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Abstract—This study was conducted to develop a model for the precipitation rate of calcite under varying
CO, partial pressures and concentrations of dissolved organic carbon (DOC). Precipitation rates of calcite
were measured in solutions with supersaturation values (£2) between 1 and 20 and in the presence of 2 m?L "
of calcite. Experiments were run at partial pressures of CO, (Pq,) in the range of 0.035-10 kPa and DOC
concentrations in the range of 0.02-3.50 mM. The effects of these two variables were quantified separately for
the precipitation mechanisms of crystal growth and heterogeneous nucleation. We found an increase in
precipitation rate (at constant {}) when P, increased. For constant {2, we also found a linear relationship
between calcite precipitation rate and activity of CaHCO, ™, indicating that CaHCO,™ species have an active
role in the mechanism of calcite precipitation. These findings suggest that the increase in the precipitation rate
with higher P, levels is likely caused by the increase in the negative charge on the calcite surface together
with an increase in the activity of CaHCO, species in solution. The mechanism of inhibition of calcite crystal
growth by organic ligands has been shown to be surface coating of the crystals by DOC. The amount of DOC
adsorbed on the surface of the calcite crystals follows a Langmuir isotherm for all the P, levels studied;
however, the amount of DOC necessary to inhibit calcite precipitation increased. With increasing Pe,, the
negative charge on the crystal increases, which affects crystal growth, but also these increases in P, cause
a decrease in the solution pH and increase in the ionic strength for constant £2. Solution pH and ionic strength
affect the structure and degree of dissociation of the organic functional groups, which in turn affects the
inhibition of crystal growth and heterogeneous nucleation. The effect of P(.,, and DOC concentration on the
precipitation rate of calcite is expressed in a precipitation rate model which reflects the contributions of crystal

growth and heterogeneous nucleation. Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION

Carbonate minerals are ubiquitous and play an important role in
the geochemistry of natural environments. Precipitation and dis-
solution of carbonates affect most of the biogeochemical processes
of aquatic systems and can influence the cycling of major and trace
elements. There is extensive evidence that calcite precipitation in
natural environments is a kinetically controlled process, but very
few precipitation studies have been conducted under circum-
stances that simulate natural conditions.

The literature on the solution kinetics of calcite in clean
systems is extensive (Nancollas and Reddy, 1971; Reddy and
Nancollas, 1973; Plummer et al., 1978; Morse, [983; Mucci
and Morse, 1983; Buhmann and Dreybrodt, 1985 a, b: Inskeep
and Bloom, 1985, 1986; Busenberg and Plummer, 1986;
Mucci, 1986; Compton et al., 1989; Compton and Unwin,
1990; Compton and Pritchard, 1990; and Brown et al., 1993).
[n these studies the effects of pH and P, on calcite dissolu-
tion and precipitation are quantified for temperatures from 5 to
60°C. Shiraki and Brantley (1995) presented a kinetic model
for calcite precipitation at near-equilibrium conditions at
100°C. In their model, based on Nielsen (1983), Shiraki and
Brantley (1995) include three reaction mechanisms for calcite
precipitation and define the conditions of the system at which
each one of the mechanisms occur. Although developed for
high temperatures, the Shiraki and Brantley (1995) model pre-
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sents a basis for a better understanding of calcite crystal growth
at 25°C. They maintain that spiral growth, adsorption, and
surface nucleation occur during calcite precipitation, and the
importance of the different mechanisms depends on the initial
conditions of the system. Different stages of calcite precipita-
tion were initially proposed by Nancollas and Reddy (1971)
and have been observed by Dove and Hochella (1993) using
atomic force microscopy.

Water soluble organic ligands and ions such as PO, have
been known to act as precipitation inhibitors by blocking crys-
tal growth sites (Kitano and Hood, 1965; Reddy, 1977; Reyn-
olds, 1978; Reddy and Wang, 1980; Inskeep and Bloom, 1986;
Dove and Hochella, 1993; Gratz and Hillner, 1993; Katz et al.,
1993; Paquette et al., 1996). In a seeded crystal growth exper-
iment Inskeep and Bloom (1986) found that the precipitation
rate constant decreased to zero at ¥ = 8-9 () = JAP/Kp.
where AP is the ionic activity product, and K, is the solu-
bility product of pure calcite at 25°C) in the presence of 0.15
mM dissolved organic carbon (DOC) from a water-soil extract.
Levels of DOC in natural environments are comparable to the
levels found by Inskeep and Bloom (1986) to inhibit calcite
precipitation; however. most calcite precipitation models do not
account for organic matter inhibition. The only currently avail-
able model that predicts the calcite precipitation rate in the
presence of DOC is the model by Lebron and Suarez (1996).
They found that when the DOC = (.05 mM, the precipitation
rate is essentially independent of the surface area of the calcite
and dependent on the DOC concentration.

