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ANION INTERACTIONS WITH FRESHLY PREPARED
HYDROUS IRON OXIDES!
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Abstract—Infrared analysis showed that the bonding habit of oxyanions with freshly precipitated hydrous
ferric oxides depends upon the nature of the anion and its hydration level. Monovalent oxyanions adsorb

through an electrostatic interaction with the hydrated

hydrous oxide surface. All divalent oxyanions, with

the exception of tellurate, coordinate directly with surface iron cations. Tellurate, an octahedral anion,
apparently penetrates and incorporates in the hydrous oxide structure. The symmetry of the free anion has
a significant role in determining the configuration of the resultant complex. For anions of the same charge,
those with tetrahedral geometry (in uncoordinated states) show a higher degree of specificity for the surface
than the trigonal planer anions. Without exception, each bidentate bridging complex forms by replacement
of protonated and unprotonated hydroxyls. With the anion geometry and the charge being equal, the sus-
pension pH determines the adsorption capacity of the hydrous oxide.
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INTRODUCTION

Knowledge of the bonding sites and coordination
habits of oxyanions on hydrous iron oxides can provide
insight into the structure of the hydrous surface and can
explain reactions that occur at these surfaces. In light
of the current interest in the interaction of toxic chem-
icals with soil constituents and their structural trans-
formations, an investigation of the bonding character-
istics of certain anionic species has been undertaken.

The location and bonding structure of oxyanions as-
sociated with freshly precipitated hydrous iron oxides
has not been thoroughly defined. The presence of an-
ions in the hydrous oxide structure was recognized in
aging studies, first by Fripiat and Pennequin (1965) and
later by Lahann (1976). They observed that in an acid
medium the transformation of iron hydroxides to goe-
thite and hematite resulted in a decline in solution pH
and a concurrent release of chloride ions. Many studies
have not evaluated the influence of the anion on the
structure or surface properties of hydrous iron oxides.
For example, the presence of surface or structural an-
ions was not investigated by Towe and Bradley (1967)
or by Chukhrov et al. (1973) in their structural analyses
of ferrihydrite. Russell (1979) found evidence of surface
hydroxyls in his preparation of ferrihydrite, but over-
looked a possible nitrate interaction with surface co-
ordination sites. Hsu and Ragone (1972) and Hsu (1972)
studied the aging of hydrolyzed iron(III) solutions with-
out ascertaining the influence of the perchlorate anion
on the stability of the initial precipitate or the subse-
quent transformation processes.

The papers by Parfitt et al. (1975) and Parfitt and
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Smart (1978) represent the only studies of the surface
properties of amorphous hydrous iron oxides. They
found for crystalline and amorphous iron oxyhydrox-
ides that two surface hydroxyl groups (or surface-co-
ordinated —OH,* species) were replaced by phosphate
and sulfate anions resulting in a binuclear bridging com-
plex.

The present paper presents evidence that oxyanions
adsorb on freshly prepared hydrous iron oxides by a
predictable coordination mechanism and that the an-
ions satisfy a high proportion of surface coordination
sites. In addition, the bonding habit and adsorption
maximum of the anion appears to be related to its
charge, geometry, and the suspension pH.

MATERIALS AND METHODS

Hydrous iron oxides were precipitated by the drop-
wise addition of 1 N FeCl, to a 1 N NH,OH solution
until the OH/Fe** ratio equaled 3.0 (pH 6.5). The re-
sultant suspension was thoroughly dialyzed for 24 hr at
which time no further chloride was detected in the ex-
ternal solution. A portion of the gel was freeze-dried for
use in exchange-isotherm experiments. The remainder
was used for infrared spectroscopic (IR) analysis by
washing 250 mg of the suspension five times with a 0.1
N solution of the anion of interest followed by 5 wash-
ings with deionized water. A portion of the final sus-
pension was dried on a AgCl window at a concentration
of approximately 0.5 mg/cm?. IR spectra were recorded
on a Perkin Elmer Model 567 spectrophotometer. A
glass cell fitted with Irtran-2 windows was used for re-
cording air-dried and evacuated (107° torr) spectra.

