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Dissolution weathering of minerals can be greatly affected by the presence of siderophores and their
adsorption in soil environments. In this research, adsorption equilibria and kinetics of desferrioxamine-B
(DFO-B) siderophore on palygorskite and sepiolite, minerals of arid and semiarid soils, were investigated.
Iron (Fe) release pattern in the presence of increasing concentrations of DFO-B was also studied. Palygorskite
represented a higher capacity but lower affinity for DFO-B adsorption compared to sepiolite. Retention of
Keywords: DFO-B by the minerals was initially rapid and then slowed down as time progressed. Time-dependent DFO-B
DFOB adsorption to palygorskite and sepiolite was best described by the pseudo second-order and parabolic

Siderophore diffusion models, respectively. The presence of DFO-B enhanced the amount of Fe released from the clay
Fibrous clays minerals suggesting that siderophore-promoted dissolution might be one of the weathering mechanisms
Weathering acting on these fibrous clay minerals. Iron concentrations measured in the equilibrium solutions with
Kinetic palygorskite and sepiolite were in the adequate Fe nutrition range for microorganisms and plant roots in soil
lFseotherm environments.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Iron is not a readily available nutrient for microorganisms and
higher plants in neutral and alkaline environments. In response to low
iron availability, microbial and plant-root cells synthesize and release
some low-molecular-mass compounds, called siderophores. About
500 siderophores were identified, a great category of which possesses
hydroxamic groups. Desferrioxamine-B (DFO-B) is a hexadentate
hydroxamic siderophore secreted by bacteria and fungi in response to
low iron availability. It binds Fe>* with a stability constant near 10°!
(Boukhalfa and Crumbliss, 2002).

As secreted into the environment, siderophores chelate Fe** which
promotes dissolution of iron from minerals. Such ligand-controlled
dissolution is proposed to be surface complex formation by ligand
exchange reaction followed by detachment of the surface metal center
and finally regeneration of the surface (Furrer and Stumm, 1986). Both
the amount and the rate of iron dissolution from minerals are usually
enhanced in the presence of siderophores (Kalinowski et al., 2000;
Kraemer 2004). Watteau and Berthelin (1994) showed that Fe released
from goethite in the presence of 126 M DFO-B was twice as much as Fe
mobilized from the same mineral by HCl solution at pH=3. Buss et al.
(2007) also observed extensive DFOB-promoted pitting on an iron-
silicate mineral demonstrating the potential role of this siderophore in
chemical weathering of minerals in the environment. In several studies,
dissolution enhancement of Al, Mn, and Si by DFO-B from various
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minerals was also reported (Liermann et al., 2000; Duckworth and
Sposito, 2007; Pefia et al., 2007).

Adsorption on clay minerals could drastically affect the function of
siderophores in soil environments. Since a portion of the siderophore
may be irreversibly adsorbed to the soil particle surfaces, higher levels
of a siderophore may be needed to saturate the clay surfaces and to
provide sufficient siderophore for the iron release and nutrition of the
cells (Lavie and Stotzky, 1986). Siderophores may be strongly
adsorbed by clay minerals and lose their ability to detach and transfer
iron into the solution. Siebner-Freibach et al. (2006) using FTIR and
XRD analyses revealed adsorption mechanisms of DFO-B on mont-
morillonite as follows:

1- Hydrogen bonding between the N-H of the secondary amide groups
of the siderophore and oxygen planes of the clay or adsorbed water
molecules.

2- Bonding of hydroxamic C=0 groups to the exchangeable cations
through water bridges.

3- Hydrogen bonding of the hydroxamic O-H groups with the
hydration water molecules of the exchangeable cations.

4- Adsorption of NH3 groups indirectly via water molecules or
directly to the oxygen planes of the clay minerals.

