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a b s t r a c t
It is widely accepted that anoxygenic photosynthetic bacteria (photoferrotrophs) oxidized dissolved Fe(II) in anoxic Archean seawater, leading to the sedimentation of cellular biomass and the Fe(III) minerals that comprised
banded iron formations (BIF). However, it remains unknown to which extent the sedimented bacteria may have
transported trace metals to BIF through their ability to sorb ions from seawater. We therefore chose the marine
anoxygenic photoferrotroph Rhodovulum iodosum to quantify Cd2+, Co2+, Cu2+, Mn2+, Ni2+ and Zn2+ adsorption to bacteria/Fe(III)-oxyhydroxide composites at neutral pH and an ionic strength of 0.1 M. Acid base titration
data were modeled using a linear programming optimization method to yield pKa values of 4.83 ± 0.13, 6.21 ±
0.18, 7.74 ± 0.24 and 9.28 ± 0.27 and corresponding site densities of 5.7, 12.0, 3.3 and 6.5 × 10−4 mol/g, respectively. FTIR spectroscopy conﬁrmed the presence of carboxyl groups as the most acidic sites corresponding to the
lowest pKa values. The analysis of Cd2+ sorption data showed two metal complexing sites with pKS values of
3.44 ± 0.14 and 4.80 ± 0.21 and corresponding binding site concentrations of 1.1 ± 0.3 × 10−4 and 0.9 ±
0.2 × 10−4 mol/g on the ferrihydrite/R. iodosum composite. The pKS values were used to calculate metal-ligand
binding constants, Km. This conﬁrmed Cd2+ binding to the most acidic carboxyl groups on the ferrihydrite/R.
iodosum composite surface, as the calculated Km was consistent with reported Cd2+ binding constants for simple
organic acids (e.g., lactic, acetic, pyruvic and citric acid). This was used to further calculate the concentration of
Co2+, Cu2+, Mn2+, Ni2+ and Zn2+ sorbed to ferrihydrite/R. iodosum composites. The resulting concentrations
were ultimately compared to the concentrations of trace elements in BIF to demonstrate that is plausible that
the trace metal content in BIF was derived from plankton growing in the ancient ocean's photic zone.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Modern anoxygenic photoferrotrophs, including the marine strain
Rhodovulum iodosum, produce biomass and Fe(III) minerals through
the oxidation of Fe(II) and the use of light as the energy source
(Widdel et al., 1993; Straub et al., 1999; Wu et al., 2014):
2þ
HCO−
þ 10H2 O→CH2 O þ 4FeðOHÞ3 þ 7Hþ
3 þ 4Fe

Recent studies have proposed that ancient marine photoferrotrophs
utilizing a similar metabolism likely contributed to the deposition of
Eoarchean (4.0–3.6 Ga) and the Paleoarchean (3.6–3.2 Ga) BIF
(Craddock and Dauphas, 2011; Mloszewska et al., 2012 Czaja et al.,
2013; Pecoits et al., 2015), at a time before O2-producing cyanobacteria
⁎ Corresponding author.
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had evolved or produced signiﬁcant amounts of O2 (Crowe et al., 2013;
Planavsky et al., 2014). Calculations using biological Fe(II) oxidation
rates from freshwater and marine strains along with the chemical and
physical characteristics of marine water in the Archean led to the conclusion that photoferrotrophs were capable of oxidizing the Fe(II) upwelling from deep hydrothermal sources, at rates which have been
found to be in good agreement with those required to explain deposition of Fe(III) in the world's largest BIF (Konhauser et al., 2002;
Kappler et al., 2005; Wu et al., 2014). Moreover, they would have had
a distinct advantage over cyanobacteria because by growing deeper in
the photic zone they would have had ﬁrst access to the Fe(II) and nutrients being supplied by the upwelling waters (Jones et al. (2015), and recent experimental studies have demonstrated that highly ferruginous
waters were toxic to cyanobacteria because high Fe2+ concentrations
caused intracellular reactive oxygen species to accumulate within the
cell leading to decreased photosynthetic efﬁciency and lower growth
rates (Swanner et al., 2015a,b). Therefore, most current evidence points
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towards photoferrotrophs being the dominant marine plankton in early
Archean oceans.
As a fraction of the ancient photoferrotrophic biomass settled with
the iron minerals to the seaﬂoor (Posth et al., 2010), they should have
facilitated the removal of trace metals and phosphate from the water
column through sorption reactions to the poorly-ordered, bacteriogenic
Fe(III)-oxyhydroxides (e.g., ferrihydrite) intermixed with intact and
partly degraded bacterial cells (Martinez et al., 2003; Li et al., 2011;
Wu et al., 2014). One characteristic property of these aggregates is
that they can strongly adsorb dissolved metal cations (Ferris et al.,
1999, 2000; Lovley, 2000; Martinez et al., 2003, 2004; Borrok et al.,
2004; Ueshima et al., 2008; Xiong et al., 2000; Alessi and Fein, 2010;
Hohmann et al., 2011; Eickhoff et al., 2014; Robbins et al., 2013, 2015;
Schmid et al., 2016). The metal binding potential of biogenic Fe(III)oxyhydroxide/bacteria mixtures results from the type, concentration,
and availability of inorganic and cell surface functional groups and
their respective acidity and metal sorption constants (Kennedy et al.,
2003; Martinez and Ferris, 2005).
Although a number of previous studies have examined the trace
metal adsorption properties of various Fe(III)-oxyhydroxides such as
ferrihydrite (Ona-Nguema et al., 2005; Xu et al., 2007; Arai, 2008;
Cismasu et al., 2011; Adra et al., 2016), only a few studies have examined the reactivity of cell surfaces of photoferrotrophic cells and the
resulting cell-mineral aggregates (Eickhoff et al., 2014). This is a significant shortcoming because sorption of trace metals to the same planktonic bacteria that generated the Fe(III)-oxyhydroxides in an ancient
ocean may have been a means of transferring metals from the ocean's
photic zone to the bottom sediment to ultimately become incorporated
into BIF. Accordingly, in the present study, the Gram-negative marine
photoferrotrophic strain Rhodovulum iodosum, originally isolated by
Straub et al. (1999), was investigated for its surface proton and metal
binding reactivity. Cd2+ was chosen as a proxy to quantify the ability
of Rhodovulum iodosum to sorb divalent trace metal cations, as it remains soluble in seawater and the formation of Cd2+ carbonate or hydroxide precipitates is not signiﬁcant at the experimental conditions
tested here. Furthermore, Cd2 + provides a means to compare the
metal sorption ability of Rhodovulum iodosum photoferrotrophs with
other bacterial species, including microaerophilic Fe(II)-oxidizers
(Martinez et al., 2004) and cyanobacteria (e.g., Liu et al., 2015), with different metabolisms and cell surface structures. The number of available
functional groups, their acidity constants (pKa) and concentrations, as
well as the ability of R. iodosum to sorb Cd2 + were modeled using a
Langmuir sorption isotherm and a linear programming optimization
method (LPM). The bacterial surface was then probed with Fourier
transform infrared spectroscopy (FTIR) to identify the bond types of
major organic functional groups able to complex trace metals upon deprotonation at near neutral pH and high ionic strength. Finally, the complexation of other trace metal cations (e.g., Co2+, Cu2+, Mn2+, Ni2+ and
Zn2+) were modeled to compare the quantity adsorbed to ferrihydrite/
R. iodosum composites with those found in Earth's oldest BIF, part of the
Nuvvuagittuq Supracrustal Belt in Quebec, Canada (Mloszewska et al.,
2012).

