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Abstract

Dissolved nutrient concentrations in natural waters may at times be controlled by interactions
between particulate and solution phases. Effects of Zn [0-1 M total Zn(II)] and orthophosphate
(8-12 uM total P) additions on growth indices for the chlorophyte Selenastrum capricornutum
Printz were examined in a synthetic growth medium containing 50 mg liter~—! colloidal titania.
Over the Zn(II) concentration range used, detrimental growth and yield effects were observed.
Addition of P to a synthetic growth medium (S-3) increased stationary phase cell density, but had
minimal effect on growth rate and duration of lag phase. Presence of TiO, particles in culture media
significantly reduced Zn and P dissolved fractions. Although adsorbed Zn and P were less available
to Selenastrum, desorption of both solutes increased their availability. Rapid desorption of Zn(II)
from TiO, particles served in effect to buffer Zn?* free ion concentration, until Zn became partitioned
primarily with the algal fraction as cell concentration approached stationary phase density. Although
phosphate desorption from TiO, in nonbiological systems was negligible, Selenastrum was able to
scavenge some P initially adsorbed onto TiO,. Accurate primary productivity predictions in nature
may therefore require an understanding of equilibrium and reaction rates involved in the parti-

tioning of nutrients and toxic substances between dissolved and particulate phases.

The ability of environmental models to
effectively describe and predict natural
events depends on accurate identification
and quantification of the myriad processes
that control these events. For example, it is
apparent from previous work (Bencala 1983;
Kuwabara et al. 1984) that physical trans-
port processes (e.g. dispersion and diffusion)
may interact with chemical processes (e.g.
complexation, adsorption, and precipita-
tion) as well as biological processes (e.g. nu-
trient uptake, exudate production, and ses-
ton transport) to regulate nutrient transport
in aquatic bodies. The degree of importance
of these interdependent processes may vary
greatly with time and location (Bencala et
al. 1983), so that understanding them is im-
portant in determining their environmental
effects.

Interactive effects of the essential ele-
ments zinc and phosphorus on algal growth
have been observed and quantified in lab-
oratory studies (Rana and Kumar 1974,
Kuwabara 1985), including the interference
of P metabolism by elevated Zn activity
(Bates et al. 1982). It has been suggested that
zinc ion activities in natural waters may
control algal growth (Anderson et al. 1978;
Kuwabara 1981). Although dissolved Zn
and P concentrations may be regulated by
many chemical processes, it is clear from

work in marine environments that many
nutrient concentrations may be controlled
by interactions with particles (Turekian
1977). In most aquatic toxicological studies
in chemically defined media, however, syn-
thetic chelators have been used to buffer
micronutrient ion activities and avoid pre-
cipitation of metal oxides (Morel etal. 1979;
Kuwabara 1982). Because chemical specia-
tion directly affects nutrient or toxicant
bioavailability (Sunda and Guillard 1976;
Anderson et al, 1978; Luoma 1983; Leland
and Kuwabara 1984), the following envi-
ronmentally significant questions arise: Does
the presence of particles affect biological re-
sponse? To what extent can suspended par-
ticulate matter buffer nutrient concentra-
tions and do suspended particles behave like
the synthetic chelators used in other algal
growth studies? Given growth models de-
scribing biological response to nutrient con-
centrations in media without particles, and
given chemical models describing sorption
of nutrients on particles, can one then di-
rectly predict biological response to nutrient
concentrations in media containing parti-
cles that affect nutrient bioavailability?

In the present study we sought to answer
these questions. Selenastrum capricornu-
tum Printz growth was examined in chem-
ically defined media where dissolved Zn and
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Table 1. Molar concentrations of $-3 medium constituents not used as variables in this study. A strong iron
chelator (EDDHA) was added to S-3 in equal concentration to total Fe(IIl) to prevent Fe(OH); precipitation

while leaving other metals unchelated.

