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Abstract—The chemistry of Al transformation has been well documented, though little is known about the
mechanisms of structural perturbation of Al precipitates by carbonates at a molecular level. The purpose of
the present study was to investigate the structural perturbation of Al precipitates formed under the
influence of carbonates. Initial carbonate/Al molar ratios (MRs) used were 0, 0.1, and 0.5 after aging for
32 days, then the samples were analyzed by X-ray absorption near edge structure spectroscopy (XANES),
X-ray diffraction (XRD), Fourier-transform infrared absorption spectroscopy (FTIR), and chemical
analysis. The XRD data were in accord with the FTIR results, which revealed that as the carbonate/Al MR
was increased from 0 to 0.1, carbonate preferentially retarded the formation of gibbsite and had relatively
little effect on the formation of bayerite. As the carbonate/Al MR was increased to 0.5, however, the
crystallization of both gibbsite and bayerite was completely inhibited. The impact of carbonate on the
nature of Al precipitates was also evident in the increase of adsorbed water and inorganic C contents with
increasing carbonate/Al MR. The Al K- and L- edge XANES data provide the first evidence illustrating the
change in the coordination number of Al from 6-fold to mixed 6- and 4-fold coordination in the structural
network of short-range ordered (SRO) Al precipitates formed under the increasing perturbation of
carbonate. The fluorescence yield spectra of the O K-edge show that the intensity of the peak at 534.5 eV
assigned to s* transitions of Al�O and O�H bonding decreased with increasing carbonate/Al MR. The
XANES data, along with the evidence from XRD, FTIR, and chemical analysis showed clearly that
carbonate caused the alteration of the coordination nature of the Al�O bonding through perturbation of the
atomic bonding and structural configuration of Al hydroxides by complexation with Al in the SRO network
of Al precipitates. The surface reactivity of an Al�O bond is related to its covalency and coordination
geometry. The present findings were, therefore, of fundamental significance in understanding the low-
temperature geochemistry of Al and its impacts on the transformation, transport, and fate of nutrients and
pollutants in the ecosystem.

Key Words—Al transformation, Carbonate, Complexation, Coordination Nature, Ecosystem, Short-
range Ordered Mineral Colloids, Structural Disorder, XANES Spectroscopy.

INTRODUCTION

Aluminum hydroxides are ubiquitous in mineral soils,

especially in tropical and sub-tropical soils. They are

known to exist as crystalline and short-range ordered

(SRO) mineral colloids which vary widely in terms of

crystallinity and in their charge characteristics and

surface properties, and likewise in their adsorption

capacity for essential nutrients and environmental

pollutants, including natural and synthetic molecules

(Sposito, 1996; Huang et al., 2002). As a result, the

nature of the Al precipitates plays an important role in

influencing the transformation and the transport of

nutrients and pollutants in the environment (Violante et

al., 2002; Huang, 2004, 2008). Aluminum hydroxides

have been used widely in industrial and environmental

engineering (Tanada et al., 2003; Ogata et al., 2006; Cai

et al., 2008) and also in the pharmaceutical industry

(Serna et al., 1978a, 1978b; Levesque et al., 2006;

Hansen et al., 2007).

The crystallinity of Al hydroxides as well as their

chemical and physical properties are influenced sig-

nificantly by pH and by the organic and inorganic anions

present during their formation. Inorganic anions such as

ClO4
�, NO3

�, and Cl� do not influence the hydrolysis and

polymerization of Al significantly when those anions are

present at low concentrations (Hsu, 1967; Huang et al.,

2002), whereas SO4
2�, PO4

3�, SiO4
4�, CO3

2� , and F� have

a strong affinity for Al (Hsu, 1973, 1979; Violante and

Huang, 1985; Bardossy and White, 1979; Huang et al.,

2002). Inorganic ligands with a strong affinity for Al can

promote the formation of SRO Al hydroxides. The

evidence obtained by infrared (IR) absorption spectro-

scopy (Serna et al., 1977) revealed that carbonate is

coordinated with the surface Al cations on Al hydroxide
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gels. Compared with NO3
�, the interaction between the

CO3
2� and Al hydroxide gel appears to be strongest and

to be responsible for the relatively high degree of

stability of the carbonate-containing Al hydroxide gel

(Serna et al., 1977). The effects of the structure,

functionality, and concentration of organic ligands on

the crystallization of Al hydroxides have been investi-

gated since the 1970s (Kwong and Huang, 1975, 1979;

Violante and Huang, 1985; Colombo et al., 2004; Yu et

al., 2007). The ability of organic acids to hamper

crystallization of Al hydroxides is closely related to the

ability of organic ligands to complex with Al ions. X-ray

absorption spectroscopy (XAS) has shown that the

coordination nature of Al hydroxides can be perturbed

by organic acids such as tannic acid (Hu et al., 2008).

Little is known, however, about the coordination nature

of Al hydroxides formed under the influence of

inorganic ligands, such as carbonate.

Carbonate is a ligand, common in soil, water, and air,

and it plays an important role in influencing the

hydrolysis of Al (Serna et al., 1977). However, only

limited information is available on the interaction

between carbonate and Al ions and the resulting

influence on the crystallization of Al hydroxides

(Serna et al., 1977; Bardossy and White, 1979; Ma et

al., 2001). In agriculture, the liming of acid soils can

neutralize the acidity and precipitate Al, thereby

influencing the nature of the Al transformation products

in soils. Soil properties related to the transformation of

nutrients and pollutants could, thus, be affected by the

application of lime.

Little is known about the mechanisms responsible for

the structural perturbation, at a molecular level, of Al

precipitation products by carbonate. Even less is known

about the impact of carbonate-induced structural pertur-

bation of the nanoscale surface properties of Al

precipitates. The use of X-ray absorption spectroscopy

(XAS) for structural characterization of Al precipitation

products by carbonate is advantageous for several

reasons. The technique provides information on the

local chemical and structural environment and oxidation

states of the element, and it makes possible the study of

different edges of different elements of the same system

for a more complete bonding picture. In addition,

XANES is non-destructive, and depth information can

be obtained when different detection modes are used.

