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Dissolution of carbonate minerals has significant envi-
ronmental effects. Microorganisms affect carbonate
dissolution rates by producing extracellular metabolites,
including complex polysaccharides such as alginic acid.
Using a combined atomic force microscopy (AFM)/flow-
through reactor apparatus, we investigated the effects of
alginic acid on calcite dissolution. Macroscopic dissolution
rates, derived from the aqueous metal ion concentrations,
are 10-5.5 mol m-2 s-1 for 5 < pH < 12 in the absence
of alginic acid compared to 10-4.8 mol m-2 s-1 in its presence.
The AFM images demonstrate that alginic acid preferentially
attacks the obtuse steps of dissolution pits on the
calcite surface. In pure water, the obtuse and acute
steps retreat at similar rates, and the pits are nearly isotropic
except under highly acidic conditions. In alginic acid,
the acute step retreat rate is nearly unchanged in comparison
to water, whereas the obtuse step retreat rate increases
with decreasing pH values. As a result, the pits remain
rhombohedral but propagate faster in the obtuse direction.
To explain these observations, we propose that alginic
acid preferentially forms dissolution active surface complexes
with calcium atoms on the obtuse step, which results in
anisotropic ligand-promoted dissolution.

Introduction

Calcite dissolution impacts environmental, geological, and
hydrogeological systems. Calcite is an important reservoir of
carbon, and accelerated dissolution of calcite affects global
carbon cycling (1), the chemistry of marine systems (2), and
the local pH and alkalinity of terrestrial environments (3).
Calcite and other carbonates are the primary pH buffer in
many natural waters, and calcite dissolution impacts porosity
and heterogeneity in aquifers, which leads to hydrologic
complexity in reactive transport modeling (4). In terrestrial
environments, calcite dissolution partially regulates the fate
and transport of anthropogenic pollutants, especially heavy
metals (5-11). Additionally, many stone cultural heritage
materials are predominantly calcite in the form of limestones

and marble, and retarding deterioration is important for
preserving these irreplaceable artifacts (12). Our under-
standing of the role of microorganisms in calcite dissolution
remains underdeveloped, which is an essential shortcoming
of any quantitative prediction of calcite weathering.

Bacteria, Archaea, cyanobacteria, algae, fungi, and lichens
stimulate calcite dissolution through production of metabolic
by-products, including organic acids and exopolysaccharides
(EPS) (13, 14). The exudates are produced by microorganisms
in biofilms, which are heterogeneous communities of
microorganisms attached to the stone surface in an anchoring
matrix of excreted EPS (15). The composition of EPS is
genotypically, phenotypically, and environmentally regu-
lated. Its chemical structure varies by microorganism, growth
stage, nutrient abundance, and other environmental simuli
(16). The EPS is generally comprised of a variety of sugars,
including uronic acids, and often contains functional groups
(such as carboxylic acids) that can interact with mineral ions.
The specific dissolution effects of EPS depend on mineral
type, ligand functionality, acidic moieties, and pH. EPS can
impact mineral weathering by a variety of mechanisms (17)
and has been demonstrated to either accelerate or retard
dissolution rates, although the precise mechanisms and
reactions are not well understood (18-20).

EPS polymers are complex macromolecules and difficult
to study. These polymers are built up from monomeric units,
and the study of these simpler units provides some important
insights. For example, although literature reports on the
effects of simple organic polydentate ligands on calcite
dissolution are sparse, it appears that the distinctive dis-
solution effects of ligands depend strongly on their chemistry.
Chelating agents, including polyaspartic acid (PASP), eth-
ylenediamine tetraacetic acid (EDTA), diethylenetriamine-
pentaacetic acid (DTPA), and 1,2-cyclohexanediaminetetra-
acetic acid (CTDA), increase the dissolution rate (21, 22).
Many biologically derived compounds, however, inhibit
dissolution, including lipids and phospholipids (23, 24),
proteins (23), humics (25), and other carboxylated com-
pounds (21, 22), though the effect varies widely with chemical
identity and aqueous conditions (26, 27). Polysaccharides,
the dominant EPS constituent, have been observed to bind
to cations on mineral surfaces, both inhibiting and promoting
dissolution (18, 26). However, to our knowledge, there are
no previous studies investigating the effect of polysaccharides
on calcite dissolution.