2. Materials and methods

2.2. Preparation of bacteria for acid/base titration and Cd sorption
experiments
Aliquots of 50 mL of bacteria stock culture at the stationary growth
phase were transferred to 3 sterile 50 mL Falcon® centrifuge tubes
and centrifuged at 22 °C for 10 min at 13,000g in a high-speed centrifuge
(Eppendorf® 5804). The supernatant was discarded and the centrifugation procedure was repeated twice after re-suspending the pellet in
ultra-pure water (UPW) to rinse the remaining biomass. After the second rinse with UPW, the cell pellets were re-suspended in 30 mL of
0.1 M NaNO3. Prior to the start of acid base titration experiments the
30 mL aliquots of background electrolyte solution containing the biomass were acidiﬁed to a pH of 3.0 with 4 μL of a 70% HNO3 stock solution
(Sigma-Aldrich® 438073 ACS reagent). A minimal loss of EPS was expected after this procedure as it follows that of Comte et al. 2006,
where less than a 1% loss of EPS was observed, with most of this material
being retained by the washed biomass.
For Cd2+ sorption experiments, aliquots were prepared as for acid
base titrations; however, in this case, 100 μM Cd2+ were added prior
to the start of the acid base titration. Cd2+ concentrations were measured as a function of pH (from pH 3.5 to 8.5) using a Cd2+ ion selective
electrode (ISE) with a detection limit of 0.1 μM and prepared for measurement as described in Martinez et al. (2004). The pH range for
Cd2+ measurements was selected to detect “free” Cd2+ in the absence
of carbonate, hydroxide or chloride complexes. The Cd2+ ISE was calibrated prior to each experimental run and a Nernstian response with
a 28.7 ± 0.4 mV slope was obtained.
Acid base titration and metal sorption experiments were carried out
in a 0.1 M NaNO3 background electrolyte concentration to avoid cation
interference with Cd2+ ion selective and pH electrode measurements.
According to the work of Martinez et al. (2002), acid dissociation constants and binding site concentrations under this conditions can be extrapolated to higher ionic strengths (e.g. IS = 0.5 M) as no signiﬁcant
electrostatic effects on these parameters were observed in the presence
of Gram-negative or Gram-positive bacteria species.
2.3. Titration of biomass and automatic titrator settings
Acidiﬁed bacteria aliquots, prepared for acid base or Cd2+ adsorption experiments as described previously, were transferred to a glass titration vessel (Metrohm® 6.1415.310) covered with an air tight lid
(Metrohm® 6.1414.010) through which a pH electrode and a customdesigned N2 gas line interface were ﬁtted. The pH electrode (Metrohm®
6.0257.000) was connected to an autotitrator system (Metrohm®
Titrino 719S) interfaced with Metrohm® Tinet 2.5 software to a personal computer. It was four point calibrated with NIST standard buffers (i.e.
4.01, 6.86, 9.01, 11.01) before each experiment. The slope in all cases
was N95% of the Nernstian value. The system was equilibrated for a period of 30 min before the start of the acid base titrations. The drift criterion for the pH electrode was set to 0.1 mV/min. The titrations were
conducted in the pH range of 3.0 to 11.0. Vacuum ﬁltration was used
to determine the dry weight of bacteria as described earlier in
Martinez et al. (2002). The raw acid-base titration data was transformed
for the determination of bacteria surface functional group concentrations and acidity constant values (pKa) as summarized below and as explained in Martinez et al. (2002).

