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Interaction between various species in natural systems
may affect the adsorption of these species and thereby their
mobility and bioavailability. Recently an ion adsorption
model has been developed, based on the surface structure
of metal (hydr)oxides and the structure of surface
complexes identified by spectroscopy. This model has been
applied to the adsorption of phosphate and weak organic
acids on goethite in single anion systems. We studied the
interaction between phosphate and citrate on goethite,
which is important for a better understanding of the competi-
tive binding of phosphate and organic matter in natural
systems. Citrate adsorption in the presence of phosphate
decreased strongly over a wide pH range, whereas
phosphate adsorption was only affected at pH values below
7, with the largest interaction around pH 5. Competition
for binding sites appeared to be an important factor in
determining the competitive adsorption of phosphate and
citrate when taking into account that a larger number

of surface groups is involved in the complexation of citrate
compared with phosphate. Competitive adsorption was
predicted satisfactorily by applying model parameters from
the single anion experiments, using surface complexes
coordinated to three or four surface groups for citrate and
to one or two surface groups for phosphate.

Introduction

The sorption of phosphate on metal (hydr)oxides in soils
and sediments influences the mobility and bioavailability of
phosphate in terrestrial and aquatic systems. Organic matter
present in these systems may interact with metal (hydr)-
oxides, thereby changing the sorption characteristics of metal
(hydr)oxide surfaces. Natural organic matter and humics
isolated from aquatic systems were shown to compete with
phosphate for sorption on iron (hydr)oxides (1—3).

Sorption of natural organic matter on iron oxides is
dominated by ligand exchange between carboxyl/hydroxyl
groups and oxygen/water groups at the surface (3), abinding
mechanism that has also been demonstrated for small organic
acids (4,5). Therefore, studying the influence of small organic
acids on phosphate adsorption might provide a better
understanding of the interaction of organic matter and
phosphate on metal (hydr)oxides.

In soils, such small organic acids may be present because
they may be released by roots and microorganisms and by
the decomposition of organic matter (6—8). In the presence
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of small organic acids, an increase in the mobilization of
phosphate was observed for soils with a high content of iron
and aluminum (hydr)oxides on which phosphate was sorbed
(8—13). The effectiveness by which phosphate is desorbed
from soils and metal (hydr)oxides depends on the number
of carboxyl groups of the acid (12, 14, 15). On the pH-
dependent competitive interaction between phosphate and
organic acids/anions on metal (hydr)oxides, only few data
are available (14—16). In this study, we examine the
competitive adsorption of phosphate and citrate on goethite
and the influence of pH and the anion concentrations on the
competition.

Infrared spectroscopy studies of the binding of citrate on
goethite showed that the three carboxyl groups of citrate are
all involved in the coordination to the surface (4). Inastudy
in which the adsorption behavior of different small organic
acids on goethite was compared, citrate was assumed to be
bound as a bidentate complex and, in addition, by hydrogen
bonds between surface groups and the remaining carboxyl
groups. Thisresults in the complexation of citrate with three
or four surface groups of goethite (17).

The simultaneous adsorption of citrate and phosphate
on goethite can be predicted with the CD-MUSIC surface
complexation model (18). The model uses surface complexes
proposed from spectroscopy studies and is based on a
reasonable approximation of the surface structure of goethite.
In this study, the surface complexes and model parameter
values that were successfully used to describe the adsorption
of citrate and phosphate on goethite in single anion systems
(17, 19) are used as a starting point.

