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Abstract

This work is devoted to characterization of zinc interaction in aqueous solution with two marine planktonic (Thalassiosira
weissflogii = TW, Skeletonema costatum = SC) and two freshwater periphytic species (Achnanthidium minutissimum = AMIN,
Navicula minima = NMIN) by combining adsorption and electrophoretic measurements with surface complexation modeling and by
assessing Zn isotopes fractionation during both long term uptake and short term adsorption on diatom cells and their frustules. Revers-
ible adsorption experiments were performed at 25 and 5 �C as a function of exposure time (5 min to 140 h), pH (2 to 10), zinc concen-
tration in solution (10 nM to 1 mM), ionic strength (I = 0.001 to 1.0 M) and the presence of light. While the shape of pH-dependent
adsorption edge is almost the same for all four species, the constant-pH adsorption isotherm and maximal Zn binding capacities differ
by an order of magnitude. The extent of adsorption increases with temperature from 5 to 25 �C and does not depend on light intensity.
Zinc adsorption decreases with increase of ionic strength suggesting competition with sodium for surface sites. Cell number-normalized
concentrations of sorbed zinc on whole cells and their silica frustules demonstrated only weak contribution of the latter (10–20%) to
overall zinc binding by diatom cell wall. Measurements of electrophoretic mobilities (l) revealed negative diatoms surface potential
in the full range of zinc concentrations investigated (0.15–760 lmol/L), however, the absolute value of l decreases at [Zn] > 15 lmol/
L suggesting a change in surface speciation. These observations allowed us to construct a surface complexation model for Zn binding
by diatom surfaces that postulates the constant capacitance of the electric double layer and considers Zn complexation with carboxylate
and silanol groups. Thermodynamic and structural parameters of this model are based on previous acid–base titration and spectroscopic
results and allow quantitative reproduction of all adsorption experiments. Although Zn adsorption constants on carboxylate groups are
almost the same, Zn surface adsorption capacities are very different among diatom species which is related to the systematic differences in
their cell wall composition and thickness. Measurements of Zn isotopic composition (66Zn/(64Zn)) performed using a multicollector ICP
MS demonstrated that irreversible incorporation of Zn in cultured diatom cells produces enrichment in heavy isotope compared to
growth media (D66Zn(solid–solution) = 0.27 ± 0.05, 0.08 ± 0.05, 0.21 ± 0.05, and 0.19 ± 0.05& for TW, SC, NMIN, and AMIN spe-
cies, respectively). Accordingly, an enrichment of cells in heavy isotopes (D66Zn(solid–solution) = 0.43 ± 0.1 and 0.27 ± 0.1& for NMIN
and AMIN, respectively) is observed following short-term Zn sorption on freshwater cells in nutrient media at pH � 7.8. Finally,
diatoms frustules are enriched in heavy isotopes compared to solution during Zn adsorption on silica shells at pH � 5.5 (D66Zn(solid–
solution) = 0.35 ± 0.10&). Measured isotopes fractionation can be related to the structure and stability of Zn complexes formed and
they provide a firm basis for using Zn isotopes for biogeochemical tracing.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Diatoms, unicellular brown algae enclosed in an exter-
nal siliceous skeleton (frustule), account for a quarter of
all the photosynthesis on the planet. As their cell wall is
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known to display a high affinity for a wide range of aque-
ous metal cations, they are able to play a key role in metal
speciation and distribution in many aquatic systems as well
as in trophic transfer capacities to the benthic and pelagic
foodwebs. As a result, diatoms are considered as bioindica-
tors of water pollution in rivers (Dixit et al., 1992; Gold
et al., 2003a,b) or in sewage sludge (Pun et al., 1995) and
are widely used as metal removal agent (Volesky and Ho-
lan, 1995; Csogor et al., 1999; Vrieling et al., 2000; Schmitt
et al., 2001). Many studies have been devoted to metal
uptake and adsorption by marine planctonic diatoms (Rij-
stenbil et al., 1994; Gonzalez-Davila, 1995; Gonzales-Dav-
ila et al., 2000; Wang and Dei, 2001a,b; Rijstenbil and
Gerringa, 2002), diatom response to metal stress (Fisher
and Fabris, 1982; Ahner et al., 1997; Sunda and Hunts-
man, 1998) and their growth limitation by trace elements
(Anderson et al., 1978; Brand et al., 1986; Morel et al.,
1991; Ivorra et al., 2000). At the same time, freshwater dia-
toms received relatively little attention despite their impor-
tance in metals regulation in continental waters (Gold
et al., 2002; Tien, 2004) owing to their accumulation and
transfer capacities along the foodwebs (Genter, 1996).

Among metals, zinc is of great interest because it is con-
sidered both as an essential micronutrient at low concen-
tration (Morel et al., 1991, 1994) and as a toxic element
at high concentration (50–200 mg/L) leading to depressed
division rates or growth inhibition (Jensen et al., 1974,
1982; Fisher et al., 1981, 1986). Inside the cell, zinc consti-
tutes the major pool of metal ions and is usually associated
with numerous proteins and enzymes (Vallee and Auld,
1990) but is also stored in carboxylate or polyphosphate
complexes (Stauber and Florence, 1990; Kotrba et al.,
1999; Cox et al., 2000; Frausto da Silva and Williams,
2001). Again, most of available information on zinc deals
with marine diatom species due to their importance in Zn
regulation in seawater (Sunda and Huntsman, 1992) and
their potential use as proxies (Elwood and Hunter, 1999),
and leave apart freshwater species. This study is aimed at
filling this gap by providing a quantitative comparison of
zinc binding to two marine planctonic and two freshwater
periphytic species.

It has been widely argued that molecular mechanisms
operating at solid–solution interface are likely to be
responsible for isotopic fractionation of ‘‘heavy’’ elements
(Johnson et al., 2004). For example, isotopic fractionation
of Zn (Cacaly et al., 2004; Rouseset et al., 2004; Pokrovsky
et al., 2005b), Ge (Galy et al., 2002) and Mo (Barling and
Anbar, 2004) has been reported during these elements
adsorption on solid oxy(hydr)oxides. The role of biota in
Zn isotopic fractionation in oceanic sediments (Pichat
et al., 2003) as well as in its terrestrial cycle (Viers et al.,
2004) has been largely evoked, however, to our knowledge,
there is no experimental study of Zn isotopic fractionation
during its uptake or adsorption by microorganisms.

Because the first step in metal uptake process by biota is
aqueous ions or complexes adsorption on external cell lay-
ers (cell wall, plasmic membrane), studying this ‘‘primary’’
adsorption process is crucial for modeling the impact of
aquatic organisms on metal transport in natural settings.
The aim of this study, therefore, is to provide, within the
framework of chemical equilibrium, a description of dia-
toms interactions with zinc by combining macroscopic
adsorption and electrokinetic measurements with surface
complexation modeling. Complementary to this, 64Zn/66Zn
isotopes fractionation during viable cells and frustules
adsorption experiments as well as long term uptake were
performed to assess the main factors controlling isotope
fractionation and possibility to use this fractionation for
tracing geochemical processes. In this work we retained
four representative diatom species which are very abundant
in temperate climate zone: two planktonic, Skeletonema
costatum (marine) and Thalassiosira weissflogii (estuarine)
and two freshwater periphytic, Achnathidium minutissimum

and Navicula minima.
In the first part of this study it was demonstrated that

the four diatom species have a similar cell wall structure
which is mainly composed of polysaccharides and proteins
coating the silica frustule (Gélabert et al., 2004). The main
surface moieties of this complex 3D-cell wall structure are
amino, carboxyl and silanol groups that control both sur-
face charge, and, presumably, affinity to metal ions. Since
diatoms site densities normalized to the area of siliceous
shell are an order of magnitude higher than corresponding
values for organic-free frustules, the metal affinity of dia-
tom cultures is expected to be essentially controlled by
the 3D organic layer covering the silica frustule.

In the present study we are trying to address the follow-
ing issues: (i) what are the main ‘‘external’’ (environmental)
parameters controlling the interaction of zinc with diatom
surfaces? (ii) what are the differences in zinc binding prop-
erties between freshwater and marine species? (iii) what are
the main functional groups responsible for Zn sorption on
diatom surfaces, and (iv) is it possible to relate the isotopic
fractionation produced by Zn interaction with diatom cul-
tures to the structure and stability of metal complexes
formed? We hope that answering these questions will pro-
vide a firm basis for quantitative biogeochemical modeling
of zinc transport in natural environments controlled by
aquatic biological communities.

2. Material and methods

2.1. Diatom cultures

Monospecific diatom cultures were developed from lab-
oratory strains to separately produce biomass of four spe-
cies: marine planctonic T. weissflogii (abbreviated TW),
S. costatum (SC), freshwater periphytic A. minutissimum

(AMIN) and N. minima (NMIN) as described previously
(Gélabert et al., 2004). Diatoms were cultured to concen-
tration of �107 cell/L at 20 �C in a sterile Dauta (freshwa-
ter) or f/2 (seawater) medium (Gold et al., 2003a) at
pH � 7.7–7.8 and [Zn]tot � 0.2 lM. Continuous aeration
of the culture was provided to prevent pH from increasing
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due to photosynthetic activity. Typical incubation time was
1–2 weeks. Diatoms were harvested from the late exponen-
tial—stationary growth phase and kept at 4 �C until use.

