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The inhibition of calcite precipitation by natural organic
material (NOM) in solutions seeded with calcite was
investigated using a pH-stat system. Experiments were
carried out using three NOMs with different physical/chemical
properties. For each of the materials, inhibition was

found to be more effective at lower carbonate/calcium
ratios and lower pH values. The reduction in the precipitation
rate could be explained by a Langmuir adsorption model
using a conditional equilibrium constant. By identification of
the type of site on the NOM molecules that is involved

in the adsorption reaction, the “conditional” equilibrium
constants obtained at different solution compositions
converged to a single “nonconditional” value. The
thermodynamic data determined at 25 °C and 1 atm
suggest that the interaction between NOM molecules and
the calcite surface is chemisorptive in nature and that
adsorption is an endothermic reaction driven by the entropy
change. The greatest degree of inhibition was observed
for the NOM with the highest molecular weight and aromatic
carbon content. For a given type of NOM, the degree of
inhibition of calcite precipitation was dictated by the balance
between the enthalpy change and the entropy change of
the adsorption reaction.

Introduction

Calcite is one of the most reactive minerals at the earth’s
surface. Both crystallization and dissolution of calcite play
important roles in aquatic chemistry and geochemistry
because calcite, coupled with atmospheric carbon dioxide,
regulates the buffering capacity of the aquatic system and
influences aqueous phase reactions involving calcium and
carbonates (1). Itis well-known, however, that natural organic
matter (NOM) interacts strongly with calcium carbonate and
acts as an inhibitor to calcium carbonate crystal growth in
aquatic systems (2—5). While it has been observed that
differences in NOM composition influence calcite behavior
in aquatic environments to varying degrees (3, 5), the
underlying chemistry driving these interactions remains
poorly defined.

Adsorption of organic ligands onto a mineral surface can
either promote the dissolution of the mineral in undersatu-
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rated solutions (6) or inhibit the precipitation of the mineral
in supersaturated solutions. In aquatic environments that
are supersaturated with respect to calcite, the precipitation
of calcite is thermodynamically favored. Supersaturation with
respect to calcite, however, is commonly observed in waters
richin NOM (3). Itis suggested that NOM acts as an inhibitor
to calcium carbonate precipitation by blocking the active
growth sites through adsorption reactions (4, 5, 7). Although
the “blockage” theory is widely accepted, the manner by
which NOM is adsorbed on the calcite surface is not well
understood. At the present time, the kinetics of calcite
precipitation in the presence of NOM can only be described
by empirical rate expressions (4, 8—10).

The physical and chemical properties of NOM that have
been proposed to relate to inhibition include hydrophobicity,
functionality, and molecular size (5). Zulling and Morse (11)
reported that fatty acids have an increasing affinity for a
calcite surface with increasing alkyl chain length, which can
be explained by the hydrophobic effect (1). The hydrophobic
nature of the inhibitor may also lead to an entropy-driven
adsorption process that causes more complete surface
coverage and, consequently, greater inhibition of mineral
precipitation (12). The carboxyl fraction contributes to the
hydrophilicity of NOM. At neutral pH, these carboxyl groups
exist in their deprotonated forms and have a great affinity
for free aqueous calcium ions. However, previous studies
show that the complexation of Ca?" with the carboxyl moieties
of NOM in the solution phase, thereby changing the degree
of supersaturation with respect to calcite, is not an important
consideration for altering calcite precipitation kinetics (4,
5). Inskeep and Bloom (4) documented that aromaticity is
the property that causes the strongest growth inhibition. They
demonstrated that the aromatic polymeric constituents from
a soil fulvic acid are more effective than nonpolymeric or
less aromatic organic compounds in a soil—water extract in
inhibiting calcite precipitation. Another important property
related to the inhibition of calcite precipitation is molecular
size. Organic acids with higher molecular weights were found
to be more effective in the inhibition of calcite precipitation
than those with lower molecular weights. The stereochemical
effect, e.g., high molecular weight molecules facilitate the
blockage of the crystal growth sites on the mineral surface,
was suggested as the major reason (7). Grossl and Inskeep
(12) investigated the inhibition of octacalcium phosphate in
the presence of humic, fulvic, and tannic acids. They
concluded that the most effective inhibitor was humic acid,
followed by fulvic acid and tannic acid, which coincided with
the order of molecular size and hydrophobicity. Although it
has been demonstrated that NOM characteristics can affect
its inhibitory ability, the relationship between these char-
acteristics and the thermodynamics of the responsible
reaction is still undefined.