For example, the total electron yield (TEY) of the Al

L-edge is very surface-sensitive with an estimated

probing depth of 7 nm (Zou et al., 1999); while the

fluorescence yield (FLY) of the Al K-edge can probe

much deeper with an estimated sampling depth of

several hundreds of nm (Kasrai et al., 1996; Zou et al.,

1999). The multi-element, multi-detection technique

permits probing of different elements of the sample.

The objective of the study was to investigate the

structural perturbation of Al hydroxides formed under

the influence of carbonate. The interaction between

carbonate and Al ions and the resulting impact on the

nature of the Al hydroxides was studied further by XRD,

FTIR, and XANES. The information obtained will

increase understanding of the interaction mechanisms

between carbonate and Al ions, and the role of carbonate

in influencing the nature of the Al transformation

products in the environment.

MATERIALS AND METHODS

Preparation of Al hydroxide precipitates

To synthesize Al hydroxide precipitates in the

absence of carbonate, 1000 mL of 0.01 M AlCl3 solution

was titrated slowly with 0.1 M NaOH solution to pH 7.0

with constant stirring in a Glove Box filled with N2. The

suspension pH was kept at pH 7.0 for 30 min. The rate of

addition of NaOH was ~2.5 mL min�1. The synthesis of

the Al hydroxide precipitates in the presence of

carbonate [carbonate/Al molar ratios (MRs) of 0.1 and

0.5] was similar to the synthesis of the sample formed in

the absence of carbonate. The 0.01 M AlCl3 solution was

titrated with 0.1 M NaOH until a suspension pH of

4.2�4.3 was reached, after which 10 mL and 50 mL of

0.1 M Na2CO3 solution were added to separate suspen-

sions to adjust the carbonate/Al MRs to 0.1 and 0.5,

respectively. Additional 0.1 M NaOH solution was then

titrated into each suspension up to pH 7.0, a value

maintained for 30 min. After aging for 2 days, the pH of

all suspensions, both in the absence and presence of

carbonate, was adjusted to maintain the pH at 7.0 by

adding 0.1 M NaOH or HCl for 7 days. All the

suspensions with initial carbonate/Al MRs of 0, 0.1,

and 0.5 were aged for 32 days at room temperature

(~23�25ºC). During aging, the suspensions were agi-

tated once a day. At the end of the aging period, the

suspensions were centrifuged at 16,080 g (Sorval RC5B,

Mandel Scientific Co. Ltd.) for 10 min. The Al

precipitates were washed once with 50% ethanol and

then three or more times with 95% ethanol (with varying

percentages of acetone if necessary to maintain floccula-

tion) as needed. The suspensions were centrifuged at

36,182 g after each washing and 0.1 M AgNO3 was used

to test for chloride until the clear decantate was free of

chloride. Once free of chloride the Al precipitates were

air dried at room temperature.

Reference materials

The reference compounds included gibbsite

[g-Al(OH)3], bayerite [a-Al(OH)3], SRO Al hydroxides,

AlPO4, pseudoboehmite (g-AlOOH), and g-Al2O3. The

gibbsite (research grade, synthetic) was obtained from

Ward’s Natural Science (Rochester, New York).

Bayerite was synthesized according to the method

described by Violante and Huang (1993). The SRO Al

hydroxides were prepared according to Huang et al.

(1977). The AlPO4, obtained from Aldrich Chemical

Company (Milwaukee, Wisconsin), was >99% pure. The
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pseudoboehmite was obtained from BASF Catalysts

LLC (Iselin, New Jersey). The g-Al2O3 was >99% pure

and was obtained from Alfa Aesar (Ward Hill,

Massachusetts). All the Al-containing minerals were

verified by XRD.

The reference compounds were selected to represent

compounds with known Al coordination numbers (CNs)

of 4 and 6, and mixed CNs of 4 and 6; and they were

considered to be relevant to the study of the synthesized

samples. Specifically, gibbsite and bayerite have 6-fold

coordination (Bragg and Claringbull, 1965) and they

were present in the synthesized systems; AlPO4 has

4-fold coordination (Berry and Mason, 1959); and g-
Al2O3 has both 4- and 6-fold coordination (Yoon et al.,

2004). Pseudoboehmite and SRO Al hydroxides were

also selected as reference compounds for comparison.

Determination of inorganic C and adsorbed water

contents

The total C and organic C contents of the Al

precipitates were determined by the dry combustion of

0.2 g samples at 1100ºC and 840ºC, respectively, using

the C632 Carbon Determinator (LECO Corporation, St.

Joseph, Michigan) (Wang and Anderson, 1998). The

inorganic C in the Al precipitates was determined from

the difference between the total and organic C contents

of the precipitates. The adsorbed water content of the

air-dried precipitates was determined by heating samples

at 110ºC for 24 h and measuring the loss of mass

(Gardner, 1986). The adsorbed water and inorganic C

contents are shown in Table 1.

XRD and FTIR analysis

50 mg of each Al precipitate was powder-mounted on

a glass slide using several drops of acetone to make a

slurry, dried, and analyzed by XRD with FeKa radiation

generated at 40 kV and 160 mA using a Rigaku X-ray

diffractometer (Rigaku Rotaflex Model RU-200, Tokyo)

equipped with an incident-beam graphite monochromator.

The XRD patterns were recorded from 4 to 60º2y in steps

of 0.02º2y at a scanning rate of 10º2y min�1 in continuous

mode. The preparation of all the powder-mounted slides

was conducted in the same manner.