The Lebron and Suarez (1996) model was developed for
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Table 1. Synthesis of the experiments performed

Total Number of

Objective
Experiments

Repetitions

0 DOC (mM) Pco; (KPa)

To analyze the

effect of Py, on

calcite precipitation 3 1
at variable

To analyze the

effect of Py, o0

calcite precipitation 21 3
at constant

To analyze the

effect of DOC on

calcite precipitation 3 1
ats

To analyze the

effect of DOC on

calcite precipitation 3 1
at 10 kPa

To analyze the
effect of DOC on 4 2
crystal growth

To analyze the

effect of DOC on 6 2
heterogeneous

nucleation

1-20 1} 0.035, 5, 10

0.035,2,3,4.5,
579,10

2.5:2.0 0.07,039, 1.8 5

2520 0.02, 0.48,3.50 10

2 0.02-1 5, 10

5 0.05-0.85 0.035, 5, 10

atmospheric partial pressure of CO, (P¢o, = 0.035 kPa) but
concentrations of CO, in the root zone are 10-500 times higher
than in the atmosphere. The effect of Po, on the precipitation
rate of calcite in the absence of DOC was measured and
modeled by Busenberg and Plummer (1986). They conducted
crystal growth experiments by measuring the increase in weight
of single crystals suspended in solutions with () values from 1.5
to 100. However, crystal growth, in solutions far from equilib-
rium, only accounts for part of the precipitation process. In the
absence of DOC and absence of calcite crystals, Lebron and
Suarez (1996) observed precipitation in the bulk solution. It is
likely that dust particles in suspension, bacteria, and extraneous
agents act as active sites for the calcite to precipitate by
heterogeneous nucleation.

The objectives of this study were: (1) To reevaluate the
effect of the P, on the total calcite precipitation by measuring
the amount of Ca and HCO, depleted from the solution, (2) To
determine the effect of the DOC on crystal growth and heter-
ogeneous nucleation of calcite at different levels of Peo,, and
(3) To quantify the effect of P, and DOC concentration in a
precipitation rate model. )

2. MATERIALS AND METHODS

Calcite precipitation experiments were performed using 250 mL
flasks connected to a pressurized air-CO, source by a plastic capillary
inserted into the flask’s stopper. The gas was presaturated with water by
bubbling through three deionized water-filled 1.0-L. towers. The com-
position of the gas bubbled into the flasks was obtained by mixing a
CO,-free gas and 100% CO,. the fluxes of each one of these gases were
measured by mass flow controllers (model 825, Edwards High Vacuum
International, Wilmington, MA), and the mixture was monitored by a
multichannel flow controller (model 1605 also trom Edwards).

Every flask contained 80 mL of calcite supersaturated solution and
calcite crystals (Baker, Analytical Reagent) with a particle size of 2-20
wm and a total surface area of 2 m?L ! (0.17 g). Calcite saturated
solutions were prepared by reacting deionized water with an excess of

53 pm calcite crystals (Mallinckrodt) under 99 kPa P, . Later, this
solution was bubbled with a gas with a P, lower than 99 kPa yielding
a calcite supersaturated solution. We diluted this supersaturated solu-
tion with DIW to achieve a wide range of 1.

The flasks were shaken at 90 cpm during the experiment on a
reciprocating shaker table in u constant temperature room at 25
+0.5°C. A flask with NaHCO; was used as a blank in each experiment
to ensure that evaporation was not occurring.

Samples from the supernatami were taken at different intervals and
filtered through prerinsed 0.1 um filters. A portion of the sample was
diluted five-fold to avoid further precipitation and analyzed for Ca and
alkalinity. The other portion of the sample was acidified with HNO,
buhbbled for 5 min with O, and analyzed for DOC with a Dohrmann
Carbon Analyzer (Dobrmann, Santa Clara, CA). The pH of the sus-
pensions was measured at the time of sampling with a Fisher Accumet
520 pH meter (Fisher Scientific Co., Pittsburgh, PA) and a Thomas
4094 combination pH electrode (Thomas Scientific, Swedesboro, NI)
calibrated with buffers pH 4.00 and 6.86 to within 0.01 pH units at
25°C. Calcium was determined by inductively coupled plasma emis-
sion spectrometry, alkalinity was measured by titration with KH(10,),
(National Bureau of Standards primary acid standard) as described in
Suarez et al. (1992). Precipitation rates were expressed as the amount
of Ca and HCO, depleted from the solution per time unit. Rates
calculated based on Ca data agreed within a 2% difference to the rates
calculated from the alkalinity data. The saturation levels for calcite
were calculated for every sample from pH and solution composition
with the speciation program GEOCHEM-PC (Parker et al., 1994).

