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The mechanism of sulfate adsorption on goethite was investi-
ated in situ using attenuated total reflectance Fourier transform
nfrared (ATR-FTIR) spectroscopy. Sulfate adsorption was inves-
igated at ionic strengths between 0.005 and 0.1 M, reactant con-
entrations between 5 and 500 mM, and pH values between 3.5 and
.0. It was determined that sulfate forms both outer-sphere and
nner-sphere surface complexes on goethite at pH less than 6. At
H values greater than 6, sulfate adsorbs on goethite only as an
uter-sphere complex. The relative amount of outer-sphere sulfate
urface complexation increased with decreasing ionic strength.
he spectrum of sulfate adsorbed on goethite was also compared

o the infrared spectrum of synthetic schwertmannite, an iron(III)
xy-hydroxy-sulfate. It was determined that in situ spectra of both
chwertmannite and adsorbed sulfate are quite similar, suggesting
hat a continuum of outer- and inner-sphere sulfate occurs in both
ases. © 1999 Academic Press

Key Words: sulfate; surface complexation; ATR-FTIR; goethite;
onding mechanisms; in situ spectroscopy; schwertmannite.

INTRODUCTION

Sulfate is an oxyanion that is commonly found in the
nvironment. It occurs in extremely high concentrations
cid mine runoff and is produced as a result of the geoche
ycling of pyrite (1). Sulfate is of environmental importan
or several reasons. It can affect the availability of trace m
y enhancing metal sorption at lower pH (2, 3). Sulfate
orption also competes to some extent with the sorptio
ther anions such as phosphate (4) and low molecular w
rganic acids (5). To accurately predict the interaction
ulfate with colloid interfaces, a thorough understandin
ulfate adsorption mechanisms on soil components is ne
Macroscopic experiments of sulfate sorption have prov

esults that are consistent with an outer-sphere (electros
dsorption mechanism on both soils and reference minera
his conclusion is supported primarily by two observations

onic strength has a large effect on the amount of sulfate
s adsorbed, with increasing adsorption as the ionic stre

1 To whom correspondence should be addressed. E-mail: dpeak@ud
2 Current address: United States EPA, Kerr Environmental Research C
e.O. Box 1198, Ada Oklahoma 74820.
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ecreases. (ii) No adsorption of sulfate is usually seen a
he point of zero charge (PZC) of the mineral. This
otentially makes iron and aluminum oxides important site
ulfate adsorption in soils since these components have
oints of zero charge and are commonly found in soils. Zh
nd Sparks (7) conducted pressure-jump relaxation stud
ulfate adsorption on goethite and determined that the rea
inetics could be described well with outer-sphere comp
tion accompanied with simultaneous surface site protona
Sposito (8) suggested that sulfate adsorption might be

ntermediate nature, sometimes sorbing as an outer-s
omplex and sometimes as an inner-sphere complex
igand exchange mechanism. This concept was supporte
he observations of Yates and Healy (9) who investig
ulfate adsorption on botha-FeOOH anda-Cr2O3. Although
he rates of hydroxyl exchange for the two sorbents are m
dly different, the rate and extent of sulfate adsorption
ery similar, implying an outer-sphere complexation mec
ism. However, sulfate adsorption also shifts the point of
harge to higher values on botha-FeOOH anda-Cr2O3, which
s consistent with inner-sphere complexation.

It is important to realize that sorption mechanisms can n
onclusively determined with macroscopic experiments a
pectroscopic methods are necessary to verify conclu
rawn from macroscopic observation (10). Although so
hat contradictory to the macroscopic laboratory studies,

s microscopic and spectroscopic evidence of sulfate in
phere surface complexation. Transmission infrared spe
copic studies of sulfate adsorption on goethite and hem
11, 12) revealed the formation of sulfate bidentate binuc
urface complexes on both solids. More recently, Persso
övgren (13) concluded that outer-sphere adsorption of su
n goethite was occurring on the basis of results from dif
eflectance infrared (DRIFT) spectroscopy. However, t
pectroscopic experiments all involved potential sample a
tion via either drying, the application of heat and pressur
ilution in a salt which could have modified the structure of
riginal sorption complex.
It is greatly preferable to conductin situ experimentation t

lucidate interactions that occur in aqueous suspensions.In situ
du.

ter,

xperiments using scanning tunneling microscopy (STM) (14)

