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ABSTRACT

Phosphorus (P), calcium (Ca) and natural organic matter (NOM) naturally occur in all aquatic ecosystems.
However, excessive P loads can cause eutrophic or hyper-eutrophic conditions in these waters. As a
result, P regulation is important for these impaired aquatic systems, and Ca-P co-precipitation is a vital
mechanism of natural P removal in many alkaline systems, such as the Florida Everglades. The interaction
of P, Ca, and NOM is also an important factor in lime softening and corrosion control, both critical pro-
cesses of drinking water treatment. Determining the role of NOM in Ca-P co-precipitation is important
for identifying mechanisms that may limit P removal in both natural and engineered systems. The main
goal of this research is to assess the role of NOM in inhibiting Ca and P co-precipitation by: (1) measuring
how Ca, NOM, and P concentrations affect NOM'’s potential inhibition of co-precipitation; (2) determining
the effect of pH; and (3) evaluating the precipitated solids. Results showed that Ca-P co-precipitation
occurs at pH 9.5 in the presence of high natural organic matter (NOM) (=30 mg L~!). The supersaturation
of calcite overcomes the inhibitory effect of NOM seen at lower pH values. Higher initial P concentrations
lead to both higher P precipitation rates and densities of P on the calcite surface. The maximum surface
density of co-precipitated P on the precipitated calcite surface increases with increasing NOM levels, sug-
gesting that NOM does prevent the co-precipitation of Ca and P.
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1. Introduction

Phosphorus (P), calcium (Ca) and natural organic matter (NOM)
play an important role in both surface waters and drinking water
treatment systems. P, Ca, and NOM (measured as dissolved organic
carbon (DOC)) naturally occur in every aquatic ecosystem; how-
ever, excessive P loads can cause eutrophic or hyper-eutrophic
conditions in surface waters. These conditions are characterized
by excessive primary productivity, reduction or depletion of dis-
solved oxygen, stressed aquatic organisms, and simplified trophic
structure. P regulation is critical for many aquatic systems, and P
co-precipitation with Ca, referred to as Ca-P co-precipitation in
this study, is an important mechanism of natural P removal.
Studies have shown, however, that DOC concentrations as low as
2.5mg CL™! can inhibit Ca precipitation and significantly reduce
calcite (CaCOs3) growth (Hoch et al., 2000; Lin et al., 2005). Thus,
DOC may negatively affect removal of P in natural systems by
inhibiting Ca-P co-precipitation, but more research is necessary
to assess the extent of this effect. Determining the role of DOC in
Ca-P co-precipitation is important for identifying mechanisms that
may limit P removal in natural and engineered systems where high
P levels are a concern.

The interaction of P, Ca, and DOC is also relevant for water treat-
ment and distribution systems. P is often introduced during water
treatment processes for corrosion control and enhancement of
biofiltration processes (Lauderdale et al., 2012). Ca is introduced
during water treatment for lime softening, and DOC is a natural
component of the raw water. The interactions of P, Ca, and DOC
have significant implications for the effectiveness of corrosion
control processes, biofiltration, and lime softening.

P and DOC both compete for active crystal growth sites with the
free calcium ion, Ca?*, leading to lower calcite precipitation rates,
which has the potential to hinder the softening process (Lin
et al., 2005; Lin and Singer, 2006). P is also used for nutrient enrich-
ment of biofiltration process that remove DOC (Lauderdale et al.,
2012). As a result, the potential interactions of P, Ca, and DOC will
be important for this emerging technology.

Corrosion studies have pointed to complex reactions between P,
Ca, and DOC. The potential interactions of P with Ca and DOC can
cause both positive and negative effects on corrosion control. For
example, the formation of apatites (a group of calcium phosphorus
minerals) can reduce corrosion in copper distribution systems;
however, phosphate use in copper pipes can also decrease the for-
mation of a protective malachite layer (Dartmann et al., 2004). DOC
in the water may affect the performance of scale formation by
decreasing the formation of Ca-P complexes, which may or may
not be beneficial to corrosion control depending on the inhibitor
used, the DOC concentration, and the material in the distribution
system. An improved understanding of how P, Ca, and DOC interact
will help water treatment professionals design and operate sys-
tems with better efficiency and reduced corrosion.