The biomass of live diatom cells suspension was quanti-
fied by its humid (centrifuged 15 min at 2200g) and dry
(lyophylized) weight. Before the adsorption experiment,
diatoms were rinsed three times in appropriate NaCl or
NaNO3 solution using centrifugation at 2200g (�400 mL
of solution for 1 g of wet biomass) to remove the adsorbed
metals and cell excudates from the surface. Diatom frus-
tules were extracted from cells suspension (20 g humid/L)
by acid digestion (5% HNO3 + 5% H2O2) during 6 h at
105 �C followed by thorough rinsing in sterile deionized
water using centrifugation. FT-IR, XRD and SEM analy-
sis of produced solid material revealed only amorphous sil-
ica (SiO2 Æ nH2O) without detectable traces of organic
constituents.

2.2. Zinc adsorption experiments

Zinc adsorption experiments were designed to provide a
quantitative characterization of Zn binding by diatom sur-
face via determining thermodynamic stability constant for
adsorption reaction on different surface sites. For this,
two types of experiments were performed: (i) adsorption
at constant initial zinc concentration in solution as a func-
tion of pH (pH-dependent adsorption edge) and (ii)
adsorption at constant pH as a function of zinc concentra-
tion in solution (‘‘Langmurian’’ isotherm). Furthermore,
the influence of other environmental parameters such as
ionic strength, biomass concentration, light intensity, tem-
perature and time of exposure were also investigated. All
experiments were performed in solutions undersaturated
with respect to any solid metal oxide, hydroxide or carbon-
ate phase as verified by calculation using MINTEQA2
computer code and corresponding database (Allison
et al., 1991).

Adsorption experiments were conducted at 25 ± 0.2 �C
in continuously stirred diatom suspension of NaNO3 or
NaCl solution with ionic strength ranging from 0.001 to
1 M using 8 mL sterile polypropylene vials. Cell concentra-
tions varied from 8 to 70 g humid/L ((2–4) · 109 cells/L)
and zinc concentration in solution ([Zn]aq) spanned from
0.7 to 800 lM. pH was adjusted to the desired value using
either NaOH or HNO3 (HCl for NaCl electrolyte). HEPES
buffer, which is known to do not complex divalent metals
in aqueous solutions (Mirimanoff and Wilkinson, 2000),
was added to a concentration of 0.003 M in order to keep
pH constant during adsorption isotherm measurements.
For all experiments, sterile de-ionized water (MilliQ,
18 mX) purged of CO2 by N2 bubbling was used. At the
end of the experiment, the suspension was centrifuged
and the resulting supernatant filtered through a 0.22 lm
Nylon filter, acidified with ultrapure nitric acid and stored
in the refrigerator until analysis. The concentration of met-
al adsorbed to diatom in each vessel were calculated by
substracting the concentration of metal in the supernatant
from the original amount of zinc added in the suspension.
To account for Zn adsorption on reactor�s walls, superna-
tants obtained from diatom suspensions were conditioned
at 4 6 pH 6 8.5 and the same concentration of added Zn
as in cell adsorption experiments. After 3 h, no significant
decrease of initial Zn concentration was detected upon fil-
tration indicating on the absence of Zn adsorption on the
reactor walls and Zn hydroxide formation in solutions.
Only at pH > 8.5 and [Zn]t P 10�4 M, a �30% decrease
of Zn concentration in blank experiments was observed.
This was taken into account when calculating the net
adsorption yield.

Exposure time varied intentionally from 15 min to 140 h
to assess the influence of kinetics on Zn sorption. For most
of experiments, exposure time was fixed to 3 h. Optical
microscopic inspection of diatoms before and after adsorp-
tion experiments showed no visible change in the diatoms
population. The cells and chloroplasts remained intact
and non-deformed, and no cell fragments could be
detected.

2.3. Electrophoretic measurements

These experiments were designed to assess the cell sur-
face potential or zeta-potential, and, by monitoring its
dependence on Zn concentration in solution, to better con-
strain the surface complexation reactions (see Section 3.3
below). This method allows very fast, in situ estimation
of the sign of electric surface potential and monitoring of
its qualitative modification in the course of metal adsorp-
tion. Electrophoretic mobilities of live diatom cells A. min-

utissimum and T. weissflogii were measured at 25 �C using a
microelectrophoremeter (‘‘Zetaphoremeter IV’’ Z4000,
CAD Instrumentation). Details are given in Gélabert
et al. (2004). Three replicates were carried out and each
replicate was performed by renewing the suspension in
the microelectrophoresis cell. The uncertainty attached to
electrophoretic mobilities were less than 5%. Experiments
were performed with viable cells (�1 g humid/L) under
constant ionic strength (0.01 and 0.1 M) in solutions with
zinc concentration ranging from 0.15 to 800 lM and
pH around 7. All solutions were undersaturated with
respect to solid oxides and hydroxides of zinc. The time
of cells exposure to Zn-bearing solutions varied from
5–10 min to 3 h.

2.4. Analytical methods

All filtered solutions were analyzed for Zn ([Zn]aq) using
flame atomic absorption (Perkin Elmer 5100 PC spectro-
photometer) with an uncertainty of ±1% and a detection
limit of 10�7 g/L. For Zn concentration lower than
100 lg/L, analyses were performed by ICP-MS on Perkin
Elmer SCIEX, Elan 6000 with a detection limit of
0.01 lg/L and a precision of ±5%. Values of pH were mea-
sured using a Mettler Toledo combined electrode, with an
accuracy of ±0.002 units. Dissolved organic carbon (DOC)
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was analyzed using a Carbon Total Analyzer (Shimadzu
TOC-5000) with an uncertainty of 3% and a detection limit
of 0.1 ppm.

2.5. Zn stable isotope measurements

Three types of experiments have been performed to
study zinc stable isotope fractionation during its interac-
tion with diatom cultures: (i) long-term Zn uptake (incor-
poration) in Dauta media in batch growing cultures
(AMIN, NMIN, TW, SC) during 3–4 weeks with periodi-
cal renewing of nutrient solution to provide a semi-con-
stant zinc concentration at 0.30 ± 0.05 lM; (ii) short-term
interaction of Zn with viable diatom cultures AMIN and
NMIN in nutrient media; and (iii) reversible adsorption
of Zn on NMIN frustules as a function of pH in 0.01 M
NaNO3. For the uptake experiments (1), both the initial
solution and growing biomass were analyzed while for
the adsorption experiments (2) and (3), only filtered solu-
tion was processed.

Diatom cells harvested by centrifugation at 2500g were
dried at 80 �C and grounded using agate mortar and pestle.
Hundred milligrams of this powder was submitted to
hydrogen peroxide digestion (H2O2) followed by acid
digestion (HNO3 + HF) in a clean bench room. Blank tests
were performed to estimate the level of Zn contamination
induced by the digestion procedure and were found to be
less than 0.2%. The International Geostandard SRM
1515 (Apple Leaves, from NIST, USA) was used to check
the validity and the reproducibility of both the acid diges-
tion and ICP-MS analyses. The relative difference between
our values and the certified data was close to 5%.

In isotopic fractionation experiments, a full recovery of
filtered solution during preparation procedure is crucial.
Filtration of supernatant in (2) and (3) type experiments
did not affected the fractionation coefficients because such
a filtration of initial Zn stock solution did not change d66Zn
within the uncertainty (±0.05&) as verified by: (i) ICP-MS-
MC measurements on this filtered sample subjected to ion-
column purification procedure, and (ii) a 100 ± 1% recov-
ery of [Zn]aq in filtered standard solutions at pH 6–7 as
measured by AAS.

Zn isotopic composition has been measured at Lyon
(Ecole Normale Supérieure) on the P54 MC-ICP-MS
(VG Elemental) and at Toulouse (LMTG) on the Neptune
MC-ICP-MS (ThermoFinnigan). Zn has five stable iso-
topes of mass 64, 66, 67, 68, and 70 whose average abun-
dances are 48.63, 27.90, 4.10, 18.75, and 0.62%,
respectively. Zn was isolated from the bulk sample using
the purification procedure of Maréchal et al. (1999) on
the AGMP-1 anion exchange resin (Bio-Rad, USA). An
aliquot containing about 300 ng of Zn was loaded on the
column. Because isotopic fractionation may occur during
the elemental separation on the ion-exchange resin (Maré-
chal and Albarède, 2002), we analyzed only the samples for
which the separation procedure gave a yield of 100% taking
into account the analytical uncertainties. The 62Ni signal
was simultaneously measured to evaluate the isobaric inter-
ference of 64Ni on the 64Zn signal; no significant interfer-
ence was found. Instrumental mass fractionation was
corrected following the method described by Maréchal
et al. (1999). A Cu standard (NIST 976) was added to
the purified Zn fractions and a Cu (NIST 976) + Zn
(JMC 3-0749L) standard mixture was run as a bracketing
standard. The ratio of Cu and Zn fractionation factors
(i.e., fCu/fZn) was found to be constant over a single analyt-
ical session (i.e., one day measurement) for both P54 and
Neptune instruments. As already observed by Maréchal
et al. (1999) and Pichat et al. (2003) this fCu/fZn ratio does
not remain constant from one day to another. The slope of
the fractionation line derived from the standard mixture
raw data in a ln (66Zn/64Zn) versus ln (65Cu/63Cu) plot
was used to correct the data on the Zn sample + Cu stan-
dard mixtures. The Zn isotopic results in this study are giv-
en in the recommended delta notation for the 66Zn/64Zn
ratio (Albarede, 2004):

d66Zn ¼ ½ðð66Zn=64ZnÞs=ð66Zn=64ZnÞJMCÞ � 1�
� 1000 ðin ‰Þ; ð1Þ

where s signifies sample and JMC the Zn isotopic standard
solution. Note that this JMC 3-0749L solution is not a ref-
erenced material but an elemental standard solution used
by several laboratories. The d67Zn and d68Zn were also
considered to check the validity of the measurements and
to check that the different Zn isotopes fit on a theoretical
mass-dependent fractionation line. The uncertainty given
for the d66Zn varies from 0.05 to 0.1&.