0021-9797/99 $30.00
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290 PEAK, FORD, AND SPARKS
nd ATR-FTIR spectroscopy (14, 15) to determine the ads
ion mechanism of sulfate on hematite have more rec
hown that inner-sphere monodentate surface complexes
t the hematite surface under aqueous conditions.
It was the goal of this research to thoroughly investigate

dsorption mechanism of sulfate on goethite using anin situ
echnique and attempt to reconcile the differences bet
revious macroscopic and spectroscopic studies in the l

ure. While macroscopic experiments (6) have reveale
trong ionic strength influence on sulfate adsorption, the e
f ionic strength on sulfate surface complexation mechan
as not been investigated usingin situ spectroscopy. Goethi
as chosen as a sorbent because it is the most commo
xide found in soils (16) and its structure is stable over a w
H range.In situ (ATR-FTIR) spectroscopy was employe
ince sulfate absorbance is well resolved from goethite a
ance in the mid-infrared region. Schwertmannite was us
reference phase since this iron oxide contains sulfate in

uter-sphere and inner-sphere coordination environments

nfrared Theory

The relationship between the symmetry of sulfate compl
nd their infrared spectra is well established (17), and
ossible to assign molecular symmetry based on the nu
nd position of peaks that appear in the mid-infrared reg
ith the ATR technique under aqueous conditions, there

wo infrared sulfate vibrations that are accessible to spe
FIG. 1. The relationship between the molecular symmetry of sulfate com
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copic investigation. They are the nondegenerate symm
tretchingv1 and the triply degenerate asymmetric stretchinv3

ands (13). As a free anion in solution, sulfate has tetrah
ymmetry and belongs to the point groupTd. For this symme
ry, only one broad peak at approximately 1100 cm21 due to the
riply degeneratevv3 band is usually observed. In some ca
he v1 band is also weakly active and appears at around
m21. Since outer-sphere complexes retain their water
ydration and form no surface chemical bonds, it can
xpected that the symmetry of outer-sphere sulfate comp
ould be similar to aqueous sulfate. However, distortion du
lectrostatic effects could shift thev3 to higher wavenumbe
nd cause thev1 band to become IR active. If sulfate is pres
s an inner-sphere complex, the symmetry is lowered.
esult, thev1 band becomes infrared active and thev3 band
plits into more than one peak. In the case of a monode
nner-sphere surface complex, such as that observed for s
dsorption on hematite,C3v symmetry results. Thev3 band
plits into two peaks, one at higher wavenumber and on
ower wavenumber, while thev1 band becomes fully active
bout 975 cm21 (15, 17). If sulfate forms a bidentate binucl
bridging) surface complex, the symmetry is further lowere

2v, and thev3 band splits into three bands between 1050
250 cm21, while thev1 band is shifted to around 1000 cm21

17). The relationship between the symmetry of surface c
lexes and the resulting infrared spectrum is summarize
ig. 1.
plexes and the observed infrared spectrum they produce. Adapted from Hug (15).
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291SULFATE ADSORPTION MECHANISMS ON GOETHITE
MATERIALS AND METHODS

All FTIR experiments were conducted using a Perkin-El
720x spectrometer equipped with a purge gas generato
ither a DTGS or MCT detector. A horizontal ATR access
nd flow cell (Spectra-Tech) as well as a Perkin-Elmer dif
eflectance (DRIFT) accessory were used for sampling. Sp
ere the result of 1000 co-added scans at a resolution
m21 unless otherwise noted. All chemicals used were rea
rade.

oethite Synthesis

The goethite used in this study was synthesized usin
ethod of Schwertmannet al. (18). Initially, ferrihydrite was
recipitated by adding 50 ml of 1 M ferric nitrate solution to
50 ml of 1 M KOH. This suspension of amorphous hydr

erric oxide was then aged for 14 days at 25°C. The suspe
as next washed via centrifugation, replacing the supern
ith doubly deionized water to remove residual KOH. T

insed solid was then resuspended in 0.4 M HCl and shake
h using a mechanical shaker. This treatment was us

emove any remaining ferrihydrite from the surface of
oethite. The acidified goethite suspension was again wa
ia centrifugation to remove both HCl and dissolved ir
inally, the goethite was dialyzed, frozen with liquid nitrog
nd freeze-dried. The solid was confirmed as goethite

nfrared spectroscopy using both ATR and transmission m
Br pellets. The external surface area determined from2
ET was 63.5 m2 g21 and the point of zero salt effect was 8
s determined via potentiometric titration in 0.1, 0.01,
.005 M sodium perchlorate.

chwertmannite Synthesis

Schwertmannite, a poorly crystalline iron(III) oxy-hydrox
ulfate was synthesized following the procedure of Schw
ann and Cornell (16). This mineral phase has approxim
0% by weight sulfate incorporated into its structure (1). B

he color and the infrared spectra of the synthesized pro
ere consistent with schwertmannite. Infrared spectra o
chwertmannite were collected in ATR mode by mixing
roximately 10 mg of solid with 500ml of water, depositing

he slurry onto the crystal, and collecting a spectrum onc
olid had dried. Another sample was diluted to a concentr
f 2.5% solid by weight using infrared grade KBr and run
iffuse reflectance mode.