Nutrient or chelator Total concn

Computed free ion concn Major species (%)

Metals
Fe3* 6.0x10°7
Mn2?* 2.1x10-¢
Cu?* <2x10-°
Co?* 6.0x10~°
Ligands
NO;- 3.0x10-
MoO,?*- 3.0x10-®
B(OH),~ 3.0x10-¢
EDDHA*- 6.0x1077

3x10-% FeEDDHA (100)
2x10-¢ Mn?* (96)
<3x10-' Cu(OH),° (95)

6x10°° Co?* (91)

3x10+ NO;~ (100)
3x10- MoO,?~ (100)
-8x10-¢ HB(OH), (97)
2x10-22 FeEDDHA (100)

orthophosphate concentrations were con-
trolled by TiO,. We used TiO, because it is
a well characterized solid, it is believed to
behave similarly to oxides and clays in na-
ture (James and MacNaughton 1977), its
small particle size permitted separation from
larger algal cells by centrifugation and pro-
vided for a high surface per unit mass, the
reflective particles did not cause light lim-
itation at the concentrations used, and the
particles were nonporous. The adsorption
behavior of Zn and P in these media in the
absence of algae was determined and used
to predict dissolved Zn and P concentra-
tions in suspensions of algae and inorganic
particles. No synthetic chelator for Zn(II)
was present, so that Zn?* activity would be
controlled by adsorption on TiO,. Then
growth equations describing Zn and P ef-
fects in media without particles (Kuwabara
1985) were used to predict the response of
Selenastrum in TiO, suspensions to various
concentrations of Zn and P. In comparative
experiments, Selenastrum was also cultured
at various Zn(II) concentrations in a syn-
thetic growth medium without particles, but
with Zn?* activity buffered by nitrilotri-
acetic acid (NTA) chelation. Editorial com-
ments and suggestions by R. H. Crist, J. D.
Hem, G. A. Jackson, S. N. Luoma, D. M.
McKnight, A. Tessier, and F. M. M. Morel
are appreciated.

Methods

Algal culiuring experiments— Selenas-
trum was batch-cultured in a chemically de-
fined medium (S-3) designed to be virtually

Zn-free (<2 nM total Zn) (Kuwabara et al.
1985). Media preparation and culturing
methodology have been described else-
where (Kuwabara and North 1980; Kuwa-
bara 1985). The colloidal TiO, used (Tiox-
ide Int. Ltd.) was 78% rutile and 22% anatase
(sample CLDD 1492/2) with a surface area
of 59 m? g~!. The primary particle diameter
was 13 nm, although larger aggregates were
present. Titania particles were washed in
0.1 M HCI and rinsed four times with
deionized water (18 Mohm resistance) be-
fore addition to S-3 at 50 mg liter—'.
Chemical speciation of growth media was
calculated with the computer program
MINEQL (Westall et al. 1976). Speciation
of dissolved S-3 constituents other than
iron was controlled by inorganic complex-
ation (Table 1) before particle addition.
Ethylenediaminedihydroxyphenylacetic
acid (EDDHA), a strong iron chelator
(Schroder 1964), was added at a concentra-
tion equal to the total iron concentration to
prevent ferric hydroxide precipitation and
to allow other unchelated trace metals (e.g.
Zn) to react with the added particles.
Total P at 8, 10, and 12 uM, and total Zn
at <0.1, 0.5, and 1.0 uM were used in a 32
factorial experimental design with three
replicates for each of the nine treatments
(Table 2). These concentrations were se-
lected on the basis of sorption experiments
which indicated that the initial dissolved P
-and Zn ion activities in these treatments (i.e.
Zn and P not adsorbed onto TiO,) would
cause significant effects on Selenastrum
growth within a 14-day culturing period
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Table 2. Selenastrum culturing data with 95% C.L
(n = three treatment replicates) for nine treatments at
various P and Zn concentrations. Culturing was con-
ducted in S-3 medium with 50 mg liter-! TiO,. Sym-
bols L, G, and S denote growth lag phase duration (in
days), growth rate (in doublings d-!), and stationary

phase cell density (in 10¢ cells mi~!). Dashes indicate -

that lag phase was not significantly greater than 0 by
Student’s #-test.