Table | shows the conditions at which the forty different experi-
ments were conducted, all of them were performed at 25°C. Specific
characteristics for each one of them are explained below.

2.1. Calcite Precipitation Rate as Affected by P, and DOC

The effect of the P, on the calcite precipitation ratc in the absence
of DOC was measured in solutions with 2 m2L ™" calcite seeds, at
variable and constant (). Calcite precipitation rate was measured in the
range of €} 1--20 at Pcp, 0.035, 5, and 10 kPa, and samples were taken
att = 1,5, and 24 h. In a separate experiment at constant {2 = 5, the
precipitation rate of calcite was measured in triplicate reactions at P( 0,
=0.035,2,3,45.5,7,9, and 10 kPa, with samples taken at t = 0 and
1 h.
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Fig. 1. Calcite precipitation rate as a function of calcite supersaturation for three different partial pressures of CO, in
absence of DOC. Solid tines represent the precipitation model proposed in the present work.

Calcium carbonate precipitation rates were also measured in the
presence of DOC using calcite seeds (2 m?> L™') at P, of 5 and 10
kPa, and  values were varied from 2.5 to 20. Suwannee river fulvic
acid reference (International Humic Substances Society, Golden, CO)
was added to the reaction vessels to reach 0.07, 0.39, and 1.80 mM for
the Pep, = 5 kPa experiment, and 0.02, 0.48, and 3.50 mM for the
experiment at Pco, = 10 kPa. Samples from the supernatant were taken
at t = 0, 1, 5, and 24 h. Calcite saturation levels were calculated for
each sample taking into account the presence of the Ca-DOC complex.
We used the value pK = 1.7 for the complexation of fulvic acid with
Ca corresponding to FUL2 ~ in GEOCHEM-PC. The choice of FUL2™
was based on the similarities of the elemental chemical composition
and the infrared spectra of this fulvic acid (Sposito et al., 1976) and the
Suwannee fulvic acid reference (Lebron and Suarez, 1996) used in the
present study.

2.2. Calcite Precipitation Mechanisms

We studied the capability of DOC to inhibit calcite precipitation at
different CO, concentrations for precipitation conditions of crystal
growth and heterogeneous nucleation as follows.

The calcite precipitation rate was measured in duplicate suspensions
of calcite seeds (2 m* L™' ) with @ = 2 and P, = 5 and 10 kPa.
Under these conditions precipitation is only by crystal growth (Lebron
and Suarez, 1996). Suwannee river fulvic acid reference was added to
achieve DOC concentrations from (.02 to | mM. Ca-DOC complex-
ation was accounted for to maintain the same €2 value in all the flasks.
Samples from the supernatant were taken at 0 and | h and analyzed for
Ca, alkalinity, and DOC. The difference between the initial DOC and
the DOC after the reaction was considered the adsorbed DOC on the
calcite crystals. Solutions with no precipitation after 1 h were sampled
at different intervals for three days. Standard errors of the duplicates for

the Ca and alkalinity analyses were within 0.02 mmol_ L™' and DOC
within +0.005 mM.

Suwannee river fulvic acid was added to a solution with Q = 5 to
reach six concentrations varying from 0.05 to 0.85 mM in DOC.
Reactions were run in duplicate. Calcite crystals were coated with an
amount of DOC necessary to avoid precipitation of calcite by crystal
growth (C,, from Table 3) and added to the solutions. Supernatant
samples were taken at 0 and | h. Solutions with no precipitation after
1 h were sampled at intervals for three days. Precipitation rates were
measured at Peo, = 0.035, 5, and 10 kPa. We then calculated the
decrease in precipitation rate with increasing DOC as explained above.