Calcite precipitation involves heterogeneous reactions,
such as adsorption of lattice ions and incorporation of
adsorbed ions into the mineral lattice. With the help of a
calcite surface complexation model (13, 14), calcite precipi-
tation kinetics can be described in terms of calcite surface
speciation (15, 16). In this paper, we expand on the
understanding of the mechanisms driving calcite precipita-
tion by describing the results of experiments designed to
determine the influence of NOM on these mechanisms.
Specifically, the objectives of this research are to (1)
investigate the kinetics of calcite precipitation in the presence
of NOM with different characteristics, (2) determine the
mechanism(s) responsible for the inhibition of calcite
precipitation by NOM on the molecular scale, (3) provide
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thermodynamic information for the inhibitory reaction(s),
and (4) determine the important physical/chemical proper-
ties of NOM that are responsible for the inhibition of calcite
precipitation. Better understanding of the processes occurring
at the calcite—water interface will improve our knowledge
of how NOM is adsorbed on the calcite surface and how the
adsorbed NOM affects calcite precipitation.

Material and Methods

pH-stat System. To study the effects of NOM on calcite
precipitation kinetics, a pH-stat system was utilized (5, 16,
17). The system maintains a constant degree of supersatu-
ration with respect to calcite during the course of the
experiment. A schematic of the system is shown in Figure S1
of the Supporting Information, along with a detailed de-
scription of the system and the principles underlying the
experimental design.

For each experiment, the pH value was set at a target
value to achieve and maintain the desired degree of super-
saturation. The pH-stat system ensured that the precipitation
experiment was performed at the target pH value + 0.05 pH
units. The degree of supersaturation (€2) is defined as follows

oo (Ca®")(CO;*)

Ksp

1)

where (Ca?") and (COs?7) are the activities of calcium and
carbonate ions in the solution, respectively, and K, (107848
at 25 °C) is the solubility product of calcite. The volume of
CaCl, and Na,CO3 added to compensate for calcite precipi-
tation is monitored continuously over time.

Working Solutions and Chemicals. To prevent homo-
geneous calcite precipitation, 1 L of a working solution with
Q = 5.3 was freshly prepared from equal volumes of CaCl,
and NaHCOs; solutions before each experiment. CaCl, and
NaHCOs solutions were prepared using reagent-grade chemi-
cals (Fisher Chemical Co.) and deionized water. Solutions
with four different C;/Ca?" molar ratios ranging from 0.5 to
10 (Cris the total inorganic carbon concentration), pH values
ranging from 7.68 to 9.01, and temperatures in the range of
15—45 °Cwere tested, as shown in Table S1 of the Supporting
Information. The ionic strength of the working solution was
adjusted to 0.1 with KCI. Solutions of 0.1 M NaOH or HCl
were used to adjust the pH to achieve the desired Q value.
For each solution, 0—5 mg/L of NOM was added to investigate
its inhibitory effects. No homogeneous precipitation occurred
over a time course of more than 4 h at this degree of
supersaturation as shown by a constant pH value observed
during this period.

Crystallization Experiments. Appoximately 150 mg of
reagent-grade calcite particles (Fisher Scientific) were added
to 500 mL of the working solution to initiate calcite
precipitation. The calcite particles had a specific surface area
of 0.278 m?/g as determined by the three-point N,—
Brunauer—Emmett—Teller (BET) method (18). The solution
was mixed by a magnetic stirring bar at 600 rpm. All
experiments were conducted for 90 min under 1 atm with
ambient levels of CO,. After the addition of calcite particles,
the solution pH started to decrease as a result of calcite
precipitation. Given the lack of observed precipitation in the
solution in the absence of calcite particles, all crystal growth
is expected to have occurred on the calcite particle surfaces
after the calcite was introduced. Titrant (CaCl, and Na,COs)
addition and pH were continuously recorded as functions of
time. Typical titrant addition data for the crystallization
experiments in the presence of NOM are shown in Figure S2
in the Supporting Information. The initial slope of the titrant
addition versus time curve was used to estimate the initial
rate of calcite precipitation. The calcite precipitation rate

was found to be proportional to the available surface area
of the seed in preliminary experiments (16). The kinetic data
reported in this study were normalized by the surface area.

The seed materials were collected and dried at 35 °C
overnight after the completion of several precipitation
experiments. X-ray diffraction (XRD) analysis (Rigaku Mul-
tiFlex, Rigaku/MSC) was performed on the dried material.
XRD results indicated that calcite was the only phase
precipitated.