Previous work on P, Ca, and DOC has focused solely on the inter-
actions between two of these three constituents. Studies have eval-
uated DOC and Ca, and their results show that DOC can
significantly inhibit Ca precipitation in natural and engineered sys-
tems (Hoch et al., 2000; Lin et al., 2005). Other studies have looked
at the importance of Ca-P co-precipitation to P removal in natural
waters. Diaz et al. (1994) showed large decreases in aqueous P con-
centrations in response to pH and calcium increases. However, to
the authors’ knowledge, no work has been completed on all three
of these water chemistry parameters at the same time.
Simultaneous evaluation of P, Ca, and DOC is needed to determine
how DOC affects Ca-P co-precipitation, thus enabling a better
understanding of P removal by precipitation in both engineered
and natural systems.

The main goal of this research is to assess the role of DOC in Ca
and P co-precipitation. The specific objectives are to: (1) measure
how the DOC concentration affects Ca-P co-precipitation, (2) com-
pare the effect of differing pH values on Ca-P co-precipitation in
the presence of DOC, (3) determine the types of minerals precipi-
tated, and (4) evaluate whether DOC co-precipitates with either
Ca or P during calcite precipitation.

2. Materials and methods
2.1. pH-stat apparatus

A pH-stat system was used to study the effect of DOC and P con-
centration on Ca-P co-precipitation rates. Tomson and Nancollas
(1978) introduced the pH-stat system, which creates a constant
degree of supersaturation relative to a solid phase by maintaining
solution pH and composition. All experiments were conducted in a
600 mL jacketed beaker (Ace Glass, Inc.) The jacket contained cir-
culating water from a temperature controlled water bath that
insured all experiments were conducted at 25 °C. For this study,
Acros Organics 99+% ACS reagent calcite seed crystals (CaCOs), pur-
chased from Fisher Scientific (Cat. No. AC423511000), were intro-
duced as a dry-powder into an experimental solution (see
Section 2.2) with equimolar Ca and COs; concentrations, which
caused the precipitation of calcite and decreased the solution pH.
The specific surface area of the calcite seed was 0.323 m? g~ ! as
determined by a six-point N,-BET method (Brunauer et al,
1938). The experimental solutions were stirred at a rate sufficient
for good mixing. Equal volumes of 0.053 M (I=0.1 M) CaCl, and
Na,CO; titrant solutions were added using a syringe pump
(Harvard Apparatus 22) to return the pH to the set value (either
8.5 or 9.5), and maintain the constant degree of supersaturation.
These titrant solutions were based on concentrations in previous
research used to estimate calcium precipitation in the presence
of NOM (Hoch et al, 2000; Lin et al, 2005). The titrant
solutions are not the same as the experimental solutions
(see Section 2.2), which were added to the jacketed beaker before
the addition of the calcite seed. The syringe pump was controlled
using a PHCN-37 pH controller (Omega Engineering) with a
Thermo Fisher Orion 9156BNWP electrode to maintain solution
pH. The pH controller maintained pH within +0.05 pH units of
the set value. The pH controller was calibrated daily with pH 7
and 10 standards (Fisher Scientific) A datalogger (CR510,
Campbell Scientific) was used to continuously record pH, time,
and titrant volume added.

The amount of titrant used to maintain solution pH and the
mass of added calcite seeds were used to calculate the amount of
solid precipitated based on the following equation (Hoch et al,,
2000; Lin et al., 2005):

Sxm
G x SA (1)

where S is slope (Ls™!); m is the molarity of the titrant solution
(umol L71); G is the mass of the calcite seed (g); SA is the surface
area of the calcite seed (m? g~!); and Ca precipitation rates is in
the units of pmol s™! m~2. Ca precipitation rates can be compared
across experiments to determine the effect of different DOC and P
concentrations on calcite precipitation.

Ca Precipitation Rate =

2.2. Experimental solutions

Table 1 shows the composition of all reactor experimental solu-
tions used in this study. A range of experimental times were used
to allow the calculation of a single Ca and P precipitation rate (see
Fig. 1) for each experiment shown in Table 1. The Ca precipitation
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Table 1
Experimental matrix®.