In this study, alginic acid was selected as a model
environmental polysaccharide to study the effects of a
biologically produced polymer on calcite dissolution, because
of its well-characterized chemistry, commercial availability,
and its presence in the environment. It is a straight-chain,
hydrophilic, colloidal, polyuronic acid composed of guluronic
(G) and mannuronic (M) acid residues configured in poly-G,
poly-M, or alternating GM blocks, all of which are capable
of chelating aqueous cations (e.g., Figure 1 of ref 28).
Approximately 20-50% of polysaccharides produced in a
wide sampling of marine and terrestrial bacteria were uronic
acids (29). Alginic acid is a dominant environmental polymer
produced by seaweed in marine environments (28) and by
the bacterium Pseudomonas aeruginosa (30), which is a
ubiquitous environmental bacterium (31, 32). Furthermore,
it has been demonstrated that alginic acid specifically
interacts with crystallographic features of calcite (33) and
can increase the dissolution rate of other minerals (34).

The electron donating moieties of the alginic acid polymer,
such as carbonyls and hydroxyls, chelate aqueous cations
such as Ca2+ (Figure 1 of ref 28). The proportion of
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M and G sugar residues and their macromolecular confor-
mation determine the physical properties and the affinity of
the polymer for cation binding (35). The carboxyl functional
groups of poly-G alginates have appropriate spacing and
geometry for cation binding (36), and poly-G alginates have
a higher affinity for divalent cation binding than their poly-M
counterparts (37). The buckeled model of poly-G conforma-
tion explains the greater binding. An egg-crate conformation
of the guluronic regions of two polymer chains forms around
calcium ions (Figure 1 of ref 28 (38)). Planar poly-M blocks
also bind calcium, although the binding is less ordered than
poly-G regions (39) because they do not have the correct
spatial and geometric arrangement for chelation sites (40).

To refine our understanding of the chemistry of EPS-
mineral interaction, we investigated the effects of alginic acid
on calcite dissolution using a combined atomic force
microscopy/flow-through reactor. Calcite dissolution has
been extensively studied using atomic force microscopy
(AFM) for analysis of the dissolution of single crystals of
calcite, as reviewed in ref 41.

Methods

Sample Preparation. Alginic acid (sodium salt; Sigma, St.
Louis, MO) was added to deionized water and agitated at
room temperature for 1 h until visibly dissolved. The alginic
acid was produced by Macrocystis pyrifera (kelp) and was
comprised of 61% M and 39% G residues. The molecular
weight range was 12-80 kD. Nanopure deionized water (18.3
MΩ cm; Barnstead, Dubuque, IA) was used for all solutions,
which were either purged with purified argon for 2 h or
allowed to equilibrate with the atmosphere. The solutions
were set to the desired pH with HCl (EM OmniTrace grade)
and NaOH (99.998%; Aldrich, St. Louis, MO). The effects of
dissolved carbonate and ionic strength on the dissolution
rates were assumed negligible (42, 43).

Natural samples of calcite (variety Iceland Spar, Chihua-
hua, Mexico; Ward’s Natural Science, Rochester, NY) were
freshly cleaved with a razor blade along the {101h4} cleavage
plane and affixed to a steel sample holder with dental wax,
which provided a fluid barrier to all sides except the desired
top face.

Measurement of Macroscopic Dissolution Rates. Samples
were placed in an AFM fluid cell apparatus similar to that
of Duckworth and Martin (43). Either deionized water or
0.1% (w/w) alginic acid solution at a set pH was pumped
through the reaction vessel at a flow rate of 1.0-1.5 mL min-1

(44, 45). Polymer concentrations of 0.1% (w/w) are most likely
below local environmental conditions; biofilms in situ are
concentrated mats of EPS, whereas the EPS in our system
was dilute enough to remain solvated. In terrestrial environ-
ments, polysaccharides are the second most abundant
organic species following humic substances. In some cases,
polysaccharides range from 5 to 30% of the total organic
matter (46). Based on calculations performed in MINEQL+
(Environmental Research Software, Hallowell, ME), all
experiments were undersaturated with respect to calcite at
pH < 11.