The FTIR spectra of samples were recorded on an

FTS-40 BIO-RAD Digilab Division instrument

(Cambrige, Massachusetts) using the KBr pellet techni-

que. The KBr pellets were prepared by mixing 1 mg of

slightly ground sample with 200 mg of oven-dried (at

105�110ºC) KBr and then pressing the mixture into a

disc. The FTIR spectra were scanned from 400 to

4000 cm�1 and were collected at a resolution of 4 cm�1.

The spectra were analyzed with BIO-RAD Win-IR2,

Microsoft Windows 95, Version 4.14, Level II software.

XANES analysis

The XANES measurements were performed at the

Canadian Light Source (Saskatoon, Canada), using the

variable line spacing plane grating monochromator

(PGM) and the spherical grating monochromator

(SGM) beamlines. The PGM beamline provides photons

between 5.5 and 250 eV (Hu et al., 2007), and was used

to study the Al L-edge. The SGM beamline, covering a

photon range of 250�2000 eV (Regier et al., 2007), was

used to study the Al and O K-edges. The energy scale of

the PGM was calibrated using sharp features in inert

gases such as Xe and Kr (Hu et al., 2007). Reference

spectra of gibbsite, Si, and SiO2 were used to calibrate

the energy scale of the SGM (Ildefonse et al., 1998; Hu

et al., 2004). The photon energy resolution values for Al

L- and K-edge XANES were set to 0.1 and 0.6 eV,

respectively. For O K-edge results, the photon energy

resolution was set to 0.2 eV.

The fine powder of the Al precipitates and reference

materials was spread on conducting, double-sided carbon

tape and mounted on a stainless steel sample holder for

obtaining Al L-edge, Al K-edge, and O K-edge spectra.

The mounted sample was transferred through a load-lock

stage into the main chamber for XANES measurement.

Both surface-sensitive total electron yield (TEY) and the

bulk sensitive fluorescence yield (FLY) were measured

simultaneously. The TEY spectrum was recorded by

monitoring the sample drain current directly. A micro-

channel-plate detector was used to measure the FLY

spectrum. All spectra were normalized against the

beamline current measured by a Ni or Au mesh (90%

transmission). An additional spline baseline was applied

to the Al L-edge spectra due to distortions caused by

sample charging and self-absorption. The apparent

photon energy positions of the XANES features in the

Al K- and L-edge and O K-edge spectra of the Al

precipitates and reference materials were determined

from the 2nd derivative (Table 2).

Table 1. Adsorbed water and inorganic carbon contents of the Al precipitates formed under the influence of carbonate.

Treatments Adsorbed water (g/kg) Inorganic carbon (g/kg)

Carbonate/Al MR* = 0 89.9�0.5 3.48�0.11
Carbonate/Al MR = 0.1 108.6�0.8 4.11�0.64
Carbonate/Al MR = 0.5 162.8�2.9 10.59�1.08

* Molar ratio
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RESULTS AND DISCUSSION

XRD patterns

The XRD patterns of the Al precipitation products

formed under the influence of carbonate at carbonate/Al

MRs of 0, 0.1, and 0.5 are shown in Figure 1. In the

absence of carbonate (Figure 1a) and at a carbonate/Al

MR of 0.1 (Figure 1b), the crystalline species identified

in the Al precipitates after aging for 32 days were

gibbsite and bayerite. As the carbonate/Al MR was

increased from 0 to 0.1, the intensity of the gibbsite

peaks at 4.81, 4.35, 3.30, 2.44, 2.38, and 2.04 Å

decreased substantially. The presence of carbonate

retarded gibbsite formation and increased the presence

of SRO materials. The trend was not as clear, however,

in the case of bayerite. The X-ray data indicate that the

phase fraction of gibbsite in the two-phase mixture (the

ratio of gibbsite to bayerite contents) was reduced as the

carbonate/Al MR increased from 0 to 0.1.

For the Al precipitates formed at a carbonate/Al MR

of 0.5, the crystallization of both gibbsite and bayerite

was inhibited (Figure 1c). Carbonate has a strong

affinity for Al (Bardossy and White, 1979; Huang et

al., 2002) and can be coordinated with the Al cation on

Al hydroxide gels (Serna et al., 1977; Feldkamp et al.,

1981). Aqueous solutions of Al ions are subject to

extensive hydrolysis (Sposito, 1996; Huang et al., 2002).

In the absence of carbonate, the positively charged edges

of the hydroxyl-Al polymers undergo hydrolysis. In the

presence of carbonate in the aqueous solution of Al, the

occupation of the coordination sites of Al by carbonate,

instead of H2O molecules, would impose a restraint on

the hydrolysis of Al. The more carbonate that is added to

the system, the greater would be the replacement of H2O

molecules by carbonate and subsequent blocking of the

coordination sites of Al, resulting in a greater restraint

on the subsequent hydrolysis of the hydroxyl-Al poly-

mers. Carbonate ligands disrupt the hydroxyl-building

mechanism which is essential for the formation of

crystalline Al hydroxides. Furthermore, because of steric

factors, the perturbing carbonate ligands occupying the

coordination sites of Al hydroxides distort the unit

sheets of Al hydroxides, leading to the formation of non-

crystalline precipitation products of Al. The combination

of these reaction processes would account for the

inhibition of the formation of the crystalline Al

hydroxides by carbonate (Figure 1c).

FTIR spectra

The FTIR spectra of Al precipitates formed at different

initial carbonate/Al MRs of 0, 0.1, and 0.5 are shown in

Figure 2. In the absence of carbonate (carbonate/Al MR =

0) (Figure 2a), the Al precipitates formed were a mixture

Table 2. Apparent photon energy positions of the XANES features in the Al K- and L-edge, and O K-edge spectra of the Al
precipitates and reference materials.