Palygorskite and, less commonly, sepiolite are fibrous clay minerals
reported in soils of arid and semiarid regions (Galan, 1996; Khademi and
Mermut, 1998). Investigating the interactions of siderophores with these
minerals is vital to comprehend weathering reactions and iron acquisition
efficiency of living cells in the soil environment. Little information
is available about the adsorption of siderophores on palygorskie and
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sepiolite. Our objectives were: 1) investigation of DFO-B adsorption
equilibria and kinetics on palygorskite and sepiolite, 2) evaluation of the
iron release pattern to show siderophore-promoted weathering of the
fibrous clays as a potential process of supplying bioavailable Fe in the soil
environment.

2. Materials and methods
2.1. Materials

Palygorskite of Florida (Source Clay Minerals Repository, Purdue
University, IN) and sepiolite of Vicalvaro (TOLSA, Madrid, Spain) were
used in this study. The samples were reacted with acetate buffer,
hydrogen peroxide and citrate buffer to remove carbonates, organic
matter and iron/manganese oxides impurities, according to the
method of Kittrick and Hope (1963). The <2 pum fraction of the clay
minerals were separated by centrifugation and saturated with Ca?™
using 0.5 M CaCl, solution. Excess salts were washed out until the
electrical conductivity of eluents reached about 30 uS m™ . The Ca-
clay minerals were freeze-dried. X-ray diffraction patterns obtained
for orientated samples with a XD-610 Shimadzu X-Ray Diffractometer
(Cu-kat) indicated that the samples mainly contained palygorskite or
sepiolite. The cation exchange capacity of Ca?"-saturated palygorskite
and sepiolite was 19.5 and 11 cmolkg™', determined by the
ammonium acetate method (Rhoads, 1986). Specific surface areas of
136 and 240 m? g~ ! were measured for palygorskite and sepiolite,
using the BET-N; analysis.

Stock suspensions of the minerals (30gL™!) in 0.01 M CaCl,
solution were prepared and kept at room temperature for 24 to 48 h
until their pH reached to the constant values of 8.1 (palygorskite) and
8.7 (sepiolite).

Desferrioxamine mesylate CpsH4gNgOs.CH403S (Sigma-Aldrich,
USA) was used in this study as the source of DFO-B. This siderophore
was chosen because it is commercially available and a reasonable
research background about it was found in the literature (Kraemer,

2004). The schematic molecular structure of DFO-B is shown in Fig. 1.

2.2. Adsorption equilibrium experiments

Batch experiments were used for determination of DFO-B adsorption
isotherms. Ten milliliter samples of the stock suspensions were pipetted
into 50 mL centrifuge tubes and solutions containing eight different
DFO-B concentrations were added to the samples. The initial siderophore
concentrations were 0, 0.131, 0.163, 0.240, 0.407, 0.750, 0.927 and
1.831 mM and the adsorbent/solution ratio was 1/100. The ionic
strength of the systems was fixed at 0.03 M with 0.01 M calcium
chloride. A control sample (with no adsorbent) was also included for
each DFO-B concentration level. The samples were then shaken on an
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Fig. 1. Molecular structure of desferrioxamine-B.

orbital shaker (160 rpm) for 24 h at 25 4 1 °C. The equilibrium solutions
were separated by centrifugation at 5000 g for 15 min. The concentration
of iron released from the minerals was measured in the supernatant using
an AAnalyst 200 Perkin-Elmer Atomic Absorption Spectrophotometer.

The concentration of DFO-B in the equilibrium solutions was
determined colorimetrically by a Genway Spectrophotometer at
470 nm in the presence of excess iron salt according the method
described by Kraemer et al. (1999). To prevent precipitation of Fe
(hydr)oxide, the pH value was adjusted at 2 by adding a predeter-
mined volume of hydrochloric acid. After acidification, FeCls was
added to a final concentration of 312 pM. Standards were prepared
with siderophore concentrations of 0.017 to 0.258 pM and treated
analogously to experimental samples. The amount of adsorbed DFO-B
in each sample was calculated from the difference between initial and
final concentrations in equilibrium solutions. The adsorbed DFO-B
values were then plotted against the corresponding equilibrium
concentrations and two familiar models, Langmuir and Freundlich,
were tested to describe the adsorption behavior.