Exchange isotherms were measured by adding 25 mg
of the freeze-dried oxide to 15 ml of a solution contain-
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ing a specific concentration of NaNQ;, Na,SO,,
Na,SeO,, Na,HAsO,, or Na,H, TeO;. All samples were
shaken for 24 hr at 25°C + 1°. A supernatant free of
colloidal material was produced by centrifugation and
was analyzed for the adsorbate anion, Cl~, and pH.

Nitrate was determined photometrically by measur-
ing the absorbance at 220 nm with a Varian-Cary 219
UV-VIS spectrophotometer. A turbidimetric method
was used to measure sulfate concentration. In this pro-
cedure Ba?* precipitated the sulfate; after an appropri-
ate equilibration time, absorbance was measured at 500
nm and compared to a standard curve. Selenate and
arsenate concentrations were determined by atomic
absorption analyses. Tellurate was measured by po-
larigraphic methods using a Princeton Applied Re-
search Model 174A Polarograph.

RESULTS AND DISCUSSION
Infrared spectra

The IR spectrum of the air-dried, nitrate-hydrous
iron oxide complex closely resembled that predicted for
the nitrate anion in its free state (Table 1, Figure 1). The
nitrate ion possesses Dy, point-group symmetry in the
free ionic state which predicts two bands designated as
the v, and v, vibrations [the assignments and nomen-
clature of Nakamoto (1978) are used throughout]. If the
symmetry of the ion is lowered by interaction with the
hydrous oxide surface, a splitting of the degenerate v,
fundamental should occur. The extent of the splitting
will then depend on the point-group symmetry of the
ion in its bound state (Nakamoto, 1978). Figure 1A
shows the slight splitting which was observed for the
air-dried Fe oxide-nitrate complex. It is likely that the
lowering in symmetry is a result of hydrogen bonding
of the nitrate ion with surface OH,* groups. As the gel
was dehydrated, a distinct v, vibration appeared cor-
responding to a change of symmetry from the Dsy, to the
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Figure 1. Infrared spectra of nitrate and carbonate adsorbed

by hydrous iron oxide: A = air-dried; B = evacuated.

C,, point group (Figure 1). The change in symmetry is
envisaged as an anion moving from an ionic environ-
ment to direct coordination of one nitrate oxygen to a
surface iron cation. This mechanism is confirmed by the
similarity in band position with the unidentate nitrate-
cobalt(IIT) complex (Table 1).

Table 1. Infrared band positions of perchlorate, nitrate, and carbonate anions in selected complexes and in hydrous iron
oxides.
Frequency (cm™)
Sym-
Anion-complex metry I vy vy vy Reference

Free perchlorate (KCIO,) Ty 935 1170-1050 Nakamoto (1978)
Unidentate perchlorate,

Cu(Cl0,),-2H,0 Cyy 920 1158-1030 Nakamoto (1978)
Fe oxide-perchlorate (air-dried) 920 1090 This work
Fe oxide perchlorate (evacuated) 920 1160, 1090, 1040 This work
Free nitrate Dy, 1050 1350 Nakamoto (1978)
Unidentate nitrate,

[Co(NH,);NO,]PtCl, Cov 1012 1481 1269 Ross (1972)
Fe oxide-nitrate (air-dried) 1040 1400 1340 This work
Fe oxide-nitrate (evacuated) 1015 1500 1290 This work
Unidentate carbonate,

[Co(NH;);CO,]C1 C 1062 741 1488 1351 Ross (1972)
Fe oxide-carbonate (air-dried) 1060 ~700 1475 1340 This work
Fe oxide-carbonate (evacuated) 1060 ~700 1510 1350 This work
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Figure 2. Infrared spectra of perchlorate and sulfate ad-
sorbed by hydrous iron oxide: A = air-dried; B = evacuated.

The carbonate anion in its free state also belongs to
the Dy, point group. However, unlike the nitrate-iron
oxide complex, considerable splitting of the v, occurred
for adsorbed carbonate in both the air-dried and evac-
uated states (Table 1, Figure 1). Unequivocally this an-
ion coordinates as a unidentate ligand even under hy-
drated conditions. As further evidence of unidentate
bonding the bands observed here correspond well with
the unidentate carbonate complex of Co(11I) reported
in Table 1. Apparently the anion’s divalent charge is
chiefly responsible for its strong interaction with the
hydrous oxide surface. The presence of bicarbonate
was ruled out because IR bands characteristic of
HCO,; near 1640, 1400, and 1230 cm™! (Grigor’ev et
al., 1972) were absent.