Materials and Methods

The goethite used had a BET specific surface area of 96.4 m?
g~*and a pristine point of zero charge (PPZC) of 9.2 (goethite
I; 19). All solutions were prepared with distilled deminer-
alized water and stored in polyethylene plastic to avoid
contamination with silica. The pH-dependent adsorption
of citrate and phosphate on goethite was determined in batch
adsorption experimentsin 0.01 M KNOs. Inblank treatments
with citrate, no evidence for microbial degradation was found.
In most experiments, following the addition of phosphate
and/or citrate, the suspensions were equilibrated for 20 hin
an end-over-end shaker. In one set of experiments, the
influence of the order of addition of phosphate and citrate
was studied by adding phosphate 24 h after citrate, or vice
versa, and equilibrating the suspensions for another 20 h.
The adsorption of phosphate and citrate was calculated from
the difference in the initial total concentration of the anion
in the system and the final concentration in solution. The
concentrations mentioned below are initial total concentra-
tions in the system.

The adsorption of citrate was determined at 1 x 1073 M
with a goethite suspension density of 4gL*and at 1 x 10~
M citrate with 0.5 g of goethite L™*. For the latter citrate:
goethite ratio, citrate adsorption was also determined in the
presenceof 1 x 107*and 6.5 x 107°M phosphate. The citrate
concentration in solution was calculated from the measured
dissolved organic carbon concentration (Skalar SK 12).
Phosphate adsorption was determined in the presence of 1
x 107 M citrate at phosphate concentrations of 1 x 107, 8
x 1075, and 6.5 x 10~° M with 0.5 g of goethite L. The
phosphate concentration in solution was determined using
the malachite green method (20) or the molybdenum blue
method. Phase separation was performed by centrifuging
the suspensions at 22000g for 25 min.
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TABLE 1. Surface Complexes of Phosphate and Citrate on Goethite and the Distribution of the Charge (z) of the Surface
Complex over the Surface, the 1-Plane, and the d-Plane at the Head End of the Diffuse Double Layer (DDL)?

surface complex log K? FeOHYZ~ H PO~
F8202P02(27) 30.0 2 2 1
Fe,0,POOH() 35.4 2 3 1
FeOPO3@".™) 20.5 2 1 1
Fe,Cit™) 39.6 4 4 0
FesCit27) 29.65 3 3 0
FesCitH®/27) 34.3 3 4 0

Cit*~ Zsurface® Z1—plane Zd—plane
0 —0.25 —1.75 0
0 0 -1.0 0
0 —0.3 —2.2 0
1 0.4 -0.4 -1.0 (Figure 1A)
1 0.2 -0.7 -1.0 (Figure 1B)
1 0.2 -0.2 -05 (Figure 1C)

2 Model parameter values are adapted from Geelhoed et al. (19) for phosphate and from Filius et al. (17) for citrate. The basic charging behavior
of goethite is modeled with the parameter values of Geelhoed et al. (19). ? Adjustments of log K: protonated bidentate phosphate, —0.1; citrate
surface species with four surface groups, —0.2; citrate surface species with three surface groups, —0.1 because of altered charge distribution.
¢ Adjusted charge distribution: more negative charge of citrate is attributed to the surface, resulting in less positive charge at the surface (0.2
instead of 0.3 for three surface groups and 0.4 instead of 0.6 for four surface groups) and less negative charge in the 1-plane. Note that the charge

per surface oxygen is small.
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FIGURE 1. Schematic drawing of citrate surface complexes: (A) bidentate complex with two H-bonds between the surface and carboxylate
groups, (B) bidentate complex with one H-bond, and (C) bidentate complex with one H-bond and one protonated carboxylate group.

In another set of experiments with relatively low phos-
phate loading of goethite, %?P was added to determine
phosphate in solution. Phosphate adsorption was deter-
minedat2.1 x 10> Mwith 0.2 g of goethite L~*in the presence
of 1 x 1075, 1 x 1074, and 1 x 1072 M citrate. Per 20 mL of
suspension, 0.3—5.8 kBq of carrier free 32P was added. The
influence of the order of addition was studied for 2.1 x 10~°
M phosphate and 1 x 10~* M citrate. After equilibration, the
suspensions were centrifuged at 150009 for 10 min after which
the supernatant was centrifuged for another 10 min. The 2P
concentration in solution was determined using Cerenkov
counting, and the 3P concentration in solution was calculated
from the 3!P:32P ratio corrected for disintegration.

