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Surface Complexation of Carboxylate
Adheres Cryptosporidium parvum
Öocysts to the Hematite-Water
Interface
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The interaction of viable Cryptosporidium parvum öocysts
at the hematite (R-Fe2O3)-water interface was examined over
a wide range in solution chemistry using in situ attenuated
total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy. Spectra for hematite-sorbed öocysts showed
distinct changes in carboxylate group vibrations relative to spectra
obtained in the absence of hematite, indicative of direct
chemical bonding between carboxylate groups and Fe metal
centers of the hematite surface. The data also indicate
that complexation modes vary with solution chemistry. In NaCl
solution, öocysts are bound to hematite via monodentate and
binuclear bidentate complexes. The former predominates at low
pH, whereas the latter becomes increasingly prevalent with
increasing pH. In a CaCl2 solution, only binuclear bidentate
complexes are observed. When solution pH is above the point
of zero net proton charge (PZNPC) of hematite, öocyst
surface carboxylate groups are bound to the mineral surface
via outer-sphere complexes in both electrolyte solutions.

Introduction
Cryptosporidium parvum is a protozoan pathogen that infects
a wide range of hosts, including humans, livestock, and
wildlife. The pathogen exists as a dormant öocyst in the
environment, which is resistant to various environmental
stresses, including freezing, desiccation, and chlorination.
Once ingested, however, the öocysts exist in the small
intestine, leading to the diarrheal disease Cryptosporidiosis,
which is potentially lethal, particularly for immuno-suppressed individuals (1).
The environmental fate and transport of öocysts have
been widely studied in the past decade. However, most of
the prior work has focused on quantifying electrostatic and
steric effects on öocyst adhesion to model minerals or natural
soil particles (2-8). Long-range electrostatic forces can
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promote adhesion when öocysts and substrate surfaces are
oppositely charged and diminish adhesion when they are of
like charge. Short-range steric effects have been reported to
inhibit öocyst adhesion to silica particles because of unfavorable surface polymer overlap (3, 5-7). In a previous
spectroscopic study, we found that öocyst surfaces are
populated by a complex mixture of biomacromolecules with
amide, carboxylate, phosphate, and carbohydrate functionalities, and that adhesion to the ZnSe surface was significantly
affected by changes in the molecular structure of these surface
biomacromolecules that accompany alterations in solution
chemistry (9). In addition, for adhesion to the ZnSe surface,
these effects were consistent with electrostatic and steric
interaction mechanisms (9).
In addition to electrostatic and steric interactions, biomolecular functional groups may also serve as reactive sites
for direct chemical bonding to hydroxylated mineral surfaces
(10). If it occurs, such bonding may play an important role
in mediating the fate and transport of pathogenic cells in
subsurface environments. Direct bonding of phosphate and
phosphodiester groups to surface Fe metal centers was
observed during adhesion of extracellular polymeric substances (EPS) (10, 11) and intact bacterial cells (12) to Fe
(oxyhydr)oxide surfaces. In addition, inner-sphere complexation of carboxylate groups with Fe was observed during
adhesion of Pseudomonas putida to hematite (13). No
comparable studies have been conducted for pathogenic
Cryptosporidium öocysts.
Ferric and Al oxyhydroxides are abundant, particularly in
highly weathered variable charge soils such as those found
in the humid tropics and southeastern United States. Even
in less weathered soils and aquifer sediments such oxides
often coat the surface of quartz or feldspar grains, conferring
net positive surface charge at circumneutral pH (14). Several
column transport (4, 15) and batch adsorption experiments
(16) with microbial cells have demonstrated that Fe oxide
coatings substantially diminish cell transport in porous media
by increasing surface adhesion. Hematite, one of the most
abundant Fe oxide phases in weathered soils and one that
often occurs naturally in nanoparticulate form (17), was
therefore chosen as a model mineral in the present work to
elucidate the likely adhesion mechanisms of öocysts in Ferich soils.
ATR-FTIR spectroscopy is a surface-sensitive technique
that can provide molecular-scale information on interfacial
reactions involving microbial cells in aqueous suspension
(9, 11, 12, 18). In this study, ATR-FTIR was employed to
investigate the adhesion of viable C. parvum öocysts to
nanoparticulate R-Fe2O3 surface coatings affected by aqueous
solution chemistry. The primary objective was to elucidate
the role of surface biomacromolecules in mediating adhesion
and, therefore, to assess their effect on controlling pathogen
transport in the subsurface.