For experiments (2) and (3) performed in a closed sys-
tem, the isotopic signature of solid phase (d66Znsolid) was
calculated from the mass balance equation using the isoto-
pic ratio in aqueous phase (d66Znaq), the amount of metal
adsorbed (A, %), and the isotopic composition of initial
solution (d66Zninitial):

d66Znsolid ¼ f100 � d66Zninitial � ð100� AÞ � d66Znaqg=A. ð2Þ

In this work, we define the isotopic offset between Zn in
solution and Zn adsorbed or incorporated in diatoms cells
and frustules as

D66Znðsolid-solutionÞ ¼ d66Znsolid � d66Znaq. ð3Þ

For experiments (1) on cultures growing under constant
concentration of zinc, the isotopic offset is determined as
the difference between d66Zn in digested cells and that in
the Zn salt used to prepare the growth media.
3. Experimental results

3.1. Adsorption

Measurements of zinc adsorption kinetics on diatom
cells indicate that majority of zinc is sorbed within the
first 10–100 min of exposure (Fig. 1), in agreement with
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Fig. 2. Reversibility of adsorption equilibria: percentage of adsorbed or
incorporated zinc as a function of pH for Navicula minima (A) and
Skeletonema costatum (B).
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Fig. 3. Dissolved organic carbon (DOC) concentration as a function of
pH during Zn adsorption experiments. Experimental conditions: biomass
concentration equals 36 g/L (TW) and 8.5 g/L (SC); 0.1 M NaCl;
[Zn]o = 51 lmol/L. Exposure time equals 3 h in the dark.
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Fig. 1. Kinetics of zinc adsorption on Navicula minima species. Experi-
mental conditions: 0.001 M NaNO3; biomass concentration equals 8.5 g
humid/L; [Zn]o = 61 lmol/L; continuous shaking at 25 �C in the dark.
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previous works on metal adsorption onto bacteria (Fein
et al., 1997; Ngwenya et al., 2003) and algae (Xue et al.,
1988; Gonzales-Davila et al., 1995, 2000).

The reversibility of Zn adsorption equilibria was first
tested following the method developed by Fowle and Fein
(2000). A homogeneous parent suspension solution of dia-
toms + Zn + electrolyte was adjusted to pH � 7 at which
100% Zn was adsorbed onto diatoms. After 3 h of adsorp-
tion contact time, aliquots of this parent suspension solu-
tion were taken and adjusted to sequentially lower pH
values (2–6.9). The reaction vessels equilibrated at new
pH values for 3 h were sampled for Zn (Fig. 2A). The
concentration of ‘‘desorbed’’ zinc in the supernatant al-
lowed calculation of the amount of irreversibly ‘‘incorpo-
rated’’ metal. This amount never exceeded 5–10%
suggesting an equilibrium adsorption process with negligi-
ble amount of zinc penetrating inside the cell. The second
method of reversibility test, developed in the present
study, consists of preparing a series of reactors having
the diatoms suspension with constant concentration of
initially added zinc ([Zn]o) in a wide pH range, separating
the cells and the supernatant by centrifugation and filtra-
tion and measuring dissolved (<0.2 lm) zinc concentra-
tion in the first filtrate ([Zn]1). Afterwards, for each
investigated pH, exact amount of new zinc-free electrolyte
solution is added to wet centrifuged biomass in each reac-
tor and ‘‘desorbed’’ aqueous zinc concentration in the sec-
ond filtrate ([Zn]desorb) is monitored after 3 h of reaction.
The proportion of irreversibly bound metal ([Zn]incorp) is
calculated as

½Zn�incorpð%Þ ¼ 100 � fð½Zn�o � ½Zn�1 � ½Zn�desorbÞ=½Zn�og.
ð4Þ

This method was tested for zinc adsorption by S. costatum

species for which very good recovery of adsorbed zinc,
meaning low amount of irreversibly bound zinc (i.e., 5–
10%), was found (Fig. 2B).

Concentration of dissolved organic carbon in the course
of adsorption experiment did not change by more than 30–
50% as illustrated for two marine species in Fig. 3. Only
weak degradation of cell wall in usual pH range of adsorp-
tion experiments (4 6 pH 6 8) was observed. Low DOC
concentration monitored during adsorption experiments
(i.e., 2–4 mg/L, comparable with [DOC] in surface seawa-
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ter) and relatively high Zn and cell biomass concentration
(1.5–50 lM and 8–70 g/L, respectively) imply that diatom
surface functional groups, and not organic exudates, are
primary responsible for Zn binding in studied systems.

Full compilation of adsorption experiments is given in
the Electronic annex and summarized in Table 1. Altogeth-
Table 1
Summary of adsorption experiments

Exp. No Species Number of data points Cell conc. (g

Langmurian adsorption isotherm

36 SC 14 8.5
47 SC 20 8.5
103 SC 40 8.5
107 SC 27 36
70 TW 32 35
33 AMIN 10 8.6
34 AMIN 11 8.3
63 AMIN 20 8.4
69 AMIN 26 8.5
71 AMIN 19 25
99a AMIN 16 17
99b AMIN 16 17
48 NMIN 19 8.5
75 NMIN 32 8.5
76 NMIN 31 8.5
IS-19 NMIN 8 33
108 Frust. SC 27 Equiv. 36 g/
78 Frust. TW 32 Equiv. 35 g/
77 Frust. AMIN 19 Equiv. 25 g/
40 SiO2 am. 14 4 g dry/L
83 SiO2 am. 30 4 g dry/L

pH-dependent adsorption edge

35–46 SC 28 8.5
59 SC 26 8.5
72 SC 30 8.5
81 SC 29 8.5
118b SC 20 17
119b SC 16 17
42–44 TW 29 8.5
51 TW 20 36
73 TW 25 70
79 TW 38 36
80 TW 26 36
30 AMIN 20 8.5
31 AMIN 20 35
32 AMIN 18 8.5
64 AMIN 24 8.4
65 AMIN 30 8.5
66 AMIN 30 8.5
67a AMIN 18 8.5
67b AMIN 20 8.5
67c AMIN 18 8.5
68 AMIN 22 8.5
49 NMIN 20 8.5
50 NMIN 30 8.5
61 NMIN 26 8.5
109a/b NMIN 22 8.5
118 NMIN 20 8.5
52 Frust. TW 18 Equiv. 36 g/
74 Frust. TW 25 Equiv. 70 g/
37 Frust. AMIN 33 Equiv. 35 g/
39 SiO2 am. 10 4 g dry/L

Cell concentration is in g humid/L unless indicated.
er, �50 experiments having 15–30 data points each have
been performed for 4 species and their frustules. Results
of zinc adsorption experiments on diatoms as a function
of pH and zinc aqueous concentration are depicted in Figs.
4–9. For each species the general trend is a negligible
adsorption of zinc at pH < 4–5, strong increase in adsorp-
humid/L) [Zn]o (lmol/L) pH Electrolyte

0–61 7.50 ± 0.02 0.1 M NaNO3

0–184 7.15 ± 0.02 0.1 M NaCl
0–444 7.2 ± 0.1 0.01 M NaCl
0–735 7.3 ± 0.1 0.1 M NaCl
0–168 7.60 ± 0.01 0.1 M NaCl
0–41 9.2 ± 0.6 0.1 M NaNO3

0–123 7.50 ± 0.02 0.1 M NaNO3

0–567 7.49 ± 0.02 0.1 M NaNO3

0–57 7.50 ± 0.02 0.1 M NaNO3

0–360 6.16 ± 0.02 0.1 M NaNO3

0–230 7.2 ± 0.1 0.01 M NaNO3

0–230 7.2 ± 0.1 0.01 M NaNO3

0–312 7.05 ± 0.02 0.1 M NaNO3

0–490 6.20 ± 0.02 0.1 M NaNO3

0–207 8.15 ± 0.10 0.1 M NaNO3

0–35 7.65 ± 0.05 Dauta media
L 0–812 7.10 ± 0.05 0.1 M NaCl
L 0–260 7.48 ± 0.01 0.1 M NaCl
L 0–475 6.16 ± 0.02 0.1 M NaNO3