Perchlorate, sulfate, selenate, and arsenate anions

belong to the Ty point group in the free ion state. In this
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Figure 3. Infrared spectra of adsorbed selenate and arsenate
(air dried). Also shown is the infrared spectrum of Fe(OH),
with chloride as the exchangeable anion.

500

form the v, and v, fundamental bands are infrared ac-
tive. Should the symmetry decrease upon coordination,
a splitting of the »; would occur. For a unidentate com-
plex (C,, symmetry) two bands appear, and for a bi-
dentate complex (C,, symmetry) three bands are pres-
ent. The distinction between a bidentate chelate and a
bidentate bridging complex can be made by comparison
with known complexes.

The hydrous iron oxide-perchlorate complex re-
vealed only one band when air dry indicating a strictly
electrostatic interaction under these conditions (Table
1, Figure 2). Three bands appeared in the spectrum of
the evacuated oxide, corresponding to anions in both
a free state and as a unidentate complex (Figure 2). The
two bonding habits might be expected to exist concur-
rently for a weakly coordinating ligand.

The IR spectrum indicated a stronger form of inter-
action for the divalent sulfate anion. The appearance
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of the v, fundamental and the splitting of the v, into
three bands clearly demonstrates the coordination of
the sulfate anion to the iron cation (Table 2, Figure 2).
A bidentate bridging complex is suggested by a com-
parison of these bands with those given for the Co(III)
bidentate bridging compound (Table 2). A bidentate
bridging complex was suggested by Parfitt and Smart
(1978) for sulfate adsorbed on amorphous iron oxyhy-
droxide in the presence of protons.

Similar results were found for selenate and arsenate.
Three bands attributable to the v, fundamentals were
found under air-dried and evacuated conditions (Figure
3, Table 2). The correspondence between IR data from
this experiment and data for the selenate-CO(III) bi-
dentate bridging complex confirms the bridging config-
uration. Unfortunately no references are available for
an arsenate bidentate bridging compound with which
to compare IR data from this study. The assignment of
bonding structure for arsenate is based on the results
for sulfate and selenate and those reported for phos-
phate (Parfitt et al., 1975). Because of these similarities
in ionic shape, structure, and IR spectra, a bidentate
bridging bonding habit is proposed for arsenate.

Adsorption isotherms

Additional evidence for the location and adsorption
mechanism of oxyanions was provided by exchange
experiments. The anion-exchange capacity for elec-
trostatically bound anions on a freshly precipitated hy-
drous iron oxide at pH 5.0 was determined to be 0.86
meq/g oxide. Assuming the chloride ion does not co-
ordinate directly to the surface iron cation, this value
represents an average population of protonated surface
hydroxyls. Therefore, the adsorption of anions above
this amount involves mechanisms other than replace-
ment of chloride ions.
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Figure4. Adsorption isotherms for selected anions on fresh-
ly precipitated hydrous iron oxides at 25°C. The chloride-re-
lease curves are designated by open circles for sulfate, arse-
nate, selenate, and tellurate, and open triangles for nitrate.

At pH 3.5 nitrate showed a nearly 1:1 exchange with
Cl~, whereas complete chloride displacement occurred
only at a very high nitrate equilibrium concentration
(Figure 4). These results fully suggest an electrostatic
interaction and therefore confirm the bonding habit
proposed by IR analysis.

The divalent sulfate anion demonstrated a very high
affinity for the oxide surface and attained a plateau val-
ve of nearly 2.0 mmole/g. In addition, the equilibrium
pH (6.2) was significantly higher than that of the 0.1 M
sulfate solution (5.8) or the hydrous oxide itself (4.0).
An adsorption mechanism consistent with these results
must involve the direct replacement of hydroxyl (OH™)
and protonated hydroxyl (OH,) groups. In this respect,

Table 2. Infrared band positions of sulfate, selenate, and arsenate anions in selected complexes and in hydrous ion oxides.
Frequency (cm™)
Sym-
Anion-complex metry I vy Reference

Free sulfate Ty 1104 Nakamoto (1978)
Bridging bidentate sulfate

(NH,),Co(NH,;}(SO,)Co(NH,), C,, 995 1170, 1105, 1050 Nakamoto (1978)
Fe oxide-sulfate (air-dried) 970 1170, 1125, 1050 This work
Fe oxide-sulfate (evacuated) 970 1215, 1125, 1040 This work
Free selenate Ty 870 Weighardt and Eckert (1971)
Bridging bidentate selenate )

