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IN SITU INFRARED SPECIATION OF ADSORBED CARBONATE 
ON ALUMINUM AND IRON OXIDES 
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Abstract-Surface adsorption mechanisms of dissolved inorganic carbon species on soil minerals are not 
well understood. Traditional infrared (IR) study of adsorbed species of inorganic carbon using air-dried 
samples may not reveal true species in the solid/water interface in suspension. The purpose of this study 
was to obtain information on interfacial carbonate speciation between solid and aqueous phases. The 
interaction of bicarbonate and carbonate ions with X-ray amorphous (am) Al and Fe oxides, gibbsite ('1-
Al(OH)3) and goethite (a-FeOOH) was examined by electrophoresis and in situ attenuated total reflectance 
Fourier transform infrared (ATR-FTIR) spectroscopy. The presence of carbonate lowered the electropho­
retic mobility and decreased the point of zero charge (PZC) of all minerals, implying specific adsorption. 
Inner-sphere complexation of bicarbonate and carbonate was supported by a lowering in the anion sym­
metry due to the interaction with Al and Fe oxide surfaces. Only complexed monodentate carbonate was 
identified in am-Al(OH)/aqueous solution at pH 4.1-7.8 when the solid was reacted with either NaHC03 
or NazC03 solutions. Am-Al(OH)3 was transformed to a crystalline sodium aluminum hydroxy carbonate, 
dawsonite [NaAl(C03)(OH)2]' and bayerite (a-Al(OH)3) after reacting with 1.0 M NazC03 for 24 h. 
Gibbsite adsorbed much less carbonate than am-Al(OH), such that adsorbed carbonate on gibbsite gave 
weak IR absorption. It is probable that monodentate carbonate is also the complexed species on gibbsite. 
Evidence suggesting the presence of both surface complexed bicarbonate and carbonate species in the 
interfacial region of am-Fe(OH), in suspension and the dependence of their relative distribution on so­
lution pH is shown. Only monodentate carbonate was found in the interfacial region of goethite in 1.0 
M NaHC03. A ligand exchange reaction was proposed to describe the interaction of bicarbonate and 
carbonate with the surface functional groups of Al and Fe oxides. 

Key Words-Attenuated Total Reflectance-Fourier Transform Infrared, Carbonate Adsorption, Electro­
phoretic Mobility, Infrared, Point of Zero Charge, Point of Zero Net Proton Charge, X-ray Diffraction. 

INTRODUCTION 

Dissolved inorganic carbon species such as H2C03°, 
HC03 - and C032- are ubiquitous in natural waters and 
soil environments. Yet their interaction with soil min­
erals such as Al and Fe oxides are not well understood. 
Information is lacking on in situ speciation of inor­
ganic carbon species at the molecular level on soil 
mineral surfaces in aqueous suspension. An under­
standing of carbonate species adsorption mechanisms 
has practical applications in soil science, geochemistry 
and for the global carbon cycle. 

Schulthess and McCarthy (1990) studied competi­
tive adsorption of anions on an Al oxide (8-AI20 3) and 
obtained an affinity sequence of the anions for the ox­
ide: OH- > COl- > acetate> Cl-. They stated that 
these ions adsorb competitively on the same Al sites, 
but not necessarily by the same mechanisms. Com­
petitive adsorption also has been observed between 
CrOi- and dissolved CO2(g) on amorphous Fe hy­
droxide (Zachara et al. 1987) and on goethite (Van 
Geen et al. 1994). In addition to surface adsorption, 
carbonate can also form discrete solid phases with Al 
such as dawsonite [NaAI(C03)(OH)2]. The maximum 

t Present address: U.S. Environmental Protection Agency, 
National Risk Management Research Laboratory, 919 Kerr 
Research Drive, Ada, Oklahoma 74820. 

adsorption of carbonate is at pH 6.5 on 8-A1203 
(Schulthess and McCarthy 1990) and pH 6 on goethite 
(Van Geen et al. 1994), whereas the maximum content 
of dawsonite formed from precipitating Al hydroxide 
in the presence of solution carbonate species occurs at 
pH 8.5 (Scholtz et al. 1984). To explain increased sol­
ubility of hematite in the ptesence of COz<g), Bruno 
et al. (1992) postulated theiformation of a monoden­
tate bicarbonate surface complex and its subsequent 
detachment from the hematite surface. 