Treatments

Total Total
P concn  Zn concn

®@M) (M) L G S
8.0 <0.1 - 1.9+£0.3 2.4+0.2
10.0 <0.1 - 1.8+0.2 2.8+0.2
120 <0.1 - 1.7+£0.4 3.9+0.2
8.0 0.5 1.0£0.3 1.5+£0.3 1.6+0.4
10.0 0.5 1.0+0.4 1.6+0.2 2.2+0.4
120 = 05 0.9+£0.2 1.6+0.3 3.0+0.4
8.0 1.0 8.4+0.7 0.6+0.3 0.1x0.1
10.0 1.0 8.2+0.5 0.7+0.2 0.9+£0.2
12.0 1.0 8.0+0.5 0.8+0.3 1.3+0.2

(Kuwabara 1985). Growth media were in-
oculated with Selernastrum at 20,000 cells
ml~! after adsorption reactions were com-
pleted.

In a second algal culturing experiment in
S-3 medium we controlled ion activities of
trace metals other than Fe by NTA chela-
tion. NTA-buffered Zn activities of 1073, 1,
and 5 nM were used (three replicates per
treatment). Total concentrations of other
micronutrients (Mn and Co) were adjusted
to maintain equivalent free ion concentra-
tions of metals other than Zn. Total NTA
and orthophosphate concentrations of 50
and 6 uM were used.

Each of the 27 algal cultures was moni-
tored daily with an electronic particle count-
er until stationary phase cell density was
attained. Algal clumps observed in TiO,
cultures were broken apart by sonication
before counting. Regression analysis of cell
counts during exponential growth with time
was done to determine growth rate and du-
ration of lag phase (Kuwabara 1985).

Adsorption studies—To examine possible
effects of algal exudates on Zn and P par-
titioning, we investigated adsorption of
Zn(1I) and phosphate onto TiO, particles in
three media: control S-3; S-3 after Selen-
astrum had attained stationary phase cell
density in that medium (i.e. spent control
S-3); and spent S-3 which had been initially
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dosed with 150 nM total Zn (i.e. spent high
Zn S-3). Algal cells were removed from spent
media before the adsorption experiments by
centrifugation at 10,000 rpm for 10 min and
titania particles then added at a solid con-
centration of 50 mg liter~!. 32P and %Zn
isotopes were used as radiotracers in P and
Zn adsorption experiments conducted at a
total orthophosphate concentration of 10
uM and a total Zn(II) concentration of 1
uM. The suspensions were shaken for 24 h
after which partitioning between the solu-
tion and TiO, phases was determined by
centrifugation followed by analysis of the
supernatant for 3?P or $°Zn activity. 3?P ac-
tivity was measured by liquid scintillation
(Packard 2425) and %°Zn activity by crystal
(Nal) scintillation (Beckman 8000).

Desorption of phosphate from TiO, was
also examined. Phosphate (10 uM total P)
was allowed to equilibrate with 50 mg liter—!
TiO, in S-3 for 24 h as above. After phase
separation by centrifugation, the superna-
tant was removed and used to determine
the extent of adsorption by the isotope
methods described above. Fresh S-3 with-
out adsorbate was then pipetted into the
centrifuge tube containing the TiO,. The
particles were resuspended by vortex mix-
ing and sonication, and then the tubes were
placed on a shaker. Isotope activity in the
solution phase was determined after 1, 2,
and 4 days to estimate how rapidly equilib-
rium between the TiO, and solution phases
was reestablished.

Nutrient budget study—Changes in Zn and
P partitioning among solutions, inorganic
particles, and algae were examined in S-3
with 50 mg liter~! TiO, from inoculation
until stationary phase cell density was
achieved. 3?P and °°Zn were again used as
tracers. Total Zn and orthophosphate ad-
ditions used were 1 and 12 uM. At each
sampling time, samples were processed to
separate phases and analyzed for radiotra-
cer to determine the partitioning of the la-
beled nutrients among algae, inorganic par-
ticles, and solutions. Radioactivity for each
phase was determined independently, in-
cluding measured corrections for tracer ad-
sorption onto vessel walls. Algal cells were
digested by wet oxidation (Mahin and Lof-
berg 1970) before 2P counting, but were
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Table 3. Selenastrum culturing data with 95% C.I. (n = three treatment replicates) for three levels of Zn(II)
addition to synthetic algal growth medium. Culturing was conducted in S-3 medium with NTA added to buffer

free ion activities of micronutrients other than Fe (Fe was chelated by EDDHA). An addition of 6 uM ortho-

phosphate to S-3 was used. Symbols as in Table 2.