Materials and Methods
Öocyst Preparation. All C. parvum öocysts used in this study
were obtained from the Sterling Parasitology Laboratory at
the University of Arizona. The öocysts were shed from a calf
infected with the Iowa Isolate of C. parvum at the National
Animal Disease Center in Ames, IA. Öocysts were purified by
discontinuous sucrose and cesium chloride (CsCl) centrifugation gradients, then stored at 4 °C in an antibiotic solution
containing 0.01% Tween 20, 111 U penicillin, 111 U streptomycin, and 100 µg mL-1 of gentamicin. Prior to performing
the infrared spectroscopy experiments, öocysts were washed
and resuspended to give a final cell concentration of 2 × 107
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mL-1 in a NaCl or CaCl2 background electrolyte at an ionic
strength of 10 mM, corresponding to concentrations of 10
and 3.3 mM for NaCl and CaCl2, respectively. The suspension
pH was adjusted to 3.0, 4.5, 6.0, 7.5, and 9.0 using HCl or
NaOH [or Ca(OH)2 in the case of a CaCl2 background
electrolyte] at the same ionic strength. A detailed description
of the method is given in Gao and Chorover (9).
Hematite Synthesis and Characterization. Colloidal
hematite was synthesized following the methods of Schwertmann and Cornell (19). One hundred milliliters of 1 M
Fe(NO3)3 · 9H2O solution were added dropwise to 1 L of boiling
Barnstead Nanopure (BNP) water during vigorous stirring.
The suspension was allowed to cool to room temperature
before being transferred into dialysis tubes (Spectra/Por 7
1000 MWCO) and was dialyzed against BNP water (replaced
twice daily) with pH adjusted to 4.0 using a 0.1 M HNO3
solution. Dialysis was considered complete when pH stabilized at 4.0 (about 2 weeks), at which time the colloidal
suspension was transferred to a polyethylene bottle and
stored at 4 °C. The concentration of hematite was determined
by freeze-drying an aliquot of the colloidal suspension and
measuring the dry mass.
Mineralogical composition and purity for synthetic hematite was confirmed using synchrotron X-ray diffraction
(XRD) conducted at the Stanford Synchrotron Radiation
Lightsource on beamline 11-3 (Figure S1 of the Supporting
Information). Transmission electron microscopy (Philips FEI
CM12 STEM) showed roughly spherical particles, 10-20 nm
in diameter (Figure S2 of the Supporting Information). The
electrophoretic mobility of hematite colloids, measured at
a solid concentration of 0.1 g L-1 in 1 mM NaNO3 over the
pH range of 4.0-9.0 adjusted using 1 or 10 mM NaOH or
HCl, (Brookhaven Instruments ZetaPALS, NY) showed a point
of zero charge at pH 7.7-7.8 (Figure S3 of the Supporting
Information).
Hematite Coating of IRE Surface. To achieve a uniform,
thin layer of hematite film on the ZnSe internal reflection
element (IRE) surface of the ATR cell, we first diluted the
R-Fe2O3 colloidal suspension (6.6 g L-1) to 3.3 g L-1 with
100% ethanol, and 500 uL of the diluted suspension were
evenly deposited onto the IRE surface and allowed to dry in
a vacuum oven (10 mmHg) overnight at room temperature.
The addition of ethanol to the suspension improves particle
adhesion to the ATR crystal and yields more uniform coating
(20). After drying, the hematite film was gently rinsed with
BNP water to remove loosely adhered particles. A new
hematite coating was prepared for each experiment, and
spectra of dry oxide films were acquired each time to
determine consistency of coating.
ATR-FTIR Spectroscopy Analysis. A Magna-IR 560
Nicolet spectrometer (Madison, WI) equipped with a CsI
beam splitter and a DTGS detector was used to collect all
ATR-FTIR spectra. Spectra were obtained using a 45°
trough-style sample holder with a zinc selenide (ZnSe)
internal reflection element (56 mm × 10 mm × 3 mm)
(PIKE Technologies, Inc.) yielding nine internal reflections.
For each solution chemistry condition, an aliquot of the
öocyst suspension (∼500 µL) was applied directly to the
uncoated or hematite-coated ZnSe IRE by pipet. To
examine the temporal dependence of surface interaction,
we collected spectra as a function of time (0, 15, 30, 60,
120, 180, and 240 min after sample introduction) at room
temperature. A volatile liquid cover was used to limit
solution evaporation during the measurements.
A total of 400 scans with a spectral resolution at 4 cm-1
were collected and averaged over the spectral range of
4000-800 cm-1 for each sample. A final sample spectrum
was obtained by subtracting the appropriate background
spectrum (e.g., öocyst-free electrolyte on ZnSe IRE or R-Fe2O3coated IRE) from the spectrum of the öocyst suspension.
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FIGURE 1. ATR-FTIR spectra of viable öocyst suspension on
ZnSe IRE as a function of pH in (a) 10 mM NaCl solutions and
(b) 10 mM CaCl2 solutions.
The dry, clean 45° ZnSe crystal was consistently used for
background correction. The spectrometer was continuously
purged with CO2 free air to eliminate CO2 absorption. Data
collection and spectral processing, including subtraction and
baseline correction, were performed using the OMNIC
program (Thermo Nicolet Co.). Because baseline slope was
not linear across the entire spectral region, multipoint
baseline fits were performed for each spectrum to yield a flat
baseline. Quantitative Lorentzian peak fitting was performed
using GRAMS/AI software (Thermo Electron Corp.).