White and Hem (1975) precipitated an Al hydroxide 
gel (X-ray amorphous) by adding a solution of AICl3 
to a mixed solution of NaHC03 and NazC03 until pH 
6.5 was reached. They concluded from the IR spec­
troscopy of air-dried samples that an association exists 
between carbonate and Al cations in the Al hydroxide 
gel. Serna et al. (1977) also precipitated an X-ray 
amorphous AI hydroxide gel by adding AICl3 solution 
to a solution containing either NaHC03 or Na2C03 un­
til pH 6.5 was reached. They obtained the same IR 
results as White and Hem (1975). In both studies, 
monodentate carbonate bonding with Al was identified 
with no evidence for the presence of bicarbonate ion 
in the air-dried Al hydroxide geL The IR spectra of 
air-dried Al hydroxide precipitates formed by mixing 
a solution of 0.5 M AICl3 with a solution of 0.75 M 
NaHC03 or 2 M NazC03 at pH 6-10 showed that daw-
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sonite fonnation occurred between pH 7.5 and 9.5 
(Scholtz et al. 1984). Infonnation on the speciation of 
adsorbed inorganic carbon species on Al hydroxide 
below pH 6 is lacking, and other common Al hydrox­
ides such as gibbsite have not been studied in this 
regard. Additionally, the influence of air-drying from 
more acidic suspension on surface carbonate specia­
tion has not been investigated. 

The surface charge characteristics of Al hydroxide 
gel depend on both the surface hydroxyl density and 
the surface density of the specifically adsorbed anions. 
The wide range of point of zero net proton charge 
(PZNPC) values reported for Al hydroxide is thought 
to be due to the presence of specific adsorption of 
impurity anions such as carbonate (Feldkamp et al. 
1981), and carbonate-containing crystalline solid 
phases such as dawsonite (Scholtz et al. 1984, 1985). 
The specifically adsorbed anion contributes additional 
negative charge to the surface, thereby displacing the 
PZNPC to lower pH values (Sposito 1984). 

Russell et al. (1975) reported IR spectroscopic evi­
dence for the fonnation of distorted carbonate mole­
cules on the surface of moist goethite during COz(g)­
adsorption experiments. Yapp and Poths (1990) also 
presented IR evidence for the existence of carbonate 
in the fonn of Fe(C03)OH as a minor component in 
natural goethite. Lumsdon and Evans (1994) reported 
that goethite (a-FeOOH) suspensions purged with 
CO2-free Nz(g) for up to 2 mo have a measured 
PZNPC in the range 9.0-9.3, which is close to the 
theoretical value of 9.4. Unpurged goethite samples 
showed PZNPC values in the range 7.4-8.8 (Evans et 
al. 1979; Zeltner and Anderson 1988; Lumsdon and 
Evans 1994). 

The surface charge density of particles is an impor­
tant factor affecting adsorption behavior. One of the 
most convenient techniques for monitoring the surface 
charge of dispersed particles is microelectrophoresis. 
The measurement of electrophoretic mobility (EM), 
which is related to the zeta potential and surface 
charge density of the particles, provides infonnation 
on the nature of the surface of particles (Hunter 1981). 

It is hypothesized that both bicarbonate and carbon­
ate ions are adsorbed on Al and Fe oxides via ligand 
exchange and produce direct coordination to AI and 
Fe cations. In · situ FTIR spectroscopy has been used 
to study surface-facilitated degradation of tetraphen­
ylboron in smectite clay pastes (Hunter and Bertsch 
1994), protonation of phosphate on goethite surfaces 
in aqueous suspension (Tejedor-Tejedor and Anderson 
1986, 1990) and speciation of adsorbed boron on the 
surfaces of amorphous Al and Fe oxides and allophane 
in aqueous paste (Su and Suarez 1995). This technique 
should be useful in determining if the ligands are with­
in the coordination sphere. Previous IR studies on car­
bonate interaction with Al oxide involved air-drying 
of samples. This method has its limitations as air-dry-

ing results in a more concentrated solution (higher ion­
ic strength), and increasing alkalinity (with drying) 
shifts the pH to greater values. Both increased ionic 
strength and increased pH (constant HzC03 concentra­
tion and increased alkalinity) result in an increase in 
the CO/- concentration relative to the HC03 - concen­
tration in solution. Because of these limitations it is 
preferred to utilize in situ examination in aqueous sus­
pension for bicarbonate and carbonate adsorption with 
techniques such as ATR-FTIR spectroscopy. 

The objectives of this study were to determine the 
bonding mechanisms of bicarbonate and carbonate 
with Al and Fe oxides and to elucidate the structure 
of surface-adsorbed species. We also seek to determine 
the relationship between the solution and interfacial 
species distribution. 