Determination coefficients (?) and standard errors of estimate
(SEE) were calculated and compared to evaluate goodness of fit of the
models. The SEE values were calculated from:

_ [Z@—a]"”
SEE—[ - } )

where, g, and g, are measured and model estimated DFO-B adsorbed
on each clay minerals at equilibrium, respectively, and ‘n’ is the
number of measurements.

2.3. Adsorption kinetic experiments

The rates of DFO-B retention by palygorskite and sepiolite were
also evaluated using batch experiments. Adsorption tests were started
by simultaneously adding 100 mL of 3.5 mM DFO-B to 200 mL of the
mineral suspension, agitated vigorously by a magnetic stirrer in a
500 mL glass reaction vessel at 25+ 1 °C. The concentration of DFO-B
at the beginning of the experiment was 1 mM and the mineral/
solution ratio was 1/100. Duplicate samples (each one 10 mL) were
pippeted out at ten selected time intervals (from 10 to 1440 min),
centrifuged and analyzed for the residual DFO-B concentration in
solutions. The concentrations of DFO-B in the supernatants were
determined as described in Section 2.2. The amount of DFO-B
adsorbed on the minerals at each time was calculated from the
difference between the initially added and finally measured DFO-B
concentrations. The time-dependent adsorption data were then
tested to be described by various kinetic models.

2.4. Curve fitting and data analysis

Curve fitting using non-linear regression analysis and graph
preparations were carried out with the statistical package GraphPad
Prism (version 4.00 for Windows, GraphPad Software, San Diego,
California, USA).

3. Results and discussion
3.1. Equilibrium DFO-B adsorption

Desferrioxamine-B adsorption data on the fibrous clay minerals
were well described by both the Langmiur and Freundlich models.
Fitted isotherm parameters and their corresponding coefficient of
determinations and standard errors are shown in Table 1. The
Langmuir equation provided slightly better correlations for DFO-B
adsorption on palygorskite, while adsorption of the siderophore on
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Table 1
Fitted isothermal parameters of DFO-B adsorption on palygorskite and sepiolite
minerals.?

Isotherm Parameter Palygorskite Sepiolite
Langmuir i® 0.977 0.948
qi = ;lm;x',%% SEE (umol/g) 1.435 2.356
qmax (umol/g) 46.50 41.56
K (L/umol) 0.875 1.909
Freundlich 5 0.972 0.983
g = K" SEE (umol/g) 1.590 1.353
K¢ (umol! =1/ g=11/m) 20.81 26.45
1/n 0.639 0.499

@ q; is the amount of DFO-B adsorbed at equilibrium; C; the equilibrium DFO-B
concentration; gmax the maximum adsorption capacity; K; an affinity parameter; Kr and
n are constants; 12 the determination coefficient; SEE standard error of estimate; all r?
values are significant at the 0.001 probability level.

sepiolite was relatively better described by the Freundlich model
(Table 1).

Adsorption of DFO-B on montmorillonite (Siebner-Freibach et al.,
2004) and deoxymugineic acid on goethite (Reichard et al., 2005) was
also satisfactorily modeled by the Langmuir equation. Desferriox-
amine-B adsorption maxima estimated by the Langmuir equation
(qmax) Were 46.5 and 41.6 umol g~ ! for palygorskite and sepiolite,
respectively. Considering of DFO-B molecular cross-sectional area of
1.65 nm? (Haak et al., 2003), it can be calculated that only about 34
and 17% of the specific N,-BET surface area of palygorskite and
sepiolite covered by DFO-B molecules, at the highest DFO-B
concentration applied. It seems that DFO-B was mainly adsorbed on
the external clay mineral surfaces and hardly able to enter the
structural channels of the palygorskite and sepiolite with dimensions
0f 0.37 x0.60 and 0.56 x 1.10 nm. Neubauer et al. (2002) reported that
the DFO-B adsorption maximum of ferrihydrite reached about
30 umol g~ ! after 7-8 days of equilibration with 70 uM DFO-B.