n Situ FTIR Spectroscopy

Goethite was evenly deposited onto a 45° ZnSe ATR cr
sing a variation of the technique described by Hug (19,
irst, 500ml of 0.01 M NaCl adjusted to pH 4.5 was pipet
nto the crystal, forming a large droplet. Then, 10ml of a 250 g
21 goethite suspension was placed into the center o

roplet with a pipette. The suspension was then mixed ans
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pread evenly across the surface of the crystal using the p
ip and allowed to dry. Once the deposit was dried, it
insed by holding it at an angle, placing a large drop of 0.0
aCl onto one edge, and allowing the droplet to slowly m
cross the deposit. At the end the excess electrolyte
bsorbed with a KimWipe. Once the rinsed ATR crystal
ried, it was placed into the flow cell. To determine the am
f goethite deposited on the ATR crystal, the crystal
eighed before and after deposition. In all cases, the differ
as between 2.8 and 3.0 mg, which is in reasonable agree
ith the theoretical value of 2.5 mg if all the goethite tha
dded forms a deposit.
The cell was then connected via tygon tubing to a 500

olypropylene reaction vessel that contained 400 ml of b
round electrolyte. NaCl was used as a background electr
ue to the absence of absorbance in the mid-IR range
essel was N2 purged and a combination pH electrode w
sed to monitor solution pH throughout the experiment. A
ar and magnetic stir plate provided thorough mixing, a
mall port was used to adjust pH with 0.1 M NaOH or 0.1
Cl as needed and also to add 0.1 M Na2SO4. A diagram of the
xperimental apparatus is shown in Fig. 2. This experim
pparatus allows for direct andin situ measurements of bo
H envelopes and adsorption isotherms of sulfate on goe
he background electrolyte was circulated through the
ell until there was no noticeable change in the ratio of
essive spectra. At this time, a background spectrum
ollected consisting of the absorbance of the ZnSe crysta
he deposited goethite. The remaining spectra were collec

ratio to this background. Spectra were collected for 15
rior to reactant addition to verify that no further change

he background were occurring.

H Envelopes

To generate pH envelopes, the outflow tube from the
ell was connected to the reaction vessel containing 400
ackground electrolyte solution at pH 9.0. Ionic stren
anging from 0.1 to 0.005 M were used. Once a stable b
round was collected, 20mM sulfate was added, and spec
ere collected every 10 min. When there was no increa

he intensity of the spectra with time, it was assumed tha
quilibrium state had been reached. At this point the pH

owered 0.5 pH units by addition of 0.1 M HCl. This proced
as repeated down to pH 3.5.

dsorption Isotherms

For the sulfate adsorption isotherms, the effluent from
ow cell was collected as waste instead of being circul
ack to the reaction vessel. This was done to ensure th
quilibrium sulfate concentration (Ceq) could be determined
hen the sulfate initially enters the flow cell, it is rapid

dsorbed to the deposited goethite in the flow cell and

dulfate concentration in the effluent will remain low. As the
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292 PEAK, FORD, AND SPARKS
ystem approaches equilibrium, however, the effluent con
ration will rise until it equals the influent concentration. At t
ime the influent concentration is equal toCeq and the system
s at equilibrium.

For these experiments, equilibrium was defined as the
here no further increase in the infrared spectra arising
dsorbed sulfate was observed. The amount of stock 0
a2SO4 needed to adjust the remaining volume to the
ulfate concentration was calculated from the flow rate an
ime elapsed since the pump was started. The sulfate co
ration in the reaction vessel was then raised and allowe
each a new equilibrium with the goethite in the flow cell. T
s repeated to generate spectra of adsorbed sulfate as a fu
f equilibrium sulfate concentration. The integrated ab
ance of these samples was plotted vsCeq.

RESULTS

The results for a pH envelope experiment are shown in
. The experiment was run in 0.01 M NaCl at a total sul
oncentration of 20mM. The spectra are the result of 1
o-added scans at 4-cm21 resolution. The experiment w
nitiated at pH 9.0, which is above the point of zero charg
he goethite used. At this pH, there should be very l
dsorption of sulfate, as demonstrated by the extremely
bsorbance of 0.002. This is the maximum absorbance tha
e attributed to aqueous sulfate in this set of experimental
reater absorbance values are due to the accumulati

FIG. 2. Diagram depicting the experimental ap
ulfate at the goethite/aqueous interface. As the pH is lowere(
int
m
M
t
e

en-
to

tion
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e

f

w
an
ta;
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FIG. 3. Spectra from a pH envelope of sulfate adsorbed on goe
eaction conditions were 0.01 N NaCl and 20mM SO4

