23.3 ns
2L0ns
28.9 ns
44.3 ns
94.0 ns

73.7 ns
30.5 ns
67.6 ns

P(F)% of
siope

P(F1% of
imercepi

49.0 ns

•? 0 7 >.''

65.5 ns

52.8 ns

.54.2 IIS

59.3 ns
80.9 ns
91.8 ns

Linear regression equalions

dpm
dpm
dpm
dpm
dpm
dpm
dpm

= 2215 + (740 ± 64) log (min)
- 1591 + (827 ± 124) log (min)
= 1325 + (837 ± 54) log (min)
= 1181 -H (617 ± 75) log (min)
=3017-*- (2006 ± 236) log (min)
=3738 + (1302 ± 477) log (min)
=4188 -1- (1355 ±. 389) log (min)
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FK;. 2a, h. Linear regressions of ^^'^Pu activity on live ceils
incubated at 24° C (O), heal-killed cells incuhated al 24° C (A),
live cell.s incuhated at 0° C (•) and heat-killed celLs incuhated at
0°C ( + ) vs. log(min): a == M. lutheri, b = P. tncomutum. The equations are given in Tahle 1.

However, for M. lutheri, the intercepts were significantly different. This treatment effect may be related to the solubility of plutonium which increases
at low pH values and low temperatures (Keller 1971,
Aston 1980). In my experiments, the pH values for
heat-killed cultures (average ^ 8.3) were less than

FIG. 3a, h. a) Average dpm of ^'"Pu per 10" cells of M. lutheri
sorbed on live cells incuhated at 24° C (O), heat-killed cells incubated at 24° C (•), live cells incubated at 0° C (n), and healkilled cells incubated at 0° C (X). 'Fhree day values for the nongrowing cells were adjusted for cell disintegration, where the
total algal activity was divided by lhe initial ceil concentration
in.siead of the final cell concentration which had lower values, b)
Growth curves for these cells.

for live cultures (average ^ 8.9). The low temperature cultures were slightly tnore acidic (average ^
7.6). Over the pH range of 7.6 to 9.0, for all treatments, including preliminary experiments, the same
rapid sorption rates were observed. Murray and Fukai (1975) also noted that the percent particle formation of Pu(IV), the primary chemical species stable in acid solution (Aston 1980), did not vary over
a pH range of 6.0 to 9.5.
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FIG. 4a, b. a) Average dpm of -'"Pu per JO'' cells of F. tricornutum .sorbed onto live cells incubated at 24° G (O). heat-killed
ceils incubated al 24° G (x), and live cells incubated at 0° G (d).
b) Growth curves for these cells.

Sorption rates of-^^Pu on a per cell basis. The rates

of sorption analyzed on a per cell basis differed
from the rates obtained for the total cell population
(described above). The tnaximum level of algal radioactivity on a per cell basis was reached within two
hours {Figs. 3, 4). Fhe observed decline in Pu content of live ceils incubated at 24° C was due to dilution ofthe radioactive label hecause of cell growth.
Materials balance. The materials balance is the distribution of radioactivity among all components of
the system—algae, filtrate (seawater), and culture
flask plus any unaccounted for fraction. The
changes in the distribution of activity for each
species were similar for each treatment (Fig. 5).
These patterns were also observed in preliminary
experiments (Yen 1977).