Results and Discussion
ATR-FTIR Spectra of Öocysts on ZnSe IRE Surface. ATRFTIR spectra of viable öocysts introduced to the uncoated
ZnSe IRE surface are shown as a function of pH in NaCl
(Figure 1a) and CaCl2 (Figure 1b) background electrolytes.
The spectra show only a small variation with solution pH
and ion composition and are very similar overall. The only
difference observed is that öocyst adhesion to the IRE as
measured by the absorbance of the amide II band following
deconvolution (9) increased with decreasing pH. The spectra
are dominated by several distinct bands corresponding to
amides (1635, 1542, and 1337-1313 cm-1 for amide I, amide
II, and amide III, respectively), carboxylate (COO- at 1400
cm-1), phosphate (1247 cm-1), and polysaccharide functional groups (C-O-C, C-C, 1150-950 cm-1). The small peak
at ∼1720 cm-1 is a combination of two bands corresponding to the stretching of protonated carboxyl groups (COOH)
and CdO of ester groups (Table S1 of the Supporting
Information). Our prior study indicated that adhesion to the
ZnSe surface is dominated by a combination of electrostatic
and electrosteric forces (9).
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FIGURE 2. ATR-FTIR spectra of viable öocyst suspension on a
hematite surface as a function of pH in (a) 10 mM NaCl
solutions and (b) 10 mM CaCl2 solutions.
ATR-FTIR Spectra of Öocysts on Hematite Surface.
Spectra of the öocyst suspensions introduced to the hematitecoated surface in 10 mM NaCl solutions are shown in Figure
2a. The major changes resulting from interaction with
hematite occur in the carboxylate stretching regions, including protonation and deprotonation of carboxyl groups.
Carboxylate group absorbances increased substantially with
increasing pH relative to other bands (e.g., polysaccharides
and amides) in the spectra. Carboxylate group assignments
are summarized in Table 1. The only carboxylate band
observed for öocysts on ZnSe is the symmetric stretching at
1400 cm-1, the appearance of which is independent of pH
and ionic composition in our experiments (Figure 1).
Conversely, in the presence of hematite, carboxylate group
vibrations are very sensitive to changes in solution pH,
consistent with their known sensitivity to changes in protonation state and local coordination (21). The infrared
spectra of protonated carboxyl (COOH) are characterized by
strong absorbance at 1750-1700 and 1300-1200 cm-1
corresponding to the CdO and C-OH bonds, whereas the
deprotonated carboxylate (COO-) exhibits strong asymmetric
(νas) and relatively strong symmetric (νs) stretching at
1650-1510 and 1400-1280 cm-1, respectively (22). The
precise frequencies depend on neighboring functional groups
(23).
Similar to the spectra for the uncoated IRE, a small band
at ∼1730 cm-1 was observed across the experimental pH
range that could potentially be assigned to asymmetric
stretching of protonated carboxyl moieties (Figure 2a).
However, stretching of ester CdO groups also occurs at ∼1725
cm-1. Because the intensity of the band is almost independent
of pH, it is likely that ester group vibrations contribute

