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NOTES 

EFFECTS OF PHOSPHATE ON IRON OXIDE DISSOLUTION IN 
ETHYLENEDIAMINE-N,N,N',N'-TETRAACETIC ACID AND OXALATE 
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Iron oxide, Maghemite, Oxalate, Phosphate. 

The content of poorly crystalline iron oxides, mainly 
ferrihydrite, in soils is commonly determined by the 
oxalate method and less commonly by the ethylene
diamine-N,N,N',N'-tetraacetic acid (EDTA) method 
(Schwertmann, 1964; Schwertmann et al., 1982; Borg
gaard, 1981, 1988). Comparable amounts of iron are 
dissolved by the two methods from many soils (Borg
gaard, 1988), and both ligands presumably act via sur
face complexation (Chang and Matijevic, 1983; Zinder 
et ai., 1986). Recently, however, various differences in 
the dissolution mechanisms have been suggested 
(Borggaard, 1990). In contrast to EDT A, oxalate is 
rather unstable and decomposes, for example, in the 
presence oflight (Schwertmann, 1964). Decomposition 
of oxalate leads to the formation of iron(II), which may 
accelerate the dissolution of iron oxide (Cornell and 
Schindler, 1987). 

Furthermore, EDT A, having four carboxyl groups, 
has been postulated to be adsorbed onto iron oxide 
surfaces by the formation oftetranuclear surface com
plexes at room temperature (Borggaard, 1990). Such 
surface complexes may retard or inhibit iron oxide 
dissolution because several bonds must be broken be
fore the iron-EDTA complex can be released (Chang 
and Matijevic, 1983). Oxalate is bidentate and forms 
binuclear (and monodentate) surface complexes (Par
fitt et ai., 1977; Cornell and Schindler, 1987), which 
obviously cannot prevent the dissolution of crystalline 
iron oxide (Borggaard, 1982, (988). If the surface com
plexes are different, however, the EDTA and oxalate 
methods should respond differently if competing an
ions, such as phosphate, are present simultanously. 
Phosphate should increase the dissolution rate in EDT A 
because it eliminates or suppresses the formation of 
tetranuclear surface complexes, whereas the competi
tion for adsorption sites should slow down the disso
lution in oxalate. 

The purpose of this paper is to test the hypothesis 
of different mechanisms for the dissolution of iron ox
ides in EDT A and oxlate due to different surface com
plexes. Therefore, adsorption and dissolution proper
ties of the system iron oxide-EDTNoxalate with and 

without phosphate were investigated for various syn
thetic iron oxides. 

EXPERIMENTAL 

Iron oxides. Except for the ferrihydrite, the iron oxides 
were the same as prepared and described previously 
(Borggaard, 1983). So-called goethite I was prepared 
by 2 days' aging of a mixture of iron(III) nitrate and 
sodium hydroxide solutions (OHlFe = 3.5) at 60°C, 
and goethite B was prepared by 3 days' aging at room 
temperature of a mixture of iron(III) nitrate and so
dium hydroxide solutions (OH/Fe = 1.0) followed by 
2 days' aging at pH 12.3 and 55°C. Hematite 4 was 
prepared by heating feroxyhite at 560°C for 20 hr. Mag
hemite 2 was prepared by bubbling air for - 6 hr through 
an iron(II) chloride solution at 45°C maintained at pH 
-7 by ammonia addition. Lepidocrocite I was pre
pared by I day's shaking of a mixture of iron(III) sul
fate, sodium thiosulfate, and potassium iodate. 

Ferrihydrite, prepared by slow hydrolysis of iron(lIl) 
at pH -7, contained 51.8% Fe and exhibited two broad 
X-ray powder diffraction (XRD) humps at -2.4 and 
-1.5 A. 
Adsorption. Two, log portions of goethite 1 or hematite 
4 or 0.2-g portions oflepidocrocite 1 were weighed into 
centrifuge tubes and suspended in 8 cm3 of water and 
7 cm3 of water plus 1 cm3 of I M KH2P04 (pH 5.0), 
respectively. After overnight shaking, 2 cm3 of 0.1 M 
oxalate (pH 5.0) plus 0.1 cm3 of 14C-labeled oxalic acid 
(0.1 /-tCi, from Du Pont NEN) were added to both 
tubes. The tubes were shaken for 2 hr and centrifuged. 
The oxalate concentration was determined by mixing 
0.5 cm3 of the clear supernatant with 5 cm3 of a scin
tillation cocktail and analyzing the mixture with a liq
uid scintillation counter. The difference between oxa
late concentrations before and after shaking with the 
iron oxide was considered to be the amount of oxalate 
adsorbed. 