Samples —————————— Energy position (eV) ——————————
Al K-edge TEY Al L-edge FLY O K-edge TEY and FLY

Gibbsite 1567.7; 1570.7 77.7; 80.5 *532.2; 534.8; 540.5; 558.4
[g-Al(OH)3] #532.0; 534.5; 540.1; 559.0

Pseudoboehmite 1567.6; 1570.8; 1571.4 78.8; 80.7 *532.1; 540.0; 559.0
[g-AlOOH] #531.1; 539.7; 559.7

SRO Al 1568.1; 1570.7 77.6; 80.5 *531.9; 539.8; 557.7
hydroxides #531.9; 540.2; 559.0

AlPO4 1565.8 78.4; 81.4 *532.1; 537.7; 558.5
#532.2; 537.7; 557.8

g-Al2O3 1565.4; 1567.7; 1570.7; 1575.2 78.1; 79.9; 84.3 *532.1; 541.0; 559.0
#532.2; 540.7; 559.6

Bayerite 1567.7; 1570.7 77.4; 80.6; 84.5 *532.2; 540.3; 558.8
[a-Al(OH)3] #535.1; 540.3; 559.0

Carbonate/Al MR{= 0 1567.2; 1570.2 77.7; 80.6 *540.4; 558.9
#534.7; 540.2;558.9

Carbonate/Al MR = 0.1 1567.2; 1570.2 77.6; 80.9 *531.1; 540.3; 558.5
#531.0;540.2; 559.0

Carbonate/Al MR = 0.5 1567.5; 1570.2 77.5; 81.2 *532.7; 540.2; 558.6
#540.0; 559.0

*TEY
# FLY
{ Molar ratio
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Figure 1. XRD patterns of the Al precipitates formed under the influence of carbonate at the initial carbonate/Al molar ratios (MRs):

(a) 0, (b) 0.1, and (c) 0.5 after aging for 32 days. The d values are given in Å.

Figure 2. FTIR spectra of the Al precipitates formed under the influence of carbonate at initial carbonate/Al molar ratios (MRs) of:

(a) 0, (b) 0.1, and (c) 0.5 after aging for 32 days. The inset provides an expanded view of the 1200�400 cm�1 portion of spectrum c.
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of bayerite (3656 cm�1) and gibbsite (3621, 3528, 3453,

3396, 3379, 1025, 973, 802, 746, and 669 cm�1) (van der

Marel and Beutelspacher, 1976). The bands at 586, 563,

535, 460, and 427cm�1 can be ascribed to bayerite/

gibbsite based on the characteristic bands of bayerite

(586, 560, 531, 460, and 428 cm�1) and gibbsite (590,

560, 533, 453, and 423�430 cm�1) (van der Marel and

Beutelspacher, 1976). The FTIR results of the carbonate/

Al MR = 0 sample (Figure 2a) were in agreement with the

XRD (Figure 1a).

The FTIR spectrum of the Al precipitates formed at a

carbonate/Al MR of 0.1 (Figure 2b) shows nearly the

same bands as those present in the precipitates formed at

the carbonate/Al MR of 0 (Figure 2a). The spectrum

(Figure 2b) also shows the presence of a mixture of

bayerite (3656 cm�1) and gibbsite (3620, 3548, 3528,

3476, 1021, 974, and 663 cm�1). The bands at 587, 561,

534, 460, and 427 cm�1 are attributed to bayerite/

gibbsite. Compared with the Al precipitate formed at the

carbonate/Al MR = 0, however, the bands at 3396 and

3379 cm�1 were virtually absent and the bands at 802

and 746 cm�1 merged, resulting in a broad band at

~779 cm�1 in the Al precipitates formed at the

carbonate/Al MR of 0.1. In addition, the band at

586 cm�1 in the spectrum of the Al precipitates formed

at the carbonate/Al MR = 0 was reduced to a small

shoulder in the spectrum of the Al precipitate formed at

the carbonate/Al MR of 0.1.

As the initial carbonate/Al MR was increased to 0.5

(Figure 2c), the absorption bands characteristic of the

crystalline Al hydroxides virtually disappeared. From

3700�3300 cm�1, a single broad band was observed,

which was attributed to the formation of poorly crystal-

line Al precipitates resulting from the influence of

carbonate at a carbonate/Al MR = 0.5. The FTIR data of

the Al precipitates formed under the influence of

carbonate (Figure 2) support their XRD data

(Figure 1), corroborating the complexation of Al with

carbonate and the resultant structural perturbation of the

Al precipitate formed. The extent of the perturbation

increased with increase in the carbonate/Al MR.

The bands at 1076, 1043, 940, 855, 730, 610, and

579 cm�1 in the inset (the spectrum of 400�1200 cm�1)

of Figure 2c clearly show the presence of carbonate

(White, 1974; van der Marel and Beutelspacher, 1976).

The FTIR data illustrate, therefore, that carbonate was

co-precipitated with Al in the precipitates formed at a

carbonate/Al MR of 0.5 (Figure 2c). The carbonate

absorption bands were not present in the Al precipitates

formed at carbonate/Al MRs of 0 and 0.1.

Adsorbed water and inorganic carbon contents

The adsorbed water contents of the Al precipitates

increased substantially with increasing initial carbonate/

Al MRs (Table 1). The adsorbed water content of the

precipitates formed at the carbonate/Al MR of 0.5 was

1.8 times greater than that of the precipitates formed at

the carbonate/Al MR of 0, attributed to the carbonate-

induced structural perturbation of the Al precipitates

(Figures 1, 2), which apparently promoted the penetra-

tion of polar water molecules into the short-range

ordered structural network and the subsequent coordina-

tion of water molecules with the Al in the carbonate-

containing Al precipitates. Yu et al. (2007) also reported

that the adsorbed water content of the Al precipitates

increases with increasing tannate/Al MR by promoting

the penetration of water molecules into the poorly

crystalline to non-crystalline particles and coordination

of water molecules to the tannate-Al complexes.