22. The spectra were th
esult of 128 co-added scans at 4-cm21 resolution. The spectra were collec
t pH (from bottom): (a) 9.0, (b) 7.0, (c) 6.0, (d) 5.5, (e) 5.25, (f) 5.0, (g)

d,h) 4.0, and (i) 3.5.
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293SULFATE ADSORPTION MECHANISMS ON GOETHITE
he absorbance increases, but the spectra remains very s
o aqueous sulfate, with the only visible peak (thev3 band)
ccurring at 1104 cm21. This v3 peak systematically shif

oward higher wavenumber, and thev1 band at 975 cm21

ecomes visible around pH 7. This is consistent with an o
phere surface complex formation since the degree of d
ion of the tetrahedral symmetry should be directly relate
he strength of the electrical field (in this case the sur
harge,s0). This can explain the observed spectrum very
rom pH 9 down to pH 6. Below pH 6, however, thev1 band
ecomes more sharply defined at 976 cm21. Thev3 band also
egins to split into two distinctive peaks at 1055 and 1
m21 and a shoulder at 1170 cm21. This splitting indicates th
resence of an inner-sphere sulfate surface complex, bu

ailed spectral analysis was necessary to determine the im
ance of the shoulder to the spectrum.

To verify that the spectral features attributed to inner-sp
ulfate surface complexes were not experimental arti
aused by adjusting pH, and to obtain spectra with gre
mounts of adsorbed sulfate, an adsorption isotherm wa
onducted at pH 3.5. The spectra due to adsorbed s
btained from an adsorption isotherm conducted at 0.0
aCl and pH 3.5 are shown in Fig. 4. It is notable that as
dsorbed sulfate increases, there is no change in the posi

he peaks that appear in the spectra. This is indicative tha

FIG. 4. Spectra from a sulfate adsorption isotherm conducted at pH
ndI 5 0.01. Thespectra are the result of (from bottom) (a) 0, (b) 5, (c)
d) 25, (e) 100, (f) 250, and (g) 500mM equilibrium sulfate concentration. Th

21
 drrow denotes the feature arising from av1 peak at 992 cm .
ilar
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3
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te

M
e
of

he

ame types of surface complexes occur over a wide ran
quilibrium concentrations (5–500mM). Also of importance is

hat a peak at 992 cm21 attributed to thev1 band of inner-spher
ulfate and used to fit the spectra from the pH enve
ecomes plainly visible in the raw spectra (denoted by ar
s the concentration increases.
A spectral peak-fitting program (Peak Solve, Galactic In

ries) was employed to fit peaks to the spectra and deter
he symmetry of the surface complexes. A linear baseline
pplied to all the spectra so the absorbance at 950 and
m21 was equal to zero, and Gaussian functions were use
ll peaks. Although infrared spectra are most commonl
ith Lorentzian functions, attempts to fit the inner-sph
omplexes with Lorentzian functions were unsuccessful.
eni and co-workers (20) also found that Gaussian peaks
t the sulfatev3 bands of ettringite, a sulfate-bearing mine
t was impossible to fit the spectra where inner-sphere c
lexes were present without also including the peaks at
nd 975 cm21, which are attributed to an outer-sphere comp
nce these peaks were included, it was determined t
econd inner-sphere surface complex was also present. F
urface complex, thev3 band was split into three peaks at 11
133, and 1055 cm21 while anotherv1 band of lesser intensi

han thev3 bands at 992 cm21 also improved the fit. All th
pectra from pH 3.5 to pH 5.0 could successfully be fit
xing the position of the four peaks attributed to the inn
phere complex, while allowing the position of the pe
ssigned to outer-sphere sulfate to vary by6 1 cm21 between
uccessive spectra. This variation was allowed since th
reasingly positive surface charge of goethite as the p
owered could result in changes in distortion of the ou
phere spectra. Figure 5a shows the fit of the pH 3.5 spec
hile Fig. 5b demonstrates that the pH 5 spectrum could
qually well with the same peaks, although the relative co
ution from the outer-sphere complex is greater at pH 5.0.
elative intensity of the observed inner-sphere peaks at 1
133, 1051, and 992 cm21 is approximately 0.6:1:0.6:0.
espectively. These four peak positions and their relative
ensities are consistent with a bidentate binuclear surface
lex of eitherC2v or possiblyC1 symmetry. This is because
onodentate surface complex would have only two pea

he 1050 to 1200-cm21 region and a bidentate mononucl
chelating) surface complex would result in shifting of
hreev3 peaks to wavenumbers much higher than is obse
t is also possible that while the results of thein situ experi-
entation reveal a bidentate binuclear configuration with

pect to sulfate, they do not explicitly identify the ions wh
ulfate is bridging. This is due to the fact that thev3 band is
ully active in the bidentate binuclear (C2v) case and furthe
owering of the molecular symmetry (C1) will not result in any
urther splitting of thev3 bands. While sulfate could be brid
ng two iron atoms, it is also possible that either bisul
HSO4