Dissolution of goethite by citrate during the experiments
was not checked. The dissolution of goethite by citrate is
larger at large citrate:goethite ratio and low pH. Model
calculations using the solubility product of goethite (21) show
that, for the system with 1 x 10~% M citrate and 0.2 g of
goethite L™ at pH 2.5—4; 5% of the goethite is dissolved at
equilibrium. This corresponds to a decrease in the goethite
surface area of about 2.5%. As aresult, the surface coverage
of citrate and phosphate, and their solution concentrations
will slightly increase. For competitive systems with phos-
phate, the increase in the phosphate concentration in solution
will be less than 1%.

Modeling Anion Adsorption

The adsorption of phosphate and citrate was modeled using
a multi-site complexation (MUSIC) approach (18). The
density of the various surface groups can be derived from
the crystal structure of goethite. The surface groups differ
in the coordination with underlying Fe atoms (n), leading to
singly (n = 1), doubly (n = 2), or triply (n = 3) coordinated
surface groups. Singly coordinated surface groups are
considered to be reactive for protonation and anion adsorp-
tion. Doubly coordinated surface groups are uncharged over
awide pH range and, therefore, are regarded as not reactive.
One-third of the triply coordinated surface groups can be
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considered to be reactive for protonation (22). The charge
of the surface groups is determined by the number of bonds
with the Fe atoms (0.5 unit per bond) and the charge of the
surface ligand (—2 for O, —1 for OH, 0 for OH;). The model
parameters, a.o. site density, capacitance, and affinity
constants needed to describe the basic charging behavior of
goethite are taken from Geelhoed et al. (19).

Phosphate and citrate exchange ligands with the surface,
forming inner-sphere complexes (4, 23). The charge of these
inner-sphere complexes is regarded as a spatial charge
distributed over the surface, the d-plane at the head end of
the diffuse double layer (DDL), and the intermediate 1-plane.
Phosphate modeling is based on the formation of bidentate
complexes, protonated bidentate complexes, and mono-
dentate complexes, surface species that have been identified
within situ CIR—FTIR spectroscopy (23). The constants used
(19) aregiveninTable 1. The adsorption of citrateat | =0.01
M can be described with the complexes depicted in Figure
1. These complexes and their model constants (Table 1) are
taken from Filius et al. (17). The charge of the citrate
complexes attributed to the surface results from the proto-
nation of surface groups, the oxygens shared between the
surface and citrate, and the oxygens bound with H-bonds.
Because of the large size of citrate, the remaining charge of
the surface complex is distributed over the 1-plane and
d-plane (Table 1) (17).

Results and Discussion

Adsorption in Single Anion Systems. The adsorption of
citrate on goethite decreased with increasing pH (Figure 2).
At pH values above the PPZC almost no citrate was adsorbed.
Below the PPZC, where goethite becomes positively charged,
a strong increase in citrate adsorption was observed with
decreasing pH. At low pH, the adsorption of citrate levels
off because of increasing protonation of citrate in solution.
Model calculations show that the electrostatic contribution
to the total affinity of citrate for the goethite surface is
relatively large (17, 24).
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FIGURE 2. Citrate adsorption on goethite at two citrate:goethite
ratios. Citrate adsorption was modeled using the model parameter
values of Filius et al. (17).
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FIGURE 3. Single anion and competitive adsorption of (A) phosphate
and (B) citrate at equal total concentrations of 1 x 107* M at 0.5
g of goethite L~ Data of phosphate adsorption without citrate are
taken from Geelhoed et al. (19). Citrate adsorption was also
determined at a lower total phosphate concentration of 6.5 x 10~°
M. Model calculations were performed with the original and
adjusted model parameter values (Table 1).

