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The mechanism of sulfate adsorption on goethite was investi-
gated in situ using attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy. Sulfate adsorption was inves-
tigated at ionic strengths between 0.005 and 0.1 M, reactant con-
centrations between 5 and 500 wM, and pH values between 3.5 and
9.0. It was determined that sulfate forms both outer-sphere and
inner-sphere surface complexes on goethite at pH less than 6. At
pH values greater than 6, sulfate adsorbs on goethite only as an
outer-sphere complex. The relative amount of outer-sphere sulfate
surface complexation increased with decreasing ionic strength.
The spectrum of sulfate adsorbed on goethite was also compared
to the infrared spectrum of synthetic schwertmannite, an iron(l11)
oxy-hydroxy-sulfate. It was determined that in situ spectra of both
schwertmannite and adsorbed sulfate are quite similar, suggesting
that a continuum of outer- and inner-sphere sulfate occurs in both
Cases. © 1999 Academic Press

Key Words: sulfate; surface complexation; ATR-FTIR; goethite;
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INTRODUCTION

decreases. (ii) No adsorption of sulfate is usually seen abo
the point of zero charge (PZC) of the mineral. This fac
potentially makes iron and aluminum oxides important sites fc
sulfate adsorption in soils since these components have hi
points of zero charge and are commonly found in soils. Zhan
and Sparks (7) conducted pressure-jump relaxation studies
sulfate adsorption on goethite and determined that the reacti
kinetics could be described well with outer-sphere comple»
ation accompanied with simultaneous surface site protonatio
Sposito (8) suggested that sulfate adsorption might be of
intermediate nature, sometimes sorbing as an outer-sph
complex and sometimes as an inner-sphere complex via
ligand exchange mechanism. This concept was supported
the observations of Yates and Healy (9) who investigate
sulfate adsorption on both-FeOOH anda-Cr,O;. Although
the rates of hydroxyl exchange for the two sorbents are mar
edly different, the rate and extent of sulfate adsorption we
very similar, implying an outer-sphere complexation mecha
nism. However, sulfate adsorption also shifts the point of zer
charge to higher values on bathFeOOH andx-Cr,0,, which
is consistent with inner-sphere complexation.

Sulfate is an oxyanion that is commonly found in the soil |t isimportant to realize that sorption mechanisms can not k

environment. It occurs in extremely high concentrations negénclusively determined with macroscopic experiments alon
acid mine runoff and is produced as a result of the geochemigectroscopic methods are necessary to verify conclusio
cycling of pyrite (1). Sulfate is of environmental importancgrawn from macroscopic observation (10). Although some
for several reasons. It can affect the availability of trace metaithat contradictory to the macroscopic laboratory studies, the
by enhancing metal sorption at lower pH (2, 3). Sulfate ags microscopic and spectroscopic evidence of sulfate inne
sorption also competes to some extent with the sorption §here surface complexation. Transmission infrared spectr
other anions such as phosphate (4) and low molecular weiggbpic studies of sulfate adsorption on goethite and hemat
organic acids (5). To accurately predict the interactions ef1 12) revealed the formation of sulfate bidentate binucle
sulfate with colloid interfaces, a thorough understanding gfjrface complexes on both solids. More recently, Persson a
sulfate adsorption mechanisms on soil components is neeq_e&,gren (13) concluded that outer-sphere adsorption of sulfa

Macroscopic experiments of sulfate sorption have providegh goethite was occurring on the basis of results from diffus
results that are consistent with an outer-sphere (electrostafiglectance infrared (DRIFT) spectroscopy. However, thes
adsorption mechanism on both soils and reference minerals (e ctroscopic experiments all involved potential sample alte
This conclusion is supported primarily by two observations. (Rtion via either drying, the application of heat and pressure,

lonic strength has a large effect on the amount of sulfate thaf tion in a salt which could have modified the structure of th
is adsorbed, with increasing adsorption as the ionic Stre”Q}ﬁginal sorption complex.

' To whom correspondence should be addressed. E-mail: dpeak@udel.edl].t IS greatly preferable to condugt situ experimentation to

2 Current address: United States EPA, Kerr Environmental Research Cen?éHCid.ate intera?tions that. occurin agueous suspendiosgu
P.O. Box 1198, Ada Oklahoma 74820. experiments using scanning tunneling microscopy (STM) (14
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and ATR-FTIR spectroscopy (14, 15) to determine the adsogzopic investigation. They are the nondegenerate symmet
tion mechanism of sulfate on hematite have more recendljretchingv, and the triply degenerate asymmetric stretching
shown that inner-sphere monodentate surface complexes fayamds (13). As a free anion in solution, sulfate has tetrahedr
at the hematite surface under agueous conditions. symmetry and belongs to the point grotip For this symme-