2) or sodium sulfate (NaSO4
2) is coordinated in a mono

.5
,

entate fashion to the iron oxide surface since complexes of a



C -
t t
o nta
s litie
c ed
F er
s pe
t e
s nd
i ir
h te
t

t e
c b-
s

face
c ulfate
b tion
m ucted
u e
a
m in
F

omplex. (b)
F ition s spectru

294 PEAK, FORD, AND SPARKS
1 symmetry would also have three IR activev3 bands. Addi
ionally, it is possible that the feature at 1170 cm21 is the resul
f a hydrogen bond between an oxygen atom of a monode
ulfate and an adjacent surface site. All these possibi
ould result in the observed spectrum and are summariz
ig. 6. It is noteworthy that the spectrum of inner-sph
ulfate adsorbed on goethite is extremely similar to the s
rum reported by Hug for Fe(III)SO4

1
(aq) at pH 2.2 (15). Th

houlder in Hug’s work (15) was attributed to hydrogen-bo
ng interactions between sulfate and adjacent waters of the
ydration shell. Since Fe(III) was present in excess of sulfa

22

FIG. 5. (a) Fit of the pH 3.5 spectrum from the pH envelope shown
it of the pH 5.0 spectrum from the pH envelope in Fig. 3. The peak pos
hat solution (18 mM Fe vs 10 mM SO4 ), it is also possible
te
s
in

e
c-

-
on
in

hat some aqueous Fe2SO4 was present. An iron(III) bisulfat
omplex (Fe–HSO4

21
(aq)) could also potentially explain the o

erved feature at 1185 cm21 in Hug’s (15) sample.
While these possibilities reinforce the proposed sur

omplexes, they can not be used to assign the observed s
ands with any certainty. To refine the surface complexa
echanism further, an adsorption experiment was cond
sing D2O as a solvent rather than H2O. Spectra from sulfat
dsorption experiments conducted atI 5 0.05, pH3.5, 100
M sulfate, and either D2O or H2O as a solvent are shown
ig. 7.

ig. 3. The dotted lines denote the peaks arising from an inner-sphere c
s used to fit the pH 3.5 spectrum were held constant for the fitting of thim.
in F
It is clear from Fig. 7 that there is a shift that occurs in the
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295SULFATE ADSORPTION MECHANISMS ON GOETHITE
3 bands of sulfate adsorbed on goethite when D2O is used a
solvent. Peaks occurring at 1133 and 1051 cm21 in H2O

splitting of thev3 band due to inner-sphere complexation)
oth shifted approximately 8 cm21 to 1125 and 1043 cm21 in
2O. This shift to lower wavenumber is characteristic
ubstitution of a deuterium ion for a proton in a molec
omplex. Since these peaks are the result of inner-sp
omplexation, it is therefore reasonable to conclude th
roton is present in the inner-sphere surface complex. On
asis, both bidentate bridging (¢Fe2SO4) and monodenta

FIG. 6. Sulfate inner-sphere surface complexes that could possibly
n the experimentally observed spectral features. The drawings repre
identate complex bridging (a) two Fe atoms, (b) one Fe atom and one p
c) one Fe atom and one Na atom, and (d) a monodentate Fe-SO4

2 hydrogen
onded to an adjacent positively charged surface group.

FIG. 7. Comparison of spectra of adsorbed sulfate collected in (a) H2O a

nitial sulfate concentration of 100mM.
e

r
r
re
a
is

odium sulfate surface complexes can be ruled out a
ource of the observed spectra. The only possible su
omplexes which would involve a proton are bisulfate so
s a monodentate complex (Fig. 6b) or monodentate su

hat is hydrogen bonded to an adjacent surface site (Fig.
In Fig. 8, the effect of ionic strength on the mechanism

ulfate adsorption is illustrated. Since the amount of goe
aries between experiments, the spectra were normalized
aximum absorbance to compare their spectra. As expe

ncreasing ionic strength results in less outer-sphere ad
ion. This can be seen by the increasing importance o
nner-sphere peaks to the overall spectra in the higher
trength spectra (b). The earlier assignment of the pea
110 and 976 cm21 to outer-sphere sulfate is also supported

hese results, since the relative importance of these pea
reater in lower ionic strength spectra (a) where there is
uter-sphere adsorption. The assignment of the peak a
m21 to thev1 band of outer-sphere sulfate is also supporte
he observation that the ratio of the outer-sphere peak ar
.04:1.00 in both spectra.
As a reference for sulfate coordination, infrared spectr