Similarly, EDT A adsorption was determined by re
placing oxalate with 0.1 M EDTA (pH 5.0) and using 
14C-Iabeled EDT A (0.1 /-tCi, from Amersham). In the 
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Figure 1. Dissolution profiles for ferrihydrite in 0.02 M eth
ylenediamine-N,N ,N' ,N' -tetraacetic acid (EDT A) and oxalate 
with or without 0.2 M phosphate. pH, 5.0; temp., -20°C. 

samples containing both EDT A and phosphate, ad
sorbed phosphate was calculated from the difference 
between phosphate concentrations, determined by the 
molybdenum blue method, before and after shaking 
with the iron oxide. 

For adsorbed oxalate and EDT A the coefficient of 
variation was -10%, whereas for phosphate adsorp
tion the coefficient of variation was as much as -25%. 

Dissolution. Four dissolution series were carried out 
for each iron oxide at pH 5 and room temperature 
( - 20°C). Each series consisted of 10 portions of 50 mg 
of iron oxide in polyethylene bottles. Twenty-five cubic 
centimeters of 2 M ammonium acetate (pH 5.0) was 
added to all bottles. Fifteen cubic centimeters of water 
was added to the bottles in two of the series, whereas 
5 cm3 of water plus 10 cm3 of 1 M KH2P04 (pH 5.0) 
was added to bottles in the other two series. After all 
bottles had been shaken for 3 days in a reciprocal shak
er, 10 cm3 of 0.1 M EDTA (pH 5.0) was added to the 
bottles in two series (with and without phosphate) and 
10 cm3 of 0.1 M ammonium oxalate (pH 5.0) to the 
bottles in the other two series. Bottles containing ox
alate were wrapped in tinfoil to exclude light. The bot
tles were shaken from 2 to 168 hr (ferrihydrite) or from 
8 hr to 20 days (the other iron oxides). After shaking, 
the solid was separated from solution by centrifugation. 

The iron concentration was determined in the clear 
supernatants by flame atomic absorption spectroscopy 
using standards containing the same salts and in the 
same concentrations as in the samples. Standards and 
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Figure 2. Dissolution profiles for goethite 1 in 0.02 M eth
ylenediamine-N,N ,N' ,N' -tetraacetic acid (EDT A) and oxalate 
with or without 0.2 M phosphate. pH, 5.0; temp., -20°C. 

samples were introduced via a laboratory-built flow 
injection system to avoid blocking of the burner sys
tem. All determinations were carried out in duplicate 
or triplicate; the coefficient of variation was <6%. 

RESULTS AND DISCUSSION 

The dissolution profiles for ferrihydrite and goethite 
1 at room temperature are shown in Figures 1 and 2. 
Ferrihydrite dissolved much faster than goethite. In 
the absence of phosphate all ferrihydrite dissolved dur
ing 4 days, whereas <0.2% goethite dissolved during 
20 days. For the most reactive crystalline iron oxide 
sample, lepidocrocite 1, the extent of dissolution was 
< 2% and <5% in EDTA and oxalate, respectively. 

The addition of phosphate changed the dissolution 
profiles, but in different ways depending on the iron 
oxide. In the dissolution of ferrihydrite, phosphate 
drastically reduced the dissolution rate for both ligands 
(Figure 1); however, goethite dissolved faster in EDT A 
but more slowly in oxalate, if phosphate was present 
(Figure 2). The other crystalline iron oxides (goethite 
B, hematite 4, maghemite 2, and lepidocrocite 1) be
haved like goethite 1, shown in Table 1, which gives 
the slopes of the various dissolution profiles. These 
slopes corresponded to the linear or almost linear part 
of the dissolution profiles, which, as shown for goethite 
1 in Figure 2, also exhibited initial curved parts cor
responding to fast dissolution. Such fast initial disso
lution was observed by Schwertmann (1984) and may 
have been due to dissolution of surface iron at comers 
and edges. 