Natural Organic Materials. Suwannee River fulvic acid
(SRFA; IHSS Reference FA), Pacific Ocean fulvic acid (POFA),
and Williams Lake hydrophobic organic acid (WLHPOA) were
chosen to investigate the inhibition of calcite precipitation
due to their distinctly different physical/chemical charac-
teristics. These materials were isolated on Amberlite XAD-8
resin according to the methods described by Aiken et al.
(19). Quantitative 3C NMR spectra were measured on
solutions of approximately 100 mg/mL of the sodium salt of
each isolate dissolved in H,O—D,O (1:1), adjusted to pH 7,
in 10 mm tubes on a Varian spectrometer (Model 300) at
75.429 MHz using inverse gated decoupling with an 8 s delay
(20). The ®*C NMR spectra were electronically integrated (21).
Theregion from 110 to 160 ppm was assigned as the aromatic
region of the spectrum (22); the aromatic carbon content of
the three samples ranged from 7.3% to 28%. Elemental
composition of the isolates was determined at Huffman
Laboratories (Golden, CO) by methods discussed by Huffman
and Stuber (23); the carbon content of the three samples
ranged from 52.7% to 56.2%. Specific ultraviolet absorbance
(SUVA) data were determined on solutions containing
approximately 5 mg C/L of isolated material in distilled water
with values ranging from 0.6 to 3.6 L/ (mg m). Weight-average
molecular weights (M,,) were determined using high-pressure
size exclusion chromatography (HPSEC) (24), with values
ranging from 532 to 1360 g/mol. Detailed chemical char-
acteristics of the three NOM samples are presented in Table
S2 of the Supporting Information.

Titration of NOM. A 50 mL stock solution with 300 mg/L
of NOM was prepared. The ionic strength of the stock solution
was adjusted to 0.1 with 4 M KCI solution. An Accumet pH
meter coupled with a calomel combination pH electrode
previously calibrated with pH 4.00, 7.00, and 10.00 standard
buffers was used to monitor pH. The NOM stock solution
was purged with nitrogen for 30 min and then continuously
stirred under a nitrogen atmosphere to avoid interference
by carbon dioxide acidity. The initial pH of the solution was
recorded. A 10 mL buret filled with 0.04 M NaOH was used
for titration. Approximately 0.1 mL of the NaOH titrant was
added stepwise, and 60 s was allowed for pH equilibration.
The added volume of the titrant and the pH were recorded
after each titrant addition. The charge density of NOM, based
on a charge balance of the solution, is given by eq 2

charge density (equiv/g NOM) = Al_
V,C
[H]+ [Na'] — [OH]

V,C (2)

where [A7] is the net charge of NOM in equivalents per liter,
Vo is the initial sample volume, and C is the concentration
of NOM of the sample (g as NOM/L).

Calculation of Solution and Calcite Surface Speciation.
Visual MINTEQ, version 2.30 (25), was used for calculation
of solution speciation and calcite surface speciation under
our experimental conditions. The thermodynamic data for
solution-phase reactions in the database of Visual MINTEQ,
version 2.30, were employed without modification. The
calculation of calcite surface speciation was based on the
surface complexation model proposed by van Cappellen et
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FIGURE 1. Inhibition of calcite precipitation as a function of NOM concentration (2 = 5.3, /= 0.1, 25 °C): (a) SRFA, (b) POFA, (c) WLHPOA.

(d—f) Relative rate reduction.

al. (13) and Pokrovsky et al. (14). The surface complexation
reactions and their intrinsic stability constants, K%, are
summarized in Table S3 in the Supporting Information. A
surface density of 5 sites/nm? was assigned for both calcium
and carbonate sites (26) for the calcite seed employed, and
a constant capacitance model was used (14), with a double
layer capacitance of 1'2/0.006 (F/m?), where I is the ionic
strength. The surface charge of calcite, unlike oxide mineral
surfaces, is not only a function of pH but is also dependent
on solution composition (27—29). It should be noted that
surface complexation reactions were treated in the same
manner as solution-phase reactions. Thus, surface-reactive
sites were presumed to be distributed homogeneously on
the calcite surface with the same reactivity regardless of the
morphology of the surface where they were located.