The inorganic C content of the Al precipitates also

increased with increasing carbonate/Al MR (Table 1). At

the carbonate/Al MR = 0, the inorganic C (carbonate)

present in the Al precipitates was attributable to the

presence of inorganic C as an impurity. As the initial

carbonate/Al MR increased from 0 to 0.5, the inorganic

C increased by a factor of 3 (Table 1), resulting in the

structural perturbation and formation of non-crystalline

Al precipitates by complexation of Al with carbonate

(Figures 1, 2) and also in the substantial increase in the

adsorbed water (Table 1). The data indicate the increas-

ing hindering effect of carbonate on the crystallization of

Al hydroxide through incorporation of carbonate and

water molecules in the structural network with increas-

ing carbonate/Al MR. The XRD and FTIR data indicate

no similarity between this amorphous phase (Figures 1c,

2c) and scarbroite/hydroscarbroite, which are crystalline

(International Centre for Diffraction Data, 2007) and

have distinct IR spectra (White, 1974).

Al K-edge

Aluminum K-edge XANES is a powerful tool for

probing atomistic-level information (Doyle et al., 1999;

Fenter et al., 2002) and has been used to explore the

bonding and symmetry of the local environment around

Al atoms and to differentiate between 6-fold (CN = 6)

and 4-fold coordination (CN = 4) for Al atoms (Li et al.,

1995; Ildefonse et al., 1998; Doyle et al., 1999; Van

Bokhover et al., 1999). As reported previously (Hu et

al., 2008), the spectra of Al compounds with CN = 6

(e.g. gibbsite and boehmite) generally yield two main

maxima at 1567.7�0.3 eV and 1571.5�0.4 eV (for

boehmite, the second maximum splits into two). More

specifically, the XANES spectrum of boehmite yields

one edge maximum at 1567.6 eV (the greatest ampli-

tude), two resonances with lesser amplitude at 1570.2

and 1571.6 eV (they were split from one maximum), and

a shoulder resolved at greater energy at 1575 eV

(Ildefonse et al., 1998). The mean distance of the

AlVI�O bond is ~1.9 Å (Kato et al., 2001).

The spectra of Al compounds (e.g. AlPO4) with CN =

4 consist of a strong single-edge maximum at

1566.2�0.7 and four ill-defined features at greater

energy (Ildefonse et al., 1998; Hu et al., 2008). The

mean AlIV�O distance is ~1.7 Å. The Al compounds
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with mixed CN = 4 and 6 (e.g. g-Al2O3) yield three main

maxima at 1566.2�0.2, 1567.4�0.5, and 1570.6�0.3 eV

(Ildefonse et al., 1998; Chaplais et al., 2001; Hu et al.,

2008). The variations in spectral features, such as the

overall peak position and shape, of the Al K-edge

spectra of Al minerals with the same coordination

number are related to the number of their Al sites, the

distribution of Al�O distances, and the influence of the

second neighbor.

The Al K-edge TEY spectra of the Al precipitates

formed under the influence of carbonate and of the

reference materials (gibbsite, bayerite, pseudoboehmite,

SRO Al hydroxides, AlPO4, and g-Al2O3) are shown in

Figure 3a. The FLY spectra were similar to the TEY

spectra and so only the latter spectra are shown. The

spectra of reference materials, such as gibbsite, AlPO4,

and g-Al2O3 in the present study are in good agreement

with previous reports (Ildefonse et al., 1998; Doyle et

al., 1999; Yoon et al., 2004). The present bayerite

spectrum is slightly different from that of bayerite

reported by Yoon et al. (2004). Peaks b at 1567.7 eV and

c at 1570.7 eV of bayerite in the present study are better

resolved than those of the bayerite from Yoon et al.

(2004). Compared with gibbsite, peak b was more

intense in bayerite (Figure 3a). The Al K-edge spectra

of pseudoboehmite and SRO Al hydroxides (Figure 3a)

are comparable to those from previous studies (Hu et al.,

2008). Compared with the Al K-edge spectrum of the

boehmite from Ildefonse et al. (1998), the two peaks at

1570.8 and 1571.4 eV of pseudoboehmite are less well

resolved (Figure 3a) than those of boehmite.

The Al K-edge spectrum of the Al precipitates

formed at the carbonate/Al MR = 0 was similar to that

of gibbsite, but different from SRO Al hydroxides and

pseudoboehmite (Figure 3a). The relative intensity of

peaks b and c of the precipitates formed at the carbonate/

Al MR = 0 was between those of gibbsite and bayerite.

The photon energy position of the two peaks (the Al

precipitates) indicates that the Al was in 6-fold

coordination. The XRD pattern and FTIR spectrum

(Figures 1 and 2) also reveal that the Al precipitates

formed were a mixture of gibbsite [g-Al(OH)3] and

bayerite [a-Al(OH)3]. The Al K-edge spectrum is,

therefore, in accord with the XRD and FTIR results

(Figures 1 and 2) obtained during the present work.