The adsorption of phosphate and citrate in single anion
systems at equal initial total concentrations is shown in Figure
3 (open symbols). Comparing the adsorption of phosphate
and citrate at high pH (pH ~ PPZC) shows that phosphate
is adsorbed in considerable amounts, whereas citrate is not
adsorbed. This illustrates that phosphate has a much larger
intrinsic affinity for the goethite surface than citrate. Atlow
pH the adsorption of citrate is also smaller than the adsorption

of phosphate, but this can be explained from the larger
number of surface groups involved in the adsorption of citrate
as compared with phosphate. In situ spectroscopic studies
of phosphate adsorbed on goethite have shown that phos-
phate is adsorbed as bidentate, protonated bidentate, and
monodentate surface species (23). Using the CD-MUSIC
model, an accurate quantitative description of the observed
distribution of phosphate species on goethite related to
phosphate loading and pH was obtained (18). At intermedi-
ate to low pH, the bidentate phosphate species are most
abundant. Model calculations for citrate adsorption at low
pH indicate that about 70% of the surface complexes is of
type A (Figure 1), in which citrate is coordinated to four
surface groups. Theresulting predicted number of occupied
surface groups at pH 3 in Figure 3 is 4.1 umol m=2 for
phosphate and 5.1 umol m~2for citrate. Compared with the
total number of reactive surface groups of 5.7 umol m~2, this
shows that the surface coverage of goethite with citrate can
become very high.

Adsorption in Competitive Systems. Anion adsorption
in competitive systems is affected directly by competition
for surface sites and indirectly by the change of the
electrostatic charge in the plane of adsorption. The simul-
taneous addition of citrate and phosphate to goethite resulted
in adecrease in the adsorption of both phosphate and citrate
(Figure 3, filled symbols), indicating that phosphate and
citrate compete for adsorption on the goethite surface. The
adsorption of citrate was strongly decreased over the whole
pH range, whereas phosphate adsorption was only affected
below pH 7, an effect that is caused by the difference in the
intrinsic affinities. Competition between organic and in-
organic anions has also been observed for, for example,
oxalate and phosphate, chromate or sulfate (16, 25, 26), and
phthalic or chelademic acid and sulfate (27).

The surface coverage of goethite with phosphate or citrate
in the single anion experiments was high, which implies that,
when these anions are added together, direct competition
for binding sites must take place. Forthe conditionsinFigure
3, the decrease in the adsorption of citrate can largely be
explained from nonelectrostatic site competition. At pH 4,
phosphate adsorption amounts to 1.6 umol m~2. Due to the
difference in the number of surface groups involved in surface
complexation, thiswould lead to a decrease in the adsorption
of citrate of about 0.9 umol m~2, which is close to what was
observed experimentally. When a smaller amount of phos-
phate is present in the mixed system (Figure 3), the decrease
in citrate adsorption caused by competition is less. The
decrease in the adsorption of phosphate due to the presence
of citrate was smaller than expected from direct site compe-
tition, indicating the influence of electrostatic interaction.

The influence of electrostatic interaction is also demon-
strated by the results of the model calculations. Using the
original model parameter values (17, 19), the influence of
citrate on phosphate adsorption is underestimated, although
the general trend in the pH dependence of competitive
adsorption is predicted well (Figure 3). The competitive
interaction between phosphate and citrate on goethite was
enlarged by changing the distribution of charge of citrate. A
small amount of negative charge, —0.1 valence unit, was
shifted from the 1-plane to the surface, and the corresponding
log K values were adjusted because of this (Table 1). Con-
sequently, the contribution of the electrostatic energy to the
total affinity of the —citrate surface complexes changed, and
this resulted in lower adsorption of protonated phosphate
bidentate complexes. The adsorption of phosphate was
further reduced by decreasing the intrinsic affinity constant
of the protonated bidentate phosphate complex by 0.1 log
Kunit. Withthe adjusted parameter values, the data of single
anion adsorption (17—19) and adsorption interactions (19,
28) are still described well.
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FIGURE 4. Phosphate adsorption on goethite at different phosphate
loading in the presence of an initial total concentration of 1 x 10~
M citrate. Model calculations were performed with the adjusted
parameter values for the presence (dashed lines) and absence of
citrate (dotted lines).