Synthetic pH P poc® Calcite Experimental time®
water (ugPL™") (mgCL™') seed (min)
number (mg)
1 8.5 100 0 100 0, 20, 40, 60, 80, 100
2 8.5 50 0 100 0, 20, 40, 60, 80, 100
3 8.5 100 0.5 100 100¢
4 8.5 50 0.5 100 100¢
5 8.5 100 2.5 100 100¢
6 8.5 50 2.5 100 100¢
7 9.5 100 2.5 50 0, 7.7 (0.54), 19.9 (0.87),
31.2 (1.25), 41.5 (1.98)°
8 95 50 25 50 0, 6.6 (0.49), 16.4 (0.05),
26.2 (0.81), 37.3 (0.54)°
9 9.5 100 7.5 100 0, 10.2 (1.32), 33.5 (2.91),
62.8 (7.29), 71.8 (6.88)°
10 9.5 50 7.5 100 0, 7.0 (0.83), 23.3 (1.19),
34.4 (1.80), 49.5 (1.60)°
11 9.5 100 15 175 -f
12 95 50 15 175 0,8.5(1.1),40.7 (2.4), 66.8

(5.30), 85.8 (4.90)°

2 For all experiments, reactor Ca concentration was 0.0025 M (prepared using
CaCl,-2H,0), carbonate concentration was 0.0025 M (prepared using NaHCOs), and
potassium nitrate concentration was 0.094 M (added to maintain the ionic strength
of the reactor solution at 0.1 M).

b prepared using Suwannee River NOM (IHSS).

€ All experiments were repeated in triplicate.

4 Experimental time in minutes.

¢ Experimental time in minutes with standard deviation in parentheses. Variable
pump cycles caused different experimental lengths.

f No experiments completed.

rate was calculated using the amount of titrant added to the
pH-stat system to maintain constant supersaturation with respect
to calcite. The P precipitation rate (see Fig. 1) was calculated for
each experimental solution using first-order kinetics and the
change in measured P concentration at increasing reaction times
(see Supplementary Material). Experiments were conducted in
triplicate and the average of triplicate experiments was used to cal-
culate both Ca and P precipitation rates. Experimental times were
based on a fixed number of minutes for experiments at a pH of 8.5
and were based on the number of pump cycles at a pH of 9.5. As a
result, the experimental times shown in Table 1 for experiments
conducted at a pH of 9.5 are average values. No data are shown
for experimental solution 11 because of poor repeatability (see
Section 3.2).

ACS reagent grade chemicals (Fisher Scientific) and DI water
were used for preparation of all experimental solutions. Stock Ca
and carbonate solutions were prepared in volumetric flasks using
deionized water and calcium chloride dihydrate (CaCl,-2H,0),
sodium bicarbonate (NaHCOs), and potassium nitrate (KNOs) to
adjust ionic strength to 0.1 M. P was added as monopotassium
phosphate (KH,PO,4) from a 100 mg P L~! stock solution. DOC was
added as Suwannee River (SR) NOM (IHSS catalogue number
1R101N). DOC was added to experimental solutions from a
104 mg C L' stock solution created by dissolving SRNOM in DI
water for 4 h. Stock solutions were not filtered prior to use.

The elemental composition of SR NOM is 7.0% ash, 52.47% C,
4.19% H, 42.69% 0, 1.10% N, 0.65% S, and 0.02% P (International
Humic Substances Society). It should be noted that the DOC con-
centrations presented in Table 1 and hereafter are the theoretically
calculated values. The measured values were lower with a differ-
ence of 25-29%. Two plausible reasons for this discrepancy are:
(1) some SRNOM was lost during filtration prior to analysis and/or
(2) incomplete dissolution of the SRNOM. However, the authors
acknowledge that neither reason can be verified at this time.