At the initial carbonate/Al MR of 0.1, the Al K-edge

spectrum of the Al precipitate was very similar to the

spectrum of the carbonate/Al MR = 0 precipitates

(Figure 3a), except the intensity of peak b increased

slightly relative to peak c, compared with the carbonate/

Al MR = 0 (Figure 3a). Furthermore, a weak shoulder

around 1566 eV became more apparent in the spectrum

of the precipitates formed at an initial carbonate/Al MR

= 0.1, which was not observed in the spectra of gibbsite

and bayerite, but was distinctly evident in the spectrum

of the SRO Al hydroxides (Figure 3a). The shoulder

overlaps with the photon energy position of peak a,

indicating the presence of some tetrahedral Al in the

SRO Al hydroxides in the precipitates formed at a

carbonate/Al MR of 0.1. The XRD and FTIR data

(Figures 1b, 2b) show that gibbsite and bayerite were

formed in the carbonate/Al MR = 0.1 system. However,

carbonate preferentially hampered the formation of

gibbsite over bayerite as indicated by the decrease in

Figure 3. Al K-edge spectra (TEY) of: (a) the Al precipitates

formed under the influence of carbonate at initial carbonate/Al

molar ratios (MRs) of 0, 0.1, and 0.5 after aging for 32 days and

the reference materials gibbsite, bayerite, SRO Al(OH)3,

pseudoboehmite, g-Al2O3, and AlPO4; (b) the expanded photon

energy and intensity scales in the range of 1560�1580 eV for the

spectra of the Al precipitate formed at a carbonate/Al MR = 0.5,

gibbsite, and AlPO4.
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the intensity and/or the increase in the broadening of the

XRD peaks and FTIR absorption bands of gibbsite

(Figures 1a, 1b, 2a, and 2b). The reduced formation of

gibbsite was attributed to the coordination of carbonate

with Al, resulting in the formation of less ordered

gibbsite particles and some SRO Al hydroxide precipi-

tates (Figure 3a).

As the carbonate/Al MR was increased from 0.1 to

0.5, the energy positions of peaks b and c remained

unchanged (Figure 3a,b), indicating that the Al in the

precipitates was still largely 6-fold coordinated

(Figure 3b). The weak shoulder at 1566 eV became a

little more distinct, although a similar but more

pronounced shoulder was also observed in the spectrum

of SRO Al(OH)3 (Figure 3a) and its energy position

(1566 eV) was very close to the single-maximum peak

(1565.8 eV) of AlPO4 (Figure 3b), indicating the

presence of some 4-fold coordinated Al in the pre-

cipitates. The intensity of peak b increased to almost the

same intensity as that of peak c in the carbonate/Al MR

= 0.5 precipitates. Its spectral shape and the relative

intensity of peaks b and c were basically the same as

those of the SRO Al(OH)3 (Figure 3a), indicating a

strong structural perturbation of Al hydroxides by

carbonate at this carbonate/Al MR. Data from XRD

and FTIR (Figures 1c and 2c) support this and show that

the precipitates were non-crystalline materials. A similar

trend of changes in the spectral shape and relative peak

intensity of the Al precipitates formed under the

influence of tannic acid was observed by Hu et al.

(2008) who reported a change in coordination number of

Al from 6-fold to mixed 6- and 4-fold coordination in the

structural network of the SRO Al hydroxides formed

under the increasing perturbation of tannic acid. The Al

K-edge spectrum of the precipitates, formed at a

carbonate/Al MR of 0.5, was different from that of

pseudoboehmite (Figure 3a) and boehmite (Ildefonse et

al., 1998), as the intensity of peak b was greater than that

of peak c in boehmite/pseudoboehmite, and peak c in

boehmite/pseudoboehmite tended to split into two peaks.

The XRD data do not provide unequivocal evidence that

the Al oxyhydroxides were present in the carbonate/Al

MR = 0.5 precipitates (Figure 1c).

The results (Figures 1�3) indicate that carbonate

greatly perturbed the formation of Al hydroxides and

altered the coordination geometry of Al. With increasing

carbonate/Al MR, the formation of the Al hydroxides

was increasingly retarded and the coordination nature of

Al was increasingly altered as more of the Al was

complexed with carbonate. The fact that no difference

was observed between the FLY and TEY spectra of the

Al K-edge indicates that perturbation of the crystal-

lization of Al hydroxides by carbonate and the alteration

of the coordination nature of Al not only occurred at the

surface, but also extended throughout the structural

network of the Al precipitates formed under the

influence of carbonate.

Al L-edge

The Al L-edge has not been used as widely as the Al

K-edge to investigate the bonding and symmetry of the

local environment around Al atoms. Several electron

energy loss spectroscopy studies of Al L-edge, particu-

larly in the near edge (ELNES, electron loss near edge

structure), have been conducted, however, to study the

structural and chemical properties of Al-bearing samples

(Jiang et al., 2002; Bouchet and Colliex, 2003).

Compared with the Al K-edge, the Al L-edge should

be more sensitive to the chemical environment, such as

ligand type, namely, the second neighbor (Stohr, 1992).

The Al L-edge FLY XANES spectra of Al precipi-

tates formed at carbonate/Al MRs of 0, 0.1, and 0.5 and

the reference materials are shown in Figure 4. The Al

L-edge spectra of different types of Al oxides and AlPO4

using ELNES were reported by Jiang et al. (2002) and

Bouchet and Colliex (2003), and using XANES by Chen

et al. (1993), Hu et al. (2008), and Weigel et al. (2008).

The first transition in the Al L-edge for crystalline

minerals is usually split into two peaks with a separation

of 0.45 eV [e.g. a-Al2O3 (Chen et al., 1993) and AlPO4

Figure 4. Al L-edge spectra (FLY) of the Al precipitates formed

under the influence of carbonate at initial carbonate/Al molar

ratios (MRs) of 0, 0.1, and 0.5 after aging for 32 days and the

reference materials gibbsite, bayerite, SRO Al(OH)3, pseudo-

boehmite, g-Al2O3, and AlPO4.
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(Weigel et al., 2008)]. The second peak was observed at

greater energy, ~80 eV. The energy position of the Al

L-edge XANES is sensitive to the local bonding

environment of Al sites. Mixed peaks could be resolved

if Al existed in more than one coordination site (e.g. g-
Al2O3, Figure 4). In the case of AlPO4, instead of two

resolved L3 and L2 peaks at 77.9 and 78.3 eV (Weigel et

al., 2008), the spectrum of AlPO4 in the present study

(Figure 4) has only one broad peak at 78.4 eV, attributed

to the amorphous nature of the AlPO4 used in this study

as verified by XRD and also noted by Hu et al. (2008).