It was the goal of this research to thoroughly investigate thg, only one broad peak at approximately 1100 ¢aiue to the
adsorption mechanism of sulfate on goethite usingnasitu triply degeneraterv,; band is usually observed. In some case:
technique and attempt to reconcile the differences betweg@ v, band is also weakly active and appears at around 97
previous macroscopic and spectroscopic studies in the liteggn 1 Since outer-sphere complexes retain their waters ¢
ture. While macroscopic experiments (6) have revealedpggration and form no surface chemical bonds, it can b
strong ionic strength influence on sulfate adsorption, the effeé%lpected that the symmetry of outer-sphere sulfate complex
of ionic strength on sulfate surface complexation mechanisgg, ;g pe similar to aqueous sulfate. However, distortion due t
has not been investigated usimgsitu spectroscopy. Goethite g o o static effects could shift the to higher wavenumber
was chosen.as a sorbent be'cause Itis the most commonéﬂrd cause the, band to become IR active. If sulfate is presen
oxide found in soils (16) and its structure is stable over a wi e on inner-sphere complex, the symmetry is lowered. As

pH range.In situ (ATR-FTIR) spectroscopy was employeoI‘result, thev, band becomes infrared active and thegband

since sulfate absorbance is well resolved from goethite absor-.= "
lits into more than one peak. In the case of a monodente

bance in the mid-infrared region. Schwertmannite was used 45 h ¢ | h as that ob dqf I
a reference phase since this iron oxide contains sulfate in pgIRer-sphere surtace complex, such as that observed 1or Sult

outer-sphere and inner-sphere coordination environments (3§/SO"Ption on hematite;, symmetry results. The’, band
splits into two peaks, one at higher wavenumber and one

lower wavenumber, while the, band becomes fully active at
Infrared Theory about 975 cm' (15, 17). If sulfate forms a bidentate binuclear

The relationship between the symmetry of sulfate complexd¥idging) surface complex, the symmetry is further lowered t
and their infrared spectra is well established (17), and it ., and thev; band splits into three bands between 1050 an
possible to assign molecular symmetry based on the numB@60 cm*, while thev, band is shifted to around 1000 cin
and position of peaks that appear in the mid-infrared regiofl.7). The relationship between the symmetry of surface con
With the ATR technique under agueous conditions, there grkexes and the resulting infrared spectrum is summarized
two infrared sulfate vibrations that are accessible to spectiféig. 1.

Species Symmetry Infrared Active Bands
(o} Aqueous sulfate Ta

[o} o Outer-Sphere sulfate T d(distorted)

A
B

M—0— S/ o Monodentate Ca, [ U I:U
\0 (M = Metal or Proton) i '
Me
\o Bidentate : :~
Me sl Binuclear :
\ ...... o) D U D D
o)\ {Me = Metal) , ,
o > Cu P s
Me\\ °| Bidentate U U : U U
Mononuclear _/ ! ' {
0—S0 . )
o Y Y
Vi V3

FIG. 1. The relationship between the molecular symmetry of sulfate complexes and the observed infrared spectrum they produce. Adapted from H
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MATERIALS AND METHODS spread evenly across the surface of the crystal using the pipe
tip and allowed to dry. Once the deposit was dried, it wa
All FTIR experiments were conducted using a Perkin-EImefnsed by holding it at an angle, placing a large drop of 0.01 N
1720x spectrometer equipped with a purge gas generator L] onto one edge, and allowing the droplet to slowly mov:
either a DTGS or MCT detector. A horizontal ATR accessorycross the deposit. At the end the excess electrolyte w
and flow cell (Spectra-Tech) as well as a Perkin-Elmer diffusgysorbed with a KimWipe. Once the rinsed ATR crystal air
reflectance (DRIFT) accessory were used for sampling. Speddfed, it was placed into the flow cell. To determine the amour
were the result of 1000 co-added scans at a resolution OBﬂgoethne deposited on the ATR crystal, the crystal wa
cm " unless otherwise noted. All chemicals used were reaggféighed before and after deposition. In all cases, the differen:
grade. was between 2.8 and 3.0 mg, which is in reasonable agreem
with the theoretical value of 2.5 mg if all the goethite that is
added forms a deposit.

The goethite used in this study was synthesized using thelhe cell was then connected via tygon tubing to a 500-r
method of Schwertmanet al. (18). Initially, ferrihydrite was POlypropylene reaction vessel that contained 400 ml of bacl
precipitated by adding 50 mifd M ferric nitrate solution to ground electrolyte. NaCl was used as a background electroly
450 ml of 1 M KOH. This Suspension of amorphous hydrOLgue to the absence of absorbance in the mid-IR range. Tl
ferric oxide was then aged for 14 days at 25°C. The suspenski$sel was B purged and a combination pH electrode was
was next washed via centrifugation, replacing the supernat&g€d to monitor solution pH throughout the experiment. A sti
with doubly deionized water to remove residual KOH. Théar and magnetic stir plate provided thorough mixing, and
rinsed solid was then resuspended in 0.4 M HCl and shaken fépall port was used to adjust pH with 0.1 M NaOH or 0.1 M
2 h using a mechanical shaker. This treatment was usedHg! as needed and also to add 0.1 M,8@,. A diagram of the
remove any remaining ferrihydrite from the surface of th@xperimental apparatus is shown in Fig. 2. This experiment
goethite. The acidified goethite suspension was again wasl@@paratus allows for direct and situ measurements of both
via centrifugation to remove both HCl and dissolved irorPH envelopes and adsorption isotherms of sulfate on goethit
Finally, the goethite was dialyzed, frozen with liquid nitrogen! he background electrolyte was circulated through the flo\
and freeze-dried. The solid was confirmed as goethite \ﬁg” until there was no noticeable Change in the ratio of suc
infrared spectroscopy using both ATR and transmission mog@ssive spectra. At this time, a background spectrum w:
KBr pellets. The external surface area determined from jgollected consisting of the absorbance of the ZnSe crystal a
BET was 63.5 fig * and the point of zero salt effect was 8.4the deposited goethite. The remaining spectra were collected

as determined via potentiometric titration in 0.1, 0.01, arRratio to this background. Spectra were collected for 15 mi
0.005 M sodium perchlorate. prior to reactant addition to verify that no further changes o

the background were occurring.