significantly. Furthermore, no other bands reflecting protonated carboxylic groups (e.g., νC-OH) were observed in the
spectra at pH 3, suggesting that the öocyst surface carboxylic
groups are mostly deprotonated even at pH 3. Because
polysaccharides and proteins are the major surface components of öocysts (9), a negative öocyst surface charge
originates principally from the ionization of acidic groups in
the amino acids with pKa values of ranging from pH 1.71 to
3.0 (24). Hence, such carboxyl groups are strongly acidic and
largely dissociated even at the lower pH limit of our
experiment (pH 3). Likewise, Jiang et al. (18) reported that
the band at ∼1720 cm-1 corresponding to the stretching of
CdO in COOH groups on bacterial surfaces emerges only at
pH e 2. Furthermore, carboxyl groups are observed to be
deprotonated upon adsorption to hematite even below the
corresponding pKa for bulk solution (21, 25).
The asymmetric stretching of COO- is masked by the large
amide group absorbance at pH 3. However, the band at 1577
cm-1 corresponding to νas (COO-) increased dramatically
and became the dominant band in the “amide” range above
pH 4.5. In addition, the band frequency shifts to a higher
wavenumber from 1577 to 1587 cm-1 at pH 9.
The most distinct changes in the spectra of hematiteadsorbed öocysts occur in the symmetric stretching region
of carboxylate (1400-1300 cm-1). The band intensity at ∼1400
cm-1 corresponding to νs (COO-) grows progressively with
pH relative to the δ (CH2) band at 1457 cm-1. Two distinct
bands in this region at 1400 and 1370 cm-1 were observed
at pH 3. Peak shifts or splitting in the ATR-FTIR spectra are
often resulted from the formation of carboxylate-metal innersphere complexes (13, 17, 20-22). Therefore, the splitting of
the symmetric stretching band indicates the formation of
one or more inner-sphere complexes between Fe oxide and
carboxylic groups (21). The complexation mode represented
by the band at 1370 cm-1 dominates at pH 3. With increasing
pH, the intensity ratio between the bands at 1400 and 1370
cm-1 increases. The band at 1370 cm-1 becomes a shoulder
at pH 4.5 and 6 and disappears at pH 7.5 and 9 (Figure S4
of the Supporting Information). This change indicates that
the binding mechanism between hematite and öocysts
gradually shifts from one type of complexation mode to
another with increasing pH.
A new band at ∼ 1290 cm-1 emerges in the spectra at pH
4.5, 6, and 7.5 (Figures 2 and 4). The frequency of the band
matches the stretching of νC-OH (COOH) reported in the
literature (21, 22), but the pH range where it occurs exceeds
the pKa of carboxylic acid. A similar finding was reported for
bacterial cell adhesion to Fe oxide (12), where it was suggested
that the band results from sorption-induced protonation of
carboxylate. That is, although the pH range from 4.5 to 7.5
is above the pKa of öocyst surface carboxylate groups, it is
below the PZNPC of hematite. The hydroxyl groups at the
mineral surface may, therefore, form H-bridges with öocyst
surface carboxyls. Below pH 3 or above pH 9, the two surfaces
carry the same charge sign, hindering the formation of such
H-bridges.
Effects of Cation type. Figure 2b shows the spectra of a
viable öocyst suspension introduced to the hematite surface
in 10 mM CaCl2 across a range of pH. The spectra show
similar features to those obtained in NaCl solutions, especially
in terms of increasing absorbance of the asymmetric and
symmetric carboxylate stretching with pH. However, there
are also some important differences. First, the carboxylate
absorbances are stronger in presence of Ca2+ relative to Na+
at pH 3 (Figure 2a), particularly the asymmetric stretch.
Second, the symmetric stretch contains only one band at
1400 cm-1, consistent with a single mode of surface complexation. Third, at pH 9, relative to the Na+ case, the position
of νs (COO-) is shifted to slightly higher wavenumber (from
1400 to 1409 cm-1, Figure 2b and Figure 4). Fourth,
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TABLE 1. Experimental Frequencies (cm-1) and Assignments of Carboxylate Groups Observed in ATR-FTIR Spectra of Öocysts at a
Hematite Surface
assignment