0–766 6.70 ± 0.02 0.01 M NaCl
0–413 6.6 ± 0.1 0.01 M NaCl

51 2.8–9.3 0.1 M NaNO3

51 1.7–8.9 0.01 M NaNO3

51 2.2–8.8 1 M NaNO3

12 1.6–9.2 0.1 M NaCl
15 2.7–9.4 0.1 M NaCl
15 3.0–6.2 0.1 M NaCl
51 3.4–10.5 0.1 M NaCl
61 2.8–10.3 0.1 M NaCl
9 3.4–11.3 0.1 M NaCl
51 2.3–10.3 0.01 M NaCl
51 3.9–8.6 1 M NaCl
153 2.0–11.2 0.1 M NaCl
153 2.3–11.3 0.1 M NaCl
51 3.3–10.4 0.1 M NaNO3

51 2.8–10.3 0.001 M NaNO3

51 2.8–9.6 0.01 M NaNO3

51 2.8–10.0 1 M NaNO3

51 3.2–10.5 0.1 M NaNO3

51 3.2–10.7 0.1 M NaNO3

51 3.1–9.7 0.1 M NaNO3

11 2.7–10.1 0.01 M NaNO3

51 4.0–10.1 0.001 M NaNO3

51 3.9–9.7 0.1 M NaNO3

51 2.6–10.1 0.01 M NaNO3

54 3.0–9.6 0.1 M NaCl
51 3.1–8.8 1 M NaNO3

L 61 2.8–10.6 0.1 M NaCl
L 9 3.6–10.0 0.1 M NaCl
L 153 2.6–9.4 0.1 M NaCl

61 3.0–8.7 0.01 M NaCl
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Fig. 4. Effect of exposure time on zinc adsorption on diatoms at 5 �C in
the dark. Experimental conditions: biomass equals 8.5 g/L, 0.1 M NaNO3.
Cells were exposed during 15 min, 3 h, and 140 h to solution with
[Zn]o = 51 lmol/L (Exp. No. AMIN67a, AMIN67b, and AMIN67c,
respectively).
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tion at 5 6 pH 6 7 and complete removal of Zn at pH > 7–
8. At a given pH, the proportion of adsorbed zinc increases
with increase of biomass concentration or decrease of [Zn]o
in solution. Below, the effects of major external parameters
which are likely to control metal–diatoms interactions such
as exposure time, inorganic versus organic cell wall constit-
uents, pH, ionic strength, temperature, and light are
described.

The pH-dependent adsorption edges were measured
after 5 min, 3 h and 140 h on AMIN species at 5 �C in
the dark to prevent the cell growth and biological activity.
Results are depicted in Fig. 4. It can be seen that the pro-
portion of adsorbed Zn does not change with time at
pH < 6, but that the extent of adsorption significantly
increases with reaction in weakly alkaline solutions. This
is consistent with faster rates of adsorption at low pHs in-
ferred from kinetic measurements (Fig. 1). Increase in the
amount of adsorbed zinc with time in weakly alkaline solu-
tions can be explained by: (i) slow incorporation of zinc in-
side the cells thus renewing surface sites for adsorption and
(ii) modification of the diatom cell surface due to long term
metal exposure that leads to the production of new surface
complexants via detoxification mechanisms (i.e. Ahner
et al., 1997; Sunda and Huntsman, 1998). Note, however,
that these effects are minor compared to uncertainties at-
tached both to surface groups concentration and surface
adsorption constants (see Section 3.3) and thus can be
neglected for our first-order description of diatom surface
complexation.

To quantify the organic layer contribution during zinc
interaction with diatoms, adsorption experiments were
conducted first on whole viable cells at a given concen-
tration (n · 1010 cell/L) and then on the same number
of frustules (n · 1010 cell/L), which were obtained by
quantitative acid digestion of the previous diatom pool.
The difference between metal adsorption on the whole
cells and corresponding amount of frustules, both for
pH-dependent adsorption edge and for Langmurian
adsorption isotherm (Fig. 5A–E) demonstrates relatively
weak (i.e., 20 ± 10%) contribution of silica skeleton to
the overall adsorption of zinc by diatom cells. Note that
this value represents the upper limit of frustule contribu-
tion to metal binding because organic protein and poly-
saccharidic layers envelopes the silica membrane from
both sides thus decreasing the accessibility of silanol
groups to Zn2+(aq).

The effect of ionic strength on pH-dependent adsorp-
tion edge for four diatom species is presented in
Fig. 6A–D. Overall, the percentage of adsorbed zinc
decreases with increasing ionic strength suggesting a
competition with sodium for the surface sites or electro-
static effects in the electric double layer. For planktonic
species TW, the ionic strength effect is very weak, as
the adsorption curves obtained at different electrolyte
concentration are very similar. Note that the weak ionic
strength dependence for TW is consistent with previous
titration experiments (Gélabert et al., 2004) that demon-
strated no effect of background electrolyte concentration
on TW surface proton adsorption. Zn adsorption on
AMIN and NMIN is much more affected by increasing
ionic strength.

Compilation of constant pH, Langmurian adsorption
isotherms for studied species is presented in Figs. 7A–
D. The order of zinc adsorption capacity among different
species is SC > NMIN > AMIN > TW. This trend is in
agreement with the weight-normalized concentration of
surface carboxylate groups for each species: 117, 39, 26
and 24 lmol/g wet weight for SC, NMIN, AMIN, and
TW, respectively, as inferred both from proton adsorp-
tion and IR measurements (Gélabert et al., 2004). The
effect of light exposure on zinc adsorption by viable dia-
toms is illustrated in Fig. 8. A very slight increase of
adsorption under continuous light exposure (6000–8000
lux) witnesses the processes of active uptake occurring
in viable cells; however, within the experimental uncer-
tainties, the effect of light can be considered as of sec-
ond-order importance compared to other environmental
parameters.

The effect of temperature on Zn adsorption on fresh-
water diatoms (AMIN) is illustrated in Fig. 9. The in-
crease of adsorption with temperature observed in the
present study is in agreement with available literature
data on Cu (Gonzales-Davila et al., 1995, 2000) and Pb
(Santana-Casiano et al., 1995) adsorption on marine phy-
toplankton. This effect can be explained by: (i) positive
enthalpy of adsorption reaction (i.e., the enthalpy of
ZnCH3COO+(aq) and Zn(CH3COO)2�(aq) formation
reaction are equal to 8.5 and 22 kJ/mol, respectively,
Martell et al., 1997), (ii) specific active biological uptake
mechanisms, or (iii) organic surface layers conformation
change at low temperatures. However, distinguishing be-
tween these mechanisms requires a detailed study of dif-
ferent adsorption-controlling factors at various
temperatures.



3 5 7 9
0

20

40

60

80

100
TW

whole cells

frustules

pH

%
 z

in
c 

ad
so

rb
ed

2 4 6 8
0

20

40

60

80

100

whole cells
frustules

AMIN

pH

%
 z

in
c 

ad
so

rb
ed

0 100 200 300 400 500
0

1

2

3

4

5

6

frustules

AMIN

whole cells

0 100 200 300
0

1

2

3
whole cellsTW
frustules

0 200 400 600
0

10

20

30

40

50

whole cells
frustules

SC

[Zn]aq, µmol/L

[Zn]aq, µmol/L

[Zn]aq, µmol/L

[Z
n

] ad
s,

 µ
m

o
l/g

h
u

m
id

[Z
n

] ad
s,

 µ
m

o
l/g

h
u

m
id

[Z
n

] ad
s,

 µ
m

o
l/g

h
u

m
id

A

C

E

D

B

Fig. 5. Adsorption of zinc on whole cells and their frustules as a function of pH and concentration in solution. The frustules were obtained by quantitative
digestion of whole cells. Experimental conditions: (A) AMIN, experiments No. 31 and 37, 0.1 M NaCl, [Zn]o = 150 lM, 35 g/L (9.5 · 109 cell/L); (B)
AMIN, experiments No. 71 and 77, 0.1 M NaNO3, pH 6.16 ± 0.02, 25 g/L (6.8 · 109 cell/L); (C) TW, experiments No. 73 and 74, 0.1 M NaCl,
[Zn]o = 9.2 lM; 70 g/L (3.9 · 109 cell/L); (D) TW, experiments No. 70 and 78, 0.1 M NaCl, pH 7.54 ± 0.06, 35 g/L (1.9 · 109 cell/L); (E) SC, experiments
No. 107 and 108, 0.1 M NaCl, pH 7.2 ± 0.1, 36 g/L (1.6 · 1010 cell/L). The symbols represent results of adsorption experiments, but the curves were
generated from the surface complexation model (SCM) proposed in this study using thermodynamic parameters listed in Table 2.
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3.2. Electrokinetic measurements

Electrophoretic mobilities of AMIN species submitted
to an increasing concentration of zinc at pH 7.0 ± 0.1 are
depicted in Fig. 10. The diatoms exhibit a constant negative
mobility in the full range of investigated [Zn]aq suggesting
the dominance of negatively charged functional groups
on the surface. Absolute values of electrophoretic mobili-
ties decrease with [Zn]aq at [Zn]aq > 15–30 lM, reflecting
a decrease of the surface potential due to formation of neu-
tral or positively charged Zn surface complexes (Fig. 10A).
Extrapolating these dependencies to l = 0 allows determi-
nation of diatoms isoelectric point in the presence of zinc:
pH 7, [Zn]aq = 1.7 ± 0.3 mM. The increase of ionic
strength leads to a decrease of the absolute value of the
electrophoretic mobilities in the full range of zinc concen-
tration in solution because of the electric double layer com-
pression (Fig. 10A).

