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The behavior of iron-chelating agents in soils is highly affected by interactions with the solid phase.
Still this aspect is frequently ignored. In this research the adsorption of the siderophore ferrioxamine
B by Ca-montmorillonite, as a free ligand (desferrioxamine B, DFOB) and as a complex with Fe3+

(ferrioxamine B, FOB), was studied, using thermo X-ray diffraction (thermo-XRD) in the temperature
range 25-360 °C and thermo-FTIR spectroscopy in the temperature range 25-170 °C. The effect
of pH (4-7.5) on the adsorption was examined. Extensive use of curve-fitting analysis was required
due to significant overlapping of the characteristic absorption bands of the various functional groups.
Thermo-XRD analysis showed that both DFOB and FOB penetrated into the interlayer space of Ca-
montmorillonite. FTIR results indicated strong interactions of DFOB within the interlayer, which involved
all functional groups (NH3

+, secondary amide groups, and hydroxamate groups). In contrast, the
folded Fe complex of FOB retained its molecular configuration upon adsorption, and the basal spacing
of the clay increased correspondingly. FOB interacted in the interlayer space of the clay, mainly
through the NH of the secondary amide groups and NH3

+, while the functional groups bound to the
central Fe cation remained unchanged. The suspension pH had no significant effect on both DFOB
and FOB adsorption at the examined range. Adsorption protected the adsorbates from thermal
degradation compared to the nonadsorbed samples up to 105 °C. At 170 °C both DFOB and FOB
were already partially degraded, but to a lesser extent than the nonadsorbed samples. Degradation
of the molecules occurred mainly through the hydroxamic groups, which constitute the Fe-chelating
center in the hydroxamic siderophore.
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INTRODUCTION

Iron is a vital nutrient for all living organisms. Despite its
abundance in soils, plants growing in neutral to alkaline soils
are often subjected to Fe deficiency due to its low solubility
under the pH and redox conditions prevailing in these environ-
ments (1,2). However, the Fe concentration in soil solutions is
often higher than that expected from chemical equilibrium
equations of soil Fe minerals. This enhancement is partially
ascribed to the presence of organic molecules exhibiting various
extents of Fe-chelation abilities (3). A unique group of these
organic molecules are microbial siderophores, which are low
molecular weight chelates secreted by microorganisms under

Fe deficiency aimed to scavenge Fe from its environment.
Fe-siderophore complexes are then efficiently taken up by their
producer, or by other microorganisms (4). Siderophore concen-
trations, high enough to positively affect plant nutrition, were
found in soil extracts (5-8).

The microbial siderophore ferrioxamine B was chosen in this
study because of its extensive use in siderophore research and
its presence in soils. It is produced byStreptomycesand
Nocardiabacteria (9) and belongs to the group of hydroxamate
siderophores. Iron carried by ferrioxamine B has been found to
be an efficient source of Fe for many microorganisms (4), as
well as for a variety of plants (see, e.g., refs10-14).

The ferrioxamine molecule is a hexadentate ligand consisting
of three bidentate hydroxamic groups (Figure 1a). The residual
chain includes two secondary amide groups and an aliphatic
chain. The saturated amine group on one edge of the linear
molecule gives the molecule a positive charge in acid to slightly
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alkaline solutions (15). Upon Fe3+ chelation, oxygen atoms of
the hydroxamate groups bind to the Fe (Figure 1b), the three
hydroxyls are deprotonated, and three identical asymmetrical
chelation rings are formed, creating a distorted octahedron
centered by Fe. The open chain, ending with the NH3

+, has
been found to point away from the Fe center (16). The Fe
complex (FOB) obtains a wide, fairly flat configuration, total
thickness 0.55 nm (16), presenting a rather hydrophobic face,
in contrast with the linear open chain with exposed active sites
of the free ligand (desferrioxamine B, DFOB). The methylsul-
fonate salt of desferrioxamine B is marketed under the name
Desferal as a therapeutic agent.

Due to the high prevalence of clays in soils, adsorption to
clay is of great importance to the reactivity of siderophores and
their distribution in soils. In an earlier study we reported on a
significant adsorption of this siderophore to montmorillonite
(17). Experiments with plants proved that they are able to use
these adsorbed siderophores as an Fe source (14). The clay
fraction of soils in arid and semiarid regions, in which Fe
deficiency is common, usually contains high levels of mont-
morillonite as well as Ca2+ ions. Therefore, we chose to focus
our study on the adsorption of both the free ligand (DFOB)
and its Fe complex (FOB) to a monoionic Ca-montmorillonite.

Thermo-FTIR spectroscopy is an attractive technique for the
study of the interaction between organic molecules and clays
and the fine structure of the organoclay complexes (18). A point
of concern however is the significant overlapping of charac-
teristic absorption bands, which takes place in spectra measured
for both DFOB and FOB. A comprehensive interpretation of
characteristic bands in these spectra, using a curve-fitting
technique, was presented in a previous paper of our group (19).
On the basis of these data, a detailed thermo-FTIR spectroscopy
analysis of the adsorbed siderophore was performed in the
current study.