The AFM chamber was utilized as a flow-through reactor
to determine dissolution rates (42, 43). Rate calculations in
the presence of alginic acid in this study are specific to the
ratio of monomers (35) and may vary with structure and
composition of polymer due to the complexity and irregular
repetition of chelating moieties. Effluent fractions were
collected in five-minute intervals, yielding at least 10 samples.
Samples were analyzed for calcium by graphite furnace
atomic absorption spectroscopy (GF-AAS) and flame atomic
absorption spectroscopy (F-AAS). A macroscopic dissolution
rate (Rmac, mol m-2 s-1) was calculated with the relationship
(42)

where ∆[Ca2+] was the change in aqueous concentration (M)
of calcium in the solution during the reaction with calcite,
q was the flow rate (L s-1), and A was the geometric surface
area (m2) of the mineral sample. The geometric surface area
of the sample was calculated by taking a digital photograph
and comparing the number of pixels on the top face of the
crystal to that of the puck, which had a known surface area
of 1.77 × 10-4 m2. Although our assumption of a flat surface
without small-scale irregularities in the topographical features
of the sample increased the apparent dissolution rate (42,
47), it did not affect the magnitude of the differences between
recorded dissolution rates. Further contributing to our error
estimate, the AAS exhibited an analytical error of 10% in
comparison to known standard concentrations in the range
of 10 nM-2 mM.

Calcium concentration, as an impurity in the alginic acid,
was 20-fold greater than that released by the calcite during
reaction, and resulted in a poor signal-to-noise ratio. Even
so, spike recovery control experiments with alginic acid
solutions indicated that the calcium released during dis-
solution was sufficient to be detected reliably. Furthermore,
experiments with protonated and dialyzed alginic acids gave
similar results. The calcium recovery methods were further
supported by the microscopic dissolution experiments, which
showed similar dissolution rates to the macroscopic dis-
solution experiments.

Microscopic Measurements and Analysis. A Nanoscope
IIIa Multimode scanning probe microscope (Digital Instru-
ments, Woodbury, NY) was operated in contact mode with
oxide-sharpened silicon nitride probes (nominal radius
of curvature of 5-40 nm, force constant of 0.12 N m-1,
Digital Instruments). A geometric analysis of a time series of
AFM topographic micrographs collected in the same scan
direction was used to calculate a microscopic dissolution
rate, Rmic (mol m-2 s-1). The volume of material removed
from the calcite surface was calculated by tracking pit growth
(Figure 1). The average step retreat rate (νavg, m s-1) for an

FIGURE 1. Deflection-mode atomic force micrograph of calcite
surface after 40 min exposure to 0.1% (w/w) alginic acid at pH 6.8.
The hashed white line depicts the pit shape in the z-direction, as
shown in a cross section below the micrograph.

Rmac )
q(∆[Ca2+])

A
(1)
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expanding pit on the mineral surface was determined using
the following equation:

where ∆xi was the change in a lateral pit dimension, τ was
the time between consecutive images, and N was the number
of images in the series (43).

The microscopic dissolution rate (Rmic) was calculated by
multiplying the average step retreat rate by the characteristic
slope of the surface (42, 43, 47)

where VM was the molar volume (m3 mol-1). The characteristic
slope of the surface (∆h/∆l) was calculated by multiplying
the total step length by the step height in a defined unit area
(> 40 × 40 µm2), thereby estimating the surface step density
(42, 43, 47).

On the atomic scale, the out-of-plane C-O angles of
carbonate groups on steps of the (101h4) calcite face are
oriented at different angles on opposite sides of the rhom-
bohedral pits, viz. in obtuse and acute directions (Figures 1,
4, and 6). The differences in C-O orientations lead to
anisotropic dissolution (44, 48, 49), with step retreat typically
occurring more rapidly for the obtuse step (42, 44, 50). The
arithmetic average step retreat rate is obtained as follows

from the obtuse (νo) and acute (νa) step retreat rates.
Measurements of νavg were validated by determining step
retreat rate using two separate methods, when possible. (1)
Step retreat rate was calculated in relationship to a fixed
point (such as a surface contaminant). (2) Step retreat rate
was calculated by expansion of two opposing pit walls (22).
Further experimentation depended primarily on method two.