No significant difference between the electrophoretic
mobilities measured after short (5 min) and long (1–3 h)
time exposure to zinc at pH 7 was detected (Fig. 10A). This
suggests fast interaction between diatom surface and aque-
ous zinc ions, already evidenced from adsorption experi-
ments (see Sections 2.2 and 3.1), with no major change of
diatom surface speciation occurring upon long-term metal
exposure.
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Fig. 6. Percentage of adsorbed Zn as a function of pH at various ionic strengths. Experimental conditions: (A) NMIN, experiments No. 49, 50, 61 and
118, [Zn]o = 51 lM, 8.50 g cells/L; (B) AMIN, experiments No. 32, 64, 65 and 66, [Zn]o = 51 lM, 8.45 ± 0.05 g cells/L; (C) SC, experiments No. 35, 59
and 72, [Zn]o = 51 lM, 8.50 g cells/L; (D) TW, experiments No. 73, 79 and 80, [Zn]o = 9–50 lM, 36.0 g cells/L. The symbols represent results of
adsorption experiments, but the curves were generated from the surface complexation model (SCM) proposed in this study using thermodynamic
parameters listed in Table 2.
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3.3. Surface complexation modeling

In the first part of this study (Gélabert et al., 2004),
using a set of spectroscopic and macroscopic techniques,
we identified the nature and determine the concentration
of the major surface functional groups (carboxylate, ami-
no, and silanol) that control the amphoteric acid–base
properties of diatom surfaces. In the circumneutral pH
range of adsorption experiments, carboxyl (pKa � 4) and
silanol (pKa � 7.5) are negatively charged while the nitro-
gen lone pair from amino groups is already involved in pro-
ton binding under pH 8, resulting in a positive charge for
amine sites. Thus, only carboxyl and silanol groups are
likely to bind positively charged Zn2+ ions according to
the reactions:

�RACOO� þ Zn2þ ¼ �RACOOZnþ; K�COOAZn
ð5Þ

�SiO� þ Zn2þ ¼ �SiOZnþ; K�SiOAZn
ð6Þ

In this study, a 1:1 metal–ligand stoichiometry (mononu-
clear surface complexes) was postulated as follows from
EXAFS results on zinc adsorption by diatom surfaces
(Pokrovsky et al., 2005a) and in accordance with SCM
approaches developed for metal adsorption on bacteria
(Fein et al., 1997, 2001; Daughney et al., 1998, 2001). This
assumption is based on the fact that the sorption on silanol
sites is low compared to carboxylate and the silanols
contribution to overall sorption does not exceed 10% (see
below). The existence of unique Zn surface site is also sup-
ported by the Langmurian plot in log–log units (Fig. 7): at
low [Zn] the slope of [Zn]aq vs. [Zn]ads is close to 1.

Following the track developed for metal complexation
with bacterial surfaces (Fein et al., 1997; Daughney and
Fein, 1998; Fowle and Fein, 1999; Haas et al., 2001), full
set of adsorption data was modeled within the framework
of the constant capacitance model (CCM) using FITEQL
computer code (Herbelin and Westall, 1996). This model-
ing included optimization of zinc complexation constant
with carboxylate and silanol groups and the EDL capaci-
tance value. Note that CCM approach is one among others
that is used to model the surfaces of microorganisms in
water. For example, it has been recently demonstrated that
Non-Electrostatic Model, CCM and Langmuir–Freundlich
Model are able to provide equally good fit to the experi-
mental data of proton adsorption on bacterial surfaces
(Fein et al., 2005).

Parameters related to ‘‘intrinsic’’ properties of diatom
surfaces (pKa of �R–COOH, �R–NH2, �SiOH and their
total concentrations) were allowed to vary only in the range
of uncertainties defined in the first part of this study (Géla-
bert et al., 2004). Reactions (5) and (6) equilibrium con-
stants, K�COO–Zn and K�SiO–Zn, were optimized at each
ionic strength since the surface potential is considered to
be independent of electrolyte concentration in the CCM
(Sverjensky and Sahai, 1996; Lützenkirchen, 1999). Be-
cause the contribution of silanol groups to overall metal
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Fig. 7. Concentration of adsorbed zinc as a function of equilibrium zinc concentration in solution (Langmurian adsorption isotherms). Experimental
conditions: (A) NMIN, experiments No. 48, 75, and 76, pH 6.20, 7.05, and 8.15, respectively; 0.1 M NaNO3, 8.5 g cells/L; (B) TW, experiments No. 70,
pH 7.60; 0.1 M NaCl, 36 g cells/L; (C) AMIN, experiments No. 69, pH 7.50; 0.1 M NaNO3, 8.5 g cells/L; (D) SC, experiments No. 36, 47, and 103, 8.5 g
cells/L. The symbols represent results of adsorption experiments, but the curves were generated from the surface complexation model (SCM) proposed in
this study using thermodynamic parameters listed in Table 2.
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binding to the cell wall is much smaller than that of carbox-
ylic groups (<10 and >90%, respectively), the uncertainties
attached to K�SiO–Zn could be much higher compared to
those of K�COO–Zn. As most investigated diatom species
exhibit clear dependence of Zn adsorption on ionic
strength (Fig. 6), significant improvement of fit was ob-
tained by introducing zinc competition with sodium for
surface carboxylate groups:
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�RACOO� þNaþ ¼ �RACOONa�; K�COOANa
ð7Þ

Mechanistically, reaction (7) accounts for the competition
between Zn2+ and Na+ for the same surface sites as the
proportion of adsorbed Zn decreases with increase
[NaNO3] or [NaCl] (Figs. 6A–C). In the case of electrostat-
ic effects, the adsorption edge would have shifted in oppo-
site direction with increase of I due to surface negative
charge increase and stronger attraction. Therefore, the
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Fig. 10. Electrophoretic mobility of AMIN cells at pH 7.0 as a function of zinc
and different ionic strengths after 3 h exposure (B).
stability constant of reaction (7) was treated as additional
adjustable parameters for both freshwater and marine
species. Note that acid–base surface titrations performed
in the first part of this study (Gélabert et al., 2004) did
not allow quantification of reaction (7) due to insufficient
amount of measurements at various ionic strengths. The
sensitivity of the model to K�COO–Na is low: a change of
±0.2 logK�COO–Na leads to a ±10% uncertainty in the
amount of sorbed Zn (in Langmurian isotherm) or a
±5% uncertainty in the proportion of adsorbed Zn (in
pH-dependent adsorption edge). Therefore, only rough
estimation of this constant was possible and special exper-
iments on Na+ adsorption are necessary to precisely
determine K�COO–Na value.

Full set of SCM parameter values and average recom-
mended values in this study for Zn–diatom surface interac-
tion are listed in Tables 2 and 3, respectively. Surface
stability constants listed in these tables represent condition-
al values for a given ionic strength (Table 2) and recom-
mended values in the range of ionic strength 0.001–1.0 M
(Table 3), respectively. In agreement with previous studies
of zinc complexation with bacteria (Fein et al., 2001), algae
(Xue et al., 1988; Gonzalez-Davila, 1995) and silica (Del-
olme et al., 2004), and sodium complexation with carbox-
ylate groups of humic acids (Westall et al., 1995), the pK
of intrinsic surface stability constants for reactions (5)–(7)
were initially fixed as 4.5, 3.0, and 1.5, respectively. Results
of each adsorption experiment were fitted individually by
varying surface reaction constants by not more than 1.0
log units from the initial values to provide simultaneously
a best fit of the experimental pH-dependent adsorption
edge and the ‘‘Langmurian’’ adsorption isotherm.

The goodness of model fit to a data set is represented by
the overall variance (V(Y)) calculated by FITEQL. This
variance is normalized with respect to the number of exper-
imental data points, the number of chemical components
for which the total concentration is known and the number
of adjustable parameters. Generally, a value of V(Y) less
than 20 corresponds to a good fit (Herbelin and Westall,
1996), although it has been argued that graphical goodness
of fit should be preferred over numerical goodness of fit
parameters (Gunneriusson and Sjoberg, 1993). The overall
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Table 2
Summary of SCM parameters for Zn–diatom surface interaction

Exp. No. Species Electrolyte �COOH
pKa1

�NH2

pKa3

�SiOH
pKa2

log KCOOZn log KSiOZn log KCOONa [�COOH]
(mol/ghumid)

[�NH3]
(mol/ghumid)

[�SiOH]
(mol/ghumid)

C, F/g V(Y)