-t 2

5 tO° 2

5 lOl 2

5 1D2 2

5 103 2

5

FIG. .5a, b. Percentage of ^"Pu, added to algal cultures, which
wa.s sorbed onio a) live cells (O). of M. luilieri incubated at 24° C
and b) live cells (O) of P Incomutum incubated at 24° G. Similar
distributions were obtained for live cells incubated at 0° G and
heat-killed ceils incuhated at ibe two temperatures for the two
species (Yen 1977). I'.ach l^igure al.so indicates the percentage
thai remained in the water (D) or adhering to the culture Hask
walls (A) for each treatmeni. Cross-hatching represents the unaccounted for fraction. Approximately 4% of the radioactive culture was removed for algal cell enumeration. Error bars represent 1 SD for 3 replicate samples.
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cultures. Cells were removed at 6 and 24 h after
dilution and tfieir radioactivity was measured.
The percent desorbed is the ratio of the dpm/lC'
Dpm/IO"
Time af[er
RaiiioDpm/IO"
cdls of
cells
of the desorption experiment to the dpm/10''
dilution
aclivily
cells^
control''
Desorbeil =
|iio. repl.)
on aleae
|A)
(Ii)
J V B as %
cells of the control x 100 (Table 2). Sorption of
^''^Pu was not completely reversible. After 24 h only
Ob
190
190
0
15.7% desorbed.
60.6
160
130
18.7
24 h
58.0
113
95.3
15.7
Effect of cell concentration and the addition of a second
spike
on the sorption pattern. Two cell concentrations,
" Growth rate of diluted cells was approximately equal to that
one ten times greater, were exposed to equal conof the control.
''Tbree replicates in control experiment.
centrations of ^'"Pu; 12 560 dpm/20.8 mL (Table 3).
Radioactivity measurements at 24 h were greater
than at 48 h for the observed dpm/10" cells.
At 24 h, approximately 6% of the added ^''Tu was
The distribution of radioactivity did not vary
detected in the filtrate of a standard sorption exgreatly over a range of S.32 to 5.66 x lO"** Ci/20.8
periment (Table 3). After the addition of another
mL of added ^^'^Pu. The rapid increase in the
equal concentration of ^^^Pu at 24 h, the ceils disamount of ^^^Pu sorbed on the algae was mirrored
played the same rapid sorption kinetics (Table 3).
by the loss of radioactivity from the filtrate. The
Seventy percent of the double spike was sorbed
amount left in the filtrate at day 3 had a mode of
within 48 h.
15%. The average amount sorbed onto the flask was
Adsorption factors for '"'^Pu. Generally, the value of
9%. Possible sources of the unaccounted for fraction
the adsorption factor (AE) for the two algal species
are: 1) a low correction factor for converting cpm
increased as the exposure time increased. Erom the
from the detector to dpm, and 2) residual ^•^''Pu on
observation of the amount sorbed per 10''' cells, the
the walls of the culture flask that the hot acid refltix
major fraction of -'''Pu sorbed onto the cells within
did not remove.
24 h. The mean values for the 24-hour AEs are listA materials balance was also determined for exed in Table 4.
periments using cell-free medium (Eig. 6). No more
Analyses of variance comparing the effect of the
than 3% of the amount of added -•''^Pu adsorbed to
treatments (live and heat-killed cells incubated at 24"
the filter or to particles greater than 0.4 fiin formed
C and 0° C) and species type on the value of AE
over three days.
Desorptionfrom P. tricornutum. Live P. tricornutum found no significant effect of the treatments and no
difference in the AEs for the diatoms vs. the chrycells incubated at 24° C were used to examine the
somonad. The E-ratio comparing treatment effects
desorption of ^^Tu. The cells were allowed to adon the AEs of M. lutheri and P. tricormitum at 72 h
sorb ^^^Pu for one day. At this time only 7% of the
were 2.2 and 1.4, respectively, with nonsignificant
spike was available in the filtrate (Eig. 5b). ^^^Pu-free
P(E)% of 16.4 and 33.7 (n = 3 per treatment for 4
medium, obtained by filtering cells out of the same
experiments). Equal variance was shown by nonsigparent culture, was used to dilute half of the radionificant P(W)%. of 99 and P(Cochran's C)% of 47,5.
active cultures tenfold. The other set of samples was
E-ratios comparing AEs of the two phytoplankton
used as 'controls' to monitor the amount remaining
species at various exposure times were all less than
on the algae in undiluted cultures which was com1.7 with nonsignificant P(E)% of greater than 23
pared to the amount desorbed from algae in diluted

TABLE 2. Algal radioactivity for the de.sorption experiment and values
of the percent desorbed.