3. RESULTS

3.1. Calcite Precipitation as Affected by P, in the
Absence of DOC

The calcite precipitation rates measured at different P, and
variable () are shown in Fig. 1. The precipitation rate increased
with increasing () and increasing P, As shown in Fig. 2, for
a constant {} = 5, the precipitation of calcite increased linearly
with increasing Pc.,. Also shown is the standard deviation for
the measured precipitation rates for each P, and the linear
equation that relates the P, and the precipitation rate for the
range of CO, studied. L

The activities of different species in solution at each level of
Pco, is shown in Table 2. Figure 3 gives the relationship
between measured calcite precipitation rates and the activity of
the CaHCO,™" species in solution for constant €} and varying
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Fig. 2. Calcite precipitation rate, with standard errors, at constant
supersaturation level ({1=5) as a function of the partial pressure of CO,
in the absence of DOC.
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P, Since the speciation of the chemical components of the
solutions are in equilibrium with the speciation on the surface
of the mineral, the linear relationship between precipitation rate
and CaHCO; at constant {} shown in Fig. 3 suggests that
CaHCO;7 has an active role in the precipitation of calcite. The
measured pH, precipitation rate, and ionic strength are also
shown in Table 2.

3.2. Calcite Precipitation as Affected by Pg, in the
Presence of DOC

The decrease in the calcite precipitation rate with increasing
DOC at Py, = 5 kPa and 10 kPa is shown in Figs. 4 and 5.
Near equilibrium, the () value at which the precipitation rate
was undetectable increased when the DOC concentration in-
creased for the same Peq,. At Pog, = 10kPa and DOC = 3.50
mM no precipitation was detected below {1 = 4,

Calcite precipitation rate at Peq, 0.035 kPa with the addition
of DOC in the presence of calcite crystals was not measured
because we already established that when DOC = 0.05 mM the
precipitation rate is independent of the calcite surface area
(Lebron and Suvarez, 1996). The calcite precipitation rate at
Py, 0.035 kPa and different levels of DOC in the absence of
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Fig. 3. Calcite precipitation rate, with standard errors, at constant
supersaturation level (£}=35) as a function of CaHCO7 activity in the
absence of DOC.

calcite crystals was previously measured by Lebron and Suarez
(1996).

3.2.1. Calcite crystal growth

In the absence of calcite crystals, solutions with ) = 2
remained metastable for several days. This observation indi-
cates that heterogeneous nucleation is not a significant precip-
itation mechanism under these conditions. The precipitation
rates of calcite at £1 = 2 in the presence of calcite seeds,
different DOC concentrations, and Peo, values of 5 and 10 kPa
are shown in Fig. 6, also shown are the error bars in the
horizontal and vertical axes. The amount of adsorbed DOC (in
mmol m™2) necessary to inhibit the precipitation rate of calcite
by crystal growth (C,,) increased with increasing Pe,. Note
that the relevance of Fig. 6 is the value of C,, at which the
precipitation rate is =107% mM s, which is the detection
limit for this experiment.

We calculated the Langmuir adsorption isotherm for DOC
expressed as

C. = KM DOC/{1 + KDOC) 3]

Table 2. Supersaturation Jevel {€2), pH, calcite precipitation rate (R), and activity of the species in solution at different partial pressures

of CO, (Peoy). :
Pros o Tonic pH R(mMs") HCO; H,COaq) CaHCO," CaC0,'(aq)
(kPa) Strength

0.035 511 2.7x10° 8.50 8.75x10°¢ 1.63x10° 1.16x10* 1.20x10°* 2.43110*

2 4.92 1.1x10* 7.34 5.56x10° 6.67x167 6.85x10* 1.63x10* 2.28x10*

3 5.01 1.3x10° 7.23 1.00x10* 7741107 1.03x10° 2.13x10* 2.32x10

4.7 5.08 1.5x107 7.18 1.17x10* 9,10x10° 1.61x107 286310 2.33x104

-1 5.36 1.6x10* 1.16 1.00x10* 9.33x10° 1.72x10° 3,00x10 2.35x10°

7 509 1.8x107 6.99 1.73x10* 1.05x107 2.40510° 3.71x10* 234110

9 482 L9x10° €91  2.09x10* 113x10%  3.10x10° 4.22x10% 2.22x10°

10 512 2.0x10° 6.88 3.10x10* 1.23x107 3.69x10° £13x10* 2.47x10°¢

t Q=(IAP/K )
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(DOC) concentrations of §.07, 0.39, and 1.80 mM.

where C,,, is the amount of DOC adsorbed on the surface of
the calcite crystals, K is an affinity parameter, and M is the
adsorption maximum. We calculated the adjustable param-
eters, K and M, using our experimental data and the program
ISOTHERM (Kinniburgh, 1986 ; Table 3). Figure 7 shows
the experimental data (values for 0.035 kPa in this section
are taken from Lebron and Suvarez, 1996) and calculated
isotherms represented as solid lines. From Fig. 7, we calcu-
lated the DOC in equilibrium with the C;,, these values
for the three P, are also shown in Table 3. DOC concen-
tration in equilibrium with Cyy, is related to the Peg, by the
logarithmic function: DOC = 0.14 + 0.06log P,
(R% = 0.9999),

We also calculated the relative decrease in the calcite pre-
cipitation rate with increasing DOC. This factor was obtained
by dividing the precipitation rates of calcite at different con-
centrations of DOC by the precipitation rate of calcite in the
absence of DOC, The fractional decrease in the precipitation
rate of calcite (precipitation rate reduction) calculated for the
three levels of Peg, as a function of the DOC, is presented in
Fig. 8.