2.1. Growth of Rhodovulum iodosum bacteria
2.4. Modeling of acid base titration data
Rhodovulum iodosum was grown with Fe(II) as the electron donor
under anoxic conditions. In summary, the strain R. iodosum was cultured using marine phototroph medium whose composition is explained in detail in Wu et al. (2014). Cultures were inoculated with
Fe(II) as the electron donor and incubated at 26 °C and a constant illumination of 600 lx. R. iodosum was cultured with an initial Fe(II) concentration of 2 mM. Fe(II) was added from a 1 M anoxic sterile FeCl2 stock
solution prepared as described in Hegler et al. (2008).

Bacteria cell surface groups, denoted by L−
j , deprotonate as a function of increasing pH:

Kað jÞ

HL j → Hþ þ L−
j

ð1Þ
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where j = 1 to n functional groups, HLj and L−
j correspond to the concentration of protonated and deprotonated groups respectively, and
Ka(j) is the acidity constant for group j such that pKa (− log10 Ka). In
this study, acid base titration data was transformed and analyzed as explained in Martinez et al. (2002) to determine the number and concen−
tration, [L−
j ], of bacteria surface deprotonated functional groups. [Lj ]exp,
was derived from experiment as:
h

L−
j

i
exp

 
¼ Cbi þ Cai þ Hþ −½OH− 

ð2Þ

where i = 1 to m titrant additions (i.e. 0.1 M NaOH), Cai and Cbi represent the acid and base concentrations, respectively, at the ith addition of
titrant and [H+] and [OH−] are obtained from measured pH. As described by Martinez et al. (2002), the concentration of deprotonated
groups in Eq. (2) can be determined from measured ([H+]) and adjustable (Ka(j) and [L−
j ]) parameters. From the total surface functional
group, (LT(j)), mass balance:
LTð jÞ


 h i
¼ HL j þ L−
j

ð3Þ

and the expression for the acid dissociation constant, Ka, in Eq. (1),

Kað jÞ

 þ h − i
H Lj

¼ 
HL j
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adsorption equilibrium constant for the reaction in Eq. (8), such that
KS,j = Ka,j ∗ Km,j and can be deﬁned as:
h

KS; j

i  
þ
CdL j  Hþ meas;i
i i
h
i
¼h
2þ
Cd
 L j H0
meas;i

ð9Þ
i

for i = 1…n titrant additions and j = 1…m binding sites. KS,j is a function of proton and metal concentrations, ([H+]meas , iand [Cd2+]meas , i)
and of the amount of Cd2+ bound to the jth site at the ith step of the titration, [CdL+
j ]i. The total bound metal at the ith titrant addition determined from experiment, [CdL+]T,i, can be expressed as:
m h
i
h
i h
i
X

þ
þ
2þ
2þ
CdL j ¼ Cd
− Cd
CdL T;i ¼
i

j¼1

T

meas;i

ð10Þ

and
½L  T ¼

m  
m h
i
X
X

þ
L j ¼ CdL T;i þ
L j H0
j¼1

j¼1

ð11Þ

i

where [L]T is the total ligand mass balance and [Lj] refers to the concentration of the bacteria surface jth functional group. The total concentration of bound metal, [CdL+]T , i, can then be expressed as a sum of
complexed metal concentrations for each of the jth surface ligands at
ð4Þ

þ

m

þ

the ith step of the titration (½CdL T;i ¼ ∑ ½CdL j i). From the total ligand
j¼1

A calculated concentration of deprotonated cell surface functional
groups, [L−
j ]calc, can be derived for m titrant additions and n surface
functional groups, as explained in detail in Martinez et al. (2002):
h

L−
j

i
calc

¼ αij  LTð jÞ ¼

Xλ
j¼1

!
Kað jÞ
   LTð jÞ
Kað jÞ þ Hþ

ð5Þ

where, αij refers to the fraction of deprotonated ligand j giving rise to
the concentration of deprotonated surface groups, [L−
j ]calc. Linear programming optimization (LPM) for determination of acidity constants,
described in detail in Brassard et al. (1990) and Cox et al. (1999), was
used to calculate [L−
j ]calc by minimizing the error difference between
Eqs. (2) and (5). This method used a 0.2 ﬁxed interval pKa grid ranging
from 3 to 11 to which best-ﬁt values of LT(j) were assigned (Brassard et
al., 1990; Cox et al., 1999; Martinez et al., 2002).
2.5. Modeling of Cd2+ sorption to R. iodosum
Data from experiments involving Cd2+ complexation to Rhodovulum
iodosum photoferrotrophic bacteria-iron oxide composites were
modeled using a Langmuir isotherm approach along with linear programming (LPM) optimization, as described previously in detail by
Martinez et al. (2004). A competition reaction of between Cd2 + and
H+ was assumed for deprotonated groups (L−
j ) on the bacteria reactive
surface:
Ka; j

L j H0 ↔ Hþ þ L−
j
Cd

2þ

Km; j

ð6Þ
þ

þ L−
j ↔ CdL j

ð7Þ
2þ

Overall mechanism : Cd

KS; j

þ

þ L j H0 ↔ CdL j þ Hþ

ð8Þ

where, Ka,j is the acid dissociation constant (Eq. 4), Km,j is the metalsurface ligand association constant and KS,j is the ionic strength dependent apparent metal-bacteria/Fe(III)-oxyhydroxide composite

mass balance and the expression for the metal adsorption constant in
Eq. (9), an objective function designed for linear programming optimization can be obtained by expressing the total calculated bound metal
concentration at the ith titrant addition,[CdL+]T , calc , i, as a function of
measured, ([H+]meas , i and [Cd2+]meas , i) and adjustable ([Lj]) parameters, as shown below:
m 
X