Metastable experimental solutions were created by slowly add-
ing an equal volume of stock Ca solution to the stock carbonate

solution. P and DOC were then added from each respective stock
solution. The total experimental solution volume in the reactor
for all experiments was 400 mL, but the volume of each solution
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Fig. 1. The effect of P, DOC and pH on: Ca precipitation rates (a), P precipitation
rates (b), and density of co-precipitated P on the calcite surface (c). For (a) and (b)
each bar represents an average precipitation rate calculated based on experiments
conducted in triplicate for the different durations listed in Table 1. These rates were
normalized to the calcite seed area.
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added was dependent on the desired concentrations of both P and
DOC. More information about the preparation of experimental
solutions is provided in the Supplementary Material. The starting
pH, either 8.5 or 9.5, for each experiment was adjusted using 0.1
and 0.01 M NaOH. Metastability was verified by observing constant
pH for 20-30 min before each experiment. In addition, all experi-
ments showed a constant slope (all R? > 0.90) with intercept values
near zero (+10% of the total amount of calcium titrant added for
that experiment). Examples of this metastability and constant
slope have been provided in the Supplementary Material.

2.3. Analytical methods

After each experiment, samples were double filtered to deter-
mine the amount of solids precipitated. The filters were
pre-rinsed with 500 mL of DI and 20 mL of sample to ensure that
the filters did not contaminate the samples. First, the experimental
solution was filtered using Whatman™ 934-AH RTU 1.5 pm glass
microfiber filters. Following this, the experimental solution was fil-
tered again using 0.2 pm SUPOR® 200 (Pall Corporation) filters.
Both filters were weighed prior to filtration and then dried for
1 h at 103-105 °C before being placed in a desiccator to cool for
at least 24 h. They were then weighed using a Mettler Toledo AE
160 balance to determine the amount of solids precipitated.
Precipitated solids were analyzed using a Rigaku Ultima IV X-ray
diffractometer (XRD) to verify the mineral phases present.

Filtered experimental solutions were analyzed for: (1) total
phosphorus (TP) following United States Environmental
Protection Agency (USEPA) Method 365.1 (USEPA, 1993) and (2)
Ca using method USEPA 200.7 (USEPA, 1994) at the University of
Florida Analytical Research Laboratory. Samples for TP analysis
were preserved with sulfuric acid to pH <2, and samples for Ca
were preserved using nitric acid to pH < 3. Triplicate P samples
for each experimental time shown in Table 1 had an average coef-
ficient of variation of 0.15 (range: 0-0.57) for experiments at a pH
of 8.5 and 0.09 (range: 0.01-0.40) for experiments at a pH of 9.5. Ca
concentrations for all experiments were within £10% of the target
concentration of 100 mg L~!. All samples were analyzed for DOC
using a Shimadzu TOC-Vcpy total organic carbon analyzer, and
UVsys4 using a Hitachi U-2900 spectrophotometer as described in
Apell and Boyer (2010). All standard checks were within 10% of
known values for P, Ca, and DOC measurements. Analytical repli-
cates of both samples and standards were also within 10% for all
measurements. Visual MINTEQ version 3.0 was used to calculate
solution speciation.

3. Results and discussion
3.1. Calcium phosphorus co-precipitation

Experiments were conducted at different time intervals to
determine P co-precipitation rates with Ca. Fig. 1 shows Ca and P
precipitation rates for all experiments in this study. An analysis
of the change in P concentration across time for each experimental
solution showed that P precipitation was best modeled using
first-order kinetics (see Supplementary Material). As a result, the
average P precipitation rates for each experimental solution are
presented in Fig. 1, normalized for the calcite seed area.

There was a lower change in P concentration as experimental
time increased. This lower P removal is the result of two factors:
(1) the lower phosphate activity in solution as a result of P precip-
itation (Se et al.,, 2011) and (2) the saturation of active crystal
growth sites with P. House and Donaldson (1986) and Dove and
Hochella (1993) both showed that P can be incorporated into
active crystal growth sites. However, House and Donaldson

(1986) also showed that P can adsorb to other locations on the cal-
cite surface. The total amount of adsorption sites, both active crys-
tal growth sites and surface adsorption sites, are limited by the
total area of the calcite seed (House and Donaldson, 1986; So
et al.,, 2011). Consequently, as the experimental time increases, P
precipitation rates decrease because adsorption sites become satu-
rated with P.