chwertmannite were collected. Figure 9 shows the absorb
f schwertmannite in the region from 1250 to 950 cm21, which

ncludes all the peaks due to splitting of thev1 andv3 bands
RIFT (a) and ATR deposition (c) techniques were use
etermine the impact of sample preparation on the infr
pectra. ATR-FTIR spectra of 20mM sulfate adsorbed o

ult
t a

on,

(b) D2O. In both cases the reaction conditions were pH 3.5,I 5 0.05, and a
nd
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296 PEAK, FORD, AND SPARKS
oethite at pH 3.5 (b) and pH 5.0 (d) from the pH envelope
hown for comparison with the schwertmannite peaks. In
chwertmannite sample preparations it is evident that spl
f the v3 band of sulfate occurs. In the case of the DR
pectrum there is a split into three peaks at 1050, 1130
208 cm21. This indicates that sulfate exists in a biden
oordination which is in agreement with the results of Bigh
t al. (1). With the exception of the peak at 1208 cm21 (to be
iscussed later), the agreement between the peaks of s
dsorbed onto goethite at pH 3.5 with those for the schw

FIG. 8. Variation of spectra of adsorbed sulfate with ionic strength. I
a) was collected at ionic strength 0.005, while (b) was collected atI 5 0.1.
annite DRIFT spectrum are quite good. In both spectra thef
e
th
g

nd
e

ate
rt-

s well-defined splitting of the sulfatev3 bands that is diagno
ic for inner-sphere complexation.

There are, however, noticeable differences between
pectrum of schwertmannite deposited onto the ATR cr
nd the DRIFT spectrum. The broadening of the spectra i
egion from 1140 to 1075 cm21 is due to the presence of tw
eaks. The good agreement between one of these peak

hat of aqueous sulfate (e) suggests that there is an add
omponent to the spectra that has symmetry very similar to
ulfate. Since the sample had been extensively dialyzed

oth cases the reaction conditions were pH 4.00 and 20mM SO4
22 added. Spectrum
n b
rereeze-dried prior to experimentation, this peak is most likely
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ue to an outer-sphere sulfate complex and not due to
resence of residual aqueous sulfate in the sample. T
ndings are consistent with the proposed structure of sch
annite (1), which includes sulfate as a counterion in inte

hannels similar to chloride in akaganeite. Dilution with K
emoves this feature from the sample, most likely due
isplacement of outer-sphere sulfate with bromide in the c
els and the formation of K2SO4 salt. Since the schwertmann
ample had been freeze-dried prior to dilution in KBr, it is a
ossible that removal of surface water favored a conve

rom outer-sphere to inner-sphere surface complexes.
roadening of the peaks of the DRIFT schwertmannite sa
ompared to those of adsorbed sulfate at pH 3.5 also im
ess order in the sulfate-bonding environment of schwertm
ite. This could either be due to the amorphous nature o
olid or possibly to K2SO4 formation in the DRIFT sample
oth K2SO4 and bidentate binuclear Fe2SO4 haveC2v symme-

ry but different substituent cations would result in vary
egrees of splitting of thev3 band. The peak at 1208 cm21 also
isappears in the ATR sample. Hug (15) noted the appea
f a peak at 1200 cm21 upon drying sulfate solutions adsorb
n hematite. It is therefore likely that this peak is an artifac
ample preparation. The excellent agreement betweenin
itu schwertmannite ATR deposit and sulfate adsorbed
oethite at pH 5.0 indicates a similar bonding environme

FIG. 9. Comparison of schwertmannite spectrum collected via DRIF
nd ATR (c) to the ATR spectrum of 20mM sulfate adsorbed on goethite at
.5 (b) and pH 5.0 (d) and 100 mM aqueous sulfate (e).
oth cases. However, an exact assignment of symmetry for tt
he
se

rt-
al

o
n-

o
n

he
le
es
n-
e

ce

f

n
n

nner-sphere complex of schwertmannite is difficult with
onducting D2O experiments similar to those done with
orbed sulfate on goethite. These experiments were unsu
ul (data not shown), due to the need to thoroughly dry
eposited schwertmannite to avoid interference from D2O.
hile the results were very similar to the DRIFT spectra

chwertmannite in Fig. 9a, it is questionable to draw con
ions based on suchex situexperiments.