The interlayer space of montmorillonite constitutes a special
environment, which could affect the adsorption mechanism as
well as availability of the siderophore to plants and microorgan-
isms. Thus, it is highly important to determine whether the
adsorption of the siderophore takes place within the interlayer
space. A definite answer can be obtained using thermo X-ray
diffraction (thermo-XRD) analysis (20), which was applied as
well in this study.

The characterization of the adsorption mechanism of both
forms of the siderophore (DFOB and FOB) by Ca-montmoril-
lonite could have significant implications concerning its function
in agriculture. It may also have an ecological significance since

this siderophore is produced by soil-originated bacteria. The
adsorption of the siderophore to soil components could affect
significantly the competitive ability of its producer toward other
microorganisms, as well as its distribution in different soil types.
To date, no detailed research has been conducted on the
adsorption mechanism of siderophores to clays and the differ-
ences in adsorption of a chelating agent and its Fe complex.
We therefore conducted this study aiming to elaborate on
mechanisms of these interactions.

MATERIALS AND METHODS

Materials. The methylsulfonate salt of the desferric form of the
microbial siderophore (DFOB) was purchased as the medical reagent
Desferal from Ciba-Geigy Ltd. (Basel, Switzerland). The product was
dissolved in distilled water. Its complex with Fe (FOB) was prepared
by adding FeCl3 to a solution of the free ligand at a 10% excess of Fe
over the ligand, then centrifuged at 106000g, and filtered through a
0.1µm filter to remove Fe colloids. Solutions of both DFOB and FOB
were prepared at three pH values (4.0, 6.0, and 7.5). The pH was
adjusted to the desired level with HClO4 and KOH.

The clay fraction (<2 µm) of the mineral montmorillonite (Wyoming
bentonite) was separated from the bulk, using sedimentation. To prepare
monoionic Ca2+-montmorillonite, the clay fraction was saturated with
Ca2+ by washing it three consecutive times with an excess of 1.0 M
CaCl2 solution and then with distilled water until the suspension was
free of chloride. The clay was separated from the suspension by
centrifugation, then freeze-dried, and ground.

Adsorption of the Siderophore by Ca-Montmorillonite. Adsorp-
tion of DFOB and FOB by Ca-montmorillonite was performed at three
pH levels: 4.0, 6.0, and 7.5. The clay suspensions were prepared with
water and KClO4 to achieve a final clay concentration of 5 g‚L-1 and
an ionic strength of 0.01 M in the final reaction flask. The pH was
adjusted using KOH and HClO4. The clay suspensions were mixed
with DFOB or FOB solutions in polypropylene centrifuge tubes. The
final concentration of DFOB and FOB in the reaction tubes was 1.0
mM. This concentration was chosen because it results in an adsorption
level located within the linear part of the adsorption isotherms (17) to
avoid multilayer adsorption. For comparison, unloaded Ca-montmo-
rillonite samples contained clay suspensions with KClO4 at the same
pH levels. The suspensions in the centrifuge tubes were brought to a
final volume of 10 mL with distilled water. The tubes were shaken for
3 days (time was chosen according to previously measured kinetic
studies;17), at 25°C, and then centrifuged at 25°C and 40000g for
10 min. The precipitates were washed and centrifuged repeatedly with
distilled water until no traces of DFOB or FOB were detected in the
supernatants. Then they were freeze-dried, ground, and kept in a
desiccator.

The supernatant was filtered through a 0.45µm filter of cellulose
acetate. The concentration of the nonsorbed FOB in the supernatant
solution was measured using a Hewlett-Packard 8452A diode array
spectrophotometer at 428 nm. To facilitate measurements of the free
ligand DFOB, Fe was added to the filtrate as FeCl3 and then a HEPES
buffer solution was added (0.2 M, pH 7.5). After 1 h of equilibration
at each stage, the solutions were filtered through 0.45µm filters to
remove the excess suspended Fe. Then the concentration of the formed
ferric complex (FOB) was measured. Adsorption was calculated by
the difference between the initial and final concentrations in the filtrates.
The adsorbed amounts by unloaded, DFOB-loaded, and FOB-loaded
Ca-montmorillonite were 0, 0.17, and 0.16 mmol‚g-1, respectively.
Adsorption to all experimental containers and filters was tested and
found negligible.

Thermo-XRD Analysis. Oriented specimens of unloaded, DFOB-
loaded, and FOB-loaded Ca-montmorillonite were obtained by air-
drying 1 mL of the appropriate suspension (1%) on a glass slide. Each
sample was heated for 3 h ateach temperature: 120, 250, and 360°C.
Patterns of X-ray diffraction of these samples were recorded at room
temperature, before the thermal treatment and immediately after it, using
a Philips automatic diffractometer (PW 1710) with a Cu anode tube.