Langmurian adsorption isotherm

36 SC 0.1 M NaNO3 �4.80 8.10 ND 5.16 ND 0.30 1.04E�04 1.96E�04 ND 62 39
47 SC 0.1 M NaCl �4.80 8.20 ND 5.30 ND 0.20 1.13E�04 1.53E�04 ND 62 29
103 SC 0.01 M NaCl �4.80 8.10 ND 5.54 ND 0.30 1.79E�04 1.96E�06 ND 75 89
107 SC 0.1 M NaCl �4.80 8.20 ND 5.32 ND 0.20 1.78E�04 1.96E�04 ND 100 161
70 TW 0.1 M NaCl �4.90 9.70 �7.00 4.61 2.80 0.41 2.40E�05 2.55E�05 1.94E�06 6 2.2
33 AMIN 0.1 M NaNO3 �4.80 9.70 �7.10 4.32 3.20 0.50 2.94E�05 2.40E�05 1.40E�05 37 80
34 AMIN 0.1 M NaNO3 �4.80 9.80 �7.10 4.23 3.20 0.32 2.95E�05 2.41E�05 7.47E�06 31 5.0
63 AMIN 0.1 M NaNO3 �4.80 9.8 �7.10 4.22 3.20 0.80 2.94E�05 2.40E�05 1.65E�05 38 21
69 AMIN 0.1 M NaNO3 �4.80 9.80 �7.10 4.24 3.20 0.56 2.82E�05 2.81E�05 1.03E�05 25 0.9
71 AMIN 0.1 M NaNO3 �4.80 9.80 �7.10 4.24 3.20 0.65 2.60E�05 2.81E�05 1.03E�05 25 70
99a AMIN 0.01 M NaNO3 �4.80 10.20 �7.00 4.28 3.20 1.00 2.24E�05 2.41E�05 1.86E�05 35 3.4
99b AMIN 0.01 M NaNO3 �4.80 10.20 �7.00 4.26 3.20 1.00 2.24E�05 2.41E�05 1.86E�05 35 3.4
48 NMIN 0.1 M NaNO3 �4.80 8.30 �6.60 5.26 3.00 0.39 4.11E�05 4.20E�05 1.60E�05 30 14
75 NMIN 0.1 M NaNO3 �4.80 8.40 �6.60 5.05 3.00 1.25 3.71E�05 4.40E�05 1.00E�05 12 1.0
76 NMIN 0.1 M NaNO3 �4.80 8.50 �6.60 5.00 3.00 1.25 4.11E�05 4.20E�05 1.60E�05 87 39
108 SC frustules 0.1 M NaCl ND ND �7.00 ND 3.2 ND ND ND 1.06E�03 840 9.6
78 TW frustules 0.1 M NaCl ND ND �7.00 ND 2.80 ND ND ND 1.33E�03 404 7.2
77 AMIN frustules 0.1 M NaNO3 ND ND �7.10 ND 3.2 ND ND ND 4.32E�04 70 2.5
35–46 SC 0.1 M NaNO3 �4.80 8.20 ND 5.32 ND 0.20 1.59E�04 1.96E�04 ND 47 1.7
59 SC 0.01 M NaNO3 �4.80 8.00 ND 5.20 ND 0.20 1.58E�04 1.96E�04 ND 50 1.5
72 SC 1 M NaNO3 �4.80 8.20 ND 5.33 ND 0.20 1.53E�04 1.96E�04 ND 37 1.1
81 SC 0.1 M NaCl �4.80 8.20 ND 5.32 ND 0.20 1.35E�04 1.97E�04 ND 40 0.7
51 TW 0.1 M NaCl �4.90 9.70 �7.00 4.69 2.80 0 2.32E�05 2.56E�05 1.28E�06 3 24
73 TW 0.1 M NaCl �4.90 9.70 �7.00 4.70 2.80 0 2.40E�05 1.99E�06 1.28E�06 2 0.1
79 TW 0.01 M NaCl �4.90 9.70 �7.40 4.75 2.80 0 2.40E�05 2.50E�05 4.06E�06 3 0.7
80 TW 1 M NaCl �5.05 9.80 �7.20 4.72 2.80 <0 (ND) 2.40E�05 2.50E�05 4.06E�06 12 5.0
30 AMIN 0.1 M NaCl �4.80 9.70 �7.10 4.36 3.20 0.60 2.94E�05 3.21E�05 1.87E�05 25 24
31 AMIN 0.1 M NaCl �4.80 9.70 �7.10 4.40 3.20 0.60 2.94E�05 3.09E�05 1.87E�05 17 19
32 AMIN 0.1 M NaNO3 �4.80 9.70 �7.10 4.24 3.20 0.32 2.94E�05 3.07E�05 1.87E�05 17 4.4
64 AMIN 0.001 M NaNO3 �4.80 9.80 �7.00 4.23 3.20 0.87 2.94E�05 2.42E�05 1.87E�05 25 0.8
65 AMIN 0.01 M NaNO3 �4.80 10.20 �7.00 4.26 3.20 1.00 2.95E�05 2.98E�05 1.87E�05 35 2.0
66 AMIN 1 M NaNO3 �4.80 8.30 �7.00 4.45 3.20 0.60 2.94E�05 2.40E�05 1.87E�05 22 8.8
68 AMIN 0.01 M NaNO3 �4.80 10.20 �7.00 4.29 3.20 1.00 2.74E�05 2.55E�05 1.87E�05 30 3.8
49 NMIN 0.001 M NaNO3 �4.80 8.70 �6.66 5.01 3.00 1.09 4.11E�05 4.20E�05 1.60E�05 17 8.1
50 NMIN 0.1 M NaNO3 �4.80 8.40 �6.60 5.07 3.00 0.32 4.11E�05 4.20E�05 1.60E�05 12 6.9
61 NMIN 0.01 M NaNO3 �4.80 10.00 �6.90 5.00 3.00 0.37 3.87E�05 4.20E�05 1.60E�05 10 3.3
109a/b NMIN 0.1 M NaCl �4.80 8.40 �6.60 5.00 3.00 0.94 3.71E�05 4.40E�05 1.00E�05 12 1.8
118 NMIN 1 M NaNO3 �4.80 8.40 �6.60 5.07 3.00 0.32 3.71E�05 4.36E�05 1.00E�05 7 4.8
74 TW frustules 0.1 M NaCl ND ND �7 ND 2.79 ND ND ND 1.19E�03 404 0.2
37 AMIN frustules 0.1 M NaCl ND ND �7.1 ND 3.21 ND ND ND 4.32E�04 70 5.2

pKa1, pKa2, and pKa3 are taken from Gélabert et al. (2004) and the other parameters are determined in the present work. ND means non determined.
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Table 4
Results of stable isotopic fractionation

Sample description Duration of
exposure

pH [Zn]aq
(lmol/L)

[DOC]
(mg/L)

% Zn adsorbed d66Znaq
(&)

d66Znsolid
(&)

D66/64Znsolid–solution
(&)

(1) Long-term uptake in growing cells (20 �C, under light)
AMIN 3 weeks 7.75 ± 0.25 0.3 ± 0.004 8.0 ND 0.12 0.31 0.19
NMIN 3 weeks 7.75 ± 0.25 0.3 ± 0.004 8.0 ND 0.12 0.33 0.21
TW 3 weeks 7.75 ± 0.25 0.3 ± 0.004 10.0 ND 0.12 0.39 0.27
SC 4 weeks 7.95 ± 0.25 0.3 ± 0.004 15.0 ND 0.12 0.20 0.08

(2) Short-term adsorption on growing cells from culture media (20 �C, under light)
NMIN N 7 3.5 h 8.14 2.5 3.9 67 �0.19 ± 0.1 0.27 0.47
NMIN N 5 16 h 8.03 4.7 2.9 74 �0.10 ± 0.1 0.23 0.33
NMIN N 6 42 h 7.64 6.0 3.1 67 �0.25 ± 0.1 0.25 0.50
AMIN N 3 20 min 7.85 1.4 3.5 70 �0.08 ± 0.1 0.21 0.29
AMIN N 2 19 h 7.80 5.0 3.1 73 �0.06 ± 0.1 0.19 0.24

(3) Reversible adsorption on frustules (SiO2 Æ nH2O) of NMIN in 0.01 M NaNO3 (25 �C, in the dark)

NF–18 20 h 5.37 20 <0.2 15 0.084 0.33 0.25
NF–19 20 h 5.43 17 <0.2 26 0.052 0.31 0.26
NF–20 20 h 5.57 14 <0.2 39 �0.038 0.36 0.40
NF–9 20 h 5.62 5.4 <0.2 73 �0.206 0.24 0.48

In the initial Zn salt d66Zninitial = 0.12 ± 0. 05&. Uncertainty on d66Zn is 0.05& unless indicated.

Table 3
Average recommended parameters of constant capacitance, surface complexation model used to describe Zn–diatoms interactions in aqueous solutions at
25 �C

Species logK5

(�R–COOZn+)
logK6

(�SiO–Zn+)
logK7

(�R–COONao)
[�COOH]
(lmol/g humid)

EDL capacitance
(F/g)

Skeletonema costatum 5.31 ± 0.11 ND 0.23 ± 0.05 147 ± 28 59 ± 21
Thalassiosira weissflogii 4.69 ± 0.06 2.8 ± 0.1 0.0 ± 0.1 23.6 ± 0.5 3.4 ± 1.9
Achnanthidium minutissimum 4.29 ± 0.07 3.2 ± 0.1 0.70 ± 0.24 28 ± 3 28 ± 7
Navicula minima 5.07 ± 0.09 3.0 ± 0.1 0.67 ± 0.41 39 ± 2 15 ± 2
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variances calculated for each experiment are listed in Table
2; it can be seen that for most experiments V(Y) 6 20 which
indicates a good adherence to experimental data of predict-
ed adsorbed concentration.