NaCl background electrolyte (pH)
3.0

-

νas (COO )
νs (COO-)
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νs (C-OH)

1400
1370

6.0

7.5

9.0

3.0

4.5

6.0

7.5

9.0

1577

1577

1577

1587

1583

1583

1583

1585

1587

1400
1379

1400

1403

1400

1400

1400

1400

1405

1409

1331

1331

1331

1290

1297

1280

carboxylate absorbances are much stronger in presence of
Ca2+ relative to Na+ at pH 9. Finally, two additional bands
were observed in the Ca system spectra. The peak at ∼1305
cm-1 at pH 9 has been previously observed for polycarboxylic
acids such as oxalic acid (20, 22) and maleic acid (25) and
has been attributed to the symmetric stretching of COOgroups. An additional small peak at ∼1330 cm-1 was observed
in the spectra at low pH values (Figure 4f,g). On the basis of
its frequency, it is tentatively assigned as another carboxylate
symmetric stretching vibration.
Fe-Carboxylate Outer-sphere Complexation. The differences in spectra between adsorbed species and aqueous
species, including peak emergence, splitting, and changes
in relative intensities between νs (COO-) and νas (COO-), can
be used to distinguish the structure of inner-sphere and outersphere surface complexes (17). Surface complexation of low
molecular weight (LMW) carboxylic acids on various hydroxylated mineral surfaces, including R-Fe2O3 (17, 20, 21, 25),
R- and γ-Al2O3 (22, 23, 26), and TiO2 (27), has been observed
using ATR-FTIR. These studies indicate either outer-sphere
or inner-sphere coordination depending on ligand structure,
mineral surface type, and solution chemistry (e.g., pH and
surface loading).
The spectra of öocyst suspensions in the presence of
hematite at pH 9 for NaCl and CaCl2 background electrolytes
(Figure 2a,b) are similar to those of the aqueous species of
LMW carboxylic acids (21, 22, 25). Such spectra contain strong
asymmetric and weaker symmetric stretching peaks. In
addition, hematite and öocysts are negatively charged at this
pH, which diminishes the tendency for inner-sphere complexation via ligand exchange (28). Therefore, we propose
that at pH 9, öocysts are bound to the hematite surface via
outer-sphere complexation. Nonetheless, öocyst spectra at
pH 9 in the presence and absence of hematite are distinctly
different (compare Figure 2 to Figure 1); COO- bands
dominate the spectra from 1700-1300 cm-1 when hematite
is present, indicating significant öocyst-hematite interaction
even at pH 9 when both surfaces are negatively charged. The
ZnSe IRE is hydrophobic relative to hematite (29) such that
the latter may exhibit a higher affinity for carboxylate. In
addition, the nanoparticulate hematite used here presents
a very high interfacial area for öocyst interaction.
Furthermore, compared to the öocyst pH 9 NaCl spectrum
(Figure 2a), that for CaCl2 (Figure 2b) shows an additional
symmetrical COO- stretching peak at 1305 cm-1. The peak
at 1400 cm-1 is shifted to a higher wavenumber (from 1400
to 1409 cm-1), and the overall spectral absorbances are much
higher in CaCl2. These differences are consistent with cationbridging, where bivalent Ca2+ more effectively than Na+
bridges the negatively charged hematite and öocyst surfaces.
This bridging interaction increases öocyst adhesion to the
hematite surface and changes the coordination environment
of carboxylate groups, as indicated by the emergence of the
peak at 1305 cm-1 and shift of the peak at 1400 to 1409 cm-1.
Fe-Carboxylate Inner-sphere Complexation. For studies
with simple carboxylic acids, it is common practice to use
7426
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FIGURE 3. Intensity ratio of νs versus νas for COO- stretching of
spectra on a hematite surface as a function of pH.
the IR spectra of aqueous species as a reference to determine
the complexation mode of adsorbed species (17, 21, 25).