Fig. 1 clearly shows that higher initial P concentrations do lead
to higher P co-precipitation rates. P precipitation rates are higher
at higher initial P concentrations because there is more P available
for co-precipitation with Ca. Fig. 1 also shows that Ca precipitation
is lower at increased initial P concentrations. Lin and Singer (2006)
found the same trend of lower Ca precipitation rates in the
presence of higher P. Higher P concentrations lead to more free
hydrogen phosphate and phosphate, which replace water
molecules on the calcite surface and can block active crystal
growth sites leading to lower Ca precipitation rates (House and
Donaldson, 1986).

The maximum surface density of co-precipitated P on the pre-
cipitated calcite surface can be calculated using the following
equations (House and Donaldson, 1986; House, 1990; Hartley
et al,, 1997):

K1 = 0.6915 exp {%} )

Ko =4.361x 10 exp {%} (3)

Kiapps- +Kaa
h(sol) 1%p03 2%Hpo? (4)
1+ K1 aPOf,’ + KzaHPO‘z(

- 5)
ot 1

I(t) = / hisol) i ()

Anp, = GNASI(t) (7)

where E, is 18.2 k] mol~! for K; and 42.6 k] mol~"' for K»; T is
temperature (K); R is the ideal gas constant (J mol~! K71); Opo3-

and Oyypoz- are the activities of phosphate and hydrogen phosphate

inmol L™!; h(sol) is a function that describes the form of the
absorption isotherm (House, 1990; Hartley et al., 1997); r is the
ratio of M,, the amount of calcium precipitated (mg), to M, the
mass of the calcite seed (mg); dnc,, is the change in calcium con-
centration (mmol min~'); ¢t is time (min); Anp, is the change in P
(umol); N is Avogadro’s constant (molecules mmol~'); 6 is the
molecular area of calcite on the surface (20.1 x 1072°m?-
molecule™!); and ¢ is the maximum density of co-precipitated P
(umol m~2).

Fig. 1 shows the ¢ values for all experiments in this study. It is
evident higher P concentrations lead to high P densities on the
precipitated calcite surface, when comparing different P concentra-
tions at the same pH and DOC. This suggests that while increasing
P may result in lower Ca precipitation rates, P densities on the pre-
cipitated solids are actually higher with increased P.

Ca and P precipitation rates both play a role in the total amount
of P precipitated during Ca-P co-precipitation. However, initial P
concentration is also an important determining factor in the total
amount of P removed through Ca-P co-precipitation. The more P
available in solution at the start of an experiment, the higher the
density of P on the calcite surface.
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3.2. Calcium phosphorus co-precipitation rates as a function of pH and
DOC

Fig. 1 shows Ca precipitation rates for experiments conducted at
different pH and DOC levels. The figure clearly demonstrates that
changes in pH and DOC all have an effect on the rate of both Ca
and P precipitation. Higher pH values cause increased Ca precipita-
tion because calcite becomes more saturated as pH increases. The
degree of supersaturation for experiments conducted at a pH of 8.5
was 6.7, however, it substantially increased to 44.6 for experi-
ments conducted at a pH of 9.5. In fact, no experiments were con-
ducted without DOC at a pH of 9.5 because of the high degree of
supersaturation. In the absence of DOC, the pH-stat system was
unable to maintain the set pH value because of the high rate of
Ca precipitation. This higher rate of Ca precipitation creates more
active crystal growth sites and overall calcite surface area for P pre-
cipitation. As a result, there is increased P co-precipitation with
calcite at pH 9.5. In addition, higher pH values cause an increase
in the activity of deprotonated phosphate, which can also increase
P precipitation. (Se et al., 2011).

Previous work has shown that DOC has an inhibitory effect on
pure Ca precipitation (as calcite) (Hoch et al., 2000; Lin et al.,
2005). The results in Fig. 1 show that as DOC increases, Ca precip-
itation rates decline. At a pH of 8.5, Ca precipitation effectively
ceases with the addition of 0.5 mg C L~! DOC. However, at a higher
pH of 9.5, calcite is supersaturated enough to precipitate even in
the presence of DOC. The precipitation rates for Ca at a DOC level
of 25 mg CL™" at a pH of 9.5 are 10.8 and 8.2 times higher than
the precipitation rates with no DOC at a pH of 8.5 for P levels of
100 ug PL~! and 50 pg P L7}, respectively.