The relationship of step slope to step retreat rate is as
follows

where mo and ma are, respectively, the obtuse and acute
slopes of the microscopic pit walls (Figure 1) (47, 49, 51).
Measurements of νavg, mo, and ma combined with eqs 4 and
5 yielded the individual step retreat rates νo and νa.

Alginic Acid Surface Attachment. The binding of alginic
acid to the mineral surface was investigated using a poly-
saccharide stain and visible light microscopy. Deionized water
was pumped through a flow cell (Biosurface Technologies,
Bozeman, MT) mounted on a light microscope (BX60
Olympus, Melville, NY) containing a small piece of calcite
prepared similarly to the above protocol. The calcite was
imaged (Spot RT digital camera, Diagnostic Instruments,
Sterling Heights, MI) with water and alginic acid using a 1%
(w/w) solution of the polysaccharide stain alcian blue
(Polysciences, Inc., Warrington, PA).

Results and Discussion
Macroscopic Dissolution Rate and Mechanistic Model.
A mechanistic model has been applied successfully to
rationalize calcite dissolution rates in water (52, 53). According
to the model, far from equilibrium the dissolution of calcite

in aqueous solutions occurs via proton- and water-promoted
reactions:

The dissolution rate is given by

where k1 and k2 are rate coefficients and [H2O] ) 1. For our
reactions in deionized water, the rate coefficients are
empirically solved as k1 ) 10-1.46 M-1 mol m-2 s-1 and k2 )
10-5.54 mol m-2 s-1 for calcite, which are consistent with
literature reports (Figure 2A) (41).

Over the entire range of pH values investigated (3.3 < pH
< 11.4), alginic acid increased the dissolution rate by
approximately 6-fold (Figure 2A). The enhancement is
described in the mechanistic model as an additional pathway
due to ligand-promoted dissolution by alginic acid:

In circumneutral and alkaline regimes under our experi-
mental conditions, the alginic acid pathway exceeds the water
promoted rate (k3 ) 10-4.95 mol m-2 s-1 g-1 L). The mechanistic
model was not extended for pH < 5 because of difficulties
in collecting data due to fast reaction rates. Even so, the data
qualitatively suggest that alginic acid increases the dissolution
rate for pH < 5.

For pH < 3, mechanistic models overpredict dissolution
rates because they do not account for the effect of surface
charging on proton adsorption (43, 54). Although the data

FIGURE 2. (A) Macroscopic (eq 1) and (B) microscopic (eq 3) log
dissolution rates. Key: 0.1% (w/w) alginic acid (2), deionized water
in this work (b), ref 42 (O), and ref 53 (0). Lines show fit to
mechanistic models for water (eq 8, - -) and alginic acid (eq 9, s).

CaCO3 + H+ f Ca2+ + HCO3
- (6)

CaCO3 + H2O f Ca2+ + HCO3
- + OH- (7)

Rdiss ) k1[H+] + k2[H2O] (8)

Rdiss ) k1[H+] + k2[H2O] + k3[alginic acid] (9)

νavg )
1

2

1

τ

∑
i

2(N-1)

∆xi

2(N - 1)
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Rmic )
νavg

VM
(∆h
∆l ) (3)

νavg )
(νo + νa)

2
(4)

mo

ma
)

νa

νo
(5)
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are few at low pH, the apparent increase in dissolution rate
in the presence of alginic acid suggests that the polymer-
mineral interaction changes. Proton mass-transport kinetics

no longer limits the reaction rate, supporting the hypothesis
of an independent alginic acid mechanism (53, 55). The
optical microscopy experiments confirm that thick alginate
gels do not form on the calcite surface, which might otherwise
affect the surface reaction environment and hence dissolution
rates (37).