The effect of citrate on phosphate adsorption at various
phosphate loadings of goethite is shown in Figure 4. With
decreasing phosphate loading of goethite, the effect of the
presence of citrate on the amount of phosphate adsorbed
becomes less. This may be attributable to a decreasing
competition for binding sites, because a smaller part of the
surface is covered with phosphate. Figure 5A shows that the
presence of larger total concentrations of citrate increases
the competitive interaction with phosphate. The increase
in the phosphate concentration in solution caused by the
competitive adsorption of citrate and phosphate is shown in
Figure5B. Attherelatively low phosphate loading of goethite
in this experiment, citrate had a very large effect on the
phosphate concentration in solution. The phosphate con-
centration in solution increased 300—600-fold in the presence
of a total concentration of 0.1-1 mM citrate. Even the
presence of a low total concentration of citrate (1 x 1075 M)
resulted in an increase of the phosphate concentration in
solution at low pH. The effect of the order of addition of
phosphate and citrate on the phosphate concentration in
solution, particularly when compared with the effect of
competition, was relatively small (Figure 5B).

The competitive adsorption experiments carried out at
relatively low phosphate loading (Figure 5) show that the
presence of citrate had a much larger effect on the phosphate
concentration in solution than on the amount of phosphate
adsorbed. Adsorption isotherms of phosphate on goethite
in the absence and presence of citrate (Figure 6) show that
the relative increase in the phosphate concentration in
solution caused by the presence of citrate increases with
lower phosphate loading of goethite. Phosphate has a very
high affinity for the goethite surface, which results in very
small phosphate concentrations in solution when the surface
coverage of goethite is low. As a result, a small decrease in
phosphate adsorption caused by competition with citrate
will lead to a very large relative increase in the phosphate
concentration in solution. The competitive adsorption
between phosphate and citrate decreases the affinity of
phosphate for the goethite surface, which is illustrated by
the larger slope of the phosphate adsorption isotherm in the
presence of citrate (Figure 6).

Environmental Implications. In natural systems, the
phosphate concentration in solution is generally low. Our
experiments show that under these conditions competition
between phosphate and organic compounds may result in
a very large increase in the phosphate concentration in
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FIGURE 5. Influence of the initial total concentration of citrate on
(A) the amount of phosphate adsorbed and (B) the phosphate
concentration in solution for an initial total concentration of 2.1 x
105 M at 0.2 g of goethite L™, Also the measured phosphate
concentration in solution in the absence of citrate is shown (data
taken from ref 19). For 1 x 107* M citrate, the effect of different
orders of addition on the phosphate concentration in solution is
indicated. Model calculations were performed with the adjusted
parameter values.
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solution (Figure 6). The mobility and bioavailability of
phosphate are directly related to the phosphate concentration



in solution (29) and will therefore increase strongly as a result
of competitive adsorption.

The adsorption mechanisms of natural organic matter
and small organic anions are similar (3), which implies that
the mechanisms that determine competitive adsorption may
be comparable as well. Competition for binding sites ap-
peared to play an important role in the competitive interac-
tion between phosphate and citrate. For organiccompounds
such as humic and fulvic acids, a large number of surface
groups may be involved in the coordination to the surface,
which suggests that these compounds can compete relatively
strongly with anions such as phosphate.

The presence of natural organic matter is likely to decrease
the affinity of phosphate for adsorption on metal (hydr)-
oxides by competitive adsorption. Therefore, it is essential
to take the competitive interaction of phosphate and organic
matter into account in the modeling of the bioavailability
and mobility of phosphate in natural systems.
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