MATERIALS AND METHODS 

Synthetic X-ray amorphous Al hydroxide [am­
AI(OH»)l and Fe hydroxide [am-Fe(OHhl (hereafter 
called oxides) were prepared by the method of Su and 
Suarez (1995). A well-crystallized gibbsite (C-730) 
described by Kittrick (1966) was utilized. Synthetic 
goethite (a-FeOOH) was prepared with an OHJFe mo­
lar ratio of 9.0 by the method of Schwertmann and 
Cornell (1991) using 1 M Fe(N03) 3 and 5 M KOH. 
The suspension was· incubated at 70°C for 60 h and 
centrifuged. The solids were resuspended in deionized 
water and the suspension pH was adjusted to 6.5 with 
HCl before centrifugation. The solids were washed re­
peatedly with deionized water until the supernatant 
electrical conductivity was <0.003 dS m- I . The crys­
tals were dried at 70°C and gently ground. 

The EM was determined for all minerals by mi­
croelectrophoresis using a Zeta-Meter 3.0 system (Zeta 
Meter, Long Island City, New York; mention of trade 
names is for the beriefit of the reader only and does 
not indicate endorsement by the USEPA and USDA). 
Suspensions containing 0.2 g L -I solid in 0.01 M NaCl 
were acidified to pH 3 with HCI and titrated with 0.01 
M NaOH (COz-free) or 0.0033 M NazC03 to various 
pHs for EM determination. The PZC was obtained by 
direct observation or interpolating the data to zero mo­
bility. 

For the ATR-FTIR spectroscopic study, mineral sus­
pensions (usually 100 g L -I unless indicated other­
wise) were prepared by adding the equivalent of 2g 
of solids to 20 mL of COz-free water, 0.01, 0.1 and 
1.0 M analytical grade NaHCO) or 0.01, 0.1 and 1.0 
M NazCO) (Mallinckrodt, Paris, Kentucky) dissolved 
in COz-free water. The experiment was perfonned in 
the laboratory atmosphere. The COz-free water was 
prepared by boiling deionized . water. The suspensions 
were shaken end-to-end for 24 h and centrifuged. Fif­
teen milliliters of the supernatant was removed and 3.5 
mL of it was used as a "reference" for FTIR analysis. 
The solid was resuspended in the remaining 5 mL of 
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supernatant in the centrifuge tube and used as the 
"sample". This procedure yields a solid concentration 
of 400 g L -I in the ATR reservoir. To avoid gel for­
mation, 0.5 or 1.0 g of am-Al(OH)3 was reacted with 
20 mL of 1.0 M NazC03 for 24 h, and the suspensions 
were centrifuged; 10 mL of supernatant were removed 
so that the final solid concentration was 50 or 100 g 
L -I. For the same reason, a final solid concentration 
of 200 g L -I was obtained for goethite after the 2.0 g 
of goethite were redispersed in 10 mL of supernatant. 
The pH of supernatant of a subsample was determined 
using a combination pH electrode. Total inorganic C 
in both the supernatant and the final suspension was 
determined by the pressure-calcimeter method (Nelson 
1982). The amount of inorganic C adsorbed was cal­
culated as the total inorganic C in the suspension cor­
rected for the total inorganic C in the supernatant using 
the particle density of 2.42 g cm-3 for gibbsite (Weast 
1976) and am-Al(OH)3, and 3.96 g cm-3 for am­
Fe(OH)3 and 4.26 g cm-3 for goethite (Schwertmann 
and Cornell 1991). All results reported were expressed 
on a moisture-free basis. Moisture of starting minerals 
was determined from weight loss after drying at 105 
°C for 24 h. 

Infrared spectra of the aqueous solutions of Na­
HC03 and NazC03, and carbonate-adsorbent suspen­
sions were recorded in the 4000-700 cm- I range with 
a Bio-Rad FTS-7 spectrometer and a deuterated tri­
glycine sulfate detector (Digilab, Cambridge, Massa­
chusetts). The sampling method was attenuated total 
reflectance (ATR) with a horizontal reservoir as a sam­
ple holder and a ZnSe crystal rod with a 450 angle of 
incidence as an internal reflectance element. The en­
ergy drop for the ZnSe internal reflection element is 
approximately 700 cm- I . The sample holder is made 
of stainless steel and has a volume of 4 mL. Single 
beam IR spectra were developed from 2000 co-added 
interferograms with a 4 cm- I resolution. Following the 
method of Tejedor-Tejedor and Anderson (1986) for 
free bicarbonate and carbonate anions in aqueous so­
lution, all final solution spectra were obtained by sub­
tracting the spectra of NaCI solution (adjusted for the 
ionic strength and pH) (reference), from spectra of the 
NaHC03 or NazCO} solution (sample). Likewise, all 
final spectra for the adsorbed carbonate species were 
obtained by subtracting the spectra of the equilibrating 
supernatant solution (reference) from spectra of the 
adsorbent suspension (sample). Both reference and 
samples spectra were corrected against empty ATR 
reservoir cell spectra. The subtraction factor was al­
ways unity in order to obtain true difference spectra 
instead of ratioed spectra. 