Goethite Synthesis

Schwertmannite Synthesis

pH Envelopes
Schwertmannite, a poorly crystalline iron(lll) oxy-hydroxy-

sulfate was synthesized following the procedure of Schwert-To generate pH envelopes, the outflow tube from the flo
mann and Cornell (16). This mineral phase has approximat&§ll was connected to the reaction vessel containing 400 ml-
10% by weight sulfate incorporated into its structure (1). Bothackground electrolyte solution at pH 9.0. lonic strength
the color and the infrared spectra of the synthesized produignging from 0.1 to 0.005 M were used. Once a stable bac!
were consistent with schwertmannite. Infrared spectra of tgeound was collected, 2M sulfate was added, and spectra
schwertmannite were collected in ATR mode by mixing apvere collected every 10 min. When there was no increase
proximately 10 mg of solid with 50Qul of water, depositing the intensity of the spectra with time, it was assumed that &
the slurry onto the crystal, and collecting a spectrum once taguilibrium state had been reached. At this point the pH we
solid had dried. Another sample was diluted to a concentratitgwered 0.5 pH units by addition of 0.1 M HCI. This procedure
of 2.5% solid by weight using infrared grade KBr and run iwvas repeated down to pH 3.5.

diffuse reflectance mode.

Adsorption Isotherms

In Situ FTIR Spectroscopy For the sulfate adsorption isotherms, the effluent from th

Goethite was evenly deposited onto a 45° ZnSe ATR crystadw cell was collected as waste instead of being circulate
using a variation of the technique described by Hug (19, 1%ack to the reaction vessel. This was done to ensure that t
First, 500ul of 0.01 M NaCl adjusted to pH 4.5 was pipettedequilibrium sulfate concentratiorC(,) could be determined.
onto the crystal, forming a large droplet. Thendl®f a 250 g When the sulfate initially enters the flow cell, it is rapidly
L™ goethite suspension was placed into the center of thdsorbed to the deposited goethite in the flow cell and tr
droplet with a pipette. The suspension was then mixed asdlfate concentration in the effluent will remain low. As the
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FIG. 2. Diagram depicting the experimental apparatus used for pH envelopes and adsorption isotherms.

system approaches equilibrium, however, the effluent concen-
tration will rise until it equals the influent concentration. At this
time the influent concentration is equal @, and the system

is at equilibrium.

For these experiments, equilibrium was defined as the point 0.10 1
where no further increase in the infrared spectra arising from
adsorbed sulfate was observed. The amount of stock 0.1 M
Na,SO, needed to adjust the remaining volume to the next 0.08
sulfate concentration was calculated from the flow rate and the
time elapsed since the pump was started. The sulfate concefi-
tration in the reaction vessel was then raised and allowed 2 .06
reach a new equilibrium with the goethite in the flow cell. This §
is repeated to generate spectra of adsorbed sulfate as a functi§n
of equilibrium sulfate concentration. The integrated absorg ;g4
bance of these samples was plottedCss 2

RESULTS 0.02 -

The results for a pH envelope experiment are shown in Fig.
3. The experiment was run in 0.01 M NaCl at a total sulfate o
concentration of 20uM. The spectra are the result of 128
co-added scans at 4-Chmresolution. The experiment was
initiated at pH 9.0, which is above the point of zero charge of
the goethite used. At this pH, there should be very little Wavenumber (cni')
adsorption of sulfate, as demonstrated by the extremely low

absorbance of 0.002. This is the maximum absorbance that cdifG: 3 Spectra from a pH envelope of sulfate adsorbed on goethits
eaction conditions were 0.01 N NaCl and 20 SO;" . The spectra were the

. R . R
be attributed to aqueous sulfate in this set of eXpe”mental_ dar ult of 128 co-added scans at 4-¢mesolution. The spectra were collected
greater absorbance values are due to the accumulationaGfy (from bottom): (a) 9.0, (b) 7.0, (c) 6.0, (d) 5.5, (€) 5.25, (f) 5.0, (g) 4.5
sulfate at the goethite/aqueous interface. As the pH is lowergg,4.0, and (i) 3.5.