[Co,(Se0,),OH(NH,)}* C,y 801 908, 872, 822 Weighardt and Eckert (1971)
Fe oxide-selenate (air-dried) 910, 880, 820 This work
Fe oxide-selenate (evacuated) 915, 880, 815 This work
Free arsenate Ty 800 Beech and Lincoln (1971)
Unidentate arsenate

Co(NH;),As0O,-5H,0 C,y 800 851, 817 Beech and Lincoln (1971)
Bidentate chelate arsenate

Co(NH;),AsO, Cyy 768 872, 859, 740 Beech and Lincoln (1971)
Fe oxide-arsenate (air-dried) 875, 805, 700 This work
Fe oxide-arsenate (evacuated) 875, 802, 700 This work
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the hydrous iron oxides used in this study apparently
behave in a manner similar to hydrous alumina (Rajan,
1978). In that study sulfate adsorption also resulted in
a release of OH~ from the surface. The fact that the
isotherm reached a plateau with no further adsorption
at high equilibrinm concentrations indicates that anion
penetration into the oxide structure did not occur. The
supposition of monolayer surface coverage is substan-
tiated by comparison of surface areas calculated from
the sulfate adsorption data (250 m?/g, assuming 19.7 A2/
ion) and water adsorption isotherms (295 m?/g).

Selenate and arsenate also demonstrated adsorption
isotherms indicative of a high specificity for the hy-
drated surface. Hydroxyl release with adsorption was
also detected for these anions because the equilibrium
pH (6.9 and 8.2, respectively) was higher than their re-
spective solution pH values (6.5 and 8.0). The pro-
nounced difference in adsorption maxima among the
divalent anions is attributable, in part, to the differ-
ences in equilibrium pH. This trend is expected for an
amphoteric solid, in which an increase in solution pH
toward the point of zero charge of the hydroxide, 8.1
(Parks, 1965), produces a decrease in the number of
anion adsorption sites.

The octahedral tellurate anion showed an adsorption
maximum nearly twice that of sulfate (Figure 4) and an
equilibrium pH (11.0) far above the point of zero charge
of the hydrous oxide. An adsorption value of 4.0
mmole/g cannot be explained simply by surface cov-
erage. It appears that the anion either penetrates and
incorporates into the oxide structure through structural
rearrangement that produces a new ferric tellurate
complex. Unfortunately the bonding habit of this anion
cannot be elucidated from IR spectra of the complex
because the Te-O fundamentals are obscured by the Fe-
O vibrations of the gel.

SUMMARY

This study has shown that IR spectroscopy is a valu-
able tool in assessing the bonding habit of different
oxyanions with hydrous ferric oxides in a hydrated or
evacuated state. Monovalent oxyanions were adsorbed
primarily via electrostatic interactions with the hydrat-
ed surface although other secondary interactions were
observed. Direct coordination to two surface iron cat-
ions was proposed for all divalent oxyanions except tel-
lurate which appeared to penetrate and incorporate into
the hydrous oxide structure.