The EDL capacitance value, C, which could not be fit-
ted by FITEQL, was initially fixed for each species
according to our previous determination of diatom surface
acidity constants (Gélabert et al., 2004). However, it was
revealed that optimization of C allows significant
improvement of the fit. New optimized EDL capacitances
listed in Table 2 are about four and ten times lower than
those extracted from acid–base titrations for AMIN,
NMIN, TW, and SC, respectively. Although C value for
porous 3D multilayer diatom cell surface should be con-
sidered as a purely adjustable parameter without rigorous
physical meaning, one can hypothesize that the decrease in
EDL capacitance arises from weaker electrostatic effects
associated with Zn sorption than with proton/hydroxyl
penetration occurring during acid–base titrations of dia-
toms. Note that lower C values for Zn adsorption are also
consistent with lower surface adsorption densities for Zn
(0.4–4 mg/g humid or 6–50 lmol/g humid, Fig. 7) com-
pared to those for protons (20–120 lmol/g humid, Géla-
bert et al., 2004). However, the slightly different models
used for protons (pure CCM) and Zn adsorption (CCM
with competition between Zn and Na for �R–COO�)
might partly account for the different C values. The sensi-
tivity of the model fit to C value within the range postu-
lated in this study is comparable with the experimental
reproducibility: for example, the difference in C value be-
tween 10 and 1 F/g yields only ±10% difference in Zn
adsorption at pH � 6, which is not very far from the actu-
al experimental reproducibility. Note that the absolute
value of C between different species or between the cells
and the frustules cannot be compared. This is related to
normalization of site densities in capacitances per mass
of diatoms. For example, S. costatum exhibits the highest
site densities, capacitances, cell wall thickness and frustule
specific surface area.

Results of Zn adsorption modeling are illustrated in
Figs. 5–8 where dashed or solid lines give predicted sorp-
tion of zinc as a function of pH or Zn aqueous concentra-
tion. It can be seen from these figures that, despite the large
dataset used to generate the model parameters and the rel-
ative simplicity of our model, the agreement between calcu-
lated and measured values is rather good. Some difficulties
to accurately describe the experimental data have been
encountered for experiments No. 71, 107, and 49 (underes-
timation of Zn sorption at high [Zn]), 75 and 76 (overesti-
mation of sorbed Zn at low [Zn]). Very often, this
disagreement is within ±10–20% which is comparable with
real experimental reproducibility.
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the outermost surface layer (solid line).
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It has been suggested in previous works on algae that
there is a small amount of high-affinity sites that are able
to effectively complex/adsorb the metal at low metal/bio-
mass ratio (Gonzalez-Davila; Goncalves et al., 1987; Xue
et al., 1988). To test this hypothesis for diatoms, the fitting
of adsorption curves at low [Zn2+]aq was tested with addi-
tional ‘‘low-abundant’’ sites of high affinity for Zn. The
concentration of such sites was assumed to be 10–1000
times less than that of carboxylate groups whereas the log-
arithm of Zn sorption constant on these sites was allowed
to vary between 6 and 8. Addition of these high-affinity
sites did not improve the quality of experimental data
description and, in many cases, the fit convergence was
not achieved.

Taking into account of the formation of Zn–DOC com-
plexes in aqueous solution also did not allow fit improve-
ment. Indeed, for most of experiments, the concentration
of DOC (�2–4 lM) is more than two orders of magnitude
lower than that of the cell binding sites (�200–1000 lM).
Because the stability constants of Zn complexation with
carboxylic groups of DOC exudates and cell surfaces are
similar, it is unlikely that significant proportion of Zn is
complexed with organic carbon in solution.

3.4. Stable isotope fractionation

Results of stable isotope measurements are reported in
Table 4. Analyses of digested cells from two independent
series of diatom culturing experiments in the presence of
Zn agree within the uncertainty of analysis and demon-
strate a clear enrichment of cells in heavy isotope. The iso-
topic offset D66Zn(solid–solution) is equal to 0.19 ± 0.05,
0.21 ± 0.05, 0.27 ± 0.05, and 0.08 ± 0.05& for AMIN,
NMIN, TW, and SC, respectively. For adsorption experi-
ments on living cells at pH 7.6–8.1, systematic enrichment
of cells in heavy isotope, which is independent of exposi-
tion time (20 min to 42 h), is observed; D66Zn(solid–solu-
tion) is equal to 0.27 ± 0.10 and 0.43 ± 0.10& for AMIN
and NMIN, respectively. Following its adsorption on frus-
tules of N. minima at 5.4 6 pH 6 5.6 Zn is also enriched in
66Zn (D66Zn(solid–solution) = 0.35 ± 0.05&). Extent of
this ‘‘biological’’ isotopic fractionation is higher than that
induced by Zn sorption on inorganic materials such as goe-
thite, birnessite, pyrolusite, corundum, and Al(OH)3:
D66Zn(solid–solution) = �0.20 ± 0.03, �0.17 ± 0.06,
0.10 ± 0.03, 0.10 ± 0.09, 0.13 ± 0.12&, respectively (Pok-
rovsky et al., 2005b). Overall, zinc stable isotopic fraction-
ation induced by adsorption on most mineral surfaces does
not exceed 0.2&. However, the isotopic shift induced by
Zn sorption on ferrihydrite and hematite, can achieve
+0.6& (Cacaly et al., 2004; Pokrovsky et al., 2005b).

4. Discussion

For all studied species, a two sites (carboxyl and silanol)
model that is based on previously measured site densities
and protonation constants, provides an accurate descrip-
tion of the sorption data (i.e., see Figs. 5–8). For S. costa-
tum, very low contribution of silica to cell wall functional
groups was demonstrated from metal-free system studies
(Gélabert et al., 2004), and the adsorption data fitting did
not require introducing reaction (6) in the model. For this
species, the fitting of all adsorption data required amino
groups concentration by an order of magnitude lower than
that obtained from acid–base titration. This can be ex-
plained by the fact that the cell wall of SC has the highest
thickness of porous organic layer (Gélabert et al., 2004).
Because zinc adsorption onto SC is likely to occur on the
most external polysaccharidic layers of the cell wall, a large
amount of amino groups, located beneath the silica frustule
(Hecky et al., 1973), do not contribute to surface charge
and metal complexation in the circumneutral pH range.
In accordance with quantitative macroscopic measure-
ments of the present study (Fig. 5), mainly carboxyl groups
are involved in zinc binding on the cell surface while silanol
sites contribution from the frustule are much less
important.

The model elaborated in this study on the basis of sur-
face adsorption data also allows satisfactory representation
of surface electric potential as inferred from electrophoretic
mobility measurements (Fig. 10). In the full range of inves-
tigated [Zn]aq and at pH � 7, the cell outermost layers re-
main negatively charged due to the dominance of
�COO� groups. According to model prediction, at
[Zn]aq > 15–30 lM, [�COOZn+] species starts to contribute
to the surface potential, accounting for 10–20% of the sur-
face sites, in agreement with measurements of electropho-
retic mobilities (Fig. 11).

It has been argued that a number of microorganisms
exhibit similar proton and metal binding constants leading
to so-called ‘‘universal’’ adsorption edge. For example, a
single pH-dependent Cd adsorption edge has been ob-
served in laboratory experiments using individual strains
of bacteria (Yee and Fein, 2001) and natural bacteria con-
sortia (Borrok et al., 2004). In this study, we compared Zn
adsorption on the four diatom species by plotting: (i) the
percentage of adsorbed zinc as a function of pH
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(Fig. 12A) and (ii) the concentration of adsorbed zinc as a
function of [Zn]aq at constant pH (Fig. 12B). While semi-
logarithmic pH-dependent adsorption edge (Fig. 12A) is,
indeed, rather similar among the four species studied, a
‘‘Langmurian’’ adsorption isotherm plot (Fig. 12B) reveals
significant differences between species related to specific
properties of metal binding reactions and weight-normal-
ized site concentrations. Simultaneous pH-edge and Lang-
murian isotherm experiments are necessary to assess the
metal binding capacities of microorganisms.

While the maximal Zn adsorption densities are different
among all four species, the values of the main surface
adsorption constant (K�COO–Zn, reaction (5)), are of the
same order of magnitude: the average value for all experi-
ments yields logK�COO–Zn = 4.8 ± 0.3. Zinc-carboxylate
group interaction with a similar value of formation con-
stant is widely used for modeling of this metal binding by
algae (Schiewer and Volesky, 1995; Kiefer et al., 1997)
and bacteria surfaces (Ngwenya et al., 2003; Borrok
et al., 2004). In some studies with bacteria, reported values
for this stability constant are an order of magnitude lower
(i.e. Plette et al., 1996; Fein et al., 2001; Ngwenya et al.,
2003) than the value determined for diatoms in the present
work. The reason for this is the different nature of surface
groups involved in Zn and other metals binding by different
microorganisms. Indeed, the set of SCM parameters used
by the last authors for bacteria implies complexation with
strongly-binding phosphate groups (logKZn–PO4 � 5) while
the adsorption on carboxylate sites (logKZn–COO � 3.5) oc-
curs mostly at high pHs. Spectroscopic observations also
evidenced important role of phosphate moieties in Zn bind-
ing by bacterial cells (Webb et al., 2001; Boyanov et al.,
2003). In bacterial cells, rigidity is brought by peptidogly-
can of cell wall that contains secondary polymers (e.g., tei-
choic acid) having phosphoryl functions and exhibiting
high affinity for metals (Beveridge, 1988; Beveridge et al.,
1997). In diatoms, the role of peptidoglycan is partially
played by silica frustule that also contributes to metal bind-
ing by the cell wall (reaction (6)). Our spectroscopic and
macroscopic measurements did not evidence the presence
of phosphate groups in diatoms cell envelopes (i.e., their
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Fig. 12. Comparison of zinc adsorption among the four diatom species: (A) pH
(TW) and 35 (SC)) at [Zn]o = 54 lM, I = 0.1 M and cell concentration equa
(AMIN), 48 (NMIN), 70 (TW) and 47 (SC)) at I = 0.1 M and pH 7.3 ± 0.2.
proportion is less than 1% of surface carboxylates, Géla-
bert et al., 2004). Moreover, the addition of these phos-
phate groups for modeling Zn surface binding did not
allow the fit to converge. Finally, our recent X-ray absorp-
tion spectroscopy (XAS) study of zinc adsorption on dia-
tom surfaces did not evidenced the presence of
phosphorus in the second neighbor environment and con-
firmed monodentate mononuclear or binuclear binding to
carboxylate groups of the surface layer (Pokrovsky et al.,
2005a). Recently, Zn monodentate complexes with carbox-
yl have been identified in Gram-negative bacteria (Guiné
et al., 2005).