For gibbsite, two peaks were evident, with the

maximum at 80.5 eV being the more intense compared

with the peak maximum at 77.7 eV (Figure 4). In the

case of bayerite, the most intense peak was at 80.6 eV

and the weakest peak was at 77.4 eV. The peak position

of pseudoboehmite shifted to higher energy compared

with gibbsite and bayerite. For SRO Al hydroxides, the

stronger peak was at 80.5 eV and the weaker peak was at

77.6 eV. The Al L-edge spectrum of the Al precipitate

formed at the carbonate/Al MR of 0 was basically the

same as that of gibbsite (Figure 4). Its first peak

(77.7 eV) was weaker, and the second peak (80.5 eV)

was shifted only by 0.1 eV to a higher energy and

substantially weaker and broader, compared with that of

gibbsite. The shape and photon energy position of the

second peak, however, looks the same as that of

bayerite, attributed to the presence of both gibbsite and

bayerite in the Al precipitate formed at the carbonate/Al

MR = 0 as shown by the XRD (Figure 1a) and FTIR

(Figure 2a) data.

The peak position and shape of Al L-edge spectrum of

Al precipitates formed at a carbonate/Al MR = 0.1 were

different, compared with those of the spectrum of Al

precipitates formed at the carbonate/Al MR = 0

(Figure 4). Its first peak at 77.7 eV shifted to lower

energy by 0.1 eV (77.6 eV), which was the same as that

of SRO Al(OH)3, whereas the second peak shifted to the

higher-energy position by 0.3 eV (80.9 eV) in the

carbonate/Al MR = 0.1 system compared to the

precipitate formed at the carbonate/Al MR = 0 system.

When the carbonate/Al MR was increased to 0.5, the first

peak in the spectrum of Al precipitates formed shifted to

a lower-energy position (77.5 eV) by 0.2 eV, and the

second peak shifted by 0.6 eV to 81.2 eV. The peak at

81.2 eV for the carbonate/Al MR = 0.5 system was much

broader than the same peak at the carbonate/Al MR = 0

and 0.1 (Figure 4). The data for Al L-edge indicate that

carbonate perturbed the formation of Al hydroxides and,

as a result, carbonate-containing, poorly ordered materi-

als increased with the increasing carbonate/Al MR. The

XRD (Figure 1) and FTIR (Figure 2) data revealed the

same trend. Furthermore, the increase of the shift in

energy position of the second peak to a higher-energy

value with the increasing carbonate/Al MR is ascribed to

the effect of the second neighbor of Al, i.e. Al-O-C and

Al-O-Al. Besides the Al coordination, the edge position

is also affected by the covalency of the bond which is, in

turn, influenced by the bonding of Al�O to Al or C.

According to the Pauling electronegativity scale, the

values of C and Al are 2.5 and 1.5, respectively (Evans,

1966; Daintith, 1990). The ability of the C atom to gain

electrons is thus greater than that of Al. More energy is,

therefore, required to excite the electrons and dissociate

the bond in Al-O-C than in Al-O-Al, which accounts for

the shift in energy position of the second peak to a

higher-energy position in the Al precipitates formed at

greater carbonate/Al MRs. Furthermore, the photon

energy position of the second peak at 81.2 eV of the

Al precipitates formed at a carbonate/Al MR = 0.5 was

very close to that of the second peak at 81.4 eV of the

AlPO4. The data (Figure 4) strongly indicate that besides

the 6-fold coordinated Al, the presence of which was

proved by the presence of the peak at 77.5 eV, the

carbonate-perturbed Al precipitates formed at the

carbonate/Al MR = 0.5 also contained some 4-fold

coordinated Al.

O K-edge

The O K-edge spectra are sensitive to the nature of

the element to which the O is bound rather than only to

the O environment itself. Besides the early O K-edge

XANES work of the 3d transition-metal oxides (de Groot

et al., 1989), ELNES and XANES have been applied to

investigate the O K-edge spectra of complex oxides

(Bouchet and Colliex, 2003; Gilbert et al., 2003; Wang

and Henderson, 2004; Jiang and Spence, 2006).

Furthermore, Carbaret et al. (2007) recently used first-

principles calculations to interpret O K-edge XANES

data of germanates. Therefore, the O K-edge absorption

may be used to probe orbital energies of metal�O bonds.

The O K-edge TEY and FLY spectra of Al

precipitates formed at different carbonate/Al MRs and

reference materials are shown in Figure 5a,b. Peak a at

~532.2 eV was observed in spectra of most of the

reference materials, though it was weak in some

(Figure 5a,b); it was most intense in the FLY spectrum

of SRO Al(OH)3. A peak at ~531.1 eV was present in the

FLY and TEY spectra of pseudoboehmite. Peak a, at

~532.2 eV (very weak), was also present in the Al

precipitates formed at carbonate/Al MRs of 0 and 0.5. A

peak at 531.1 eV was observed in the carbonate/Al MR =

0.1 precipitate. The peaks might have been caused by

contamination by carbon tape used for sample mounting

and/or sorbed O2 (Stohr, 1992) as well as beam damage.

A weak pre-edge peak due to the radiation damage was

also observed at 528.3 eV (Jiang and Spence, 2006) and

531 eV in the ELNES studies of Al oxides (Bouchet and

Colliex, 2003). Compared to the previous XANES study,

the beam damage merits special attention in the present

study because more powerful, insertion device-based

beamlines from a third-generation ring were used.