Samples of starting minerals, minerals equilibrated 
with deionized water (control treatment) and water­
washed minerals previously reacted with NaHC03 and 
NazC03 for 24 h were examined by X-ray diffraction. 
Washing with deionized water was necessary to re­
move excess sodium salts prior to X-ray examination. 
Packed powder mounts were scanned in 0.02 028 steps 
with a Philips model 12045 diffractometer (Philips 
Electronic Instruments, Mount Vernon, New York) us­
ing CuKa radiation and a LiF crystal monochromator, 
all linked to a computer. Specific surface areas of ad­
sorbents were determined using a single-point BET Nz 
adsorption isotherm on a Quantachrome Quantasorb Jr. 
surface area analyzer (Quantachrome Corp., Syosset, 
New York). 

RESULTS AND DISCUSSION 

Surface Charge at the Shear Plane 

The electrophoretic mobility data in Figure 1 show 
that the presence of carbonate lowered the mobility in 
the pH range 3.5 to 10 and reduced the PZC of all 
minerals, suggesting inner-sphere carbonate adsorption 
and a reduction of positive charge at the shear plane 
of adsorbents in aqueous suspension. Similar findings 
were reported for phosphate adsorbed on goethite (Te­
jedor-Tejedor and Anderson 1990), and for borate ad­
sorbed on Al and Fe oxides, kaolinite and allophane 
(Su and Suarez 1995). It should be emphasized, how­
ever, that the electrophoretic mobility data only pro­
vide indirect information with regard to adsorption 
mechanisms. Direct molecular level adsorption infor­
mation can be derived from spectroscopic study. Elec­
trophoresis cannot distinguish between adsorption and 
surface precipitation. Electrophoretic mobility is, 
therefore, a complementary tool to the ATR-FTIR 
spectroscopy, which is relied on for direct information 
of molecular interactions. 

Free Bicarbonate and Carbonate Ions in Aqueous 
Solution 

Figure 2 shows the ATR-FTIR difference spectra 
(sample spectra minus reference spectra) of 0.01, 0.1 
and 1.0 M HC03-. The sample spectra were those of 
0.01-1.0 M NaHC03 solutions, whereas the reference 
spectra were those of pH-adjusted NaCI solutions. IR 
adsorbance bands in Figure 2 were attributed to the 
free HC03 - anion because this anion is the predomi­
nant species at pH =8 (>97% of total C). There was 
essentially no neutral H1C030 present as indicated by 
the absence of a band near 1730 cm- I in the spectra 
for C = 0 stretching (Hage et al. 1993). The vibra-

Figure L Electrophoretic mobility of Al and Fe oxides in 0.01 M NaCI titrated with 0.01 M NaOH and 0.003 M Na2C03• 

Initial solid concentration was 0.2 g L-'. The PZCc stands for PZC of adsorbents titrated with 0.0033 M Na2C03' 
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Figure 2. ATR-FfIR difference spectra of 0.01 (pH 8.2), 0.1 (pH 8.2) and 1.0 M NaHC03 (pH 7.9) solutions and 0.01 (pH 
8.2), 0.1 (pH 8.2) and 1.0 M NaCl (pH 7.9) solutions, respectively. The spectrum of NaCl solution was subtracted from 
spectrum of NaHC03 solution. The subtraction factor was unity. The spectra are offset for clarity. 

tional spectrum of the HC03 - anion can be interpreted 
on the basis of a planar tetratomic group COlOH)-, 
which has a C2v symmetry (Ross 1972). By referring 
to the IR transmission spectra cif alkali metal bicar­
bonate solids, bands for free HC03 - ion in aqueous 
solution (unavailable in the literature) were assigned 
as follows: VI (stretching of C-OH) at 1010 cm- I , V 2 

(symmetric stretching of CO2) at 1360 and 1310 cm- I , 

V 4 (asymmetric stretching of CO2) at 1668 and 1605 
cm- I , and V6 (out-of-plane bending of C03) at 843 
cm- I . The rest of the fundamental vibration modes, V3 

(symmetric in-plane bending of C03) and Vs (asym­
metric in-plane bending of C03) should appear below 
800 cm- I

, a spectral region which could not be ob­
served. 

The ATR-FfIR difference spectra of uncomplexed 
Na2C03 solutions are shown in Figure 3. At pH ""11.2 
in 1.0 M N~C03' only about 10% of total C is in the 
form of HC03-, which exhibited V 4 (asymmetric 
stretching) at 1680 and very weakly at 1560 cm- I . 