The applicability of eq 9 is limited because the alginic
acid adsorption and dissolution reactions are coupled in k3.
This adsorption term may result in some variability in the
rate coefficient as a function of pH and [alginic acid].
Therefore, it is preferable to relate the dissolution rate to the
concentration of alginic acid adsorbed to the surface, as
follows

where θ is the fractional surface coverage by alginic acid and
k3′ is the dissolution rate coefficient of the adsorbed alginic
acid species. The ability to determine molecular coverage
would allow separate descriptions of alginic acid adsorption
and dissolution. At sufficient alginic acid concentrations, θ
) 1 in the saturation regime of the adsorption isotherm (4).
The optical microscope observations with stain in continuous
flow demonstrate the adsorption of alginic acid on the calcite
surface (Figure 3) and are consistent with complete surface
coverage. Irreversible sorption of the polymer to the calcite
surface is possible. However, at the dissolution active sites
(e.g., pits) morphological change is observed indicating

FIGURE 3. Optical microscope color image (100X) of alginic acid
stained by alcian blue on calcite at pH 5.6. Polymers accumulate
on the rough areas of the crystal surface. There is a thin film of
alginic acid across the surface with pockets of increased alginate
accumulation in pits, which may be the result of preferential
accumulation or hydrodynamics.

FIGURE 4. (A-C) Time series deflection-mode atomic force micrographs of calcite surface during exposure to 0.1% (w/w) alginic acid
at pH 6.8. Hashed lines are cross sections (shown in D) of height-mode micrographs. Pits are in the same orientation as Figure 1.

Rdiss ) k1[H+] + k2[H2O] + k3′θ[alginic acid]surf (10)
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material turnover. Based on these observations, we take θ )
1, and k3′ is thus 10-4.95 mol m-2 s-1.

Microscopic Dissolution Rates. A time series of micro-
graphs and cross-sectional analysis of pit depth (Figure 4)
show calcite dissolution in the presence of alginic acid.
Microscopic dissolution rates calculated from the step retreat

rates demonstrate that alginic acid increases the dissolution
rate compared to control experiments for 5.4 < pH < 10.5
(Figure 2B). Both in the presence and absence of alginic acid,
dissolution occurs by formation of pits that expand laterally
and deepen into the crystal surface. For trials with alginic
acid, analyses of the microscopic dissolution rate were not
performed for pH < 5 because the step retreat rates were too
rapid for image capture. Step retreat rates in the absence of
alginic acid agree with published reports, using both similar
(42, 49, 56, 57) and different (41, 58) experimental apparatus.

The macroscopic and microscopic dissolution rates (Rmac

and Rmic) agree reasonably well, both in the absence (Rmac/
Rmic ) 4.21 ( 1.46) and in the presence (Rmac/Rmic ) 2.84 (
0.82) of alginic acid. Duckworth and Martin (47) address the
issue of Rmac/Rmic > 1 for the combined flow-through/
microscopic dissolution analytical technique. The good
agreements of Rmac with Rmic validates using these measure-
ment techniques when experimenting with complex biologi-
cal polymers.

The accuracy of the microscopic dissolution rate is affected
by the uncertainty in the measurement of the characteristic
slope of the surface. The average characteristic surface slope
in the absence of alginic acid was 0.03 ( 0.01, compared to
0.05 ( 0.01 in the presence of alginic acid. The increase occurs
because the pits in the alginic acid exposure were generally
deeper than those in its absence, causing increases in the
surface roughness, the step density, and the characteristic
surface slope.

Differences in Obtuse and Acute Step Retreat Rates. In
the absence of alginic acid, obtuse and acute step retreat
rates are nearly equal for pH > 5, though they become
increasingly different at lower pH values (Figure 5A). This
observation has also been reported for other carbonate
minerals (43, 47). At low pH values, we observed an increased
obtuse step retreat rate, in disagreement with Di Giudici
(59), who employed a slower flow rate (0.06 mL min-1).

Pits formed in the presence of alginic acid solutions
expand rapidly in the obtuse directions (Figure 4D), impli-
cating interaction of the alginic acid with the mineral surface.
The effect of alginic acid was repeatedly confirmed by
comparing obtuse and acute pit step retreat rates for multiple

FIGURE 5. (A) Step retreat ratio (νo/νa) for alginic acid (2) and
deionized water (b) with best-fit lines. (B) Obtuse (2) and acute
(4) step retreat rates for 0.1% (w/w) alginic acid. Same for deionized
water (b, O).