DISCUSSION

We observe a continuum of inner-sphere and outer-sp
ulfate complexation on goethite. Inner-sphere sulfate ad
ion on iron oxides increases as the pH is lowered, and o
phere adsorption increases as ionic strength is decrease
dsorption behavior can be readily explained by the conce

igand exchange. In basic conditions, the singly coordin
urface hydroxyls of metal oxides exist as either Me–O2 or as
e–OH functional groups. The bonds between the oxy

igands and the metal center tend to be strong, and li
xchange is less favorable since the hydroxide ligands
ifficult to displace and are also present in higher conce

ions in solution than is a trace adsorbate such as sulfate. A
ecreases, singly coordinated hydroxyls (Fe–OH) protona
roduce Fe–OH2

1 functional groups. The water attached to
ron(III) is a weak ligand with high lability and can more eas
e displaced by a competing ligand such as sulfate, formin

nner-sphere surface complex. To fully understand the rea
ty of sulfate with goethite, and to explain differences in sul
dsorption on hematite and goethite, a detailed understa
f the surface-charging behavior of both iron oxides is
uired.
It is noteworthy that sulfate only forms inner-sphere mo

entate surface complexes on hematite in aqueous solutio
hile forming a mixture of outer-sphere and inner-sph
omplexes on goethite. Since both the goethite used in
xperiment and the hematite used by Hug (13) had a
etween 8 and 8.5, and in both cases the reactive s
robably Fe–OH2

1, it is somewhat surprising that their react
ties are so markedly different. Differences apparently e
etween the population of functional groups at the metal o
urface that can account for the different sulfate adsor
ehavior observed in the two systems. Researchers (21)
uccessfully applied a multisite complexation (MUSIC)
roach to determine the relative site densities and logK values

or all functional groups present on various crystal faces
oth goethite and hematite. The results of this analysis
rovide valuable insight into the observed adsorption beh
f sulfate and are used as a point of reference for the discu

hat follows.
On goethite, the 110 crystal face is dominant, and the

hat readily protonate are the singly coordinated (Fe–O)
bout 67% of the triply coordinated (Fe3O) surface groups. A

)

hehe PZC (around 9.0) the singly coordinated surface groups
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xist as Fe–OH due to the extremely high logK, and the Fe3O
ites are;70% Fe3OH. As the pH is lowered from the point
ero charge, only the Fe3O sites protonate until about pH
his explains the observed outer-sphere complexation be

his protonation increases the positive charge on goe
Fe3OH has11

2 formal charge) and therefore increases su
dsorption. However, no FeOH2

1 sites necessary for inne
phere sulfate complexation appear until the pH is low
urther.

With hematite, the surface functional groups behave so
hat differently. The 110 and the 001 faces predominate. S

he 001 crystal face has a PZC close to that of the hematite
y Hug (15), this crystal face likely contributed more to
esults of Hug’s (15) experiments than the 110 face with
ZC of 11. It has also been determined that sulfate fo
identate binuclear surface complexes on most crystal f
nd monodentate surface complexes only on the 001 p
22). On the 001 face, surface functional groups occur du
mperfections in the crystal structure. Both Fe–O and F2O
unctional groups exist. At the PZC, approximately 80% of
ingly coordinated sites exist as Fe–OH2

1, which are capable o
igand substitution reactions with oxyanions. As pH is
reased below the PZC, the remainder of the Fe–OH
rotonate and the Fe2O

2 sites protonate to form the neut
e2OH. Since the reactive surface sites are formed at a m
igher pH on hematite and protonation of the Fe2O sites doe
ot promote outer-sphere adsorption, inner-sphere su
omplexes are more favorable. This can explain Hug’s ob
ation (15) that sulfate forms primarily inner-sphere sur
omplexes over all pH values on hematite.
A final point for discussion is the identity of the inner-sph

urface complex that occurs on goethite. Two possibil
eem likely: bisulfate sorbed as a monodentate complex
ig. 6b or monodentate sulfate that is hydrogen bonded
djacent surface site as in Fig. 6d. It is difficult to distingu
etween these two complexes based on the spectra alon

wo observations favor the formation of monodentate bisu
urface complexes. First of all, there is the continued incr
n adsorption that occurs as pH is lowered below 4.0. In
ulfate adsorption continues to increase until the pKa2 (;1.9) is
eached, although spectroscopic experiments were not
ucted below pH 3.5 due to limitations of the ZnSe crystal.
urface functional groups should be fully protonated eve
H 4.0, so site availability should be fairly constant. As pH

owered, the concentration of sulfate actually decreases
isulfate becomes a larger component of the aqueous eq
ium. This should be reflected in a decrease in the amou
ulfate adsorbed if monodentate sulfate with hydrogen bon
s responsible for the spectral features. A second argumen
e made based on the results of the adsorption isotherm
ig. 4. If monodentate sulfate forming hydrogen bonds
djacent surface sites is the dominant mechanism, then
ould expect the spectra to become more similar to mono
ate sulfate as the surface loading increased. This is due to a
se
ite
e