Since the dominant carbonate species in N~C03 so­
lution is the free COl- anion, which has a D3h sym­
metry (trigonal planar) (Ross 1972), the IR absorption 
bands at 1065, 887 and 1383 cm- I were assigned to 
the vibrational modes of VI (symmetric stretching), V 2 

(out-of-plane bending) and V3 (asymmetric stretching), 
respectively. 

Characterization of Carbonate/AI Oxide Surface 
Complexes 

The spectra of chemical species at the solid/aqueous 
solution interface can be best observed by subtracting 
the bulk solution (supernatant) absorption from the 
spectrum of the corresponding suspension (Tejedor­
Tejedor and Anderson 1986, 1990). The resulting dif­
ference spectra contain IR absorption bands due to 
both solid bulk and interfacial species. Figure 4 shows 
the difference ATR-FfIR spectra of am-AI(OH)3 re­
acted with NaHC03 at various concentrations. The ab­
sorption bands of interfacial carbonate species in the 
spectral range 1800-800 cm- I were examined. 

Differences in position and number of absorption 
bands between the spectra of NaHC03 in aqueous 
solution (Figure 2) and spectra of carbonate species 
at the am-AI(OH)/aqueous solution interface (Figure 
4) indicate carbonate species coordination with the 
surface Al atoms of the am-AI(OH)3 particles. At all 
3 NaHC03 concentrations, a split of V3 vibration for 
carbonate occurred to give a doublet near 1490 and 
at 1420 cm- I . An additional band at 1028 cm- I as­
signed to V 2 vibration for carbonate was also ob­
served for am-Al(OH)3 reacted with 1.0 M NaHC03 
(Figure 4). Since the characteristic doublet of V4 for 
the bicarbonate anion was not observed, it is con-
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Figure 3. ATR-FfIR difference spectra of 0.01 (pH 10.8),0.1 (pH 11.0) and 1.0 M Na2C03 (pH 11.2) solutions and 0.03 
(pH 10.8), 0.3 (pH 11.0) and 3.0 M NaCI (pH 11.2) solutions, respectively. The spectrum of NaCI solution was subtracted 
from spectrum of N~C03 solution. The subtraction factor was unity. The spectra are offset for clarity. 

cluded that no detectable bicarbonate existed in the 
interfacial region of am-AI(OH)3 suspension. Bands 
at 967 and 992 cm- I are assigned to AI04 tetrahedra 
(Ross 1972), which exhibited a greater wave number 
in 1.0 M NaHC03, suggesting reduced symmetry of 
the AI04 tetrahedra. It is clear that the distribution of 
surface species on am-AI(OH)3 does not correspond 
to the distribution of solution species of NaHC03 so­
lution. At pH < 4.3, the neutral H2C03o molecule is 
predominant in solution, whereas at pH 7.8, HC03-
anion is predominant; however, the only interfacial 
species of carbon detected is the complexed and dis­
torted carbonate. 

Spectra similar to that observed with NaHC03 and 
am-Al(OH)3 was observed for am-Al(OH)3 reacted with 
0.01 and 0.1 M N~C03 (Figure 5). Again, after subtrac­
tion of spectrum of the supernatant from the spectrum of 
the am-Al(OH)3 suspension, no evidence of bicarbonate 
was seen in the interfacial region. To further determine 
whether a mono- or a bidentate complex of carbonate 
with surface AI cation forms, we examine the magnitude 
of the splitting of the V3 vibration. When carbonate ion 
coordinates to a metal cation, the V 3 vibration splits into 
2 bands (Ross 1972; Nakamoto 1986). The frequency 
difference between the doublet in the model monodentate 
carbonate complex [Co(NH3)sC03]CI is 94 cm- I

, where­
as it is 308 cm- I in the bidentate carbonate complex 

[Co(NH3)4C03]CI (Table 1). A splitting of V 3 vibration 
of a magnitude of about 70 cm- I in am-Al(OH)3 was 
observed in our study (Table 1). Therefore, we con­
clude that a monodentate carbonate complex exists in 
the interfacial region. This conclusion is in excellent 
agreement with that of Serna et al. (1977), who dem­
onstrated that regardless of whether the precipitation 
of Al hydroxide gel is carried out with NaHC03 or 
N~C03' only carbonate ion is present in the air-dried 
gel. Air-drying thus does . not seem to affect the car­
bonate speciation on the Al oxide surface. 