Results and Discussion

Kinetics and Mechanism of Calcite Precipitation in the
Presence of NOM. The reductions in the calcite precipitation
rate as a function of NOM concentration for the three different
types of NOM and for four different solution compositions
with the same degree of supersaturation (Q = 5.3) are
presented in Figures la—c. The relative reductions in the
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precipitation rates, expressed as R;/ Ry (R, is the precipitation
rate in the absence of NOM, and R; is the precipitation rate
in the presence of NOM), as a function of NOM concentration
are also shown in Figures 1 d—f. In the absence of NOM, the
calcite precipitation rates (R,) were different for the four
different solution compositions, indicating that the degree
of supersaturation is not the sole parameter affecting the
kinetics of calcite precipitation (30—34). The differences in
the precipitation rates result from the different densities of
the active crystal growth sites on the calcite surface induced
by the different species concentrations at the calcite—water
interface under different solution compositions. From our
previous work (16), we identified the active crystal growth
sites on the calcite surface as >CaCO3~ and >COs;". Details
of the effects of solution composition on the concentrations
of these two surface species and a kinetic model of hetero-
geneous calcite precipitation in the absence of inhibitor can
also be found in the same work.

In general, SRFA exhibited the strongest inhibitory
behavior, and PFA and WLHPOA showed similar inhibitory
effects on calcite precipitation. The inhibition by the three
NOMs was more pronounced atlower Cr/Ca?* ratios or lower
pH values as shown in Figure 1. To explain this solution-



composition-dependent inhibition, both calcite surface
speciation and NOM speciation for the different solution
compositions need to be considered. A detailed discussion
of these considerations is presented below.

The adsorption of NOM onto various mineral surfaces
has been suggested to follow Langmuir adsorption theory (9,
35, 36). We propose that the adsorption of NOM onto the
calcite surface causes the observed inhibition and that the
adsorption on this surface also follows Langmuir theory as
described in eq 3

>SS —NOM
>S5S +NOM =>§ —NOM K _[=5 ~NOM]

cond

[> S 1INOM]

where >S™~ represents the free active crystal growth sites on
the calcite surface, >S™—NOM represents the sites at which
NOM is adsorbed, and Kcond is @ “conditional” equilibrium
constant. The concentration of the free active crystal growth
sites in the presence of NOM can be expressed as

[>S Iy

T1+K

[ g Si] cond[NOM]

4

where [>S~]rrepresents the density of the total active crystal
growth sites.

Assuming that the precipitation rate is proportional to
the concentration of available active sites on the calcite
surface, the precipitation rate in the absence of NOM, R,,
and the precipitation rate in the presence of NOM, R;, are
proportional to [>S7]t and [>S7], respectively

R, 0 [>S; 5)

R. O [>S_] — L (6)
i 1+ Kpg[NOM]

The normalized change in the precipitation rate due the
varying NOM concentrations is expressed by eq 7

R,— R
R.

1

i

=K

cond

[NOM] ()

The normalized change in the precipitation rates as a
function of NOM concentration is shown in Figures 2a—c,
with the regression lines forced through the origin. The linear
relationship for each experimental system supports the
proposed Langmuir adsorption model, and the slope is
defined as the conditional equilibrium constant.

The conditional equilibrium constant increases with
decreasing Cr/Ca?* ratios and/or pH values, corresponding
to more effective calcite growth inhibition at lower Cr/Ca?*
ratios and/or lower pH values. A similar impact of pH on the
adsorption of NOM onto mineral surfaces has also been
observed for iron oxide (35, 37—39), aluminum oxide (36),
and kaolinite (40). The reason suggested for this effect in
these previous studies is that the surface charge of these
minerals shifts toward more negative values as pH is
increased, resulting in a stronger electrostatic repulsion
against the negatively charged NOM molecules. In our system,
however, the inhibition of calcite precipitation at lower Cr/
Ca?" ratios and/or lower pH values might be more complex
because (1) the surface charge of calcite is not a function of
pH per se but is related to the excess surface-potential-
determiningions, Ca?* or CO3?~ (27—29), and (2) excess Ca?*
was present in our working solutions, resulting in the
formation of dissolved NOM—Ca* complexes that could
change the affinity of the NOM molecules toward the calcite
surface and/or reduce the degree of supersaturation.
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FIGURE 2. Normalized change in calcite precipitation rate as a
function of NOM concentration (eq 7): (a) SRFA, (b) POFA, (c)
WLHPOA. The slope is the value of the conditional equilibrium
constant Kcong.

In an attempt to understand the reason for the variation
in Keona values with solution composition, we determined
the charge density of the three NOMs as a function of pH
and calculated the surface charge of the calcite based on
surface complexation theory under our experimental condi-
tions. The results are shown in Figure 3. The charge density
of the NOMs showed only a small variation of about 0.4
mequiv/g over the experimental pH range 7.68—9.01, sug-
gesting that deprotonation of carboxyl and/or phenolic
groups does not vary significantly over this pH range. The
surface of calcite, however, changes markedly from positively
charged to negatively charged over this pH range.