The adsorption capacities of the fibrous clay minerals for DFO-B were
much higher than 1.5 and 5.15 umol g~ ' reported by Kraemer et al.
(1999) and Rosenberg and Maurice (2003) for goethite and kaolinite,
respectively. Cheah et al. (2003) related low DFO-B adsorption capacity
of goethite (1.2umolg™~') to repulsion of DFO-B cations by the
positively charged goethite surface and to steric hindrance while DFO-
B molecules bind Fe centers in the mineral surfaces. For montmorillon-
ite, DFO-B adsorption maxima as high as 480 and 550 umol g~ ! were
calculated by Haack et al. (2008) and Siebner-Freibach et al. (2004). The
negative charges of the clay mineral layers and the penetration of DFO-B
molecules into the interlayer spaces were the causes of such high
adsorption of DFO-B siderophore by montmorillonite (Siebner-Freibach
et al.,, 2004, 2006; Haack et al., 2008).

The Langmuir affinity parameter (K;) was 0.875 and 1.909 Lg~!
for palygorskite and sepiolite, indicating that DFO-B adsorbs on
sepiolite much stronger than on palygorskite.

3.2. Iron release

The amount of iron released from palygorskite and sepiolite
increased nonlinearly and reached about 6.15 and 2.7 umol g~ ! with
increasing the initial DFO-B concentration from 0.13 to 1.8 mM
(Fig. 2).In contrast to palygorskite, iron release from sepiolite reached
a constant value of ~2.7 umol g~ ! at about 0.6 mM of DFO-B (Fig. 2).
This may confirm that fewer amounts of releasable Fe ions existed on
the sepiolite surfaces was the limiting factor of iron dissolution from
this mineral. In fact, Vicalvaro sepiolite is a magnesium-rich silicate
with only 0.56 Fe,Os% (Santaren et al., 1990) whereas Florida
palygorskite contains 3.74% Fe,03 (Mermut and Cano, 2001).

Soluble iron in the equilibrium solutions showed a nonlinear
relationship with the equilibrium DFO-B concentration (Fig. 3),
confirming the role of the siderophore in chemical weathering and
Fe dissolution from the fibrous clay minerals. Even in the presence of
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Fig. 2. Relationship between applied initial concentration of DFO-B and iron release.

DFO-B concentrations <200 pM, the dissolved Fe concentration in the
clay mineral suspensions was considerable (at least 0.5 umol L™1). It
suggests that these fibrous minerals possess a significant potential of
furnishing iron to the living cells in the soil environments. Rosenberg
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Fig. 4. Relationship between amounts of DFO-B adsorbed and iron released.

and Maurice (2003) reported that Fe released from kaolinite in the
presence of 240 uM DFO-B over 96 h at pH 5.5 was only 0.2 umol L™
(~10 ppb). Based on microbial growth experiments, Maurice et al.
(2001) and Ams et al. (2002), stated that such a low Fe level
(0.2 umol L™ ') was sufficient for metabolic requirements of aerobic
microorganisms. At very high DFO-B concentrations (i.e. 1.6 mM),
iron concentrations up to about 60 and 30 uM were generated by the
dissolution of palygorskite and sepiolite. Neubauer et al. (2002) also
observed an Fe concentration as high as 80 uM released from
ferrihydrite after 4 days of interacting with 100 pM DFO-B.

Significant correlations were found between the released Fe and
adsorbed DFO-B in the clay mineral suspensions (Fig. 4). This may
imply that a ligand-promoted surface-controlled dissolution mecha-
nism occurred during iron release from the palygorskite and sepiolite.
A similar conclusion was drawn by Rosenberg and Maurice (2003)
studying DFO-B adsorption on kaolinite.