 
þ
CdL T;calc;i ¼
αML;ij  L j
j¼1
0
m
X
Bh
¼
@
j¼1

h
i
1
2þ
Cd
 KS; j
 C
meas;i
i
 Lj A
 
2þ
Cd
 KS; j þ Hþ meas;i

ð13Þ

meas;i

As described in detail in Martinez and Ferris (2001), Martinez et al.,
2004), the LPM approach assigns values of [Lj] to a corresponding
KS,j on a ﬁxed interval pKS grid by minimizing the absolute error, e =
[CdL+]T,calc,i − [CdL+]T,i. This method ﬁnds one global minimum for
the error function, avoiding convergence problems (Brassard et al.,
1990; Smith and Kramer, 1999; Martinez and Ferris, 2001; Martinez
et al., 2004).
2.6. XRD, SEM imaging and FTIR measurements of ferrihydrite/R. iodosum
composites
The mineralogical analysis of the ferrihydrite/Rhodovulum iodosum
composites was done by powder X-ray diffraction (XRD) at the University of Freiburg. The XRD spectra were collected at a step size of 0.02°
and a dwell time of 1 s per step from a 2θ of 4° to 80°. The XRD patterns
were evaluated with the DIFFRACplus 5.0 software. Scanning electron
microscopy (SEM) of ferrihydrite/R. iodosum composites was performed
in the Center for Applied Geoscience at the University of Tübingen, as
described previously by Wu et al. (2014). For SEM sample preparation,
~1 mL of culture was taken, washed with Millipore water, and centrifuged. The pellet was re-suspended in acetone, and one drop was placed
onto a sticky carbon pad mounted on an aluminum stub (both Plano
GmbH, Wetzlar, Germany), and dried in a vacuum chamber (0.9 bar).
The sample was sputter-coated with 6–8 nm platinum (BAL-TEC SCD
005, BAL-TEC, Liechtenstein, 35 mm working distance, 30 mA, 60 s).
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Fourier transform infrared (FTIR) spectroscopy measurements were
performed in the Organic Chemistry Department at the University of
Freiburg with a Perkin Elmer® FTIR Spectrometer. FTIR spectra were
collected at a 2 cm−1 resolution and 256 interferograms. Spectra were
recorded for both background and sample material within an optical
range from 4000 to 400 cm−1. For FTIR measurements, 2 mg of the ferrihydrite/R. iodosum composites were freeze-dried and homogeneously
mixed with 250 mg of dry potassium bromide (KBr – 99.9% SigmaAldrich) to prepare a KBr pellet for FTIR measurements.
3. Results and discussion
3.1. Composition of the ferrihydrite/R. iodosum composites

Table 1
Main FTIR absorption bands from the Rhodovulum iodosum/iron(III) (oxyhydr)oxide composite (Tamm and Tatulian, 1997; Jiang et al. 2004).
Frequency
(cm−1)

Assignment

3262
1806
1641
1441
1401
1296
1022
1015
913

\
\O\
\H stretching (carboxylic acid group)
\
\C_O stretching (from carboxylic acid group)
Amide II absorption band (\
\C\
\N stretching and\
\N\
\H bending)
\
\O\
\H bend absorption in carboxylic acid group
−
Symmetric stretching of carboxylate anion (−COO )
\
\C\
\O stretching (carboxylic acid group)
\
\P\
\OH stretching (phosphate/hydrogen phosphate groups)
Polysaccharide absorption band (ﬁngerprint region)
\
\O\
\H bend in carboxylic acid, absorption in the polysaccharide
ﬁnger print region.
Polysaccharide absorption band (ﬁngerprint region), and
indication of\
\P\
\O antisymmetric stretch.
Polysaccharide absorption band (ﬁngerprint region)

804

XRD analysis of ferrihydrite/Rhodovulum iodosum composites
showed two broad peaks at 2θ values of 65.3° and 33.7° (data not
shown). This result suggests the presence of 2-line ferrihydrite, a poorly
ordered ﬁne-grained Fe(III) oxyhydroxide which precipitates as a consequence of the biological oxidation of Fe(II) (Swanner et al., 2015a,b).
SEM imaging (Fig. 1) of Rhodovulum iodosum bacteria revealed that
cells were associated with, but not encrusted with, biogenic ferrihydrite.
As described in previous studies, cell encrustation is impeded by
exopolymeric substances (EPS) that serve as nucleation sites for mineral
phases, including Fe(III)-oxyhydroxides (Konhauser, 1997, 1998;
Schaedler et al., 2009; Schmid et al., 2016; Franzblau et al., 2014,
2016). We observed in R. iodosum samples (Fig. 1) that the mineral
phase was associated with an organic ﬁber network structure, usually
characteristic of bioﬁlm EPS. In order to account for the functional
groups present in the ferrihydrite/R. iodosum composites, FTIR analyses
were performed (Table 1). In the absence of Cd2+, FTIR spectroscopy
showed weak absorption bands from 900 to 800 cm−1. These were attributed to a polysaccharide signature consistent with the lipopolysaccharide (LPS) chain structure of a Gram-negative bacterial surface.
Absorption bands characteristic of ferrihydrite, such as \\O\\H and
Fe\\O stretches at 322 and 935 cm−1, respectively, were not observed.
Similar stretching modes for goethite at 766 and 957 cm−1 were absent.
These results suggest a greater absorption of infrared radiation by organic matter bond types, whose peak intensities may overlap with
those of the ferrihydrite fraction.
Table 1 shows a detailed summary of the FTIR absorption bands from
spectra recorded in the presence of ferrihydrite/R. iodosum composites.
The absorption band at 3262 cm−1 may be indicative of the presence of
trace water in the sample. However, LPS also contains terminal carboxylic groups bound to α-Kdo-(2→ 8)-α-kdo allyl disaccharide subunits
(kdo = 3-Deoxy-D-manno-oct-2-ulosonic acid) (Omoike and
Chorover, 2004; Parikh and Chorover, 2007), suggesting that the band
observed at N3000 cm−1 would be the result of a \\O\\H stretch for
carboxylic acids expected in the range of 3300 to 2500 cm−1 (Tamm