NOM can form soluble complexes with Ca*" through
carboxylic acid moieties at neutral pH and through phenolic
hydroxyl groups at alkaline pH (4I). The formation of
dissolved NOM—Ca complexes can have two effects on the
precipitation rate of calcite to (1) reduce the free Ca?* activity
and the degree of supersaturation, thereby decreasing the
rate of calcite precipitation, and (2) change the charge of the
NOM molecules and thereby affect the adsorption of NOM
onto active crystal growth sites on the calcite surface.

The first effect can be evaluated by assuming that a
monodentate complex is formed between Ca?" and a
complexing site on the NOM molecule and that all depro-
tonated sites on the NOM molecule are complexed by Ca?*.
It should be noted that monodentate complex formation
has been experimentally observed under low Ca?* loading
(42), has been successfully used for modeling calcium
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FIGURE 3. (a) Charge density of NOMs and (b) surface charge of
calcite as a function of pH.

complexation of aquatic fulvic acid (43), and should be
favored in our system because of the high ratio of Ca?" to
complexing sites employed in all solution compositions.
Under our experimental conditions, the percent decrease in
the free calcium concentration due to such assumed mono-
dentate complexation can be calculated from the calcium
concentration employed under each experimental condition
(Table S1) and the NOM binding site concentration estimated
from the charge density curve (Figure 3a) for each experi-
mental pH value. The percent decrease ranges from 0.075%
to 3% of the free calcium concentration in the absence of
NOM, lowering the degree of supersaturation, @, by only
0.004—0.173. In comparison to the rate reduction observed
and illustrated in Figure 1 (R;/Ry = 6—70%), the loss of Ca?*
due to the formation of dissolved NOM—Ca complexes does
not appear to be an important factor in inhibiting calcite
precipitation. Instead, the change in the adsorption behavior
of NOM on the calcite surface with changes in pH and total
calcium concentration is the most likely mechanism re-
sponsible for the observed calcite precipitation rate reduction.

Careful examination of eq 7 indicates that the “condi-
tional” feature of Kcong results from the failure to identify the
species of NOM (NOM~, NOM—Ca", or both) involved in the
adsorption reaction (eq 3). The surface species responsible
for calcite crystallization are >CaCO;~ and >CO3~, as shown
in our previous work (16), and they should have similar
reactivities because of their similar surface functional group
nature. On the basis of electrostatic considerations, we believe
that the primary species of NOM adsorbed on these negatively
charged sites isNOM—Ca™. The adsorption of NOM~ on these
sites is discounted, although NOM™ may still occupy a small
fraction of these sites through a ligand-exchange mechanism
(I). The favorable adsorption of NOM—Ca® onto these
negatively charged sites most likely contributes to the
solution-composition-dependent inhibition shown in Figure
1. Due to the higher Ca?" concentrations present at lower pH
values and Cr/Ca?* ratios (Cr is the same for all solution
compositions), the formation of greater amounts of NOM—
Ca™ complexes is expected, which may result in more
extensive adsorption of these complexes onto the negatively
charged >CaCOs;~ and >CO;~ sites even though the net
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charge of the calcite surface is more positive at lower pH
values. Therefore, if we can determine the concentrations of
NOM-Ca* in our working solutions, then the conditional K
values shown in Figure 2 might converge to a single
“nonconditional” equilibrium constant for the following
reaction

>S~ + NOM—Ca" = >S—Ca—NOM
© [>S—Ca—NOM]

noncond ~ [> Si] [NOM—Ca*]

Equation 7 can also be rewritten as follows

RO_Ri
R.

1

= Knoncond[NOM_CaJr] (9)

By comparison of eqs 7 and 9 for the observed normalized
change in precipitation rates, the nonconditional equilibrium
constant can be expressed in terms of the conditional
equilibrium constant by the following equation

[NOM]

K —+
[NOM—Ca']

noncond — ““cond

(10)

where [NOM] is the concentration of SRFA, POFA, or
WLHPOA expressed in molar units and [NOM—Ca*] is the
site concentration expressed as equivalents per liter.