After either 0.5 or 1.0 g of am-AI(OH)3 was reacted 
with 20 mL of 1.0 M Na2C03, dawsonite 
[NaAI(C03)(OH)2] formed, with traces of bayerite (0.­
AI(OH)3)' as indicated by the X-ray diffractogram 
(Figure 6). In addition, the difference ATR-FTIR spec­
tra of the products (Figure 7) were in agreement with 
the IR absorption spectrum of a natural dawsonite in 
a dispersed KBr pellet examined by Frueh and Go­
lightly (1967). The assignments for C032- in dawson­
ite are V I (symmetric stretching) at 1096 cm- I , V 2 

(bending) at 846 cm- I , and V3 (asymmetric stretching) 
at 1560, 1497 and 1388 cm- I • The band at 955 cm-1 

is for AI-OH bending in dawsonite (Frueh and Go­
lightly 1967) and at 1020 cm- I for AI-OH bending in 
bayerite (Kodama 1985). Bayerite is shown to form in 
alkaline solutions with OHiAI molar ratios between 
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Figure 4 . ATR-FfIR difference spectra of am-AI(OH)3 (the spectrum of supernatant was subtracted from spectrum of solid 
suspension) as a function of NaHC03 concentration. Solid concentration in the ATR reservoir was 400 g L - I. The amount of 
adsorbed C on am-AI(OH)3 was 0.031 , 0.051, 0.26 and 0.89 mol kg- ' in deionized water, 0.01, 0.1 and 1.0 M NaHC03, 
respectively. 

3.0 and 3.3 (Hsu and Bates 1964; Hsu 1967). Appar­
ently, COl - and OH- compete for Al in am-Al(OH)3 
to form these 2 solid phases, as they do for Al in 
aqueous solutions of AICI3. Scholtz et al. (1984) found 
dawsonite in addition to amorphous carbonate-con­
taining Al hydroxide when an AICl3 solution was ti­
trated to pH 7.5-9.5 by separate solutions of NaHC03 
and N~C03. 

In comparison with am-Al(OH)3' gibbsite was less 
reactive with NaHC03 and Na2C03 as shown by their 
lower amounts of adsorption. The amount of adsorbed 
C on gibbsite was 0 .001, 0.030, 0.10 and 0.27 mol 
kg-I in water (equilibrium pH 4 .7),0.01 (pH 8 .0),0.1 
(pH 8.6) and 1.0 M NaHC03 (pH 8.3), respectively. 
No detectable IR absorption bands were found for ei­
ther carbonate or bicarbonate species in the interfacial 
region for aqueous concentrations of less than 0.1 M. 
The V3 vibration for COl- did not split in gibbsite 
reacted with 1.0 M NaHC03 and N~C03 (spectra not 
shown) . 

Characterization of CarbonatelFe Oxide Surface 
Complexes 

The V 4 vibration doublet at approximately 1670 and 
1590 cm- 1 for the protonated complex, =Fe-O-COOH, 
were observed in am-Fe(OH):/aqueous solution of wa-

ter, 0.01 M NaHC03 (Figure 8) and 0.01 and 0.03 M 
N~C03 (Figure 9). It is noteworthy that carbonate spe­
cies on am-Fe(OH)3 in deionized water gave as strong 
an IR absorption as did 0.01 M NaHC03 or N~C03 
despite significant differences in the amounts of ad­
sorbed carbon species. This may have been caused by 
the heterogeneity of the am-Fe(OH)3 suspension as af­
fected by differing ionic strength and pH in varying 
NaHC03 and N~C03 solutions. The native carbonate 
species in am-Fe(OH)3 are derived from the NaOH 
reagent used to neutralize the FeCl3 solution and ad­
sorption of CO2(g) from the laboratory atmosphere 
during the synthesis process. Zachara et al. (1987) 
showed that substantial COiaq) remained in the amor­
phous Fe oxide suspension under N2(g) despite sparg­
ing. We also noticed that am-Fe(OH)3 gave stronger 
IR absorption for surface carbonate species than did 
am-Al(OH)3 at similar adsorption levels. There may 
be 2 reasons for this difference. First, the penetration 
depth of the IR beam into the sample depends on the 
refractive index of the sample relative to that of the 
ZnSe crystal (Compton and Compton 1993). In the 
concentrated suspensions of adsorbents (400 g L -I) in 
the ATR sampling reservoir, both water and the ad­
sorbents determine the refractive index of the suspen­
sions. We noticed that solids settled on the ZnSe crys-
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Figure 5. ATR-FTIR difference spectra of am-AI(OH)3 as a function of Na:C03 concentration. Solid concentration in the 
ATR reservoir was 400 g L - l. The amount of adsorbed C on am-AI(OH)3 was 0.058 and 0.52 mol kg- 1 in 0.01 and 0.1 M 
Na2C03, respectively. 

tal during the 50-min IR scanning period; thus, they 
should determine the suspension refractive index for 
the most part. The higher refractive indices of 2.3-2.4 
for Fe oxides, as compared to those of 1.6-1.7 for Al 
oxides (Weast 1976) result in greater depth of pene-

tration into the Fe oxides. The IR band intensity in­
creases due to the resulting deeper penetration. Sec­
ond, am-Fe(OH)3 had the highest surface area of the 
adsorbents studied [250 m2 g- I as compared to 128, 
7.8 and 21.8 m2 g- I for am-AI(OH)3, gibbsite and goe-

Table 1. Infrared absorption bands of bicarbonate and carbonate ions in aqueous solution (free state), on mineral surfaces 
(adsorbed form) and in dawsonite (structural form). 