Thermo-FTIR Spectroscopy Analysis.Air-dried samples of un-
loaded, DFOB-loaded, and FOB-loaded Ca-montmorillonite at the

Figure 1. Schematic diagrams of (a) DFOB (desferrioxamine B, the free
ligand of the siderophore ferrioxamine B) and (b) FOB (the ferric complex
of DFOB).
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different pH levels, with KBr (for IR spectroscopy) at 25°C, were
pressed into 100 mg disks. Samples contained 1 mg of adsorbed
DFOB or FOB (calculated according to the measured adsorption). Disks
were reground gently and repressed. This procedure was applied to
homogeneously scatter the examined substances in the disk. Sam-
ples then were gradually heated overnight to 60, 105, and 170°C. After
the thermal treatment the disk became opaque, and it was thus re-
pressed (without regrinding) to restore transparency. The infrared spectra
were recorded using a Nicolet Magna-IR model 550, at a resolution of
4 cm-1.

Curve-Fitting. The curve-fitting process was performed following
the guidelines described in detail in our previous paper (19). Briefly,
curve-fitting was performed using the data-processing software GRAMS/
AI of Thermo Galactic. It uses the Levenberg-Marquardt algorithm
when the gradient is far from the minimum; then it switches to the
Hessian-matrix methods to determine the best possible solution when
the algorithm reaches a minimum value ofø2. Baseline corrections and
analysis were performed over spectral ranges which were as restricted
as possible. Since the Lorentzian line shape provided good results, we
chose to use it in the curve-fitting process. The root mean squared
(RMS) noise was graphically estimated over a narrow examined range
(otherwise the Savitzki-Golay smoothing algorithm resulted in arti-
ficially high levels of reducedø2 for DFOB and FOB spectra). A value
2 orders of magnitude lower was then manually inserted to avoid
possible overestimation of the RMS noise. Solutions were accepted
only when they converged, and good and highly reproducibleø2 values
were obtained. Bands of the siderophore in a frequency range lower
than 1240 cm-1 were practically not applicable for the curve-fitting
analysis due to high absorption bands of the clay within this range.

RESULTS

Thermo-XRD. Changes in the basal spacing following
heating from 25°C to 120, 250, and 360°C are summarized in
Figure 2. The initial basal spacings measured for unloaded Ca-
montmorillonite blank and Ca-montmorillonite loaded with
DFOB or FOB were 1.50, 1.43, and 1.75 nm, respectively. Upon
heating of the unloaded Ca-montmorillonite sample, this spacing
collapsed to 0.97 nm. In contrast, in samples containing the
adsorbed siderophore (DFOB or FOB), the basal spacing,
following all thermal treatments, was maintained at values higher
than 1.25 nm.

FTIR Spectra. At the high frequency range, absorption bands
of the clay-adsorbed water partially overlapped the bands of
the siderophore. Curve-fitting analysis of this range enabled the
discrimination of bands.

The spectra, resulting from the 60°C thermal treatment, were
not significantly different from those of 25°C, and therefore,
they are not shown in the figures. Data obtained at different
thermal treatments and analyzed by the curve-fitting technique
are summarized for DFOB and FOB spectra, at pH 7.5, in
Tables 1and2, respectively. The tables include band assign-
ments, frequencies of the maxima, relative band intensities, and
band shapes.

FTIR Spectra of Adsorbed DFOB. Adsorption of DFOB by
Ca-montmorillonite strongly affected its FTIR spectrum (Figure
3, Table 1). New absorption bands appeared in the spectra of
adsorbed DFOB in the range of 3250-3170 cm-1. Fitting of
this range resulted in two bands at 3236 and 3193 cm-1 at 25
°C (Figure 4, Table 1). However, while the location of these
bands was very stable and reproducible, the curve-fitting analysis
did not give an unequivocal result regarding their size. Some
effects of the 105°C treatment on adsorbed DFOB compared
to the free (nonadsorbed) form are shown inFigure 5 (see the
Discussion).

The spectra of adsorbed DFOB did not differ significantly at
different pH values (Figure 6). Differences demonstrated at the
higher frequency range were related solely to hydration water
(since these spectra are given after subtraction of the unloaded
Ca-montmorillonite spectrum, this range is affected by the water
content of the clay as well).

FTIR Spectra of Adsorbed FOB. The spectra of FOB did not
change significantly following adsorption (Figure 7, Table 2).
The enhanced broadness and shape of the absorption band at
3250-3170 cm-1 assigned to NH3+ implied the existence of
two bands in this range, similar to those of DFOB. In contrast
to that of the latter, the location of these bands could not be
unequivocally determined by the curve-fitting analysis. Thus,
the best guess, which provided two bands at 3228 and 3183
cm-1, was chosen. In the lower frequency range, the effects of
adsorption on the spectrum of FOB were minor, excluding the
appearance of a series of new small bands at the range of 1542-
1489 cm-1 (Table 2). These bands partially disappeared after
heating to 105°C.

The spectrum of FOB did not vary significantly at different
pH levels (Figure 8). Changes in the higher range, observed at
different pH levels, were related to the hydration water, as was
mentioned for DFOB.