T T T T T T T T T 1
1250 1200 1150 1100 1050 1000 950
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the absorbance increases, but the spectra remains very sinsiéane types of surface complexes occur over a wide range
to aqueous sulfate, with the only visible peak (theband) equilibrium concentrations (5—-5Q0M). Also of importance is
occurring at 1104 cnt. This v, peak systematically shifts that a peak at 992 cmattributed to ther, band of inner-sphere
toward higher wavenumber, and ttvg band at 975 cm' sulfate and used to fit the spectra from the pH envelop
becomes visible around pH 7. This is consistent with an outdrecomes plainly visible in the raw spectra (denoted by arrow
sphere surface complex formation since the degree of distas the concentration increases.
tion of the tetrahedral symmetry should be directly related to A spectral peak-fitting program (Peak Solve, Galactic Indus
the strength of the electrical field (in this case the surfatees) was employed to fit peaks to the spectra and determil
charge o,). This can explain the observed spectrum very wetlhe symmetry of the surface complexes. A linear baseline ws
from pH 9 down to pH 6. Below pH 6, however, tig band applied to all the spectra so the absorbance at 950 and 12
becomes more sharply defined at 976 tnThev, band also cm™ was equal to zero, and Gaussian functions were used f
begins to split into two distinctive peaks at 1055 and 1138l peaks. Although infrared spectra are most commonly f
cm* and a shoulder at 1170 ¢ This splitting indicates the with Lorentzian functions, attempts to fit the inner-spher
presence of an inner-sphere sulfate surface complex, but demplexes with Lorentzian functions were unsuccessful. My
tailed spectral analysis was necessary to determine the impoeni and co-workers (20) also found that Gaussian peaks b
tance of the shoulder to the spectrum. fit the sulfatev, bands of ettringite, a sulfate-bearing mineral.
To verify that the spectral features attributed to inner-spheltewas impossible to fit the spectra where inner-sphere con
sulfate surface complexes were not experimental artifagiexes were present without also including the peaks at 11(
caused by adjusting pH, and to obtain spectra with greatrd 975 cm', which are attributed to an outer-sphere complex
amounts of adsorbed sulfate, an adsorption isotherm was aBuce these peaks were included, it was determined that
conducted at pH 3.5. The spectra due to adsorbed sulfagzond inner-sphere surface complex was also present. For 1
obtained from an adsorption isotherm conducted at 0.01 $drface complex, the; band was split into three peaks at 1170,
NaCl and pH 3.5 are shown in Fig. 4. It is notable that as tHg33, and 1055 cit while anothew, band of lesser intensity
adsorbed sulfate increases, there is no change in the positiothah thev; bands at 992 cnt also improved the fit. All the
the peaks that appear in the spectra. This is indicative that 8pectra from pH 3.5 to pH 5.0 could successfully be fit by
fixing the position of the four peaks attributed to the inner
@ sphere complex, while allowing the position of the peak:
assigned to outer-sphere sulfate to vary-byl cm™* between
successive spectra. This variation was allowed since the i
creasingly positive surface charge of goethite as the pH
© lowered could result in changes in distortion of the outer
0.08 sphere spectra. Figure 5a shows the fit of the pH 3.5 spectru
while Fig. 5b demonstrates that the pH 5 spectrum could be
. equally well with the same peaks, although the relative contr
bution from the outer-sphere complex is greater at pH 5.0. T
relative intensity of the observed inner-sphere peaks at 117
1133, 1051, and 992 cm is approximately 0.6:1:0.6:0.2,
respectively. These four peak positions and their relative ir
tensities are consistent with a bidentate binuclear surface co
plex of eitherC,, or possiblyC, symmetry. This is because a
monodentate surface complex would have only two peaks
the 1050 to 1200-cnt region and a bidentate mononuclear
(chelating) surface complex would result in shifting of the
threev, peaks to wavenumbers much higher than is observe
It is also possible that while the results of timesitu experi-
mentation reveal a bidentate binuclear configuration with re
0.00 - =~ spect to sulfate, they do not explicitly identify the ions which
— 1 T 1 ' T T T ' T T T ‘1 sulfate is bridging. This is due to the fact that theband is
1300 1250 1200 1150 1100 1050 1000 950 fully active in the bidentate binucleaC{,) case and further
Wavenumber (cm’) lowering of the molecular symmetryz¢) will not result in any
further splitting of thev,; bands. While sulfate could be bridg-

FIG. 4. Spectra from a sulfate adsorption isotherm conducted at pH 3.5 t . t it i | ible that either bisulfat
andl = 0.01. Thespectra are the result of (from bottom) (a) O, (b) 5, (c) 10N9 WO Iron atoms, 1 1S also possibie thal either bisulate

(d) 25, (e) 100, (f) 250, and (g) 5QoM equilibrium sulfate concentration. The (HSO;) or sodium sulfate (NaSQ is coordinated in a mono-
arrow denotes the feature arising fronvapeak at 992 cnt. dentate fashion to the iron oxide surface since complexes of
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FIG. 5. (a) Fit of the pH 3.5 spectrum from the pH envelope shown in Fig. 3. The dotted lines denote the peaks arising from an inner-sphere comp
Fit of the pH 5.0 spectrum from the pH envelope in Fig. 3. The peak positions used to fit the pH 3.5 spectrum were held constant for the fitting of this sp