T A B L E 3 . Algal

activity for sorption

Type

expeninents

at high and tow cell C(mc.entration.s

Dpm on

Exposure

(1,2)

(%)

1) High, 2.26 X IO«cells/mL
3.83 X 10« cells/niL

24 1)
48 h

2) Low, 0.25 X lO^cells/mL
0.47 X 10"cells/niL

24 h
48 h

8138(64.8)"
8747 (69.6)^
2867 (22.8)«
2611 (20.8)^

3) Single lipike experiment

0.5 h
2.0 h
24.0 b

6355 (50.6)"
7700(61.3)''
9020(71.8)"

4) Double spike experiment
(added at 24,0 h)

24.5 b
26.0 b
48.0 h

16 400(65.3)'^
17 180(68.4)''
17 685(70.4)'^

« Percentage of 12 560 dpm,
•' Percentage of 12 560 tipm.
'• Percentage of 25 120 dpm.

ami for .single spike (3) and double spike (4)
Dpni/'iO.H mL
of iillrale

975
5761
5630
3324
2047

experiment.-,

Observed
cells

181
114
573
278
186
195

$697
242S
952

415
218

361
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TABLK 4. Phdonium-237 c^horption factors for live and heat-kilted
cells of M. liitbtrri and P. tricoriuiUuii for two temperature.s.
Nanoriiries/
2(1.8 mL of adrfeil

.species and
r real mem

'•"Pii

(Average AF ± 1 SD)
x i n ' al 'M h

M, lutheri
Live, 24° C
Heat-killed. 24
Heat-killed, 0° C
Live. 0° C;
Heat-killed, 24 " C
Live, 24" C
Heat-killed. 24°c
Live. 24° C
Heai-killed. 24
Live, 24° C

2,06
2.06
3.32
3.32
3.32
3,32
3.68
3,68
4,81
4.81

± 5.6
±0.8
20.7 ± 3.0
24.3 ±3.7
30.1 ± 3,4
32.8 ± 10.5

P. triconiutum
Heat-killed. 24 °
Live. 24° C
Heai-killed, 24
Live. 0° t:
Uve. 24° C

4.86
4.86
5.66
5,66
5,66

33.6 ±4,9
38.1 ± 19.8
28,7 ±4,0
46.5 ± 10.7
72.3 ±26,6

c

8.1
9.0

17.4
34.2 ± 15.9
43.1 ±3.9
44.9 ± 12.5

(n ^ 6 per species for 4 experiments). Equal variance was shown by nonsignifieant values ot
P(BartleU"s Box F)% of 5.5 to '74.
DISCUSSION

Algae can accumulate radionuclides by biological
processes that require energy or by passive processes of either sorption onto cell walls or diffusion into
the cell along a concentration gradient. From this
study, it was concluded that a passive mechanism
governed the adsorption of ^^Tu on two species of
marine phytoplankton, Monochrysis lutheri and
Phaeodactylum tricornutum. The experimental evidence supporting this hypothesis was the observation that the extremely rapid rates of sorption, an
average of 85% of the maximum amount sorbed
within 2 h, were not significantly different for live
and heat-killed algae incubated at 24" C and 0° C.
According to the concept of Q,,,, rates which do not
change appreciably with temperature are passive or
physical processes. The Q,,, values obtained for the
chrysomonad and the diatom were 0.95 and 1.18,
respectively. The similarity in the materials balance
for each treatment also implied that the mechanism
of adsorption operating in the dead cells was similar
to that occurring in living cells. The lack of any detectable differences in adsorption factors of live and
heat-killed cells incubated at the two temperatures
demonstrated that the affinity of the phytoplankton
for ^^'Pu was not greatly altered by these treatments.
When plutonium is introduced into seawater oi
pH 8, the radionuclide irreversibly hydrolyses to
form colloids and particulates which readily sorb
onto surfaces (Keller 1971). Over the range of pH
values encountered in the ocean (7.6-9.0), I found
no differences in the sorption rates of ^^'Pu by these
algae. Sorptive properties of algal cells may be attributed to the ion exchange characteristics of the
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FK;. 6a, b. Percenlage of -^"Pu, added (o cell-free medium,
prefiltered from ciiiture.s of a) M. lutheri and b) P. Iricomutum.
which was on particles 5^0.4 fim and tbe filler (O). remained in
tbe water (•), or adbered to lhe culture llask walls (A). Crossbatching represents the unaccounted for fraction. Experiments
were run at 24° C,