Thermal Treatment at 170°C. The resemblance of the spectra
of the adsorbed DFOB to those of adsorbed FOB after heating
of the sample to 170°C is shown inFigure 9. A similar
resemblance was found for the spectra of the free compounds
following this treatment (19). However, changes observed in
the spectra of both adsorbates (DFOB and FOB) upon heating
were smaller than those observed for the free (not adsorbed)
compounds. The strong band at 1699 cm-1 and medium band
at 1666 cm-1 exhibited in the spectra of both free DFOB and
FOB after the 170°C treatment did not appear in this case.
The absorption intensity at the range of 1500-1350 cm-1

decreased. The absorption band at 1400 cm-1 was not enhanced
as opposed to the effect observed in the spectrum of the free
molecule, following the same treatment.

DISCUSSION

X-ray Diffractograms. The thermo X-ray diffraction analysis
(Figure 2) showed that both DFOB and FOB penetrated into
the interlayer space. Due to the thermal treatment at 360°C,
the organic matter within the interlayer space was converted
into a charcoal, thus preventing the collapse of the basal spacing
(20). Indeed, while the basal spacing of the unloaded Ca-

Figure 2. Effect of thermal treatments on the basal spacing of unloaded
Ca-montmorillonite compared with DFOB- or FOB-loaded Ca-montmoril-
lonite.
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montmorillonite decreased to 0.97 nm after heating to 360°C,
that of DFOB- and FOB-loaded Ca-montmorillonite decreased
to 1.28 and 1.22 nm only, respectively. At 25°C the folded
FOB molecule caused an enlargement of the basal spacing from
1.50 nm (unloaded Ca-montmorillonite) to 1.75 nm. Dhungana
et al. (16) measured a total thickness of 0.55 nm for the FOB
molecule. If the molecule was lying with its plane parallel to
the montmorillonite layers, one would expect a basal spacing
of 1.50-1.55 nm. The measured basal spacing of 1.75 nm,
which decreased to 1.70 nm after the dehydration of the clay at
120 °C (Figure 2), suggests that the adsorbed FOB was lying
slightly tilted within the clay layers.

The exchange of the hydrophilic Ca2+ by the DFOB cation
caused a decrease of the basal spacing of Ca-montmorillonite
from 1.50 nm (unloaded Ca-montmorillonite) to 1.42 nm,
indicating a water loss. This observation supports the thermo-
XRD conclusion, indicating the presence of the DFOB molecule
within the interlayer space. After thermal dehydration at 120
°C the basal spacing decreased to 1.38 nm. Since the van der

Waals diameter of C is 0.35 nm, this basal spacing suggests
that the adsorbed DFOB formed a monolayer, lying almost
parallel to the silicate layers (21, 20).

FTIR Spectra. Assignment of bands observed in the spectra
of free DFOB and FOB, to the various functional groups, was
analyzed in detail in a previous paper (19). The data are used
in the following discussion to assess the involvement of each
functional group in the adsorption process (Tables 1 and 2,
respectively).

Adsorbed DFOB. In general, the intensity of the bands
decreased significantly upon adsorption (note the reduced scale
in adsorbed DFOB,Figure 3a,b, compared to that of free DFOB
in Figure 3c,d), implying significant fixation of functional
groups due to adsorption. The sharpness of the bands also
decreased, implying that hydrogen bonds are involved in the
adsorption. These bonds could be produced either by accepting
protons from Bronsted acidic sites, such as interlayer water
molecules, or by donating protons to basic sites, such as atoms
of the oxygen planes of the clay, or basic water molecules (18).

Table 1. Maxima of the Absorption Bandsa in the Curve-Fitted Infrared Spectra of Adsorbed DFOB Compared with Those of the Free (Nonsorbed)
DFOB,b pH 7.5

frequency (cm-1)

band assignment free, 25 °Cb free, 105 °Cb adsorbed, 25 °C adsorbed, 105 °C

HOH stretch 3464 w, vbr 3448 w
3423 s, br 3423 w
3359 s, br 3397 w

3347 w
N−H stretch, secondary amide (hydrated) 3313 vs, sp 3317 s, sp 3285 s 3288 s
N−H stretch, secondary amide (anhydrous) 3266 m, br
NH3

+−H2O−clay 3236 m 3242 m
NH3

+−clay 3193 m 3192 w
O−H stretch 3149 s, br 3160 s, vbr 3120 m, vbr 3114 s, vbr
C−N−H overtone 3096 w 3090 m
NH3

+ asymmetric stretch 3013 m 3015 m 3032 w, vbr 3033 m, br
2993 w

CH3 asymmetric stretch 2967 w, sp 2966 m, sp 2960 w 2963 m
CH2 asymmetric stretch 2933 vs, sp 2934 s, sp 2936 vs 2941 vs
NH3

+ symmetric stretch 2901 m 2902 s, br 2963 w, br 2907 vw
CH3 symmetric stretch 2875 vw, sp 2868 w 2877 w 2879 m
CH2 symmetric stretch 2856 m, sp 2856 m, sp 2863 m 2864 m
NH3