Peak b at 534.8 eV in Figure 5a was observed in the

spectrum of gibbsite but was not evident in that of
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bayerite; very weak shoulders around this energy

position were observed in the spectra of SRO Al

(oxyhydr)oxides, pseudoboehmite, as well as the three

Al precipitates formed at the three different carbonate/Al

MRs. Very strong and broad peaks at ~540.5 eV (peak c)

were present in the spectra of the three Al precipitates

formed at the carbonate/Al MRs of 0, 0.1, and 0.5 and

some reference materials, except for g-Al2O3 and AlPO4

which had strong peaks at 541.0 and 537.7 eV,

respectively. The peaks at ~540.5 eV and those at

~534.8 eV, including weak shoulders in this energy

range, can be assigned to s* transitions of Al�O and

O�H bonding (Bouchet and Colliex, 2003; Cabaret et

al., 2007). s* bonding is the type of bonding in which O

can be involved. The energy positions of peak c of the Al

precipitates formed at the three carbonate/Al MRs were

basically the same as those of the gibbsite, bayerite,

SRO Al(OH)3, and pseudoboehmite. Compared to

gibbsite and bayerite, peak d of the SRO Al(OH)3 was

less intense. As the carbonate/Al MR increased from 0 to

0.5, the intensity of peak d also decreased, indicating the

increasing perturbation effect of carbonate on the

crystallization of Al hydroxides.

Distinct differences exist between the TEY and FLY

spectra (Figure 5a,b). Previous studies reported that the

penetrating depth of the TEY of the O K-edge was

~10�20 nm, whereas, that of the FLY is about an order

of magnitude deeper (Henke et al., 1982; Hu et al.,

2004). For the O K-edge spectra of gibbsite, bayerite,

SRO Al hydroxides, pseudoboehmite, and the Al

precipitates formed in the carbonate/Al MR of 0, 0.1,

and 0.5 systems, peak c was broader in the FLY

(Figure 5b) than in the TEY (Figure 5a), and the relative

intensity of peak b was greater in the FLY than in the

TEY. Peak b was evident in the O K-edge FLY spectrum

of bayerite, but not in its TEY spectrum. Gibbsite has a

very irregular structure with an average Al�O bond

length of 1.924 Å, but with bond lengths of as little as

1.81 Å and as long as 2.09 Å (Thomas and Sherwood,

1992). Bulk gibbsite and the surfaces of gibbsite have

been reported to differ in their structural and electronic

properties and much more variability exists at depth vs.

the surface (Frenzel et al., 2005). The O K-edge data

(e.g. the shape of peak c in Figure 5a,b), therefore,

support the reasoning that, at depth, considerably more

variability is found in the gibbsite structure than on its

surface. Peak b of gibbsite and bayerite was evident; but,

in contrast, only a shoulder was observed in this energy

region for the SRO Al(OH)3 and pseudoboehmite

(Figure 5b).

For the Al precipitates from the three carbonate/Al

systems, peak b became less intense as the carbonate/Al

MR increased from 0 to 0.1 to 0.5 (Figure 5b). The

spectrum from the carbonate/Al MR = 0 system was

basically the same as those of gibbsite and bayerite.

When the carbonate/Al MR increased to 0.5, peak b

Figure 5. O K-edge spectra of the Al precipitates formed under the influence of carbonate at initial carbonate/Al molar ratios (MRs)

of 0, 0.1, and 0.5 after aging for 32 days and the reference materials gibbsite, bayerite, SROAl(OH)3, pseudoboehmite, g-Al2O3, and

AlPO4: (a) the TEY spectra, and (b) the FLY spectra.
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disappeared and only a very small shoulder was

observed. Peak d of the Al precipitates formed also

decreased in intensity with increasing carbonate/Al MR.

The results from the O K-edge FLY and TEY spectral

analyses (Figure 5a,b) are in agreement with the XRD

and FTIR data (Figures 1 and 2), indicating the structural

disorder of Al precipitates caused by carbonate pertur-

bation. Furthermore, the O K-edge spectroscopic data

provided cutting-edge information on the role of

carbonate in influencing the nature of Al precipitates

formed at the molecular scale.

CONCLUSIONS

The chemistry of the transformation of Al as

influenced by perturbing organic and inorganic ligands

has been studied extensively (Kwong and Huang, 1975,

1978; Serna et al. 1977; Bardossy and White, 1979;

Huang et al., 2002; Violante et al., 2002; Colombo et al.,

2004; Yu et al., 2007). The coordination nature of Al

(oxy)hydroxides, formed under the influence of tannic

acid, and studied by XAS, was reported by Hu et al.

(2008). Carbonate-induced structural perturbation at a

molecular level, however, and the coordination nature of

Al precipitation products, in particular, are yet to be

elucidated.

Carbonate is a ligand which exists in the environ-

ment. The data obtained in the present study provide the

first evidence showing the change of the coordination

number of Al from 6-fold to mixed 6- and 4-fold

coordination in the structural network of SRO Al

precipitates formed under the increasing perturbation

of carbonate. The adjustment of the coordination number

of Al in the Al precipitates is attributed to steric and

electronic factors, because Al is complexed with

carbonate which has different functional groups and is

larger in size than OH and H2O. The Al K- and L-edge

and O K-edge spectra of the Al precipitates, together

with evidence from XRD, FTIR, and chemical analysis,

demonstrated clearly that carbonate strongly perturbed

the structural network of Al hydroxides by complexation

with Al in the structural network of the SRO Al

precipitates, which brought about a change in the

coordination nature of the Al�O bonding.

The coordination structure of Al in Al precipitation

products is of fundamental significance in understand-

ing their atomic bonding and structural configuration

and the influence on their surface chemistry at the

molecular level, because the surface reactivity of a

metal�O bond is related to the covalency and

coordination geometry. The chemistry of the polynu-

cleus complexes of Al could help to answer many

questions about reactions at mineral surfaces (Casey et

al., 2001; Hu et al., 2008). The present findings,

therefore, have shed new light on the low-temperature

geochemistry of Al, which merits attention by those

regulating ecosystem health.
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