3.2.2 Calcite heterogeneous nucleation

Supersaturated solutions with {} = 5 do not remain metasta-
ble for long periods of time. Precipitation by heterogeneous
nucleation occurs within hours in the absence of calcite crystals

or in the presence of DOC-coated crystals. The precipitaton
rate by heterogeneous nucleation decreased when DOC in-
creased and when the P, decreased. The decrease in the
precipitation rate of calcite for Peg, 0.035, 5, and 10 kPa as a
function of the DOC is presented in Fig. 9.

4. DISCUSSION

4.1. Calcite Precipitation Rate as Affected by P, in the
Absence of DOC

In the € range of 2-20 we found an increase in the calcite
precipitation rate with increasing P, in qualitative agree-
ment with the model of Plummer et al. (1978). However, in
the absence of DOC the model of Plummer et al. (1978; also
called Plummer-Wigley-Parkhurst equation or PWP equa-
tion) underpredicts our measured precipitation rates. The
deviation of the PWP equation from our measurements may
be due to the implicit assumption of the PWP model, which
is that crystal growth is the only mechanism for calcite
precipitation. This model was developed by Plummer et al.
(1978) from dissolution data and includes a term for the back
reaction of crystal growth. The model was evaluated for
precipitation data by Plummer et al. (1979), Reddy et al.
(1981), Dreybrodt (1981), Suvarez (1983), Inskeep and
Bloom (1985), Busenberg and Plummer (1986), and Shiraki
and Brantley (1995) among others. The agreement between
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the measured data from the different authors and the calcu-
lated precipitation rates with the PWP model was within the
same order of magnitude but varied depending upon the
initial conditions of the system. Only Busenberg and Plum-
mer (1986) found an accurate fit between their data and the
PWP model in the range of { 1.5-100; however, this good
agreement can be attributed to the experimental method.
They determined precipitation by the increase in weight of
an existing crystal, which measures only precipitation by
crystal growth and did not do systematic analyses of the
changes in solution composition. Measurement of changes in
solution composition would result in determination of over-
all precipitation rates (crystal growth plus heterogeneous
nucleation).

In the absence of calcite crystals, precipitation occurs in
supersaturated solutions far from equilibrium. Bacteria and
particles in suspension may act as active sites for heteroge-
neous calcite nucleation. On the other hand, solutions close
to equilibrium, £ ~ 2, remain metastable for several days
in the absence of calcite crystals, indicating that heteroge-
neous nucleation does not contribute significantly to calcite
precipitation under these conditions (L.ebron and Suarez,
1596).

We observed that at {} values of 3-4 the precipitation
increases rapidly, and when {} = 3, there is an inflection in the
curve where increases in {} do not yield major changes in the
precipitation rate (Fig. 1). At this supersaturation level ({2 > 5)

both crystal growth and heterogeneous nucleation are active
(Lebron and Suarez, 1996). Analysis of eight Peg, levels at O
=5 to quantify the effect of P, on calcite precipitation in the
presence of heterogeneous nucleation suggested that precipita-
tion and Peg, were not independent variables.

PWP model predicts a linear relationship between crystal
growth and Pcq; the fact that precipitation rate in Fig. 2 has a
linear relationship with increasing Pcg, in the presence of
heterogeneous nucleation indicates that heterogeneous nucle-
ation also follows a linear relationship with Pcq,. The mecha-
nistic mode] for the precipitation of CaCO; proposed by Plum-
mer ¢t al, (1978) considers the reaction between bulk solution
CaHCO; and negative surface sites. Our results (Fig. 3) show
that the increase of the precipitation rate of calcite with in-
creases in CaHCO, activity remains linear. This linearity may
indicate that the CaHCO; species has an active role in heter-
ogeneous nucleation as well as in crystal growth, since at {1 =
5 both precipitation mechanisms are active.