Frequency, ern-I 

Anion Symmetry v, v, v, v, 

Free bicarbonate ~v 1010 1360 1310 1668 1605 
Free carbonate D3b 1065 887 1383 
Monodentate carbonatet 

[Co(NH3)5C03]Cl 1062 877 1448 1354 
Bidentate carbonatet 

[Co(NH3)4C03]CI 1043 865 1590 1282 

0.01 M bicarbonate + am-AI(OH)3 1495 1420 
1.0 M bicarbonate + am-Al(OH)3 1028 1484 1420 
0.01 M carbonate + am-Al(OH)3 1490 1420 
1.0 M carbonate + am-AI(OHM: 1095 1020 1560 1388 
1.0 M bicarbonate + gibbsite 1420 
0.01 M bicarbonate + am-Fe(OR), 1050 1477 1359 1667 1585 
1.0 M bicarbonate + am-Fe(OR)3 1070 950 1487 1335 
0.01 M carbonate + am-Fe(OH)3 1020 1474 1358 1674 1586 
1.0 M carbonate + am-Fe(OH)3 1070 944 1485 1336 
1.0 M bicarbonate + goethite 1410 1335 

t From Ross (1972). 
:j: The predominant reaction product was dawsonite with traces of bayerite. 
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Figure 6. X-ray diffractogram of dawsonite CD) and bayerite 
CBA) formed when (a) 0.5 g of am-Al(OH)3, and (b) 1.0 g of 
am-Al(OH)3 reacted with 20 mL of 1.0 M Na2C03 for 24 h. 
The solids were washed with deionized water 4 times and air­
dried before X-ray examination. 

thite, respectively], resulting in higher IR absorption 
for carbonate species. It is apparent that only qualita­
tive information on carbonate speciation in the inter­
facial region can be obtained from this study. 

There is a slightly larger splitting of the v 4 vibration 
of the interfacial bicarbonate than the splitting of v 4 

vibration of the uncomplexed bicarbonate anion in 
aqueous solution (Table 1), suggesting a decrease in 
the symmetry of the surface complexed bicarbonate. 
In addition, the VI vibration shifted from 1010 in so­
lution to 1050 cm- I in am-Fe(OH)3 reacted with 0.01 
M NaHC03. The V3 splitting for surface-complexed 
carbonate was observed in all am-Pe(OH)/aqueous 
solution systems and the frequency difference between 
the doublets increased with increasing initial concen­
tration of both NaHC03 and Na2C03, indicating in­
creased distortion of C032- on the surface. The mag­
nitude of the splitting suggests monodentate carbonate 
complexed to the am-Fe(OH)3 surface. The VI vibra­
tion for carbonate only slightly shifted upward from 
1065 for the free species to 1070 cm - I for the surface­
complexed species. The band near 950 cm- I may be 
a combination of V6 vibration for HC03-, and V 2 vi­
bration for COl- on the surface (Figure 9). Failure to 
observe bicarbonate in an IR study of carbonate inter­
action with a freshly prepared Fe oxide by Harrison 
and Berkheiser (1982) is probably due to the air-dry­
ing and evacuation of their samples, which increases 
the pH, resulting in more carbonate relative to bicar­
bonate in the system. Apparently, the in situ ATR­
FTIR method overcomes this problem and is able to 
detect bicarbonate surface complexation. 
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Figure 7. ATR-FTIR difference spectra of mineral solids after 1.0 (top spectrum) and 0.5 g (bottom spectrum) of am­
Al(OH)3 reacted with 20 mL of 1.0 M NazC03 for 24 h. Solid concentration in the ATR reservoir was 100 g L- I for the top 
spectrum and 50 g L -I for the bottom spectrum. The amount of sorbed C on am-Al(OH)3 was 8.7 and 7.4 mol kg-I for the 
top and bottom spectra, respectively. 
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Figure 8. ATR-FfIR difference spectra of am-Fe(OH)3 as a function of NaHC03 concentration. Solid concentration in the 
ATR reservoir was 400 g L - l. The amount of adsorbed C on am-Fe(OHh was 0.053, 0.074, 0.38, and 1.1 mol kg- 1 in 
deionized water, 0.01, 0.1 and 1.0 M NaHC03, respectively. 