FIGURE 6. A. Ligand-promoted dissolution of calcite involving bidentate chelation by carbonyls/hydroyxls of alginic acid to surficial
calcium. Two protons (not shown) are also necessary in the stoichiometry of this reaction. B. On acute steps, the approach of the alginic
acid ligand moieties is hypothesized to be sterically hindered. C. In contrast, cations on the obtuse step are exposed. We hypothesize
that the Ca2+ on the obtuse step is chelated by the electron-donating moieties of the alginic acid and rapid dissolution ensues. (Note:
figure is not drawn to scale.)
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experimental conditions (Figure 5A,B). The effect of image
drift was negligible because the expansion of two opposing
pit walls was measured and scaled by the step slope (22). The
effect was strongly pH dependent, which may be the result
of the increasing importance of proton-promoted dissolution
at decreasing pH. The data variability apparent in Figure 5
is likely due to the effect of alginic acid and mineral surface
heterogeneity on microscopic observations.

Surficial Cation Chelation. Because the dissolution rate
in the presence of alginic acid is increased by a similar
magnitude at all pH values, an additional mechanism beyond
proton (eq 6) or water promoted (eq 7) reactions is indicated.
During interaction with a mineral surface containing calcium
ions, the alginic acid may chelate surficial cations from the
crystal (Figure 6A) (60), causing ligand-promoted dissolution.
In a nucleophilic attack, the electron-donor moieties (car-
bonyls and hydroxyls) of the alginic acid replace the water
associated with surficial calcium (42). The association of
polymer ligand and mineral cations results in electron
withdrawal between the surficial calcium and the carbonates
in the mineral lattice, resulting in polarized bonds (60),
thereby facilitating ligand-promoted dissolution.

Alginic acid increases the dissolution rate through pref-
erential ligand-promoted dissolution on the obtuse pit step.
The preferential attack on the obtuse step may be the result
of steric hindrance of alginic acid binding groups imposed
by the acute step (Figure 6B). Moreover, cations on the obtuse
step are relatively exposed in comparison to the acute step
(Figure 6C). On the acute step, portions of the carbonate
species protrude from the pit edge and may decrease the
possibilities of the chelating moieties to contact the surficial
cations (Figure 6B). This selective dissolution mechanism
and thereby the structure-function relationship of the
polymer and mineral surface is important in understanding
the effect of these polymers.

Environmental Implications. Alginic acid is a single
polymer in a diverse array of environmental polymers. The
dissolution effects of EPS are distinctive to the chemical
nature of the polymer, as demonstrated by the varied
observed effects in the literature. However, there are several
possible mechanisms whereby alginic acid could have an
even greater effect in situ over-and-above the effects observed
in the laboratory experiments employed in this study. The
additional in situ mechanisms and effects are considered
below.

The dissolution rate can be expressed in terms of aqueous
saturation (S) by the following eq (61):

This governing equation is useful for considering a variety
of additional effects of the polymers under environmental
conditions. Because of the ability of EPS constituents to bind
aqueous calcium ions, it decreases S, thereby increasing the
dissolution rate. Polysaccharides also provide nucleation sites
for secondary precipitates, including calcite-bearing pre-
cipitates (62). The removal of aqueous calcium accompanying
secondary precipitation reduces S and thus increases the
calcite dissolution rate of substrate calcite as in eq 11 (63,
64). Polysaccharide gels are composed of 90-99% water and
act as an antidesiccant, which helps to maintain a medium
for diffusion even as water potential decreases. Hence S
increases (65), which increases the time the surface is in an
aqueous environment conducive to mineral dissolution even
under arid conditions (17). Polysaccharides are also complex
and thereby sequester other metal ions, such as manganese
and magnesium, that would otherwise inhibit calcite dis-
solution (39, 49, 66). These other mechanisms suggest our
results are the minimum effect of EPS polymers in situ (34).

In summary, alginic acid causes an increase in the
dissolution rate of calcite across a range of pH values. The
proposed mechanism for enhancement is preferential obtuse
step surface chelation of calcium that, through bond
polarization, reduces the activation energy required for
breaking lattice bonds and thereby increases the dissolution
rate.
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