The density of negative charge on the carbonate surface
increases when the Pcq, increases (Charlet et al,, 1990).
This increase occurs at pH > pHyp (pH of zero point of
charge) and is due to changes in surface speciation. The
pHupe for calcite has been reported in the literature with
values ranging from 7.0 to 10.8 (e.g., Somasundaran and
Agar, 1967; Mishra, 1978; Amankonah and Somasundaran,
1985; Thompson and Pownall, 1989; van Capellen et al,,
1993). The relatively high solubility of this mineral and the
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complexity of carbonate surface speciation make it difficult
to accurately determine the pHop for calcite. The speciation
of the chemical components in solution, and on the surface
of the mineral, are not uniquely determined by pH alone.
This is demonstrated by the shift in pHype of another car-
bonate mineral, rhodochrosite, induced by changes in Pq,
(van Capellen et al., 1993).

In our case, the increase of negative surface charge, together
with the increase in the CaHCOJ activity in solution may
explain the increase in precipitation by crystal growth with
increasing P, . For heterogeneous nucleation and from Fig. 3,
the increase in CaHCO; alone may also explain an increase in
precipitation with increasing Pr.,. The unknown nature of the
active sites in suspension makes it difficult to predict the effect
of Py, on the suspended entities; however, in the absence of
DOC, crystal growth is important once heterogeneous nucle-
ation causes formation of calcite nuclei.

4.2. Precipitation Rate of Calcite as Affected by P, in
the Presence of DOC

The precipitation rate of calcite in the range of {2
= 2.5~20 decreased when the DOC concentration increased
for Peo,= 5 and Po, = 10 kPa (Figs. 4 and 5} however,
higher DOC concentrations were needed to cause an equal
reduction in precipitation when the P, increased. In the
presence of DOC, precipitation rates were below our detec-
tion limit when {3 ~ 2, In a region near equilibrium the
surface charge of carbonate minerals remains relatively
close to zero (Charlet et al., 1990). The coating by DOC at
low negative surface charge when {} is close to 1 explains
the reduction of the precipitation rate to levels close to zero
even when the system is still supersaturated. This reduction
of the precipitation rate near equilibrium is consistent with
the persistence of supersaturated conditions observed in

Table 3. Langmuir isotherm parameters for three P, values, amount of DOC necessary to inhibit crystal growth (C,) and DOCin

equilibrium with Cyy, (DOC, ).
Py (KP2) K (mmol* L) M (mmol m*) Cy, (mmol m%) DOC,, (mM)
0.035 200 0.20 0.10 0.05
5 290 0.28 0.23 0.16
10 64.9 0.34 0.31 0.16
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natural systems by many researchers (Back and Hanshaw,
1970; Jacobson and Usdowski, 1975; Reynolds, 1978; Su-
arez, 1977,1983; Suarez and Rhoades, 1982; Dandurand et
al., 1982; Last, 1982; Inskeep and Bloom, 1986; Lorah and
Herman, 1988; Suarez et al, 1992) and corresponds to
metastable supersaturated levels with respect to calcite.

At atmospheric Pc,, Lebron and Suarez (1996) have shown
that crystal growth and heterogeneous nucleation are both
affected by the presence of DOC. However, the quantification
of the reduction of calcite precipitation due to DOC has to be
evaluated at different P, levels because the amount of DOC
necessary to coat calcite crystals (for the same surface area)
changes with the Peo,. With increasing Pcq,, the negative
charge density on the crystals increases, which will affect
crystal growth. Also these increases in P, are associated with
adecrease in the solution pH and increase in the ionic strength
at constant €. Solution pH and ionic strength are known to
affect the structure and reactivity of the DOC which may have
repercussions on the inhibition of crystal growth and heteroge-
neous nucleation.

4.2.1. Calcite crystal growth

Calcite precipitation in supersaturated solutions at {} = 2
where crystal growth is the dominant mechanism was measured
it Pog, = 5 and Pgo, = 10 kPa in the presence of different
DOC concentrations. Calcite precipitation decreased rapidly as

more DOC covered the crystal surfaces at both P, levels
(Fig. 6). Higher concentrations of DOC were necessary, at 5
kPa, to inhibit calcite precipitation in comparison with Peo, =
0.035 kPa (Lebron and Suarez, 1996} and even more DOC was
necessary when the P, was 10 kPa (Fig. 6). The Langmuir
isotherm in Fig. 7 and Table 3 show more clearly the increase
in the adsorption maximum and the affinity parameter with
P, Table 3 indicates that it is not necessary to completely
coat the calcite crystals with a monolayer of DOC to inhibit
crystal growth, especially at Poo, = 0.035 kPa. The precipita-
tion rate at atmospheric conditions was reduced to below our
detection limit when half of the total surface area was covered
by DOC.