Computed Zn?* activity

Treatment M) L G S
Control 1x10-12 - 2.1+0.1 3.0+0.2
Midievel Zn 1x10™° 1.7+0.3 1.5£0.1 2.0+0.1
High Zn 5x10-° 5.3+0.4 0.7%0.1 0.9+0.1

counted directly for 5Zn. In preliminary ex-
periments, isotope standards were counted
in the presence and absence of particles (50
mg liter~! TiO,) to later correct for energy
absorption by particles for 3*?P counts. No
correction was necessary for ©Zn. A mass
balance for 3P and %Zn was determined
from the data.

Results

Algal culturing—Growth phase indices
determined for the nine culturing treat-
.ments in media containing TiO, are pre-
sented in Table 2. Although the essential
nature of Zn as a micronutrient for algae
has been well established, it is clear that
over the concentration range used here Zn
adversely affected all three indices. Selen-
astrum in S-3 without added Zn grew ex-
ponentially following inoculation, while an
8-day lag phase was observed with the high-
est Zn addition. Growth rate decreased with
Zn addition from about 2 doublings d™! to

< 1. Similarly, stationary phase cell density
decreased several-fold with Zn addition. In
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Fig. 1. Zn(II) (A) and phosphate (B) adsorption onto
TiO, in S-3 synthetic algal culturing media as a func-
tion of solution pH. Total Zn(II), phosphate, and TiO,
additions were 1 uM, 10 uM, and 50 mg liter.

contrast to Zn effects, only stationary phase
cell density was discernibly affected by
phosphate, increasing directly with total P
at each of the three total Zn concentrations.
As in TiO, particle cultures, increased Zn
activity in NTA cultures was detrimental to
algal growth and yield (Table 3). Lag phase
lengthened from O to >5 days as Zn?* ac-
tivity in S-3 was increased to 5 nM. Growth
rate and stationary phase cell density de-.
clined from 2.1 doublings d~! and 3 x 10°¢
cells mi~! in control cultures to only 0.8
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Fig. 2. Partitioning of *Zn between solution, aigal,
and TiO, fractions from time of inoculation to attain-
ment of stationary phase cell density. Total Zn and
TiO, additions to S-3 medium were 1 ¢M and 50 mg
liter—'.
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Fig. 3. Mass balance of 3?P between algal, TiO,,
and solution fractions in basal S-3 (A) and in S-3 plus
1 uM total Zn(II) (B) during an algal growth cycle. Total
P and TiO, concentrations were 12 uM and 50 mg
liter-1. With Zn(II) added to basal S-3 (B), exponential
growth was preceded by a lag phase of about 8 days.

doublings d~! and 0.9 x 10¢ cells ml~! in
high Zn?* cultures.

Adsorption studies—Results of Zn ad-
sorption experiments with TiO, particles
indicate that the concentration of Zn in so-
lution is greater in spent S-3 media than in
fresh S-3 (Fig. 1A). At pH 7.5 (the culture
medium pH) an additional 0.3 uM Zn was
present in spent S-3 solution. Zn was nearly
100% adsorbed in fresh S-3 at pH >7, but
only 70% at pH 7.5 in spent S-3. The pH
dependence of Zn adsorption was similar in
both high Zn and basal spent media.

Phosphate adsorption was similar in fresh
and spent culture media. For all three me-
dia, P adsorption was relatively unaffected
by pH over the range 6.5-8.0, with about
60% of the 10 uM total P adsorbed (Fig.
1B). Phosphate adsorption onto titania par-
ticles was virtually irreversible. P desorp-
tion was undetectable until day 4, when <5%
desorption of the 6 uM initially adsorbed
phosphate was observed in solution.