3.3. Desferrioxamine-B adsorption kinetics

Desferrioxamine-B adsorption on palygorskite and sepiolite were
initially rapid and pseudo equilibrium conditions were reached within
about 24 h. Haack et al. (2008) showed that DFO-B adsorption
equilibration time on montmorillonite is considerably variable depend-
ing on the type of the saturating cation. They reported that DFO-B
adsorption rapidly reached a steady-state condition within 1 h with Na-
and Mg-montmorillonite but in 24 h to K-smectite. Siebner-Freibach et al.
(2004) also reported that most of the DFO-B adsorption on Ca-
montmorillonite took place within the first hour. Adsorption equilibra-
tion times and rate values reported in the literature, however, should be
critically considered, because adsorption of siderophores on colloidal soil
particles is greatly dependent on sorbent characteristics, solution
chemistry, and environmental factors.

The pseudo second-order model best fitted the DFO-B adsorption
on palygorskite (Table 2). If the experimental data follows a pseudo
second-order equation, the sorption process may be described as

Table 2
Desferrioxamine-B adsorption kinetic parameters on palygorskite and sepiolite
minerals.”

Equation Parameter Palygorskite  Sepiolite
Pseudo first-order: Qer (umol g™ 1) 77.86 87.81
Q:=Qe1(1—e Xty ;% 10% (min~ ") 473 4.84
T 0.768** 0.115™
SEE (umol g~ 1) 0379 1.208
Pseudo sec’onzd[—order: Qe (umol g 1) 78.16 88.81
Q= 2% kzx10% (gumol~'min~")  4.52 421
T 0.911** 0.390 ™
SEE (umol g~ ') 0.235 1.002
Elovich: a 75.93 84.34
Qi=a+bint b 0.36 0.71
2 0.598* 0.858***
SEE (umol g~ 1) 0.498 0.484
Power function: m 75.96 84.38
Q,=mt" nx10° 4.67 8.15
= 0.596* 0.861***
SEE (umol g~ 1) 0.500 0.479
Parabolic diffusion: C 77.10 86.16
=C+Rt'? Rx10? 4,04 11.22
P 0315™ 0.910"**
SEE (umol g~ 1) 0.651 0.385

*Q, is the amount of DFO-B adsorbed at time t; Q.; and Q. are the model estimated
amounts of DFO-B adsorbed at equilibrium, respectively; k; and k, are apparent first-
and second-order rate constants, respectively; a, b, m, n, R and C are constants; 1 is the
determination coefficient; SEE is the standard error of estimate; ns, *, ** and *** are
nonsignificant and significant at the 0.05, 0.01 and 0.001 probability levels, respectively.

chemisorptions (Ho et al., 1995). Regarding adsorption of DFO-B on
sepiolite, the parabolic diffusion equation described the data better
than did the other equations, indicating that diffusion controlled
phenomena may be rate-limiting (Sparks, 2003). The Power and
Elovich equations also adequately described the DFO-B adsorption
kinetics on sepiolite, but these two models had lower ? and higher
SEE values compared to the parabolic diffusion equation. Parravano
and Boudart (1955) noted that a number of different processes,
including bulk and surface diffusion as well as chemisorption, might
be described by the Elovich equation. Hence, one can conclude that
adsorption of DFO-B to sepiolite might proceed by both diffusion- and
surface-controlled reactions.

4. Conclusions

Palygorskite and sepiolite had considerable capacity to adsorb the
DFO-B siderophore. The adsorption was satisfactorily modeled by the
Langmiur and Freundlich isotherms. Adsorption rates of DFO-B and
equilibration time varied from the palygorskite to the sepiolite. This
may be related to the structural and compositional differences of the
two clay minerals. Further spectroscopic researches are needed to
improve our understanding of the mechanisms involved in DFO-B
interaction with palygorskite and sepiolite. Iron release from the
palygorskite and sepiolite was enhanced in the presence of DFO-B.
The siderophore, therefore, can promote dissolution (weathering) of
palygorskite and sepiolite in the soil environment.
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