C, symmetry would also have three IR activgbands. Addi- that some aqueous F%0, was present. An iron(lll) bisulfate
tionally, it is possible that the feature at 1170 Cris the result complex (Fe-HS@ ) could also potentially explain the ob-
of a hydrogen bond between an oxygen atom of a monodenta¢gved feature at 1185 crin Hug’s (15) sample.

sulfate and an adjacent surface site. All these possibilitiesWhile these possibilities reinforce the proposed surfac
could result in the observed spectrum and are summarizeccomplexes, they can not be used to assign the observed sulf
Fig. 6. It is noteworthy that the spectrum of inner-sphefgands with any certainty. To refine the surface complexatic
sulfate adsorbed on goethite is extremely similar to the spenechanism further, an adsorption experiment was conduct
trum reported by Hug for Fe(lll)SQ., at pH 2.2 (15). The using D,O as a solvent rather than,8. Spectra from sulfate
shoulder in Hug's work (15) was attributed to hydrogen-bon@dsorption experiments conductedlat 0.05, pH3.5, 100
ing interactions between sulfate and adjacent waters of the el sulfate, and either BD or H,O as a solvent are shown in
hydration shell. Since Fe(lll) was present in excess of sulfatefing. 7.

that solution (18 mM Fe vs 10 mM SO, it is also possible It is clear from Fig. 7 that there is a shift that occurs in the
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N X 0 sodium sulfate surface complexes can be ruled out as tl
) FTe —o\s‘____O b) Fe-0-$-0-H source of the observed spectra. The only possible surfa
2 15e 0" Yo q \0 complexes which would involve a proton are bisulfate sorbe

N as a monodentate complex (Fig. 6b) or monodentate sulfa
that is hydrogen bonded to an adjacent surface site (Fig. 6¢
In Fig. 8, the effect of ionic strength on the mechanism o

\ H sulfate adsorption is illustrated. Since the amount of goethi
N 0 Fe _O‘H\ varies between experiments, the spectra were normalized to
c) Fe-O*S{-O—Na 9 j P maximum absorbance to compare their spectra. As expects
J 0 Ff 'O_S{"O increasing ionic strength results in less outer-sphere adsol
3 (o]

tion. This can be seen by the increasing importance of tt
FIG. 6. Sulfate inner-sphere surface complexes that could possibly resininer-sphere peaks to the overall spectra in the higher ion
in the experimentally observed spectral features. The drawings represerftgength spectra (b). The earlier assignment of the peaks
bidentate complex bridging (a) two Fe atoms, (b) one Fe atom and one protiri,lo and 976 ¢t to outer-sphere sulfate is also Supported b
(c) one Fe atom and one Na atom, and (d) a monodentate Feh$dogen h | . h lati . f th K :
bonded to an adjacent positively charged surface group. these rgsu s, S'nce_ the relative importance of these Pea S
greater in lower ionic strength spectra (a) where there is mo

outer-sphere adsorption. The assignment of the peak at 9

v, bands of sulfate adsorbed on goethite whe®s used as M " to thev, band of outer-sphere sulfate is also supported b
a solvent. Peaks occurring at 1133 and 1051 ‘cin H,0O the observation that the ratio of the outer-sphere peak areas
(splitting of thev, band due to inner-sphere complexation) ar@.04:1.00 in both spectra.

both shifted approximately 8 cmto 1125 and 1043 cii in As a reference for sulfate coordination, infrared spectra ¢
D,O. This shift to lower wavenumber is characteristic foschwertmannite were collected. Figure 9 shows the absorbar
substitution of a deuterium ion for a proton in a molecula®f schwertmannite in the region from 1250 to 950 ¢nwhich
complex. Since these peaks are the result of inner-sphéareludes all the peaks due to splitting of theandv, bands.
complexation, it is therefore reasonable to conclude thatDRIFT (a) and ATR deposition (c) techniques were used t
proton is present in the inner-sphere surface complex. On thistermine the impact of sample preparation on the infrare
basis, both bidentate bridging=He,SO4) and monodentatespectra. ATR-FTIR spectra of 2QM sulfate adsorbed on

. 1133

Normalized Absorbance

——
1250 1200 1150 1100 1050 1000 950

Wavenumber (cm')

FIG. 7. Comparison of spectra of adsorbed sulfate collected in (@ &hd (b) BO. In both cases the reaction conditions were pH B5,0.05, and an
initial sulfate concentration of 10QM.
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FIG. 8. Variation of spectra of adsorbed sulfate with ionic strength. In both cases the reaction conditions were pH 4.0QMr8%0 added. Spectrum
(a) was collected at ionic strength 0.005, while (b) was collectdd=at0.1.

goethite at pH 3.5 (b) and pH 5.0 (d) from the pH envelope ai®well-defined splitting of the sulfate; bands that is diagnos-

shown for comparison with the schwertmannite peaks. In baib for inner-sphere complexation.