Excluding ferrihydrite, the rate of dissolution in
creased almost linearly with increasing specific surface 
area of the iron oxides (Table 1). Thus, expressed in 
terms of square meters, the rate of dissolution of the 
crystalline iron oxides in EDT A was 0.039 ± 0.009 
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Table 1. Rate of dissolution (taken as the slope of the dissolution profile) of various synthetic iron oxides in 0.02 M solutions 
ofethylenediamine-N, N, N', N'-tetraacetic acid (EDTA) and oxalate with or without 0.2 M phosphate.' 

Phosphate 
EDTA +EDTA Oxalate Phosphate + oxalate Spec. swface 

Mineral v.mole/day) v.mole/day) v.mole/day) v.mole/day) area (m' /g) 

Goethite 1 0.51 0.79 0.78 0.65 16 
Goethite B 2.6 4.5 4.1 2.9 82 
Hematite 4 2.4 3.4 3.3 1.9 64 
Maghemite 2 1.6 8.3 6.7 5.0 30 
Lepidocrocite 1 9.1 29 23 12 221 
Ferrihydrite2 4.2 x 103 460 16 x 103 1.2 X 103 328 

'At pH 5 and room temperature (-200C). 
2 Calculations correspond to < 65% ferrihydrite dissolved and time < 50 hr. 

ILmole Fe/(day m2). Similarly, the rate of dissolution 
of goethite and hematite in dithionite was found to 
depend on the specific surface area but not on the min
eral form (Torrent et al. , 1987). Furthermore, the 
amounts of fluoride and phosphate adsorbed by var
ious iron oxides were independent of the mineral form, 
but increased linearly with increasing specific surface 
area (Borggaard, 1983; Goldberg and Sposito, 1984). 
The amounts of EDT A and oxalate adsorbed by goe
thite 1, hematite 4, and lepidocrocite 1 were also found 
to be independent of the mineralogy (Table 2); how
ever, the reactivity of iron oxides did not always appear 
to be independent of mineralogy. In oxalate, the cal
culated dissolution rates per square meter for lepido
crocite 1 and maghemite 2 were higher than those for 
the goethites and hematite 4 (Table 1). Zinder et at. 
(1986) found different dissolution rates for goethite and 
hematite in oxalate. Although the amount of phosphate 
adsorbed per square meter depended on crystal mor
phology for hematite species it bore no relation to mor
phology for goethite species (Barron et aI. , 1988; Tor
rent et al., 1990). 

Ferrihydrite dissolved much faster than can be ac
counted for by its higher specific surface area (Table 
1). Together with the different behavior in the presence 
of phosphate, this rapid dissolution emphasizes the 
difference between ferrihydrite and other crystalline 
iron oxides. 

The retarding effect of phosphate on the dissolution 
offerrihydrite in both ligand solutions and on the dis
solution of the other iron oxides in oxalate (Figure 1; 
Table I) is similar to the reported suppressing effect of 
silicate on ferrihydrite dissolution in oxalate (Saleh and 
Jones, 1984; Parfitt and Childs, 1988). In oxalate, this 
effect may be explained by competition for adsorption 
sites between oxalate and phosphate, both forming bi
nuclear surface complexes on iron oxides (Parfitt et al., 
1977; Cornell and Schindler, 1987). In agreement, a 
blocking of "specific dissolution sites" by species, such 
as phosphate and silicate, was considered by Cornell 
et al. (1989) to retard ferrihydrite dissolution and there
fore its transformation into crystalline iron oxides. 

In contrast with dissolution in oxalate, phosphate 
accelerated the dissolution of crystalline iron oxide in 
EDT A (Figure 2; Table 1). Furthermore, without phos
phate, all iron oxides dissolved faster in oxalate than 
in EDT A (Table 1). The dissolution pathways in EDT A 
and oxalate must therefore be different. Both ligands 
are anions of carboxylic acids and are considered to 
act via surface complexation mechanisms (Chang and 
Matijevic, 1983; Zinder et al., 1986; Borggaard, 1990). 
Oxalate is, however, bidentate, whereas EDT A has four 
carboxylate groups and may therefore form tetranu
clear surface complexes. As pointed out by Borggaard 
(1990), the size and flexibility ofthe EDT A molecule 
and the distances between singly coordinated hydroxyl 
groups on iron oxides should enable formation of such 
complexes. To accomplish dissolution, one of the four 
iron ions complexed to EDT A must be released to
gether with the EDT A molecule. This process requires 
considerable energy to break several bonds (Chang and 
Matijevic, 1983). Release of surface iron complexed to 
oxalate (binuclear surface complex) requires fewer 
bonds to be broken (less energy). Therefore, the for
mation of binuclear and tetranuclear surface complexes 
with oxalate and EDT A, respectively, may explain the 
higher dissolution rates found for all iron oxides in 
oxalate than in EDT A without phosphate (Table 1). 