798

and Tatulian, 1997; Jiang et al., 2004). The presence of this \\OH
group is further supported by absorption bands at 1441 and 913 cm−1
assigned to the \\OH bend of carboxylic acids reported previously at
1440–1395 and 950–913 cm− 1 (Tamm and Tatulian, 1997; Barth,
2000). A further absorption at 1806 cm−1 can be assigned to a shift of
the carboxylic \\C_O stretch expected in the range of 1760 to
1690 cm−1 (Tamm and Tatulian, 1997; Omoike and Chorover, 2004).
For example, side chains of the amino acids, Glu and Asp, have shown
a characteristic absorption from their \\COO− moieties extending
from 1404 to 1402 cm− 1 (Barth, 2000). These values are consistent
with that in Table 1 at 1401 cm−1, suggesting the existence of
\\COO− groups in the ferrihydrite/R. iodosum composite surface
(Omoike and Chorover, 2004).
Table 1 also shows absorption bands at 1015, 913, 804 and
798 cm−1. These fall within the range of the polysaccharide ﬁngerprint
region (Parikh and Chorover, 2007), and do not correspond to characteristic ferrihydrite absorptions. For organic components containing
phosphate or hydrogen phosphate, absorption bands were observed at
1020 cm− 1, for example, for dioctadecylhydrogen phosphate
(Abramson et al., 1965; Omoike and Chorover, 2004). This is consistent
with the value of 1022 cm−1 in Table 1, suggesting the additional presence of hydrogen phosphate on the surface of the ferrihydrite/R.
iodosum composites. Characteristic amide II absorptions range between
1650 and 1620 cm−1 (Tamm and Tatulian, 1997; Barth, 2000). These
values correspond with that of 1641 cm−1 in Table 1, which would indicate the presence of \\C\\N stretching and \\N\\H bending vibrational models on the ferrihydrite/R. iodosum composite surface.
Further absorption bands at 744 and 1296 cm−1 (Table 1) suggest the
presence of\\CH2 rocking and wagging band progression from bacteria
cell membrane lipids (Tamm and Tatulian, 1997; Jiang et al., 2004).
3.2. Reactivity of ferrihydrite/R. iodosum composites

Fig. 1. Scanning electron micrograph of Rhodovulum iodosum ferrihydrite composites.
Fe(III)-oxyhydroxides are observed to be partially associated with bacterial cells and on
ﬁlamentous EPS-like structures.

Table 2 presents a summary of the results obtained from the modeling of acid base titration data with linear programming optimization to
generate a best ﬁt of the experimental charge excess (Eq. 2) by the objective function in Eq. (5). This approach yielded reactive solid surface
binding site concentrations of 5.7 ± 0.2, 10.0 ± 0.4, 7.3 ± 0.3 and
5.5 ± 0.6 × 10−4 mol/g of ferrihydrite/R. iodosum composite with corresponding pKa values of 4.85 ± 0.05, 6.15 ± 0.05, 7.75 ± 0.05 and 9.20 ±
0.05. SEM, XRD and FTIR analyses conﬁrmed the presence of intact R.
iodosum cells, ferrihydrite, and a bacterial-derived organic ﬁber network. The nature of this structure, for the same bacteria species under
the equal growth conditions, was investigated previously by Wu et al.
(2014), and determined to consist of EPS. The pKa values in Table 1
are consistent with those recorded for Gram-negative bacteria in the absence of iron (oxyhydr)oxides (Martinez et al., 2002). This strongly suggests that these values, obtained from LPM analyses of acid base
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Table 2
Results from linear programming optimization of acid base titration data for R. iodosum/bacteriogenic iron oxyhydroxide composite.
Surface site

Mean pKaa

Site concentration (10−4 mol/g bacteria)**

Suggested functional group

1
2
3
4

4.85 ± 0.05
6.15 ± 0.05
7.75 ± 0.05
9.20 ± 0.05

5.7 ± 0.2
10.0 ± 0.4
7.3 ± 0.6
5.5 ± 0.3

Carboxyl
Carboxyl or phosphoryl
Amine
Amine

a
**

pKa where assigned best ﬁt site concentrations as per the ﬁtting of experimental data by the model in Eq. (5).
Optimal value of site concentration as determined by the model in Eq. 5.