Surface coordination is assigned on the basis of shift, splitting,
and relative intensity ratio change of carboxylate bands.
Conversely, öocyst surfaces comprise a complex mixture of
interbonded macromolecules for which some of the absorbances may overlap in the infrared. Our approach to this
added complexity is to examine spectral trends in response
to well-controlled gradients in solution chemistry and thereby
reveal the functional groups that are most affected by
hematite surface interaction. Spectral shifts can then be
interpreted in terms of the several excellent prior studies on
model LMW carboxylic acids.
Spectra of öocysts at pH 9 are useful for reference because
cells and hematite are negative charged, and distinct differences were observed in carboxylate stretching bands with
decreasing pH. A decrease in the intensity ratio of symmetric
to asymmetric stretching vibration is observed with increasing
pH in NaCl (Figure 3). Hwang et al. (21) also showed a pH
dependency of this ratio, with the ratio increasing from pH
7.3 to 2.6 for carboxylic acids adsorbed to nanoparticulate
R-Fe2O3. High values of the intensity ratio νs (COO-) to νas
(COO-) are a diagnostic feature of inner-sphere complexation
with mineral surface metal centers (21, 26). It is noteworthy
that in a CaCl2 solution, this ratio reaches a maximum at pH
6.0 (Figure 3).
Kinetics of Öocyst-Hematite Bonding. To assess the
kinetics of an öocyst-hematite interaction as a function of
solution chemistry, we focus on the symmetric carboxylate
stretch, unaffected by the bending vibrations of H2O. As we
demonstrated in our previous paper, it takes ∼3 min for
öocysts to complete the physical setting process under the
experimental conditions (9), while we observed that the IR
signal takes a significantly longer time to reach the equilibrium. Such time dependence reflects the reorientation of
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FIGURE 4. ATR-FTIR spectra of viable öocyst suspension on hematite surface as a function of time (0 min-4 h) in 10 mM NaCl
solutions at (a) pH 3, (b) pH 4.5, (c) pH 6, (d) pH 7.5, and (e) pH 9, and 10 mM CaCl2 solutions at (f) pH 3, (g) pH 4.5, (h) pH 6, (i) pH
7.5, and (j) pH 9.
biopolymers at the hematite-water interface, thereby providing kinetic information of the reaction. Panels a-e of
Figure 4 show this spectral region (1500-1200 cm-1) as a
function of interaction time (0 min-4 h, proceeding from
bottom to top) and pH (left to right) in 10 mM NaCl solution.
The separation in wavenumber (∆ν) of νas and νs COOstretching bands can be used to elucidate bonding coordination and structure (13, 22, 30). In general, ∆ν values greater
than about 200 cm-1 are thought to indicate monodentate
binding, whereas 180-150 cm-1 indicates binuclear bidentate
(bridging) complexes, and <100 cm-1 indicates mononuclear
bidentate binding (chelation) (13, 22, 30, 31). Because the
asymmetric carboxylate stretch is subject to interference by
amide II, we used the Grams/AI software to deconvolute the
band and acquire the actual frequency of νas and νs COO(Figure S4 of the Supporting Information). At pH 3, the
symmetric stretching of COO- splits to two bands at 1400
and 1370 cm-1, indicating the formation of additional
complexes (Figure 4a). On the basis of the separation between
νas and νs, if we attribute the peaks at 1400 cm-1 (∆ν ) 177
cm-1) and 1370 cm-1 (∆ν ) 207 cm-1) to binuclear bidentate
and monodentate complexes, respectively, our results are
consistent with the following interpretation. Initially, bidentate complexes are dominant, but the intensity of the
peak assigned to the monodentate complex gradually
increases with time and becomes the dominant complex
mode at 4 h. However, this assignment of the 1400 cm-1
band to binuclear bidentate coordination is subject to
uncertainty. We cannot, for example, rule out the possibility