To estimate the extent of NOM complexation with Ca?*,
a stability constant for the NOM—Ca* complex is needed.
Values of this stability constant (log K) reported in the
literature range from 1.43 to 3.12 for NOM from different
sources (42—45). However, these stability constants, again,
are conditional constants (they are dependent on pH, ionic
strength, Ca?* concentration, and ligand concentration) and
were often determined at high NOM concentrations. Thus,
they may not be directly applicable to our system. Accord-
ingly, another approach was taken to resolve this issue. First,
we assumed that the complexation of Ca?" by NOM can be
described by assuming that NOM has only one type of binding
site for Ca?t under the conditions of our study, and a
corresponding stability constant, K, is assigned to the
complexation reaction

4
NOM™ + Ca®" =NOM-Ca" K, = M ¢8))
[NOM ]J[Ca™"]
where [NOM] is the deprotonated site concentration of
NOM. At each pH value, the initial [NOM™] was estimated
from the product of the total concentration of NOM and the
charge density at that pH (Figure 3a). Second, [NOM—Ca'],
Khoncond, and K were calculated employing eqs 10 and 11 and
using an iterative approach until the values of K noncond
converged to a single value at all pH values. It should be
noted that the ionic strength was maintained at 0.1 for all
of our working solutions and the variation of K; with pH is
not significant in the pH range of 7—9 (43). A unique value
of Ky was able to describe the complexation of NOM ™ by Ca?*
in our system. The values of K; and Kyoncona for the three
NOMs determined by this iteration processes, at 25 °C, are
shown in Table 1. The coefficients of variation (CVs) for the
nonconditional stability constants for each of the NOMs were
18.0% for SRFA, 26.4% for POFA, and 17.5% for WLHPOA.

All Koncona Values showed reasonable convergence, and
SRFA was about 50 times stronger as an inhibitor of calcite
precipitation than POFA and WLHPOA in terms of the relative
ratios of the site-specific equilibrium constants. Surprisingly,
the values of Kuoncona for POFA and WLHPOA showed no
statistically significant differences. It should be noted that



TABLE 1. Determination of the Values of Koncona (L/equiv) for SRFA, POFA, and WLHPOA at 25 °C?

SRFA (Ks = 50)

Kcond Kcond charge de"SitV Knoncnnd
pH (L/mg) (M-1) (mequiv/g FA) [NOM)/INOM—Ca*] (L/equiv)
7.68 22.78 3.10 x 107 5.3 0.49 1.50 x 107
7.95 8.87 1.21 x 107 5.45 0.81 9.77 x 108
8.67 2.95 4.01 x 108 5.6 3.42 1.37 x 107
9.01 1.62 2.20 x 108 5.7 6.58 1.45 x 107

average 1.33 x 107
standard deviation 0.24 x 107
CV (%) 18.0

POFA (K; = 350)

Kcond Kcoml Charge de"SitV Knoncond
pH (L/mg) (M-1) (mequiv/g FA) [NOMJ/INOM—Ca*] (L/equiv)
7.68 1.15 6.12 x 105 5.19 0.49 2.99 x 105
7.95 0.61 3.25 x 10° 5.22 0.62 2.00 x 105
8.67 0.22 1.17 x 10° 5.30 1.62 1.88 x 10°
9.01 0.21 1.12 x 105 5.37 2.86 3.16 x 10°

average 2.51 x 10°

standard deviation 0.66 x 10°

CV (%) 26.4
WLHPOA (K = 350)

Keond Keona charge density Kioncond
pH (L/mg) (M) (mequiv/g FA) [NOM]/[NOM—Ca*] (L/equiv)
7.68 0.99 7.64 x 105 4.73 0.37 2.84 x 105
7.95 0.59 455 x 10° 4.78 0.46 2.10 x 10°
8.67 0.23 1.78 x 10° 4.88 1.22 2.16 x 105
9.01 0.18 1.39 x 105 4.92 2.15 2.93 x 10°
average 2.51 x 10°%
standard deviation 0.44 x 10°

CV (%) 17.5

2 The values of K; resulting in the best convergence of Kyonconda (smallest CV) for each NOM are also shown.

the K; values determined by this iterative calculation are
consistent with those reported in the literature (42—45).
The convergence of Kyoncona for these three NOMs with
distinctly different physical/chemical characteristics indicates
that the complexation of NOM with Ca?* in the solution phase
facilitates the adsorption process as a result of reducing
electrostatic repulsion forces as described earlier. The
enhanced adsorption of NOM onto mineral surfaces in the
presence of Ca?" has been reported for iron oxide (37) and
aluminum oxide (36). A study by Tipping (37) found that the
adsorption capacity for humic substances on iron oxides
was doubled in a medium containing the divalent cations
Ca?"and Mg?* compared to thatin a medium containing the
monovalent cation Na* at a pH value below the isoelectric
point of the oxide, where the oxide surface is positively
charged. It was postulated in that study that the enhanced
adsorption resulted from competition between the divalent
cations and the positively charged surface sites for the anionic
groups associated with the humic substances, leading to fewer
contacts per molecule with the oxide surface and allowing
more humic substances to adsorb. This mechanism, however,
may not be relevant to our system because the net charge
of calcite was negative for most of our experimental condi-
tions. Schlautman and Morgan (36) reported that the
presence of 1 mM Ca?* increased the adsorption of NOM
onto aluminum oxide relative to a NaCl solution with the
same ionic strength at almost all pH values. They attributed
this effect to the formation of an outer-sphere surface
complex through a “water bridging” mechanism in which
Ca?" ions were adsorbed on the surface first followed by the
adsorption of anionic NOM on the Ca-regulated surface sites,
with no displacement of water from the solvation shell of the
Ca?" ion. However, water bridging is an unlikely mechanism
to explain the enhanced adsorption of NOM onto calcite in