titration data, were generated by reactive surface functional groups on
intact R. iodosum cells and the corresponding associated organic matter
(i.e., EPS). The obtained acidity constants are further consistent with the
results of previous studies dealing with the quantiﬁcation of
bacteriogenic iron oxides, where the surface reactivity of such mixtures
was dominated by contributions from reactive groups associated with
the bacteria cell fraction, with pKa values coinciding with those in this
study (Martinez et al. 2003; Mikutta et al. 2012; Moon and Peacock,
2013).
The pKa of 4.85 ± 0.05 in Table 1 is in good agreement with the value
of 4.80 ± 0.54 reported previously for the bacterial fraction of a ferrihydrite-cell composite, generated in the presence of a microaerophilic,
Fe(II)-oxidizing species (e.g., Gallionella ferruguinea) (Martinez et al.,
2003). This value is also consistent with a pKa of 4.85 ± 0.71 resulting
from modeling the surface acid base properties of the Gram-negative
bacterium, Escherichia coli (Martinez et al., 2002). This acidic pKa was attributed to the presence of carboxyl functional groups on the ferrihydrite/R. iodosum composite surface, in agreement with previous
studies (Fein et al., 1997). The acidity constant at 6.15 ± 0.05 was
assigned to the presence of phosphoryl and carboxyl groups, as suggested by FTIR analysis, and it is consistent with previously determined
acidity constant values for Gram-negative bacteria (Fein et al., 1997;
Cox et al., 1999; Phoenix et al., 2002; Martinez et al., 2002).
Analysis of acid base titration data from the ferrihydrite/R. iodosum
composite revealed the presence of two further binding sites on the reactive solid surface, with pKa values of 7.75 ± 0.05 and 9.20 ± 0.05. The
latter indicates the presence of amine groups associated with the cell
surface, as suggested by FTIR measurements herein. The pKa value of
7.75 ± 0.05 (Table 2) is in good agreement with acidity constants in
the range of 7.47 ± 0.52 and 7.89 ± 0.88 reported for Gramnegative bacteria and bacteriogenic Fe(III) oxyhydroxides respectively
(Martinez et al., 2002, 2003). The binding site concentrations in Table
2 show that the surface charge excess is mostly dominated by acidic
deprotonated organic groups (i.e. NCOO− and N PO2–
4 ).

sorption as described previously (Martinez and Ferris, 2001; Martinez
et al., 2004). The Cd2+ sorption constants, obtained by ﬁtting experimental metal sorption data with the Langmuir isotherm approach as
per Eq. (13), are conditional upon ionic strength, and implicitly embody
electrostatic parameters as previously described (Brassard et al., 1990;
Cox et al., 1999; Smith and Ferris, 2001; Martinez et al., 2002, 2004).
Fig. 2 shows four replicate Cd2+ sorption experiments. The solid line indicates the best ﬁt of the metal sorption data onto the ferrihydrite/R.
iodosum composite. The ﬁtting of the objective function in Eq. (13) to
experimental data resulted in two metal binding sites with sorption
constants (pKS) of 3.44 ± 0.14 and 4.80 ± 0.21, and corresponding
site concentrations of 1.1 ± 0.3 × 10−4 and 0.9 ± 0.2 × 10−4 mol/g of
reactive solid. A decrease in the pKS values (i.e. from 4.80 ± 0.21 to
3.44 ± 0.14) indicates a stronger binding of Cd2+ to the solid surface.
This is consistent with the higher binding site concentration of 1.1 ±
0.3 × 10−4 mol/g.
Although the precise nature of these sites cannot be accurately determined from surface complexation modeling, the results herein are
in good agreement with previous studies for the Gram negative
Escherichia coli (Gram-negative species) where two Cd2+ binding sites
were observed (Martinez and Ferris, 2001). The feasibility of using the
LPM approach, to investigate trace metal adsorption on bacteria cell surfaces, can be supported by the results from spectroscopy measurements. For example, Boyanov et al. (2003) determined three Cd2 +
complexing functional groups on the Bacillus subtilis surface (including
NCOO−, NPO2−
4 ) based on the interpretation of EXAFS spectra. This result is in good agreement with our results of FTIR spectroscopy and
the two metal binding sites found by LPM optimization of metal adsorption data from the ferrihydrite/R. iodosum composite surface.
As shown in Table 2, the two most acidic sites on the ferrihydrite/R.
iodosum composite were assigned to carboxyl functional surface groups.
As mentioned previously, a lower value of pKS indicates a tighter

3.3. Cadmium adsorption to biomass-mineral composites
The presence of organic surface functional groups, as suggested by
FTIR spectroscopy and as detected through acid base titration modeling,
indicate the ability of the ferrihydrite/R. iodosum composite surface to
adsorb metal cations at near neutral pH and high ionic strength. Chemical equilibrium speciation calculations done prior to the Cd2+ sorption
experiments for a solution containing 100 μM Cd2+ in a 0.1 M NaNO3
electrolyte showed a signiﬁcant presence of cadmium hydroxide aqueous species (i.e., Cd(OH)+ and Cd(OH)02) only at a pH N8.5. Under similar conditions the dissolution of Fe(III)-oxyhydroxides generated by R.
iodosum only becomes important at pH values lower than 3.5
(Martinez et al., 2003, 2004). For these reasons, experiments were designed to address the sorption of “free” Cd2+ and preserve the surface
reactive properties of ferrihydrite/R. iodosum composites within the
pH range of 3.5 to 8.5. The metal binding experiments reported herein,
therefore, extended from overall pH ranges of 4.02 ± 0.09 to 8.24 ±
0.04, respectively, and acid base titrations from an average pH of
3.46 ± 0.11 to 10.24 ± 0.19.
Cd2 + complexation to the ferrihydrite/R. iodosum composite was
assessed using linear programming optimization model for metal

Fig. 2. Cd2+ sorption replicate sorption experiments performed for 100 μM Cd2+ in the
presence of Rhodovulum iodosum ferrihydrite composites. Squares, triangles, circles and
cross markers correspond to replicate experiments for a solution of 0.1 M NaNO3 as
described in text. The dotted line corresponds to the ﬁt of experimental data from
the optimization of experimental data (Eq. 10) with the objective function described by
Eq. (13).