Nutrient budgets— During the initial 8-day
lag phase, Zn(II) remained primarily with
the TiO, particles (Fig. 2). As algal cell con-
centrations increased, the Zn was trans-
ferred to the algal fraction; ultimately 80%
was with the algae while Zn in the titania
fraction decreased dramatically to <20%.
Dissolved Zn did not appear to vary greatly
during the culturing period, constituting
<10% of the total Zn.

In basal S-3, algal growth caused a num-

507

ber of changes in P partitioning (Fig. 3A).
Nearly 60% of the total P was transferred
to the algal cells. Dissolved P was depleted
during algal growth, decreasing from about
40% to <10% of the 12 uM total P during
the culturing period. Although TiO,-bound
P also decreased as algal concentration in-
creased, >20% total P remained adsorbed
even after stationary phase cell density was
achieved. Similar P partitioning changes oc-
curred with Zn(I[)-enhanced S-3, after the
initial lag phase (Fig. 3B).

Discussion

Other laboratory studies in P-limited me-
dia without particles have demonstrated a
Zn(II) interaction with P that inhibited
growth and yields (Rana and Kumar 1974;
Bates et al. 1982). Bates et al. (1982) pro-
posed a mechanism by which Zn accumu-
lation in intracellular polyphosphate bodies
eventually blocks the utilization of intra-
cellular P. Our results for TiO, particle sus-
pensions are consistent with these studies.
Kuwabara (1985) observed an increase in
the lag phase (L) and a decrease in growth
rate (G) and stationary phase cell density
(S) as Zn(1I) concentration was increased in
P-limited S-3 media without titania parti-
cles (i.e. unchelated Zn) and gave equations
to correlate the observed effects of total
Zn(IT) and orthophosphate concentrations
on Selenastrum growth indices. The con-
centrations used in that study were 0-150
nM total Zn(II) and 2-6 uM total P. Using
the total Zn(II) (1 uM) and P (10 uM) con-
centrations for the nine treatments in our
particle suspension cultures, we could apply
the previously derived growth index equa-
tions to estimate L, G, and S in the case
where no partitioning effects were assumed
(no adsorption effect). As expected, this as-
sumption greatly overestimates the adverse
effects of Zn (Fig. 4) as well as the beneficial
effects of increasing total P with no Zn ad-
dition (Fig. 4C). We can thus conclude that
adsorbed Zn and P were not as readily avail-
able to Selenastrum as were the dissolved
fractions. This is analogous to conclusions
by Sunda and Guillard (1976) and Ander-
son and Morel (1978) that copper chelated
by EDTA was not available to phytoplank-
ton.
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Fig. 4. Comparison between observed and predicted algal growth indices for the nine TiO, culture treatments
based on an assumption of no adsorption effect (i.e that nutrient adsorption does not affect its bioavailability).
Solid, dashed, and dash-dotted curves represent predictions for low, midlevel, and high total P additions. Circle,
square, and diamond symbols represent observed growth indices for low, midlevel, and high total P additions.

Under the assumption that the dissolved
fractions of Zn and P, as determined by ad-
sorption experiments, represent the total
pool available to Selenastrum (no desorp-
tion effect), we again applied the algal growth
equations to estimate L, G, and S (Fig. 5).
This assumption provided better agreement
between estimated and observed growth in-
dices than did the assumption of no ad-
sorption effect (Fig. 4). It is clear, however,
that this assumption consistently underes-
timated inhibitory Zn effects on all three
growth indices as well as stimulatory P ef-
fects on cell yield (Fig. 5C). This implies
that both Zn and P adsorbed to TiO, par-
ticles became available to Selenastrum at
some point during the culturing period. Pre-
vious studies have shown that desorption
of Zn from TiO, is rapid, while desorption
of P is very slow (Hingston et al. 1974; Ha-
chiya et al. 1979; Lijklema 1980; Benjamin
and Leckie 1980).