With charge being equal, the symmetry of the free
anion determined the configuration of the resultant
complex. Tetrahedral divalent oxyanions used in this
study developed bidentate bridging structures, whereas
trigonal planer anions showed monodentate coordina-
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tion. Adsorption capacity was found to be dependent
on free anion geometry, with tetrahedral ions showing
a higher degree of specificity than trigonal planer an-
jons. With anion geometry and charge being equal, the
suspension pH determined adsorption capacity.
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Pesiome—IHDpakpacHbiii aHAIH3 NOKA3aJ, YTO CBOHCTBO, CBS3bIBAIOLICE AHHOHBI KMCIIOPOAA CO CBEXKO
OCa’XACHHBIMH BOJHBIMH OKHMCSIMH JKeJie3a, 3aBHCHT OT THNAa aHHMOHA W €ro ypOBHsi IMJpaTalldH.
MoHOBaJIEHTHbIE aHHOHBI KUCJIOpOfa afcopGHPYIOTCS NMyTeM 3JIEKTPOCTAaTHYECKHX B3aMMOJCHCTBHH C
MAPATHPOBAHHOMN MOBEPXHOCTHIO BOAHOH OKMCH. Bce JByXBajieHTHbIE aHHOHBLI KMCJIOpOia, HCKIOYas
TEANYpaT, KOOPIMHHPYIOT HENMOCPEACTBCHHO C TIOBEPXHOCTHBIMH KaTHOHaMH Xejesa. Temnypart,
OKTa3ApHYECKHi aHHOH, BEPOSTHO, MPOHHKAET M BKJIIOYAETCS B CTPYKTYDPY BOAHOM OKHCH. CHMMeTpHs
CBOGOAHOIO aHMOHA HrpaeT 0coGyI0 poib B ONpPE[E/iCHHH KOHIEHTPALMH MOJNY4YaeMoro KoMIiekca. B
CJIydae aHHOHOB OJIMHAKOBOTO 3apsa aHHOHbI C TETPa3/IpuYeCcKoil reoMeTpuei (B HECKOOPAMHUPOBAHHLIX
COCTOSIHMSIX) MOKA3bIBAIOT OORBIIYIO CTeNeHb OCOOCHHOCTH [0 OTHOLICHHIO K MOBEPXHOCTH, YeM TpH-
roHaJIbHbIE IJIOCKOCTHBIE aHHOHBI. Kask/Abli *IBYX3yOHbIH’’ CBsI3bIBAIOLIME KOMIIEKC, 6€3 HCKIMIOYEeHN s,
dopMHpyeTCA MOACTAHOBKOMH NPOTOHHBIX M HENPOTOHHLIX FHAPOOKMceH. B ciyyae paBHbIX reOMETpHHA
aHMOHOB W WX 3apsja, BeduuMHa pH cycneHsmu ompefensieT aacOpOUMOHHYIO COCOGHOCTHL BOAHON
okucu. [E.C.]

Resiimee—Infrarotuntersuchungen zeigten, dafl die Bindungsart von Oxyanionen mit frisch hergestellten
wasserhaltigen Eisenoxiden von der Art des Anions und seinem Hydratationszustand abhéngt. Einwirtige
Oxyanionen werden durch eine elektrostatische Wechselwirkung an die hydratisierte Oberfliche des was-
serhaltigen Oxides gebunden. Alle zweiwertigen Oxyanionen—mit Ausnahme des Tellurats—werden di-
rekt an die Eisenkationen der Oberfliche gebunden. Tellurat, ein oktaedrisches Anion, dringt offensichtlich
ein und wird in die Struktur des wasserhaltigen Oxides eingebaut. Die Symmetrie des freien Anions spielt
eine wichtige Rolle, da sie die Konfiguration des entstehenden Komplexes mitbestimmt. Bei Anionen der
gleichen Ladung zeigen die mit tetraedrischer Symmetrie (im ungebundenen Zustand) ein groBeres MaB
an Spezifitit fiir die Oberfliche als trigonale planare Anionen. Ohne Ausnahme bildet sich jeder zweizihnig
verbriickte Komplex durch Ersatz von protonierten und nichtprotonierten Hydroxylionen. Bei gleicher
Anionengeometrie und gleicher Ladung bestimmt der pH der Suspension die Adsorptionskapazitit des
wasserhaltigen Oxides. [U.W.]

Résumé—L’analyse infrarouge a montré que le mode de liaison d’oxyanions avec des oxides hydrés fer-
riques fraichement précipités dépend de la nature de I’anion et de son niveau d’hydration. Les oxyanions
monovalents adsorbent par une interaction électrostatique avec la surface de I’oxide hydré hydraté. Tous
les oxyanions divalents, excepté la tellurate, coordonnent directement avec les cations fer de surface. La
tellurate, un anion octaedral, pénetre et incorpore apparemment dans la structure de I’oxide hydré. La
symmétrie de 1’anion libre a un réle significatif dans la détermination du complexe résultant. Pour des
anions de méme charge, ceux ayant une géométrie tétraé¢drale (dans des états non-coordonnés) montrent
un degré de spécificité plus élevé pour la surface que les anions trigonaux plus planes. Sans exception,
chaque complexe bidentate reliant se forme par remplacement d’hydroxyles protonatés et non-protonatés.
La géométrie et la charge de I’anion étant égales, le pH de la suspension détermine la capacité d’adsorption
de 'oxide hydré. [D.J.]