the presence of Ca?* because (1) the complex of Ca?* and
NOM can be an inner-sphere complex (no water molecule
between Ca?*and binding sites on the NOM molecule) (41)
and (2) Ca?" is one of the lattice ions of calcite and dehydration
might be possible when the NOM—Ca* complex ion is
adsorbed on the calcite surface, i.e., no water molecule
between NOM—Ca* and the calcite surface. The enthalpy
change data for the adsorption reaction presented in the
following section supports this hypothesis.

Thermodynamics of Adsorption of NOM onto the Calcite
Surface. The well-characterized nature of the three NOMs
examined in this study (see above and Table S2) allows for
a determination of the thermodynamics of the adsorption
reaction. By application of the weight-average molecular
weight (M,,) of the three NOMs, the free energy (AG®') of the
adsorption reaction (eq 8) for each of the NOMs at 25 °C can
be estimated

AG® = —RTIn Kyopeond (12)

where R is the ideal gas constant and T is the absolute
temperature. (The reason we use AG®' is that Knoncond is derived
from concentrations rather than activities.)

To understand the nature of the interaction between the
NOM molecules and the calcite surface, we need to know
the enthalpy change (AH®') and entropy change (AS®') of the
adsorption reaction. At equilibrium, the free energy is related
to the enthalpy change and entropy change through the
following equation

AG® = AH” — TAS” (13)

Substituting eq 12 into eq 13 gives the following relationship
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AH® | AS”
In Knoncond == ﬁ R

(14)

Equation 14 is the integrated form of the van’t Hoff equation,
with the assumptions that AH* and AS*' are independent of
temperature (46). The value of AH* and AS® for the
adsorption reaction can be determined from the slope and
y-intercept of a plot of In Kyonconda Versus 7.

The Kcona values (slopes) at different temperatures for each
of the NOMs, analogous to the results in Figure 2, and the
Khoncona values calculated from Kcona using the K values
determined at 25 °C are shown in Figure S3 and Table S4,
respectively, in the Supporting Information. The plots of In
Khoncond Versus T-! according to eq 14 are shown in Figure 4
for all three NOMs. Thermodynamic data for each of the
NOMs at 25 °C are presented in Table 2. The highest
adsorption energy (AG®') was observed for SRFA, and those
for WLHPOA and POFA were identical because they had the
same Knoncona at 25 °C. It should be noted that, at other
temperatures, the inhibitory behavior of WLHPOA and POFA
were different (Figure 4). Adsorption of the three NOMs onto
the calcite surface are all endothermic reactions (positive
AH®"), with the highest AH*' for WLHPOA, followed by SRFA
and POFA. In addition, all adsorption reactions were driven
by entropy change, most likely resulting from the release of
water molecules from the calcite surface to compensate for
the adsorption of the NOM molecules. The high values of
AH®" also suggest that the adsorption of these NOMs onto
the calcite surface is a chemisorption or specific adsorption
reaction, i.e., no water molecule exists between the bound
NOM—Ca* and the calcite surface. Thus, the reaction
responsible for the reduction in the rate of calcite precipita-
tion can be further revised from eq 8 to the following

>S™—nH,0 + NOM—Ca" = >S—Ca—NOM + nH,0
[>S—Ca—NOM]

Kn ! 1! = — ( 5)
oneond = 1> 8" —H,0] [NOM—Ca*]

The endothermic adsorption of humic materials has also
been reported for kaolinite (47—48). Ghabbour et al. (47)
studied the sorption of humic acids derived from different
sources onto kaolinite and found that the adsorption
reactions were primarily endothermic. They also suggested
that the dehydration of kaolinite and humic acid were
responsible for the entropy increases during adsorption. Zhou
et al. (48) investigated adsorption of four different humic
substances onto kaolinite under simulated estuarine condi-
tions and reported that two of the four humic substances
exhibited endothermic adsorption. They proposed that the
endothermic property resulted from the chemisorption of
these humic substances, which required a substantial
activation energy.