The fact that at constant £ a greater DOC concentration 1s
required to block the active sites on the calcite crystals with
increasing P, may be due to a combination of at least three
different factors: (1) the increase in negative charge on the
calcite surface with increasing Prq, (Charlet et al., 1990), (2)
the decrease of the bonding capacity of the fulvic acid with
decreasing pH of the solution (Engebretson et al. 1996), and (3)
the decrease in the specific volume of the DOC due to increase
in the ionic strength of the solutions (Benedetti et al., 1996).

The solution pH decreases when P, increases (Table 2).
The degree of dissociation of the organic matter functional
groups depends largely on the pH of the solution. At higher pH,
the mutual repulsion of the negatively charged sites causes the
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Crystal growth

° Pco2=0.035 kPa
A Pcoz= 5 kPa
o Pcoz=10 kPa

y=3.06e-5x1.78, R2=0.83
y=6.70e-5x214, R2=0.95
y=3.89e-5x261, R2=0.86

'y

= 1.0/
-g- 0.9
2 08
® 0.7hHp
2 06+
£ 05
S 04}
:€§ 037
s 0.21\
o 017
0. 0.0 L

el

00 01 02 03 04 05 06 07 08 09

DOC (mM)

Fig. 8. Reduction in the rate of calcite precipitation by crystal growth as a function of dissolved organic carbon (DOC)
at three different partial pressures of CO,. Calculations were made by dividing the precipitation rates of calcite at different
DOC levels by the precipitation rate of calcite in the absence of DOC.

molecule with multiple functional groups to adopt a stretched
configuration. As the pH of the solution is lowered and some of
the charged sites are neutralized, a reduction in intramolecular
repulsion is predicted resuiting in a contraction of the polymer
chain. Engebretson et al, (1996) defined an association index
for humic acids using fluorescence anisotropy. This association
index is a quantitative parameter for estimating the polymer
contraction. They found that the association index increases
with decreasing pH, consistent with a structural contraction of
the humic acid molecule. Another factor affecting the charac-
teristics of DOC is the ionic strength. Murphy and Zachara
(1995} and Benedetti et al. (1996) found that the specific
volume of humic substances is strongly dependent on the ionic
strength, Several attempts have been made to model electro-
static interactions of humic substances with organic ligands and
cations (Tipping and Hurley, 1992; Marinsky and Ephraim,
1986; De Wit et al., 1990, 1993; Bartschart et al., 1992 Barak
and Chen, 1992; and Milne et al., 1995). The general consensus
is that the binding capability of humic substances generally
decreases with decreasing pH and increasing salt concentration,
We observed a decrease in pH and an increase in ionic strength
when the P, increased for the same £} value (Table 2) which
may account for the lower reactivity of fulvic acid with the
calcite crystal surface with increasing Pog,. Additionally, the
increased negative charge of the calcite crystals, with increas-
ing Ppg,, offers more reactive sites for crystal growth.

4.2.2. Calcite hetervgeneous nucleation

The precipitation rate of calcite at £ = 5 and in the presence
of DOC coated crystals decreased rapidly with increasing DOC
at Pep, 0.035, 5, and 10 kPa (Fig. 9). The decrease in precip-
itation rate was described by an exponential function (Fig. 9)
and was higher at higher P, for the same concentration of
DOC. The effect of pH and ionic strength on the DOC and their
effects on the inhibition of calcite precipitation by heteroge-
neous nucleation are similar to their effects on the inhibition of
calcite precipitation by crystal growth, discussed above.

4.3, Precipitation Rate Equation

Calcite precipitation rate in the presence of fulvic and humic
substances and atmospheric Pro, has been represented by the
following expression (Lebron and Suarez, 1996):

Ry = Reg + Ry &

where Ry is the total precipitation rate of calcium carbonate
(mM s™Y), Reg is the calcite precipitation rate due to crystal
growth, and Ry is the precipitation rate due to heterogeneous
nucleation.

For atmospheric conditions, the effect of DOC on the calcite
precipitation rate was quantified by a factor called precipitation
rate reduction, (f (DOC)), which is the fractional decrease in the
calcite precipitation rate when DOC is added to the solution. In
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Fig. 9. Reduction in the rate of calcite precipitation by heterogeneous nucleation as a function of dissolved organic carbon
(DOC} at three different partial pressures of CO,. Calculations were made by dividing the precipitation rates of calcite at
different DOC levels by the precipitation rate of calcite in the absence of DOC.