schwertmannite sample preparations it is evident that splittingThere are, however, noticeable differences between tl
of the v; band of sulfate occurs. In the case of the DRIFEpectrum of schwertmannite deposited onto the ATR cryst:
spectrum there is a split into three peaks at 1050, 1130, aanttl the DRIFT spectrum. The broadening of the spectra in t
1208 cm'. This indicates that sulfate exists in a bidentateegion from 1140 to 1075 ci is due to the presence of two

coordination which is in agreement with the results of Bighameaks. The good agreement between one of these peaks .
et al. (1). With the exception of the peak at 1208 Cnfto be that of aqueous sulfate (e) suggests that there is an additiol
discussed later), the agreement between the peaks of sultamponent to the spectra that has symmetry very similar to fre
adsorbed onto goethite at pH 3.5 with those for the schwesuilfate. Since the sample had been extensively dialyzed a
mannite DRIFT spectrum are quite good. In both spectra thdreeze-dried prior to experimentation, this peak is most likel
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inner-sphere complex of schwertmannite is difficult withou
conducting RO experiments similar to those done with ad-
sorbed sulfate on goethite. These experiments were unsucce
ful (data not shown), due to the need to thoroughly dry th
deposited schwertmannite to avoid interference fron©D
While the results were very similar to the DRIFT spectra o
schwertmannite in Fig. 9a, it is questionable to draw conclu
" sions based on suakx situexperiments.
DISCUSSION
v We observe a continuum of inner-sphere and outer-sphe
sulfate complexation on goethite. Inner-sphere sulfate adsor
@ tion on iron oxides increases as the pH is lowered, and oute
sphere adsorption increases as ionic strength is decreased.
adsorption behavior can be readily explained by the concept
@ ligand exchange. In basic conditions, the singly coordinate
surface hydroxyls of metal oxides exist as either Me-aD as
& Me-OH functional groups. The bonds between the oxyge
ligands and the metal center tend to be strong, and ligar
— T T T | exchange is less favorable since the hydroxide ligands a
1250 1200 1150 1100 1050 1000 950  (jfficult to displace and are also present in higher concentr:
Wavenumber (cm’) tions in solution than is a trace adsorbate such as sulfate. As |
FIG.9. Comparison of schwertmannite spectrum collected via DRIFT (decreases' singly coordinated hydroxyls (Fe—OH) protonate
and ATR (c) to the ATR spectrum of 20M sulfate adsorbed on goethite at pH?rOduce. Fe-OH fu.nCtlona.l grO.UpS' T.h.e water attached to t'hE
3.5 (b) and pH 5.0 (d) and 100 mM aqueous sulfate (e). iron(lll) is a weak ligand with high lability and can more easily
be displaced by a competing ligand such as sulfate, forming «
inner-sphere surface complex. To fully understand the reacti
due to an outer-sphere sulfate complex and not due to fheof sulfate with goethite, and to explain differences in sulfate
presence of residual aqueous sulfate in the sample. Thasgsorption on hematite and goethite, a detailed understandi
findings are consistent with the proposed structure of schwest-the surface-charging behavior of both iron oxides is re
mannite (1), which includes sulfate as a counterion in interngiired.
channels similar to chloride in akaganeite. Dilution with KBr It is noteworthy that sulfate only forms inner-sphere mono
removes this feature from the sample, most likely due ttentate surface complexes on hematite in aqueous solution (:
displacement of outer-sphere sulfate with bromide in the chamhile forming a mixture of outer-sphere and inner-spher
nels and the formation of SO, salt. Since the schwertmannitecomplexes on goethite. Since both the goethite used in tt
sample had been freeze-dried prior to dilution in KBr, it is alsexperiment and the hematite used by Hug (13) had a PZ
possible that removal of surface water favored a conversibatween 8 and 8.5, and in both cases the reactive site
from outer-sphere to inner-sphere surface complexes. Tbably Fe—OHl, it is somewhat surprising that their reactiv-
broadening of the peaks of the DRIFT schwertmannite samjiies are so markedly different. Differences apparently exis
compared to those of adsorbed sulfate at pH 3.5 also impligstween the population of functional groups at the metal oxic
less order in the sulfate-bonding environment of schwertmasurface that can account for the different sulfate adsorptic
nite. This could either be due to the amorphous nature of thehavior observed in the two systems. Researchers (21) he
solid or possibly to KSO, formation in the DRIFT sample. successfully applied a multisite complexation (MUSIC) ap:
Both K,SO, and bidentate binuclear F0O, haveC,, symme- proach to determine the relative site densities andlaglues
try but different substituent cations would result in varyindor all functional groups present on various crystal faces fo
degrees of splitting of the, band. The peak at 1208 cmalso both goethite and hematite. The results of this analysis c
disappears in the ATR sample. Hug (15) noted the appearapecevide valuable insight into the observed adsorption behauvi
of a peak at 1200 cit upon drying sulfate solutions adsorbeaf sulfate and are used as a point of reference for the discussi
on hematite. It is therefore likely that this peak is an artifact dhat follows.
sample preparation. The excellent agreement betweeinthe On goethite, the 110 crystal face is dominant, and the site
situ schwertmannite ATR deposit and sulfate adsorbed dimat readily protonate are the singly coordinated (Fe—O) ar
goethite at pH 5.0 indicates a similar bonding environment about 67% of the triply coordinated (§®) surface groups. At
both cases. However, an exact assignment of symmetry for the PZC (around 9.0) the singly coordinated surface grouj