+ overtones and combination tones 2821 vw 2821 w, br 2810 vw, br 2825 w
2790 m, vbr 2763 2756 vw, br 2763 w, vbr
2652 w 2657 2635 vw, br 2633 vw
2535 w 2544 2533 vw

product of decomposition 1697 vvw 1700 m 1717 vvw, vbr
CdO stretch, out of phase (secondary amide) 1665 w 1664 w
CdO stretch, in phase (secondary amide) 1651 m 1649 s 1650 s 1650 m
HOH deformation 1634 s 1635 vw 1635 s 1636 m
CdO stretch (hydroxamate) 1624 vs 1623 vs 1619 s 1620 s
NH3

+ asymmetric deformation 1608 m, br 1605 vw, br 1606 m 1606 m
C−N−H (secondary amide) 1571 m 1570 m
C−N−H (secondary amide) 1564 m 1561 m 1557 w 1557 w
NH3

+ symmetric deformation 1551 m, br 1547 m 1542 w 1542 w
1529 vw, vbr 1534 w, vbr 1523 vw, br 1525 vw

1507 vw 1507 vw
1488 vw, vbr 1491 vw, br 1491 vw, br

1473 w 1473 w
CH2 1463 w, br 1465 vw 1466 vw
CH3 1461 m 1459 m 1457 w 1458 w
C−H vibrations; the exact location derives from 1453 w 1447 vw 1441 w, br

the adjacency of different functional groups 1436 w 1437 w 1435 vw, br
1424 w 1425 w 1422 vw 1428 w
1416 w 1416 w 1419 vw

1404 w
O−H deformation 1397 m 1397 w, sp

1384 vw
CH3 1373 w 1373 w 1376 w, vbr 1371 w, vbr
C−N stretch, N−H bend (secondary amide) 1271 1271 1261 1263

1254 1254

a The relative band height (s, strong; m, medium; w, weak; v, very) and shape (sp, sharp; br, broad) are described. b Reference 19.
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(i) Secondary Amide Groups. A significant decrease of the
NH stretching frequency from 3313 to 3285 cm-1 following
the adsorption (Figure 3acompared withFigure 3c, Table 1)
is an indication of significant hydrogen bonding. The location
of this band did not change at 105°C, implying that dehydration
of this group was not involved in this process. Other charac-
teristic absorption bands of this group showed the same effect
(Figure 3b, Table 1): The two bands at 1571 and 1564 cm-1,
related to the amide II band (C-N-H group), merged into one
band at 1557 cm-1, and the couple at 1271 and 1254 cm-1

merged into one band at 1261 cm-1. This is in contrast to
previous studies that showed a split in the amide II bands due
to adsorption (e.g., for alachlor;22), which was attributed to
the formation of different types of hydrogen bonds. The
spectrum of the adsorbed DFOB, showing only one amide II
band, implied a specific conformation of the DFOB at the
interlayer of the clay, involving binding through the NH of
secondary amides. Due to the rigid structure formed by that
specific conformation, the CdO vibration splits into two bands

in the spectrum of adsorbed DFOB; the first band appeared at
1665 cm-1, representing out-of-phase vibration of the CdO of
the fixated secondary amide. The in-phase vibration of this group
remained at 1650 cm-1, indicating that no significant change
occurred in its immediate environment. The changes occurred
in the spectrum of the secondary amide group due to adsorption,
giving it the same characteristics as that of a fixed stable
structure, which appeared for this group in the spectrum of free
(nonadsorbed) DFOB following Fe complexation (19).

Bands of the secondary amide at about 3280, 1560, and 1650
cm-1 were maintained after heating to 170°C (Figure 9). The
persistence of this group in the adsorbed form at 170°C is in
contrast with that found for the free (nonadsorbed) ligand, which
disappeared completely under similar conditions (19). This
observation implied a protective effect of adsorption against the
thermal degradation of this group.

(ii) Hydroxamate Groups. Following adsorption by Ca-
montmorillonite, the frequency of the stretching vibration of
the hydroxamic CdO shifted slightly toward a lower value

Table 2. Maxima of Absorption Bandsa in the Curve-Fitted Infrared Spectra of Adsorbed FOB Compared with Those of the Free (Nonsorbed) FOB,b
pH 7.5

frequency (cm-1)

band assignment free, 25 °Cb free, 105 °Cb adsorbed, 25 °C adsorbed, 105 °C

HOH stretch 3619 3484 s, br
3587 3425 s, br
3554 3419 m, br 3418 s
3518 3372 s 3369 w
3479 3340 m 3334 m
3435
3381

N−H stretch (secondary amide) 3269 vs, br 3274 s, br 3283 s, br 3288 s
NH3

+−H2O−clay 3228 m 3250 m
NH3

+−clay 3183 m 3198 m, br
3159 vw, vbr

C−N−H overtone 3084 m 3071 s, br 3105 m 3100 m
NH3

+ asymmetric stretch 3012 m 3013 w 3038 m, vbr 3029 m, br
2991 w

CH3 asymmetric stretch 2951 vw 2986 w 2960 w 2963 m
CH2 asymmetric stretch 2932 vs, sp 2933 vs, 2939 s 2938 vs, sp
NH3

+ symmetric stretch 2947 m, br 2939 m 2976 w, vbr 2906 w
CH3 symmetric stretch 2872 w, sp 2871 w 2873 w 2875 m
CH2 symmetric stretch 2858 m, sp 2859 m 2862 w 2862 m, sp
NH3