Adsorption of Zn(II) and phosphate by
TiO, in the absence of algae is shown in Fig.
1. About 99% of the 1 uM total Zn and 60%
of the 10 uM total P was adsorbed onto 50
‘mg liter~! TiO, in S-3 medium at pH 7.5.
Adsorption experiments with spent S-3
showed a higher percentage of total Zn in
the solution phase (Fig. 1A); this could have

resulted from Zn chelation by algal exudates
or by EDDHA released due to iron uptake.
Preliminary experiments indicated that this
chelation effect was not evident until cell
concentrations approached S, the phase of
maximal exudate production. Zn is pri-
marily in the algal fraction by the time this
is reached (Fig. 2). The solution fraction
comprises < 10% of the total Zn throughout
the culturing period, so exudate production
did not greatly influence solution phase Zn
in these cultures.

Experiments with S-3 with the Zn2* ac-
tivity buffered by NTA indicate that nano-
molar free ion concentrations may signifi-
cantly affect algal growth response. Growth
rate and stationary phase cell density for the
NTA-buffered, high Zn?* (5 nM) culture
were similar to those for the high Zn (1 uM
total Zn) and midlevel P (10 uM total P)
TiO, culture. The lag phase, however, was
3 days longer in the TiO, cultures than in
the NTA culture. This suggests that avail-
able Zn and P pools in both cultures were
similar, but initial Zn availability in the TiO,
culture was slightly greater than in the me-
dia containing NTA. We could not measure

‘the initial Zn2* ion activity precisely in the

TiO, culture; for example, a 5 nM initial
activity for Zn?* would have resulted from
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Fig. 5. As Fig. 4, but based on an assumption of no desorption effect (i.e. initally TiO,-adsorbed Zn and P
are not available for uptake by Selenastrum).

99.5% adsorption of Zn(II) on TiO,, where- some P from the titania; in fact, TiO,-bound
as 99.2% adsorbed would correspond to 8 phosphate decreased before the rapid de-
nM dissolved Zn(II). This level of accuracy pletion of dissolved phosphate during ex-
cannot be achieved in the TiO, studies due ponential algal growth (Fig. 3). The rate of
to the experimental error associated with phosphate desorption may be slower than
solution/liquid phase separation. the algal uptake rates for P, since TiO, was
The observation that initially adsorbed not P-depleted when stationary phase cell
Zn(11) was ultimately available to Selenas- density was achieved. Suspended clumps
trum as cell concentration increased is not containing both algal cells and titania par-
surprising. Uptake of dissolved Zn by Se- ticles were observed when Selenastrum was
lenastrum would create a disequilibrium of cultured with TiO,; transfer of P from TiO,
Zn partitioning between the TiO, and so- to algal cells may have been aided by such
lution phases. Rapid desorption of Zn(II) close physical association. Using micro-
from titania particles would in effect buffer electrodes, Revsbech et al. (1983) observed
the dissolved Zn concentration. As cell apH gradient from 7 to 9 generated by pho-
growth approached stationary phase in these tosynthesis within 1 mm of a microbial mat
batch cultures, Zn was transferred from the surface. A high pH microenvironment
titania to the algae (Fig. 2). It is, however, around photosynthesizing microbes repre-
curious that a fraction of the phosphate ini- - sents a condition more favorable for phos-
tially adsorbed was ultimately assimilated phate desorption (and less favorable for Zn
by Selenastrum, because our results showed desorption) than presumed by bulk pH
virtually irreversible adsorption of phos- measurements.
phate on TiO, in S-3 without algae. Hings- In aquatic systems limited by P (Schind-
ton et al. (1974) reported irreversible phos- ler 1977), nutrient availability may be aug-
phate adsorption on goethite upon dilution mented by particulate fractions. Procedures
of the solution phase. Some desorption of in which algal growth potential is deter-
phosphate can be induced by increasing pH mined by filter-sterilizing water samples may
(Lijklema 1980), but usually a hysteresis in therefore yield inaccurate estimates because
adsorption behavior is observed. Chemical particle interactions are not considered.
changes during algal growth could have in- Stumm and Leckie (1971) suggested that
creased dissolved P in the growth media by phosphate accumulated in bottom sedi-
inducing desorption of phosphate, but Pad- ments may eventually be released to stim-
sorption in fresh and spent S-3 were similar. ulate primary productivity. Grobler and
Results from P budget experiments suggest Davies (1979) observed that NTA-extract-
that Selenastrum successfully scavenged able P from bottom stream sediments was
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highly correlated with algal yield in sedi-
ment suspension cultures.