Arbitrary Units




298 PEAK, FORD, AND SPARKS

exist as Fe—OH due to the extremely high Kgand the FgO fact that as the system approaches monolayer coverage, th
sites are~70% FgOH. As the pH is lowered from the point of would be fewer sites remaining for hydrogen bonding. Sinc
zero charge, only the E® sites protonate until about pH 7.both the shoulder at 1170 crhand the feature at 992 cih
This explains the observed outer-sphere complexation becacgetinue to be visible, one can infer that bisulfate is the activ
this protonation increases the positive charge on goeth#erface species.
(Fe;OH has+3 formal charge) and therefore increases sulfate The possibility of an inner-sphere bisulfate surface comple
adsorption. However, no FeQHsites necessary for inner-can also be supported by the results of other researche
sphere sulfate complexation appear until the pH is lower&rsson and haren (13) predicted the presence of a bisulfate-
further. goethite complex to occur below pH 5.0 based on the potel
With hematite, the surface functional groups behave som@metric titrations of sulfate—goethite suspensions. While the
what differently. The 110 and the 001 faces predominate. Siregsigned an outer-sphere mechanism to the bisulfate compl
the 001 crystal face has a PZC close to that of the hematite usiagid was based on DRIFT spectroscopy with considerable sal
by Hug (15), this crystal face likely contributed more to th@le modification. Additionally, Sparks and Zhang (7) noted tha
results of Hug's (15) experiments than the 110 face with isilfate adsorption was accompanied by simultaneous prot
PZC of 11. It has also been determined that sulfate formaptake. This is also in reasonable agreement with an inne
bidentate binuclear surface complexes on most crystal facgghere bisulfate complex since adsorption of bisulfate woul
and monodentate surface complexes only on the 001 planesult in additional bisulfate production in solution at a con
(22). On the 001 face, surface functional groups occur duedtant pH to maintain equilibrium. The surface charge of goe
imperfections in the crystal structure. Both Fe—O andCre thite would also be lowered somewhat by bisulfate adsorptic
functional groups exist. At the PZC, approximately 80% of throm >Fe—OH to >Fe—-HSQ) so that protons could also be
singly coordinated sites exist as Fe—QHvhich are capable of adsorbed elsewhere on the goethite surface.
ligand substitution reactions with oxyanions. As pH is de- As mentioned earlier, our spectroscopic findings seem qui
creased below the PZC, the remainder of the Fe—OH siwifferent from the DRIFT results of Persson andvigeen (13),
protonate and the F® sites protonate to form the neutralwhich indicated that sulfate adsorbs to goethite as an oute
Fe,OH. Since the reactive surface sites are formed at a musgithere complex regardless of pH or ionic strength. It is impol
higher pH on hematite and protonation of the®esites does tant, however, to note the differences in experimental tect
not promote outer-sphere adsorption, inner-sphere surfaggue. In the studies of Persson andvbeoen (13), samples
complexes are more favorable. This can explain Hug's obserere diluted in KBr. Since the samples were not subjected 1
vation (15) that sulfate forms primarily inner-sphere surfadggh temperature or freeze-drying, it is probable that surfac
complexes over all pH values on hematite. water remained present. Dilution in KBr would then result in
A final point for discussion is the identity of the inner-spherthe sample pH shifting to a value similar to that of saturate
surface complex that occurs on goethite. Two possibilitie&Br (approximately pH 6). This recently has been shown t
seem likely: bisulfate sorbed as a monodentate complex asotur by researchers investigating the effect of hematite mo
Fig. 6b or monodentate sulfate that is hydrogen bonded to pinology on sulfate adsorption (22). It has been noted in Hug
adjacent surface site as in Fig. 6d. It is difficult to distinguistvork (15) and also observed in this study that sulfate adsor
between these two complexes based on the spectra alone tibuatis quite sensitive to changes in pH, and the shift in pH du
two observations favor the formation of monodentate bisulfate dilution in KBr would likely result in a rapid change of the
surface complexes. First of all, there is the continued increamdfate surface complex. This explains the observed oute
in adsorption that occurs as pH is lowered below 4.0. In facphere complexation of sulfate in DRIFT samples since at p
sulfate adsorption continues to increase until tg,[f~1.9) is 6 the spectrum is dominated by outer-sphere adsorption (Fi
reached, although spectroscopic experiments were not c8h-The peaks diagnostic for an inner-sphere complex,pbr
ducted below pH 3.5 due to limitations of the ZnSe crystal. TH&, symmetry are also seen in the DRIFT spectrum of Perssc
surface functional groups should be fully protonated even atd Lovgren (13), but they are much lower in intensity than the
pH 4.0, so site availability should be fairly constant. As pH ipeaks attributed to inner-sphere sulfate surface complexes
lowered, the concentration of sulfate actually decreases sime research.
bisulfate becomes a larger component of the aqueous equilibt is easier to reconcile these results with the findings ¢
rium. This should be reflected in a decrease in the amountR¥rfitt and Smart (11), who used dried samples diluted wit
sulfate adsorbed if monodentate sulfate with hydrogen bondik@r and pressed into disks. They determined that sulfate forn
is responsible for the spectral features. A second argument @amer-sphere bidentate binuclear surface complexes on gc
be made based on the results of the adsorption isotherm frivite. The differences between these results iansltu exper-
Fig. 4. If monodentate sulfate forming hydrogen bonds witimentation are analogous to the differences between the DRIF
adjacent surface sites is the dominant mechanism, then amel ATR schwertmannite samples (Figure 7a and 7c). Samy
would expect the spectra to become more similar to monodeirying strongly favors the inner-sphere complex and additior
tate sulfate as the surface loading increased. This is due to alflg shifts one of thev, peaks from 1170 to 1200 crh
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While FTIR spectroscopy is a powerful analytical tool with
the potential to conclusively determine the mechanism of ad-
sorption of a variety of environmentally important oxyanions,