Characteristics of NOM and Inhibition of Calcite Pre-
cipitation. NOM with higher molecular weight has been
reported to be a stronger inhibitor of calcium carbonate
precipitation due to its greater polymeric character and
associated stereochemical effects (5, 7). In this study, SRFA,
the NOM with the highest molecular weight, showed the
strongest inhibitory effect on calcite precipitation. There was
no statistically significant difference in the inhibition ex-
hibited by POFA and WLHPOA at 25 °C, although they possess
different molecular weights. The similar Kyoncona (0r AG®") for
POFA and WLHPOA, however, derives from different ther-
modynamic properties of the adsorption reaction, which
compensate for each other. As shown in Table 2, the strength
of the bond (AH®') between WLHPOA and the crystal growth
sites on the calcite surface is about twice that for POFA, and
in turn, a higher entropy change (TAS®') must result from
the adsorption of WLHPOA than that from POFA to make
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FIGURE 4. van't Hoff plot of nonconditional stability constants at
different temperatures. The slope is equal to —AH°'/R.

TABLE 2. Summary of Thermodynamic Data for the
Chemisorption of NOM onto Calcite (25 °C)

SRFA POFA WLHPOA
AG® (kJ/equiv) —40.6 —30.8 —30.8
AH" (kJ/equiv) 33.0 25.4 48.0
TAS®' (kJ/equiv) 72.8 56.5 77.9

them indistinguishable in their net inhibitory effect on calcite
precipitation (same AG®'). Thus, molecular weight may not
be the sole factor determining the inhibition of calcite
precipitation, especially when comparing NOMs with similar
molecular size.

Itis generally accepted that the aromatic content of NOM
correlates directly to its molecular weight (24) and contributes
most to the ability of NOM to inhibit calcite precipitation
(3—5). Thus, the strongest degree of inhibition observed for
SRFA should be a combined result of its high molecular weight
and high aromatic carbon content, although SRFA also had
the highest hydrophilic (aliphatic II, carboxyl, and ketone)
content.

The molecular weight and aromatic carbon content of
POFA and WLHPOA were different, but similar inhibitory
effects were observed. This similarity results from a coun-
terbalancing of the different thermodynamic properties of
the adsorption reaction; both enthalpy change and entropy
change were higher for WLHPOA than those for the POFA
as shown in Table 2. WLHPOA has a greater aromatic carbon
content and has less hydrophilic moieties than POFA (Table
S2). It is not surprising that the stronger hydrophobic nature
of WLHPOA would cause a higher entropy change during its
adsorption on calcite because more water molecules would
need to be displaced from the calcite surface due to this
hydrophobic effect (1). However, it is surprising that the
differences between the enthalpy change and the entropy
change (AH*' — TAS®") for WLHPOA and POFA were the same
at 25 °C.

In summary, the inhibition of calcite precipitation by NOM
can be described by the Langmuir adsorption theory, i.e.,
that the rate of calcite precipitation is proportional to the
available active crystal growth sites on the calcite surface.
Traditionally, data-fitting to the Langmuir adsorption iso-
therm usually results in a conditional equilibrium constant
or an adsorption constant that is highly dependent on pH
because of difficulties in identifying the actual sites on the
adsorbent and adsorbate that participate in the adsorption
reaction. In this study, we were able to converge disaggregated
conditional equilibrium constants determined at different
solution compositions to a single nonconditional value by
assuming that the sites on the NOM macromolecule com-
plexed by Ca?* (NOM—Ca™) are the responsible sites that
adsorb to crystal growth sites on the calcite surface and



subsequently inhibit calcite precipitation. This mechanism
can be used to explain the degree of supersaturation with
respect to calcite that is normally observed in natural waters
rich in NOM (3). In addition, this degree of supersaturation
may be higher if the molecular weight and hydrophobic
content of the NOM are greater. The high positive enthalpy
change of the adsorption reaction suggests that the adsorp-
tion of NOM onto the calcite surface is a chemisorption
process and that the reaction is endothermic. In addition,
the adsorptionreaction is driven solely by the entropy change,
most likely resulting from the release of water molecules on
the calcite surface that accompanies the adsorption of the
hydrophobic NOM macromolecules. The greatest inhibitory
effect was observed for the NOM with the highest molecular
weight and aromatic content. However, molecular weight
and aromatic content may not be the only determining
factors. The balance between enthalpy change and entropy
change should determine the extent to which NOM inhibits
the rate of calcite precipitation.
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