Three limitations to the work reported
here should be pointed out. First, testing of
a final assumption of adsorption-desorption
effect is notably absent. The equations used
to test the assumptions of no adsorption
effect and no desorption effect (Kuwabara
1985) are inappropriate here, because they
are in essence dose-response relationships
without time dependence. An appropriate
model would be dynamic, incorporating
sorption kinetic terms. The development of
such a model would have useful field ap-
plication in stream and lake studies. Sec-
ondly, the total P concentration range (8—
12 uM) selected for our particle cultures is
typical for some rivers and eutrophic lakes
(Stumm and Leckie 1971; Bartlett et al.
1974; Christensen et al. 1979), but is gen-
erally 1-2 orders of magnitude higher than
that in mesotrophic and oligotrophic lakes
(Miller et al. 1974; Welch 1978). Finally,
changes in Zn partitioning and speciation
observed during the culturing period com-
plicate the comparison of the algal response
in our TiO, cultures with that from our NTA
experiment or those from studies where mi-
cronutrient ion activities were buffered
throughout the culturing period by organic
chelation (Morel et al. 1979). Results from
these batch culturing experiments, how-
ever, clearly demonstrate that inorganic
particles may serve to increase the pool of
nutrients or toxic substances and to some
extent may bufferion activities if desorption
kinetics are rapid with respect to algal up-
take rates. Conversely, changes in algal con-
centration can dramatically affect solute
partitioning and chemical speciation in
aqueous and suspended particulate phases.

Conclusions

The addition of Zn(II) to S-3 medium was
detrimental to algal growth over the con-
centration range used here [0-1 uM total
Zn(I1)]. As expected, the addition of ortho-
phosphate to S-3 medium increased sta-
tionary phase cell density, but had minimal
effect on growth rate and duration of the lag
phase.

The presence of titania particles in culture
media effectively reduced dissolved Zn(II)
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and phosphate by adsorption. Order-of-
magnitude discrepancies between observed
and equation-predicted growth indices, gen-
erated by an assumption of no adsorption
effect, imply that adsorbed Zn and P are less
available to the algae than are Zn and P in
solution.

Particle-bound nutrients may become
available to algae when culture conditions
are favorable for nutrient desorption. An
assumption of no desorption effect provid-
ed a better fit to observed growth indices in
TiO, suspensions than did the assumption
of no adsorption effect, but it consistently
underestimated the available Zn and P pool.
Although adsorbed Zn(II) may dominate Zn
partitioning in particle suspensions, rapid
desorption of Zn(II) from particles serves to
increase the pool of biologically available .
Zn, in effect buffering Zn?* in solution as
synthetic chelators have done in other algal
growth studies. However, as algal cell con-
centration increased to stationary phase cell
densities in our batch cultures, Zn(II) be-
came partitioned primarily in the algal frac-
tion and buffering of Zn?*+ activity by TiO,
was lost. Although adsorption of phosphate
was virtually irreversible in nonbiological
systems, Selenastrum was able to scavenge
some P initially adsorbed by TiO,. The ad-
sorption of phosphate was not appreciably
affected by algal exudate production. The
clumping tendency of cells cultured in the
presence of titania particles suggests a pos-
sible mechanism by which close physical
association of algal cells and inorganic par-
ticles may aid in nutrient transport.

Growth models describing biological re-
sponse to nutrient concentrations in media
without particles as well as adsorption
models describing nutrient partitioning in
nonbiological systems have provided nec-
essary, fundamental information for under-
standing the effects of chemical variables in
nature. Such models, however, may not be
sufficient. Data on kinetics of partitioning
reactions within biological systems may also
be essential for the accurate prediction of
algal responses in natural waters.
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