Table 2. Oxalate and ethylenediamine-N,N,N',N'-tetraace
tic acid (EDT A) adsorbed by synthetic iron oxides in the 
absence and presence of 0.1 M phosphate.' 

Phos-
phate + Phos- Swface 

Oxalate oxa1ate EDTA phate + sites3 

v.molel v.molel v.molel EDTA' v.molel 
Mineral m') m') m' ) v.mole/m') m') 

Goethite I 2.4 1.8 1.6 1.2 (1.8) 7.3 
Hematite 4 2.4 1.4 1.2 1.2 (1.3) 5.1 
Lepidocrocite I 2.5 1.6 1.3 1.0 (1.4) 5.9 

I At pH 5 and room temperature (-20oq. 
2 Values in brackets are amounts of phosphate adsorbed. 

- 3 Values correspond to fluoride adsorption taken from Borg
gaard (1983). 
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Furthermore, the increased dissolution rate ofthe crys
talline iron oxides in EDT A following the addition of 
phosphate could have been due to a reduction in num
ber of ligator groups per EDT A molecule because of 
competition for adsorption sites between phosphate 
and EDTA. 

This hypothesis is strongly supported by the results 
in Table 2. The iron oxides adsorbed 2.5 ~mole/m2 of 
oxalate at pH 5, which is similar to values found by 
Parfitt et al. (1977) and Cornell and Schindler (1987) 
and to the amounts of phosphate adsorbed by various 
iron oxides (Borggaard, 1983; Goldberg and Sposito, 
1984; Torrent et al., 1990). This value is about half 
the number of adsorption sites (Table 2), in agreement 
with binuclear surface complexation of oxalate. After 
addition of phosphate, adsorbed oxalate was reduced 
and the dissolution rate decreased (Table I), in support 
ofthe surface complexation mechanism (Zinder et a/., 
1986). 

In contrast, the iron oxides only adsorbed 1. 3 ~mole/ 
m 2 of EDT A (Table 2). Comparable amounts were 
found by Chang et al. (1983) and Rueda et al. (1985) 
to be adsorbed at pH 5 by hematite and goethite, re
spectively. Considering the number of adsorption sites, 
this value indicates that one EDT A molecule occupies 
four adsorption sites, i.e., forms a tetranuclear surface 
complex. The area of a fully "extended" EDTA mol
eculeis 100A..2 (Changetal., 1983), and at pH 5 EDTA 
has four negative carboxylate groups and two positive 
amino groups. Furthermore, free rotation about the 
single bonds in EDT A allows adaptation of correct 
configurations. Therefore, there seems to have been no 
hindrance for the four carboxylate groups in EDT A to 
have reacted with four contiguous hydroxyl groups at 
the iron oxide surface occupying - 100 A.. 2 (Borggaard, 
1983). 

Interestingly, almost the same amounts of EDTA 
were adsorbed with and without addition of phosphate 
(Table 2). These results indicate a change in the number 
of carboxyl groups in EDT A to surface iron ions from 
four in the absence of phosphate to two in the presence 
of phosphate. The resulting binuclear iron oxide-EDT A 
surface complex probably resembled the oxalate sur
face complex in reactivity, although the reactivity of 
the two complexes was not necessarily identical, be
cause the nature of the two ligands is different. 

In conclusion, phosphate affected iron oxide disso
lution in EDT A and in oxalate differently; in oxalate, 
the rate of dissolution decreased, but in EDT A it in
creased for crystalline iron oxides after phosphate ad
dition. The difference may be explained by formation 
of tetranuclear and binuclear (as in oxalate) surface 
complexes in EDT A without and with phosphate, re
spectively, the former retarding the dissolution of crys
talline iron oxide. In contrast, ferrihydrite (and other 
poorly crystalline iron oxides) readily dissolved in 
EDT A, although it probably also forms tetranuclear 

surface complexes (Borggaard, 1990). Increased bond 
energies due to increased crystallinity may account for 
the difference in reactivity towards EDTA of poorly 
crystalline and well-crystallized iron oxides. 
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