118

R.E. Martinez et al. / Chemical Geology 442 (2016) 113–120

binding of Cd2+ to the reactive solid surface. The pKS of 3.44 ± 0.14 suggests interaction of Cd2+ with the most acidic (deprotonated) organic
sites with a pKa of 4.85 ± 0.05. Similarly, the weaker Cd2 + sorption
shown by the pKS of 4.80 ± 0.21 corresponds to the less acidic pKa
value of 6.15 ± 0.05. Calculation of the metal-ligand association constant, Km,j, for Cd2 + to N COO− groups on the ferrihydrite/R. iodosum
composite yielded log10 Km,j values of 1.41 ± 0.15 and 1.35 ± 0.22.
These values were compared to metal association constants describing
Cd2+ binding to simple deprotonated carboxylic acids at near neutral
pH and an ionic strength of 0.1 M (Martell and Robert, 1999). Cd2 +
binding to mono-protic acid sodium salts, such as pyruvate, lactate
and acetate show log10 Km,j values of 0.69, 1.30 and 1.56 respectively
(Martell and Robert, 1999). Literature results indicated a log10 Km,j of
1.30 for Cd2 + binding with the most acidic deprotonated NCOO−
group of citric acid at near neutral pH (Martell and Robert, 1999). The
agreement between the experimental and reported log10 Km,j values
emphasizes the validity of the modeling approaches in this study, showing their ability to quantify acidity and metal sorption constants on the
surface of complex reactive solids. Based on the experimental data in
Fig. 2, the amount of Cd2+ bound to the ferrihydrite/R. iodosum composite at near-neutral pH and an ionic strength of 0.1 M was 0.21 ±
0.01 μmol of metal/mg of reactive solid.
The values of log10 Km,j for Cd2+ binding to carboxylic acid groups on
the ferrihydrite/R. iodosum composite are consistent with those reported in the literature for Cd2+ interaction with simple deprotonated organic acids at near-neutral pH and an ionic strength of 0.1 M (Martell
and Robert, 1999). Accordingly, the complexation of metal cations,
such as Co2+, Cu2+, Mn2+, Ni2+, and Zn2+, to the most acidic sites of
the ferrihydrite/R. iodosum composite can then be quantiﬁed. For a
monodentate metal cation/carboxylate interaction, average log10 Km,j
of 1.04 ± 0.31, 2.18 ± 0.27, 1.24 ± 0.30, 1.34 ± 0.14 and 1.35 ± 0.31
were taken from literature for Co2+, Cu2+, Mn2+, Ni2+ and Zn2+, respectively. These values were obtained from the interaction of the
metals with organic carboxylate groups, namely pyruvate, lactate and
acetate, and citrate (Martell and Robert, 1999). These log10 Km,j were
used to calculate the amount of Co2 +, Cu2 +, Mn2 +, Ni2 +, or Zn2 +
bound to the ferrihydrite/R. iodosum composite. From the concentration
of deprotonated carboxyl groups (calculated as a function of pH), and
the fraction of metal bound to the deprotonated ligands (αCdL =
Km,j ∗ [L−] / (Km,j ∗ [L−] + 1), concentrations of 0.10 ± 0.01, 1.24 ±
0.02, 0.20 ± 0.01, 0.16 ± 0.01, and 0.21 ± 0.01 μmol of metal/mg of reactive solid for [CoL+], [CuL+], [MnL+], [NiL+], and [ZnL+], respectively,
within the pH range of 6.8 to 7.2.

3.4. Other trace metals and importance for BIF
If cell biomass-ferrihydrite aggregates formed in the water column
of an Eoarchean ocean, the question is whether they were a major contributor to the trace element inventory of BIF deposited at that time, as
illustrated by the schematic in Fig. 3. To address this question, we ﬁrst
calculated the amount of ferric iron deposited in an annual BIF layer. It
has been estimated that during periods of rapid ferric hydroxide deposition generated through the activity of photoferrotrophs, 1 mm/year
of unconsolidated sediment was deposited (Konhauser et al., 2005). In
addition, based on an initial deposit of 80% Fe(OH)3 and 20% amorphous
SiO2 (consistent with the 80% hematite/magnetite and 20% quartz now
displayed as Fe-rich mesobands in oxide-type BIF; Konhauser et al.,
2005), with corresponding densities of 3.8 g cm−3 and 2.2 g cm−3, respectively, and a FeTotal of 42%, the annual quantity of Fe deposited
could have been in the order of 26.05 mol m− 2. Based on reported
Fe(II) oxidation rates for Rhodovulum iodosum of 0.15 mM Fe(II) day−1
at 4.07 mM Fe(II) at 12 μmol quanta m−2 s−1 light intensity and a cell
density of 2.3 × 108 cells ml−1, Wu et al. (2014) calculated that each individual cell can oxidize 4.11 × 10−12 mol Fe(II) year−1. At a calculated
annual precipitation rate of 26.05 mol m−2, approximately 6.34 × 1012
metabolizing cells of R. iodosum would have been needed to account for
the ferric iron sedimentation rate. Assuming a 100-m-deep photic zone,
then a minimum cell density of 6.34 × 104 cells ml−1 were required to
precipitate an annual BIF layer.
Table 3 presents the average trace metal composition in magnetite
from Earth's oldest BIF, the Nuvvuagittuq Supracrustal Belt in Quebec,
Canada (see Mloszewska et al., 2012 - their Table 1), and how much
metal is estimated to have been sedimented annually during BIF deposition. As an example, the concentration of Mn in an Fe-rich mesoband
had a mean value of 156.0 mg/kg, resulting in a maximum annual deposition of 1.09 × 10−2 mol for each m2 of BIF sediment. Based on an average cell volume of 1.5 μm3 for R. iodosum (Straub et al., 1999), a
proportionate mass to Gallionella (where each cell has a volume of
1 μm3 and a wet mass of 1.3 × 10−12 g; Hallbeck and Pedersen, 1991),
and the surface complexation model in our study, we can further calculate the amount of those same metals adsorbed to the 6.34 × 1012 metabolizing cells calculated above. From Table 3 it is apparent that
adsorption to biomass with a population of cells on the order of
6.34 × 104 cells ml−1 can account for all the Co (1.3×), Cu (120×) and
Cd (3.72×) annually incorporated into a BIF layer. Insufﬁcient amounts
of Mn (0.17 ×), Ni (0.25 ×) and Zn (0.53 ×) were provided by the
biomass.