mucopolysaccharide coating of tbe cell surface that
could efficiently scavenge plutonium (Vaughan and
Strand 1972).
The adsorption kinetics of--'^Pu by phytoplankton
were very similar to those observed for sediments in
Var River water (pH 8) as described by Murray and
Fukai (1975). They also observed tbat 7% of the
amount on the sediments desorbed within 24 h.
Rozzell and Andelman (1971) found that the apparent equilibrium time for desorption of ^•'*'Pu
from silica granules was around 24 h, with 35% of
the -^^Pu desorbed from the granules. I found that
in 24 h, 15.7% of the '"Vu desorbed from the diatom, P. tricornutum.
A constant radioactivity level within all components of this ^•''^Pu-algae-hltrate-flask system was
reached within 24 h. Gromov et al. (1974) found
that it took 20 h for ^^^Pu to reach a steady state
with a freshwater unicellular alga. This time interval
was less than the 50 h reported for sediments (Murray and Fukai 1975) or the 12-15 clays reported for
silica granules (Rozzell and Andelman 1971).
On a per cell basis, the maximum level of algal
radioactivity was reached much sooner. The amount
per 10^ cells peaked at 2 h, remained constant between 2 and 24 h and then, for the live cells incubated at 24° C only, the adsorbed radioactivity decreased as the number of cells increased. A similar
behavior had been descibed in other studies for cell
accumulation of certain ions (Harvey 1970, Lank-
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ford 1973). Davies (1973) found that when he introduced zinc into a zinc-free growing culture of P.
tricornutum, the zinc content of the cells also passed
through a maxitiiutn, despite the availability of further amounts of zinc in the medium. The zinc content then gradually decreased with the onset of cell
division.
The decline in Pu-content of the cells after 24 h
may be attributed to a decreased availability of the
radionuclide in the solution or a reduction In the
number of Pu-binding sites, as suggested for zinc
uptake by diatoms (Davies 1973). The latter hypothesis is disproved wheti the algae again exhibited an
extremely rapid sorption of Pu from a second spike
added after 24 h of exposure to plutonium. Decreased availability could be due to low levels of Pu
left in solution after initial algal sorption. However,
in experiments with low cell concentrations and relatively high Pu-levels in the filtrate, the same pattern
of a peak in Pu-content in the cells was again observed. 'Aging' of the radionuclide, where the Pucolloid and particulate aggregates increase in size
with time in the filtrate, could also reduce Pu availability for cell sorption. Fowler et al. (1975) noted
that aged Pu is not as readily sorbed because it is
bound up in excreted metabolites, Hke algal waste
products. Fhe sorption characteristics of aged Pu hy
phytoplankton could be tested by placing the radionuclide in seawater for 24 h before exposing it to
the cells.
The high affinity of phytoplankton for -^Tu was
demonstrated by the large values of tbe adsorption
factors at 24 h, the time when the sorption rate was
near zero. The mean of the 24 h AFs was (32 ±
4) X 10^. This value fits well within the range of AFs
Qj-239py obtained for algae (Oromov 1976, Mo and
Lowman 1976). The treatments had no significant
effect on the AF. Fhere were also no significant differences in the AFs of the diatom vs. the non-diatom
as suggested in other studies (Fdgington et al. 1978).
Because phytoplankton have such high adsorption
factors, they may be useful as indicators of low ambient piutonium concentrations in water. They also
may exert considerable control on the vertical distribution of plutonium in the ocean.
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