the present study, the precipitation rate reduction factor fol-
lowed an exponential curve at the three P, levels studied for
both precipitation mechanisms (Figs. 8 and 9). Since the inhi-
bition of the DOC is itself dependent on the Pe,, We modeled
the new rate reduction (f (DOC, P ) as follows:

f{DOC, Pep,) = aDOCP 3
where
o = YPey, 4
and
B =0+ Alog(Peo, + 1) &)

where ¢ (kPa™! mmol™! L), 8 (a-dimensional), @ (a-dimen-
sional), and A (log kPa™?) are constants. Substituting Eqns. 4
and 5 into Eqn.3 and taking logarithms we obtain

log(f(DOC, Peo,)) = logdr + logPeo,
+ 9logDOC + A(log(Pco, + 1))logDOC  (6)

where all the variables are known for the experimental data for
crystal growth (Fig. B). Using least squares, the calculated
constants for crystal growth are ¢ = 8.57 x 107¢, 8 = —~3.052
+ 0.168, and A = 0.793 = 0.202. The fit of Eqn. 6 to the data
gave an R? = 0.904.

The term R (mmol L™ 's™"), with the incorporation of the
effect of P, has the following form:

Reo = skeg([Ca?" [COT7] — Ksp)f(DOC, Peodes ()

where brackets represent activities, s is the calcite surface area
(m? L™, ko is the precipitation rate constant for crystal
growth (L? mmol ™! m ™% 57!}, and K is the solubility product
of pure calcite at 25°C. For our experimental conditions, ko =
64.8 L> mmol ™! 57! m™?, and f (DOC, Pcg)cq is the precip-
itation rate reduction factor. This factor varies from 1 to 0,
where 1 represents the precipitation rate of calcite when DOC
= 0. The term f (DOC, Pcp,) is zero when DOC = 0.14
+ 0.06logP ¢, This expression represents the amount of DOC
as a function of the P, needed to totally inhibit calcite crystal
growth by coating of the crystal surfaces.

The precipitation rate for heterogencous nucleation is repre-
sented by the following expression:

Ruge = ke f(SAY(log(£l — 1.5)) (DOC, Peouny (8)

where kg is the precipitation rate constant {mmol s™7 m™?).
For heterogeneous nucleation, kyy = 7.82 x 1074, The fiSA)
term is for the active sites (m* L) (heterogeneous nucleation)
of the particles in suspension, f (SA) = 1, where f(SA) = 1 in
the absence of particles in suspension, The value 1.5 has been
chosen since no precipitation was observed below ) = 2.5, the
term log () — 1.5) has positive values when Q& > 2.5 and f
(DOC, P} is the percentage decrease in the precipitaticn rate
due to the presence of DOC. From the experimental data in Fig.
9, Eqn. 6, and following the same procedure as with crystal
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growth, the constants defining f (DOC, P¢o,) have the follow-
ing values: ¥ = 5.916x107*, 9 = —1.41 £ 0.27, and A = 0.61
* 0.28, with R* = 0.965 {(p < 0.001). The substitution of Eqn.
7 and Eqn.8 into Eqn.1 predicts the calcite precipitation rate in
the range of 0 = DOC = 3.5 mM and 0.035 = P, = 10 kPa.

4.4. Prediction of the Calcite Precipitation Rate in
Natural Systems

Using the mathematical model presented above we estimated
the precipitation rate of calcite at DOC = 0.07, 0.39, and 1.80
mM at 5 kPa, and DOC = 0.02, 0.48, and 3.50 mM at 10 kPa.
The model presented showed good agreement with the exper-
imental data, (Figs. 1, 4, and 5, solid lines). This new model
should result in more realistic predictions of calcite precipita-
tion rates and solution composition in near surface environ-
ments such as soils and shallow aquifers.

5, CONCLUSIONS

In solutions with & = 5 and in the absence of DOC,
heterogeneous nucleation should be considered as a separate
mechanism of calcite precipitation in addition to crystal
growth. Previous models fail to account for the precipitation
outside the initial crystals, yielding a poor agreement with our
experimental results.

The incorporation of CaHCOJ into the negatively charged
calcite surface erystal has been confirmed as the mechanism of
calcite precipitation by crystal growth. When crystal growth
and heterogeneous nucleation were active, the linearity be-
tween precipitation rate and CaHCOjZ holds, indicating that
heterogeneous nucleation follows a similar mechanism.

Higher levels of DOC were necessary to inhibit calcite
precipitation when the Peo, increased at constant £2. Increase in
the negative charge of the caicite crystals, decrease in the
binding capacity of the DOC due to the decrease of the solution
pH, and decrease in the DOC specific volume due to the
increase in ionic strength may account for the lower inhibitory
capability of DOC at higher P,

The authors thank Christine Espiritu for her assistance in the chemical
analysis. Contribution from the US Salinity Laboratory, USDA-ARS.
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