Fig. 3. Schematic ﬁgure showing an ancient ocean environment with anoxygenic phototrophic Fe(II) oxidation, indicating trace metal adsorption to formed cell-mineral aggregates, which
then sediment to the ocean ﬂoor and are later incorporated in BIFs.
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Table 3
Trace metal composition in the Nuvvuagittuq banded iron formation and potentially adsorbed by a community of Rhodovulum iodosum cells.

Fe-rich mesoband composition
Average concentration (mg/kg)*
Mesoband mass/year (kg)
Amount in annual BIF layer (mg)
Molecular mass (mg/mol)
Amount in annual BIF layer (moles)
Rhodovulum - adsorption
Cell mass (mg)**
Number of cells needed to form 1 m2 of BIF
Total biomass (mg)
Metal adsorbed via SCM (μM/mg biomass)
Total amount of metals adsorbed (moles)
Adsorption excess

Mn

Co

Ni

Cu

Zn

Cd

156.00
3.84
599.04
54,938
1.09E−02

11.27
3.84
43.28
58,933
7.34E−04

93.61
3.84
359.46
58,693
6.12E−03

1.62
3.84
6.22
63,546
9.79E−05

63.63
3.84
244.34
65,380
3.74E−03

1.57
3.84
6.03
11,241
5.36E−04

1.50E−09
6.34E+12
9.51E+03
0.20
1.90E−03
0.17

1.50E−09
6.34E+12
9.51E+03
0.10
9.51E−04
1.30

1.50E−09
6.34E+12
9.51E+03
0.16
1.52E−03
0.25

1.50E−09
6.34E+12
9.51E+03
1.24
1.18E−02
120.46

1.50E−09
6.34E+12
9.51E+03
0.21
2.00E−03
0.53

1.50E−09
6.34E+12
9.51E+03
0.21
2.00E−03
3.72

Note: average concentration in BIF from Mloszewska et al. (2012)* and proportionate cell mass from Hallbeck and Pedersen (1991)**.

The values given in Table 3 should be viewed with some caution as
we did not take into account competitive adsorption, i.e., the amount
of each metal adsorbed when all are available in solution. We also did
not consider that only some planktonic photoferrotrophs would have
been sedimented along with the ferrihydrite because a fraction of cells
are capable of remaining unattached from the iron minerals (e.g.,
Posth et al., 2010; Gauger et al., 2016). Similarly, some biomass will be
recycled within the water column before reaching the seaﬂoor (e.g.,
Konhauser et al., 2005). Nonetheless, the calculations do drive home
the message that the chemical reactivity of bacterial plankton can remove a signiﬁcant amount of trace metals from seawater. Moreover,
we have only considered the reactivity of R. iodosum, and not the sum
reactivity of all plankton living in the photic zone, including other
phototrophs and chemoheterotrophs. For instance, using modern seawater cell densities on the order of 106 cells ml−1 (Azam et al., 1983),
which translates into a total biomass of 1014 cells or 1.5 × 105 mg of biomass, and assuming that all of those cells are similarly reactive, then the
magnitude of metals adsorbed increases signiﬁcantly over the same
100 m deep water column. In fact, every metal in BIF can be accounted
for: Mn (2.75×), Co (20.43×), Ni (3.92×), Cu (1900.01×), Zn (8.43×)
and Cd (58.73 ×). Similarly, if we were to consider a water column
depth of 200 m –the depth of the modern continental shelf (Menard
and Dietz, 1951) – and a cell density of 106 cells ml−1, then the amount
of metal adsorbed and sedimented doubles.
4. Conclusion
This study quantiﬁed the ability of Rhodovulum iodosum to bind
Cd2+ at near neutral pH conditions and high ionic strength. This study
further demonstrates that organic functional groups are the dominant
fraction of the reactive solid surface composite of bacteria and Fe(III)oxyhydroxide. Two Cd2 + binding sites were obtained from surface
complexation modeling and linear programming optimization. The
sorption and acidity constants optimized from acid base titration and
metal sorption experiments indicate a strong binding of Cd2 + to the
most acidic organic functional groups (e.g. NCOO−) on the bacteria surface. From FTIR analyses, this Cd2+ adsorption corresponds to a combination of carboxyl and phosphoryl containing organic structures on the
cell surface. The ability of Rhodovulum iodosum species to complex trace
elements is an important step forward in determining the biogenic origin of trace metals in ancient sediments, such as BIF.
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