The overall Zn binding capacities of diatom surfaces
measured in the present study (100–500 lmol/g dry weight)
are in good agreement with recent measurements of Klim-
mek et al. (2001) on 30 algae (100–400 lmol/g dry weight)
and diatoms (230 lmol/g dry weight). The order of Zn
binding capacity of diatoms cell wall (SC > NMIN > A-
MIN > TW) assessed in the present work is consistent with
our previous attenuated total reflection (FT-ATR) results
of carboxylate group concentration in the surface layers
(Gélabert et al., 2004).

The value of the constant for sodium–zinc exchange on
diatoms surface (�COO–Zn+ + Na+ = �COO–Na� +
Zn2+) proposed in this study, logKexch = logK�COO–Na �
logK�COO–Zn, varies between �2 and �3, in agreement
with the value �2.1 found for other algae (Vaucheria, Crist
et al., 1981). Because Zn adsorption on freshwater species
is much more affected by increasing Na concentration than
that on marine species (Section 3.1), the stability constant
for sodium adsorption on carboxylate groups (logK�COO–

Na) is lower for SC and TW (�0.1–0.2) compared to AMIN
and NMIN (�0.7–1.2). It follows both from spectroscopic
observations and quantitative macroscopic measurements
that marine planktonic diatoms contain much less amount
of silica in their cell wall (Gélabert et al., 2004). It is known
that, for silica, the counter Na+ ions can closely approach
the potential determining OH/O� groups (Iller, 1979). As a
result, sodium can compete with Zn for surface sites (both
silanol and carboxylate) of freshwater diatoms, but exhibit
much less effect on marine species. Thus the structural
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differences in the cell walls are the primary factors control-
ling the different ionic strength effect for the different spe-
cies. The effect of NaCl on Zn adsorption on TW cells is
the lowest among all studied species (Fig. 6D). T. weissflog-
ii is the only estuarine species that lives under conditions of
variable salinity. It is possible that specific biochemical/
organo-chemical characteristics such as protein and poly-
saccharides conformation on TW surface are responsible
for the weak effect of salinity on Zn affinity to cell surface
which is necessary for maintaining need for Zn homeostasis
requirement under variable external media.

Note that the possible reaction between Na and silanol
groups has not been considered in this study. This reac-
tion would complicate the model without providing any
predictive ability to the SCM. The tests we performed
for species NMIN which have the highest proportion of
SiO2 in their cell wall (Exp. Nos. 61, 75, and 109) demon-
strated that either the fit did not converge at all or its
goodness was not improved. Because the sensitivity of
the model description to reaction (7) is already very low
(see also Section 3.3), the addition of reaction between
�SiO� and Na+ would not allow the resolving of its sta-
bility constant.

Measurements of zinc stable isotopes fractionation per-
formed, for the first time, on diatoms and their silica frus-
tules interacting with aqueous solutions, revealed
systematic enrichment of cells in heavy isotope (Table 4).
The 66Zn enrichment can be explained by the change of
Zn coordination upon its reaction with diatoms: Zn is coor-
dinated to six water molecules in aqueous solution but it
reduces its coordination to four in the complexes it forms
with carboxylate, amine or silanol groups inside or on the
surface of the cells (Pokrovsky et al., 2005a). Enrichment
of 66Zn in diatoms is consistent with results of quantum
mechanical calculations which predict that the heavier iso-
tope should concentrate in the species in which it is bounded
most strongly (Criss, 1999), i.e., tetrahedral Zn–carboxylate
or silanol complexes with shorter Zn–O bonds. However,
one cannot establish a simple correlation between the EX-
AFS-based shift in Zn first neighbor bond distances be-
tween diatoms, their frustules and aqueous solution
(Pokrovsky et al., 2005a) and D66Zn(solid–solution) mea-
sured in this study. As recently shown for B isotopes frac-
tionation upon sorption on humic acid and metal oxides
(Lemarchand et al., 2005), results of surface complexation
modeling may serve as a useful guide for assessing the de-
gree of isotopic fractionation. Indeed, the difference in iso-
topic offset D66Zn(solid–solution) between AMIN and
NMIN species (0.27 and 0.43&, respectively) exhibits the
same trend as the difference in Zn surface adsorption con-
stants on these diatoms (logK�COO–Zn = 4.25 and 5.0,
respectively). The isotopic offset for NMIN frustules is low-
er than that for viable cells N. minima, and the surface
adsorption constant is, accordingly, lower (logK�SiO–

Zn < logK�COO–Zn, Table 2). Thus it can be advocated that,
in the case of diatoms, for equivalent surface complexes, the
higher the adsorption constant, the larger the isotopic frac-
tionation if the metal is more strongly bonded in the surface
species than in the aqueous species.

5. Conclusions

This study allows comprehensive and quantitative
description of zinc adsorption on diatom surfaces. Various
‘‘external’’ parameters such as pH, zinc and biomass con-
centration in solution, ionic strength and temperature are
likely to govern Zn binding by diatom cells. Like most pro-
cesses of ‘‘passive’’ metal adsorption on organic and inor-
ganic materials, zinc interaction with viable diatoms is
very fast and largely reversible, thus it allows to use a ther-
modynamic approach for modeling zinc surface complexa-
tion reactions. Overall, the metal binding properties of
diatom surfaces measured in the present study are compa-
rable with those for bacteria, algae and other biological
materials. The role of silica frustule, estimated from com-
parison of sorption experiments on whole cells and their
silica exoskeletons, is relatively small and cannot exceed
30% of overall metal binding. As a result, the majority of
diatom-trapped metals, located in the organic coating,
are likely to be released in the environment during diagen-
esis of diatom cells.

Results of FITEQL thermodynamic modeling of
adsorption demonstrated that the major surface function-
al groups responsible for Zn binding by diatoms are car-
boxylate moieties located in the external polysaccharidic
layers of the cell wall or the proteins side chains. No com-
plexation with phosphoryl groups of surface layer was re-
quired to model Zn adsorption on diatoms, in agreement
with previous XAS study. For freshwater species, compe-
tition between Zn2+ and Na+ for �COO� sites leads to
significant decrease of metal adsorption in solutions of
high ionic strength. In agreement with previous results
on bacteria, pH-dependent adsorption edge is almost
the same for the four diatom species. The reaction con-
stants for Zn adsorption on carboxylate sites are of the
same order of magnitude (the average value for all exper-
iments yields logK�COO–Zn+ = 4.8 ± 0.4). However, Lang-
murian adsorption plots, and, accordingly, Zn surface
adsorption capacities are very different among species.
This should be taken into account for quantitative bio-
geochemical modeling of metal ‘‘passive’’ adsorption by
diatom cells.

The present study represents only a first-order macro-
scopic characterization of metal interactions with diatom
surfaces. Nevertheless, together with previous studies of
metal speciation on the surface and in solution (e.g. Gonz-
ales-Davila et al., 1995; Santana-Casiano et al., 1997), and
analysis of metal uptake and transport by marine diatoms
(Phinney and Bruland, 1994; Sunda and Huntsman, 1998),
it provides a basis for the quantitative physico-chemical
description of zinc interaction with planktonic and peri-
phytic diatoms. More comprehensive analysis of active
metal uptake processes and internalization fluxes via irre-
versible penetration inside the cells like that elaborated
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for green algae and bacteria (Mirimanoff and Wilkinson,
2000; Slaveykova and Wilkinson, 2002; Smiejan et al.,
2003; Kola and Wilkinson, 2005) is not available for dia-
tom species and will be a goal for further research.

The change of zinc isotopic composition during its
incorporation and adsorption on viable diatoms and their
frustules assessed, for the first time, in this work, provides
important constraints on biological fractionation mecha-
nisms in surficial aquatic environments. A systematic isoto-
pic offset of D66Zn(solid–solution) = 0.3 ± 0.1& is
expected when Zn is scavenged by diatoms from aqueous
solution. New measurements of Zn isotopic composition
in rivers, seawater, plankton and periphyton are necessary
to compare these laboratory results with Zn geochemistry
in natural settings and to test the tracks open in this study
by Zn isotopes in the tracing of biogeochemical processes.
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