+ overtones and combination tones 2817 w 2815 m, br 2813 vw 2813 w, br
2752 w 2745 w, br 2760 vw 2745 vw
2653 w 2646 w, br
2550 w 2545 w, br

product of decomposition 1708 vw, vvbr 1716 w, vbr 1717 vw, vbr
CdO stretch, out of phase (secondary amide) 1665 m 1669 m 1666 m 1668 w
CdO stretch, in phase (secondary amide) 1650 s 1650 m 1650 s 1650 s
HOH deformation 1638 m 1636 w 1636 s 1635 s

1625 w 1623 m
CdO stretch, out of phase (hydroxamate) 1586 m 1586 m 1587 m 1589 m
CdO stretch, in phase (hydroxamate) 1573 vs 1573 s 1576 s 1578 m

1559 vw
NH3

+ symmetric deformation 1550 m, br 1545 m, br 1548 m, br 1561 m, br
1542 vw 1542 vw
1522 vw

1512 vvw 1507 vw 1507 vw
1489 vw

CH2 1471 w 1472 m 1471 m 1469 m
1464 w

CH3 1459 s 1461 m 1458 m, sp 1458 vw
C−H vibrations; the exact location derives from 1449 w 1450 w 1447 m 1447 m

the adjacency of different functional groups 1436 w 1438 w 1437 w 1437 vw
1421 w 1421 m, br 1422 m 1421 w
1411 vw 1402 vvw, vvbr
1373 1373 1373 1373

CH3 1360 1363 1363 1363
C−N stretch, N−H bend (secondary amide) 1261 1260 1263 1264

a The relative band height (s, strong; m, medium; w, weak; v, very) and shape (sp, sharp; br, broad) are described. b Reference 19.
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(Figure 3b, Table 1). The CdO group could be either bound
to the exchangeable cation through a water bridge or directly
coordinated with the cation (23, 24). The water bridge usually
causes a decrease of less than 50 cm-1 in the location of the
CdO stretching vibration maximum compared to that of the
spectrum of the nonadsorbed molecule, while the other type of

bond had a stronger effect. The small shift observed for this
bond in our study indicates that it may be bound through the
hydration water but not through a direct coordination of the
cation. This interaction may be related to the acidity of the water
molecules in the Wyoming bentonite interlayer (21, 25). Such
a low shift of the CdO band due to adsorption by montmoril-

Figure 3. Effects of adsorption on the infrared spectra of DFOB (1 mg, 25 °C, pH 7.5), after subtraction of the unloaded Ca-montmorillonite spectrum:
(a) adsorbed DFOB spectrum in the range of 3700−2600 cm-1; (b) adsorbed DFOB spectrum in the range of 1750−1240 cm-1; (c) free DFOB spectrum
in the range of 3700−2600 cm-1; (d) free DFOB spectrum in the range of 1750−1240 cm-1.

Figure 4. Curve-fitted spectra of adsorbed DFOB recorded in the range of 3500−2600 cm-1. The spectrum was recorded on a KBr disk (25 °C, pH 7.5).
Bold lines represent the measured spectrum and fitted line, which are overlapping. Gray lines represent the spectra assembling the fitted line as it was
analyzed using GRAMS/AI software produced by Thermo Galactic. Peak values and the appropriate assignments are detailed in Table 1.
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lonite was also found for acetamide (26), while a reaction of
CdO with other smectites was found to be more effective.
Earlier studies of amide interactions with montmorillonite
reported that, upon dehydration, the CdO formed a direct
coordination bond with the cation, reflected by a strong
reduction of the carbonyl stretching frequency (23, 24). The
appearance of a water band at 1636 cm-1 (Table 1) suggested
that the thermal treatment at 105°C did not cause a complete
dehydration of water molecules from the interlayer, and indeed
there was no significant shift in the absorption of CdO after
this thermal treatment.

Reduction of the OH stretching frequency toward lower
values is typical for adsorbed hydroxyls (27,28), and it was in
most cases attributed to hydrogen bonds with the water
molecules of the exchangeable cation. A decrease of 30 cm-1

compared to the value for the free sample, which decreased even
more following the 105°C treatment (Table 1), implies that
intensive hydrogen bonds are involved. The deformation band
of OH, observed for the free DFOB at 1397 cm-1, is absent in
the spectra of the adsorbed DFOB (Figure 3b, Table 1). Shifts
of the OH deformation band could be toward either lower or
higher frequency values following adsorption (18). However,
no evident new band, which could be attributed to OH
deformation, was found in this range (Table 1). Still, these

observations indicate that a strong involvement of the OH group
took place during the adsorption process.