that this band arises from carboxylate binding to one Fe and
also forming an H-bond with a hematite surface hydroxyl.
With increasing pH to 4.5, the relative intensity of νs COOis increased (Figure 4b). Early in the reaction, a broad peak
at 1379 cm-1 and shoulder at 1400 cm-1 are consistent with
two complex modes. The peak at 1379 cm-1 (∆ν ≈ 200 cm-1)
likely originates from a monodentate complex. A ∆ν of 177
cm-1 for the shoulder at 1400 cm-1 suggests the presence of
a binuclear bidentate complex. Progressive ingrowth of the
1400 cm-1 peak is consistent with the conversion of monodentate to a bidentate complex structure with increased
reaction time. The relative intensity of the 1400 cm-1 band
continues to increase with pH to 6.0 and 7.5 (Figure 4c,d).
The single strong band at 1400 cm-1 suggests binuclear
bidentate complexation as the principal bonding mechanism
at pH 6 and 7.5. The same time dependencies were probed
for the CaCl2 background (Figure 4f-j). In contrast to the
case for NaCl that seems to show two complexes at low pH
(3 and 4.5), the spectra in CaCl2 exhibit one strong band at
1400 cm-1 consistent with binuclear bidentate coordination.
Implications for Öocyst Transport in Soils and Aquifers.
The fate and transport of öocysts in the subsurface environment are governed by interactions between öocyst cells and
soil particles. These interactions include electrostatic and
van der Waals interactions described by the DLVO theory
and steric interactions generated from cell surface polymers.
The spectroscopic data of öocysts adhesion to hematite
provides direct evidence for the formation of Fe-carboxylate
surface complexation at the mineral surface upon adhesion,
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lution of the öocyst spectra on hematite surface as a function
of pH. The material is available free of charge via the Internet
at http://pubs.acs.org.
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FIGURE 5. Schematic diagram of Fe-carboxylate complexes.
and such chemical bonds likely also mediate öocyst transport
in the environment.
ATR-FTIR spectra indicate that molecular mechanisms
of öocyst adhesion to hematite changes with solution
chemistry. Specifically, öocysts form direct bonds to the
hematite surface by inner-sphere Fe-carboxylate complexation at low pH (Figure 5a,b), whereas outer-sphere (electrostatic and cation-bridging) complexes occur at high pH
(Figure 5c,d). These interactions are supplemented by
H-bonding in the pH range of 4.5-7.5 (Figure 5e). This
adhesion behavior is consistent with prior studies of ligand
exchange at Fe oxide surfaces (28, 32), which is less favorable
at high pH when surface hydroxyls exhibit low proton surface
charge. Conversely, at low pH, protonated hydroxyls exhibit
higher lability and can be more readily exchanged for öocyst
carboxylate groups for direct bonding to Fe metal centers
(Figure S3 of the Supporting Information).
Background ion composition is also clearly important. In
NaCl solution, öocysts are bound to the hematite surface via
monodentate and binuclear bidentate complexes, whereas
in CaCl2, öocysts form only bidentate complexes. Ca2+ may
form metal-ligand complexes with carboxylate in the
aqueous phase, favoring carboxylate-metal-mineral ternary
complexes (Figure 5f), which have similar symmetry to
binuclear bidentate coordination (Figure 5b). Such ternary
complexation may contribute to the binuclear bidentate
assignments at low pH in CaCl2 solution.
Abudalo et al. (4) studied the effects of Fe oxide coatings
on the transport of öocysts in flow-through columns and
reported increased öocyst attachment efficiency at low pH.
They attributed this to a decrease in the electrostatic repulsive
force between Fe oxides and cells. Our results suggest that,
in addition to a decrease in the electrostatic force, direct
bonding between the carboxylate groups and Fe (or Al)
centers may also contribute significantly to high attachment
efficiency at low pH. More generally, molecular-scale
carboxylate-metal bonding likely modulates öocyst transport
in soil and sediment environments.
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