The amount of adsorbed C on goethite was 0.005, 
0.030, 0.070 and 0.23 mol kg- I in water (equilibrium 
pH 5.9), 0 .01 (pH 8.6), 0 .1 (pH 8.6) and 1.0 M 
NaHC03 (pH 8.3), respectively. The ATR-FfIR dif­
ference spectra of goethite suspensions in water and 
various NaHC03 solutions (not shown) give a strong 
band at 893 cm-1 that is assigned to subsurface lattice 
goethite groups (Tejedor-Tejedor and Anderson 1986). 
Two bands at 1410 and 1335 cm- J are assigned to 
monodentate carbonate on the goethite surface in 1.0 
M NaHC03. These peaks are not observed at the lower 
NaHC03 concentrations. No peaks other than the one 
at 893 cm -I for goethite were found in the goethite­
N!lzC03 solution system, consistent with a negligible 
amount of carbonate adsorption. 

Mechanisms of Carbonate Surface Complexes 
Formation 

Any proposed mechanisms of the interaction be­
tween bicarbonate/carbonate and mineral surfaces 
have to explain 1) a lowering of electrophoretic mo­
bility of adsorbent particles titrated by N!lzC03 as com­
pared to NaOH at the same ionic strength, 2) a de­
crease of the PZC of adsorbents by carbonate adsorp­
tion, 3) the adsorption envelope as affected by pH 
from previous studies (such as Schulthess and Mc­
Carthy 1990; Van Geen et al. 1994) which show max-

imum adsorption at pH 6-6.5, and 4) distribution of 
interfacial species of bicarbonate and carbonate as af­
fected by mineral type and pH detected by in situ 
ATR-FfIR spectroscopy (Table 1). The mass and 
charge balance also have to be maintained. The spe­
cific (inner-sphere) adsorption of anions on metal ox­
ides is generally described as a ligand exchange re­
action (Stumm 1986). That is, the surface OH groups 
of a metal cation (=M) are exchanged by the aqueous 
anion (ligand L) as follows: 

=M-OH + L - = =M-L + OH- [1] 

The proposed reactions of bicarbonate and carbonate 
adsorption on am-Al(OH)3 at pH 4.1-7.8 are: 

=AI-OHz + + HC03 - = =AI-O-COz - + HzO + H + [2] 

""AI-OH + C03 2- = =AL-O-COz - + OH­

and on am-Fe(OH)3: 

=Fe-OH2 + + HC03 - = =Fe-O-COOH + HzO 

[3] 

at pH 3.5-6.2 [4] 

at pH 3.5-10.5 [5] 

Changes in speciation of the carbonate surface com-
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Figure 9. ATR-FfIR difference spectra of am-Fe(OR)3 as a function of Na2C03 concentration. Solid concentration in the 
ATR reservoir was 400 g L -l. The amount of adsorbed C on am-Fe(OR)3 was 0.060, 0.18, 0.31 and 0.81 mol kg- 1 in 0.01, 
0.1 and 1.0 M Na2C03, respectively. 

plexes on am-Fe(OH)3 as a function of pH can be in­
terpreted in terms of the following acid-base reaction: 

=Fe-O-COOH = =Fe-O-C02- + H+ [6] 

The apparent pK (the pH at which the concentration 
of the 2 surface species in eqUilibrium is equal) for 
this reaction is possibly between 4 and 6. 

In summary, similar to phosphate and borate, car­
bonate lowered the electrophoretic mobility and de­
creased the PZC of Al and Fe oxides. The surface­
complexed monodentate carbonate was the only iden­
tified interfacial species in am-AI(OH)iaqueous solu­
tion at pH 4.1-7.8. A discrete crystalline solid phase, 
dawsonite, formed with traces of bayerite when am­
AI(OH)3 was reacted with 1.0 M Na2C03. Gibbsite ad­
sorbed much less carbonate than am-AI(OH)3 due to 
limited functional groups on the surface. Probably car­
bonate is also the complexed species on gibbsite. Both 
surface complexed bicarbonate and carbonate species 
were found in the interfacial region of the am­
Fe(OH)3-water system, depending on solution pH. 
Monodentate carbonate was identified on goethite in 
1.0 M NaHCO) suspensions. 

ATR-FfIR spectroscopy has been shown as a useful 
technique to yield qualitative if not semiquantitative 
information on the chemical structure of specifically 
adsorbed anions, providing increased understanding of 

the mechanisms of interfacial complexation of impor­
tant species. Information on the reactions that occur at 
the solid-water interface at the molecular level will in 
turn lead to better predictive models of species behav­
ior in soil environments. 
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