A partial thermal degradation was observed for the free
(nonadsorbed) DFOB in the 105°C treatment, evidently shown
by the appearance of a new band at 1700 cm-1 (19). This
phenomenon was not exhibited in the spectra of the adsorbed
DFOB under the same conditions (Figure 5), implying again
the protective effect of the clay. The residual water, which
remained in the sample under these conditions (according to
the band at 1636 cm-1), may be related to that effect as well.
However, upon heating of the samples of the adsorbed DFOB
to 170 °C, the conspicuous band of the hydroxamic CdO at
1620 cm-1 disappeared, indicating degradation of this group
(note differences between the spectrum of adsorbed DFOB at
25 °C, Figure 3b, and the spectrum recorded after the 170°C
thermal treatment,Figure 9). As a result, the hidden band of
the secondary amide at 1650 cm-1 was exposed, and became
evident in the spectrum of the adsorbed DFOB after the 170
°C thermal treatment (Figure 9).

(iii) NH3
+ Group. Due to its high reactivity and the location

of characteristic bands of this group (overlapping the absorption
bands of the aliphatic groups), the absorption bands of this group
are the most difficult to identify in the infrared spectra of DFOB.
However, its positive charge and its position at the terminal
edge of the pendant tail of the molecule justify special attention
for the adsorption process of this group.

New bands appeared in the range of 3250-3170 cm-1

following adsorption (Figure 4, Table 1). This range is re-
lated to strongly adsorbed NH3

+ (18); a band at 3236 cm-1 is
related to a fraction of the NH3+ group, which is adsorbed via
a water molecule, while the other band at 3192 cm-1 can be
attributed to NH3

+ directly adsorbed to the oxygen plane of the
montmorillonite (29). Indeed, heating the sample to 105°C
affected the former (adsorbed through water molecules), but had
no effect on NH3

+, which was directly bound to the oxygen
plane (Table 1).

Broad bands at 3032 and 2963 cm-1 within the range of the
ammonium band in the spectrum of adsorbed DFOB resulted
from another fraction of NH3+, slightly interacting in the inter-
layer space. Heating the sample to 105°C had a strong effect,
especially on the symmetric stretching vibration. This effect was
not observed with the free DFOB (Table 1), indicating that the
clay interlayer environment had an influence on this fraction
as well. The NH3+ deformation band at 1551 cm-1 decreased
significantly compare to that of the free (nonadsorbed) sample
(Table 1), indicating the strong interaction of this group in the
interlayer space as well. The NH3

+ group was not disintegrated
following the thermal treatment at 170°C as shown by the
persistent shoulder at about 1540 cm-1 (Figure 9).

(iV) C-H Interactions. Absorption bands related to CH3, and
even those of CH2 (which were found to be very stable at various
environmental conditions for the free DFOB;19), were slightly
shifted upon adsorption, and their sharpness was reduced (Table
1). Changes in the CH absorption, mainly those of the stretching
vibrations (Table 2), are related to changes in van der Waals
attraction forces (30). Remarkable changes in the CH vibrations
were found in the range of 1460-1370 cm-1 (Figure 3b
compared toFigure 3d, Table 1). This is in accordance with
the strong interactions of all functional groups of DFOB upon
adsorption, since the exact location of the C-H vibration in
this range derives from the adjacency of the different functional
groups.

(V) pH Effect. The similarity of the spectra at different pH
values is in accordance with the stability of the ligand over the

Figure 5. Comparison of the 105 °C treatment effect on free and adsorbed
DFOB spectra in the range of 1750−1500 cm-1.

Figure 6. Effects of pH on the infrared spectra of adsorbed DFOB (1
mg, at 25 °C). The spectra are shown in the range 3850−1240 cm-1,
after subtraction of the unloaded Ca-montmorillonite spectrum.
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examined pH range. A detailed discussion of this matter was
presented in our previous paper (17).

Adsorbed FOB. As opposed to those of DFOB, the spectra
of FOB changed only slightly following adsorption (Figure 7;
note the resemblance of the scales, compared to the differences
found for DFOB inFigure 3).

(i) Secondary Amide Groups. The low frequencies of the
stretching bands of the secondary amide group in the free, not
adsorbed, FOB were related to specific hydrogen bonds within
the Fe complex (19). The frequencies of both stretching bands
(N-H and C-N-H overtone) of this group increased upon
adsorption (Table 2), indicating the weakening of intramolecular
hydrogen bonds following adsorption into the clay interlayer,

Figure 7. Effects of adsorption on the infrared spectra of FOB (1 mg, 25 °C, pH 7.5), after subtraction of the unloaded Ca-montmorillonite spectrum:
(a) adsorbed FOB spectrum in the range of 3700−2600 cm-1; (b) adsorbed FOB spectrum in the range of 1750−1240 cm-1; (c) free FOB spectrum in
the range of 3700−2600 cm-1; (d) free FOB spectrum in the range of 1750−1240 cm-1.

Figure 8. Effects of pH on the infrared spectra of adsorbed FOB (1 mg,
at 25 °C). The spectra are shown in the range 3850−1240 cm-1, after
subtraction of the unloaded Ca-montmorillonite spectrum.

Figure 9. Effect of heating the sample to 170 °C on the spectra of
adsorbed DFOB and FOB (1 mg, pH 7.5) in the range 3500−1250 cm-1.
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compared to those of the free state. However, the absorption of
the CdO bond of this group did not show any surface reaction
upon adsorption. The protective effect of the adsorption against
thermal degradation of this group at 170°C appeared here as
well, similarly to that of the adsorbed DFOB molecule.