REFERENCES

care must be taken in experimental preparation. Drying and Bigham, J. M., Schwertmann, U., Carlson, L., and Murad G&ochim.

dilution in KBr can significantly alter the spectra of samples

Cosmochim. Act&4, 2743 (1990).

and can therefore lead to incorrect conclusions about the bongl-Ali, M. A., and Dzombak, D. A.Geochim. Cosmochim. Ac&0, 5045
ing environment of adsorbates. Aqueous schwertmannite sus-(1996).
pensions contain considerably more sulfate bound in an outet- Bleam, W. F., and Weesner, F. J., Colloid Interface Sci205, 380

sphere coordination than previously reported with dried
samples in KBr. The continuum between outer- and inner-
sphere sulfate complexes can only be obseiaesitu.

4.

5.

(1998).

Geelhoed, J. S., Hiemstra, T., and van Riemsdijk, WG¢ochim. Cos-
mochim. Actéb1, 2389 (1997).

Ali, M. A., and Dzombak, D. A.,Environ. Sci. Technol30, 1061

Sulfate adsorption on goethite occurs via both outer-sphere (1996).
and inner-sphere complexation. The relative importance @& Charlet, L., Dise, N., and Stumm, WAgr. Ecosyst.Environ47, 87

both complexes is a function of both pH and ionic strength,

(1993).

with outer-sphere adsorption dominating with increasing pH: 2hang. P C., and Sparks, D. Soil Sci. Soc. Am. 54, 1266 (1990).

and decreasing ionic strength. Inner-sphere adsorption b

%_ Sposito, G. A., “The Surface Chemistry of Soils.” Oxford University

Press, New York, 1984.

comes more important with decreasing pH and increasing ioni yaies . E., and Healy, T. W0, Colloid Interface Sci52, 222 (1975).
strength. This pH-dependent formation of an inner-sphere syl sparks, D. L., “Environmental Soil Chemistry.” Academic Press, Sa

fate surface complex can be explained by the availability of

Diego, 1995.

Fe—OH sites at the goethite surface. The inner-sphere sulfdte Parfitt, R. L., and R. Smart, S. Goil Sci. Soc. Am. }2, 48 (1978).
complex is either a monodentate bisulfate surface complex @ Turner, I. J., and Kramer, J. FSpil Sci.152,227 (1991).

a monodentate sulfate surface complex with hydrogen bondi
to an adjacent surface site. Although aqueous bisulfate c

],]’:b Persson, P., and kgren, L., Geochim. Cosmochim. Act®0, 2789

(1996).
Eggleston, C. M., Hug, S., Stumm, W., Sulzberger, B., and dos Sant

centrations are negligible at pH 4 and above, it apparently has ajfonso, M., Geochim. Cosmochim. Acée, 585 (1998).

a much higher affinity for the goethite surface than does.
sulfate. This indicates that the speciation of sulfate at the.

goethite/water interface can be markedly different from the

speciation in bulk solution. The spectrum of sulfate adsorbéé

on goethite at pH 5 is very similar to that of schwertmannit
and inner-sphere complexes.

ACKNOWLEDGMENTS

21.

The authors thank Hotze Wijnja (University of Connecticut) for discussion

Hug, S. J.J. Colloid Interface Scil188,415 (1997).

Schwertmann, U., and Cornell, R. M., “Iron Oxides in the Laboratory
Preparation and Characterization.” Weinheim, New York, 1991.
Nakamoto, K., “Infrared and Raman Spectra of Inorganic and Coordin:
tion Compounds.” Wiley, New York, 1986.

. . 8. Schwertmann, U., Cambier, P., and Murad (Hays Clay Miner.33,369
collectedin situ, where sulfate also exists as both outer-sphere ysHay

19.
20.

(1985).

Hug, S. J., and Sulzberger, Bangmuir10, 3587 (1994).

Myneni, S. C. B., Traina, S. J., Waychunas, G. A., and Logan, T. J
Geochim. Cosmochim. Ac&2, 3499 (1998).

Venema, P., Hiemstra, T., Weidler, P. G., van Riemsdijk, WJHCplloid
Interface Scil98,282 (1998).

and helpful comments relating to the interpretation of the infrared spectra &® Sugimoto, T., and Wang, YJ, Colloid Interface Sci207,137 (1998).



	INTRODUCTION
	FIG. 1

	MATERIALS AND METHODS
	FIG. 2

	RESULTS
	FIG. 3
	FIG. 4
	FIG. 5
	FIG. 6
	FIG. 7
	FIG. 8
	FIG. 9

	DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