d

e-
ce
ed

s
s

es,
es
to

e

-
es

ch

ce
r-
e

s
in

an

but
te
se
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n-
e
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ce
ib-
of
g
an
m

h
ne
n-

act that as the system approaches monolayer coverage
ould be fewer sites remaining for hydrogen bonding. S
oth the shoulder at 1170 cm21 and the feature at 992 cm21

ontinue to be visible, one can infer that bisulfate is the ac
urface species.
The possibility of an inner-sphere bisulfate surface com

an also be supported by the results of other researc
ersson and Lo¨vgren (13) predicted the presence of a bisulf
oethite complex to occur below pH 5.0 based on the po

iometric titrations of sulfate–goethite suspensions. While
ssigned an outer-sphere mechanism to the bisulfate com

his was based on DRIFT spectroscopy with considerable
le modification. Additionally, Sparks and Zhang (7) noted
ulfate adsorption was accompanied by simultaneous p
ptake. This is also in reasonable agreement with an in
phere bisulfate complex since adsorption of bisulfate w
esult in additional bisulfate production in solution at a c
tant pH to maintain equilibrium. The surface charge of g
hite would also be lowered somewhat by bisulfate adsorp
from .Fe–OH2

1 to .Fe–HSO4) so that protons could also
dsorbed elsewhere on the goethite surface.
As mentioned earlier, our spectroscopic findings seem

ifferent from the DRIFT results of Persson and Lo¨vgren (13)
hich indicated that sulfate adsorbs to goethite as an o
phere complex regardless of pH or ionic strength. It is im
ant, however, to note the differences in experimental t
ique. In the studies of Persson and Lo¨vgren (13), sample
ere diluted in KBr. Since the samples were not subjecte
igh temperature or freeze-drying, it is probable that sur
ater remained present. Dilution in KBr would then resul

he sample pH shifting to a value similar to that of satur
Br (approximately pH 6). This recently has been show
ccur by researchers investigating the effect of hematite
hology on sulfate adsorption (22). It has been noted in H
ork (15) and also observed in this study that sulfate ads

ion is quite sensitive to changes in pH, and the shift in pH
o dilution in KBr would likely result in a rapid change of t
ulfate surface complex. This explains the observed o
phere complexation of sulfate in DRIFT samples since a
the spectrum is dominated by outer-sphere adsorption

). The peaks diagnostic for an inner-sphere complex ofC2v or
1 symmetry are also seen in the DRIFT spectrum of Per
nd Lövgren (13), but they are much lower in intensity than
eaks attributed to inner-sphere sulfate surface complex
ur research.
It is easier to reconcile these results with the finding

arfitt and Smart (11), who used dried samples diluted
Br and pressed into disks. They determined that sulfate f

nner-sphere bidentate binuclear surface complexes on
hite. The differences between these results andin situ exper-
mentation are analogous to the differences between the D
nd ATR schwertmannite samples (Figure 7a and 7c). Sa
rying strongly favors the inner-sphere complex and addi

21
thelly shifts one of thev3 peaks from 1170 to 1200 cm.
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CONCLUSIONS

While FTIR spectroscopy is a powerful analytical tool w
he potential to conclusively determine the mechanism o
orption of a variety of environmentally important oxyanio
are must be taken in experimental preparation. Drying
ilution in KBr can significantly alter the spectra of samp
nd can therefore lead to incorrect conclusions about the b

ng environment of adsorbates. Aqueous schwertmannite
ensions contain considerably more sulfate bound in an o
phere coordination than previously reported with d
amples in KBr. The continuum between outer- and in
phere sulfate complexes can only be observedin situ.
Sulfate adsorption on goethite occurs via both outer-sp

nd inner-sphere complexation. The relative importanc
oth complexes is a function of both pH and ionic stren
ith outer-sphere adsorption dominating with increasing
nd decreasing ionic strength. Inner-sphere adsorption
omes more important with decreasing pH and increasing
trength. This pH-dependent formation of an inner-sphere
ate surface complex can be explained by the availabilit
e–OH2

1 sites at the goethite surface. The inner-sphere su
omplex is either a monodentate bisulfate surface compl
monodentate sulfate surface complex with hydrogen bon

o an adjacent surface site. Although aqueous bisulfate
entrations are negligible at pH 4 and above, it apparently

much higher affinity for the goethite surface than d
ulfate. This indicates that the speciation of sulfate at
oethite/water interface can be markedly different from
peciation in bulk solution. The spectrum of sulfate adso
n goethite at pH 5 is very similar to that of schwertman
ollectedin situ, where sulfate also exists as both outer-sp
nd inner-sphere complexes.
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