(ii) Hydroxamate Groups. Absorption bands of the groups
involved in the Fe complex formation were not changed
following adsorption, implying that these groups did not interact
with the clay surface. As a result of the thermal treatment at
170°C, the absorption of the hydroxamic group at around 1576
cm-1 disappeared (note differences between the spectrum of
adsorbed FOB at 25°C, Figure 7d, and the spectrum recorded
after the 170 °C treatment in Figure 9), indicating the
destruction of the Fe-binding center under these conditions.

(iii) NH3
+ Group. The broad range representing the strongly

adsorbed NH3+ appeared here in a manner similar to that of
DFOB. Bands at 3038 and 2976 cm-1 are related to the other
fraction of NH3

+, slightly interacting in the interlayer space.
These bands were found in the range of the ammonium band,
similarly to those found for adsorbed DFOB. The response of
the NH3

+ group to the heating of adsorbed FOB was more
drastic than in the case of adsorbed DFOB. This finding is in
accordance with the higher reaction to environmental changes
shown by this group in the FOB spectra, compared with that of
DFOB (19). It was related to a lower interaction with other parts
of the somewhat hydrophobic body of the FOB molecule. This
group was also found to be relatively resistant to thermal
degradation as shown by the shoulder at about 1540 cm-1

(Figure 9).
(iV) C-H Interactions. The effects of adsorption on CH

bending vibrations of FOB were minor compared to those in
the analogous range in the DFOB spectrum. Still, bands related
to CH3 and CH2 were slightly shifted upon adsorption, and their
sharpness was reduced (Table 2). This finding supports the
effect of the interlayer space environment on parts of the FOB
molecule (as was mentioned for the N-H of the secondary
amide), though the Fe-binding center remained unchanged.

Summary. An earlier study (19) dealt with spectral analysis
of the free (nonadsorbed) DFOB and of its Fe complex (FOB).
In the present study, that interpretation is applied to characterize
the adsorption mechanisms of both DFOB and FOB by Ca-
montmorillonite. This information is important for the under-
standing of the siderophore behavior in soils and its potential
use as an Fe fertilizer.

No significant effect on adsorption, due to pH changes, was
observed at the examined pH range (4-7.5) for both DFOB
and FOB. These results are in accordance with our previous
batch experiments (17). Thermo X-ray diffraction analysis
proved penetration of both DFOB and FOB into the interlayer
space of Ca-montmorillonite.

Thermo-IR spectroscopy of adsorbed DFOB indicated sub-
stantial interaction of all active groups of the organic compounds
with active sites on the surface of the clay. These interactions
may limit the mobility and function of the free ligand form of
the siderophore ferrioxamine B in montmorillonite-rich soils.
The strong interaction with OH of the hydroxamic group could
potentially reduce Fe binding by the adsorbed ligand.

The FTIR spectrum of FOB, on the other hand, hardly
changed as a result of the adsorption. The main interactions of
adsorbed FOB with the clay were through the NH3

+ group and
NH of the secondary amide. The hydroxamic groups were not
affected by adsorption, implying that the Fe-binding center
existed and was not directly influenced by the interlayer space
environment. This is in accordance with experiments we

conducted on the Fe nutrition of plants reported earlier (14),
which showed that plants could still use FOB adsorbed by Ca-
montmorillonite as an Fe source. However, the cationic tail is
assumed to be an important factor in the siderophore uptake
systems of microorganisms, due to specific host-guest interac-
tion (31,32). Therefore, significant adsorption of the NH3

+ tail
of the siderophore in montmorillonite-rich soils could impair
the ability of microorganisms to use it as an Fe source. The
weakening of intramolecular hydrogen bonds of the secondary
amide group, observed upon adsorption of FOB, might induce
a change in the stability of its molecular structure, which could
also affect its availability to microorganisms and its stability
constant with Fe. These aspects need further investigation.

Adsorption mechanisms, observed in addition to cation
exchange in this study, explained the significant hysteresis found
between adsorption and desorption of the siderophore (19). The
adsorption by Ca-montmorillonite was found to provide a certain
defense against the destructive effect of high temperature on
the siderophore. The presence of a proton donor was suggested
to prevent that degradation (19). Hydration water in the clay
interlayer space may play the role of the stabilizing agent. This
effect is especially effective in the presence of a metal cation,
which polarized the water molecule in its hydration shell,
becoming a Bronsted acid. Though the adsorption main mech-
anism is via cation exchange with the positively charged
siderophore (17), a significant amount of Ca2+ persists as
exchangeable cations in these experimental conditions, produc-
ing acidic sites in the interlayer. At 170°C the hydroxamic
group, which is essential for the function of the siderophore as
a chelating agent, was already completely decomposed, indicat-
ing that this group is the most sensitive part of the siderophore
to thermal degradation. Interactions which were demonstrated
in this study can serve as a model for the prediction of adsorption
of other hydroxamate siderophores in soils.
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