For experiments where the pH was held constant at a pH of 9.5,
DOC levels also have a significant effect on the Ca precipitation
rate. For example, Ca precipitation is 4.9 times higher at a DOC of
2.5mg CL™! compared to 7.5 mg CL~! when P is held constant at
100 ug P L. And when P is held constant at 50 pug P L~!, Ca precip-
itation rates at a DOC of 2.5 mg C L~ are 3.6 and 11.4 times higher
than those at DOC values of 7.5 mg CL™! and 15 mg C L™}, respec-
tively. While higher DOC levels do significantly decrease Ca precip-
itation rates at pH 9.5, Ca precipitation still occurs at DOC levels as
high as 15mg CL™ ",

DOC levels also have an effect on P precipitation rates. At a pH
of 9.5 and a P concentration of 50 pg P/L, P precipitation rates are
3.4 times higher at DOC levels of 2.5mgCL™! compared to
7.5mgCL™! and 1.8 times higher at a DOC of 7.5 mg CL~! com-
pared to 15 mg C L~'. P precipitation rates are inhibited by increas-
ing DOC concentrations due to the deprotonation of DOM carboxyl,
and to a lesser extent phenolic, functional groups at the experi-
mental pH values. As a result of deprotonation, DOC carries an
overall negative charge and actively competes with P for adsorp-
tion sites on the calcite. However, it should be noted that the den-
sity of co-precipitated P, &, on the calcite surface actually increases
with higher DOC levels (see Fig. 1). This suggests that DOC slows
the rate of Ca precipitation to a greater extent than P precipitation.
As a result, increasing DOC levels mean more P precipitated with
Ca. The size of DOC molecules likely limits their ability to bind to
all available adsorption sites on the calcite surface, and as a result
P is still able to precipitate in the presence of such high DOC levels.
Changes in SUVA,s,4 data for experimental solution 12 support his
conclusion. The initial SUVA;s4 value for experimental solution 12
was 4.9 (L/mg C"' m~") and the final value was 4.2 (L/mg C"' m™ ).
Since SUVA;s, is strongly correlated with the aromatic carbon con-
tent and molecular weight of DOC (Leenheer and Croue, 2003;
Weishaar et al., 2003), the lower final SUVA;s4 value suggests the
preferential complexation of high molecular weight DOC and/or
aromatic-rich DOC with the calcite surface. This conclusion is sup-
ported by the work of Inskeep and Bloom (1986), who showed that

larger aromatic carboxylic acids are the primary cause of DOC inhi-
bition of Ca precipitation.

Fig. 2 shows that a portion of DOC is lost from solution during
Ca-P co-precipitation at pH 9.5. This effect is especially noticeable
at higher DOC levels (15 mgCL™!) because there is more DOC
available to complex with the calcite in solution. Lin et al. (2005)
showed that DOC can complex with free Ca?* in solution forming
DOC-Ca* complexes, and these complexes can then react with
the calcite surface inhibiting Ca precipitation. However, the results
shown in Fig. 2 suggest that at pH 9.5, these DOC-Ca* complexes
co-precipitate with calcite. Ca precipitation likely proceeds even
in the presence of DOC-Ca* complexes because of the high degree
of supersaturation for calcite, which overcomes the inhibitory
effect of DOC. This incorporation of DOC-Ca* complexes into the
precipitated solids explains the loss of DOC shown in Fig. 2. This
conclusion is further supported by results shown in Section 3.3.

The lack of repeatability for experimental solution 11 is likely
due to the high concentration of DOC and P in the water matrix.
House and Donaldson (1986) showed that the amount of P
adsorbed on the calcite surface could vary from experiment to
experiment. It is also likely that the amount of DOC adsorbed on
the calcite surface varies from experiment to experiment. Finally,
there is variability in the type and amount of active sites on the
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Fig. 2. Changes in DOC concentration for experiments conducted at pH 9.5 with: (a)
P concentrations of 50 ug PL~' and 100 ug PL~" at an initial DOC of 2.5 mg CL™",
(b) P concentrations of 50 ug P L~! and 100 pug P L~! at an initial DOC of 7.5 mg C L™}
and (c) a P concentration of 50 pg PL™" at an initial DOC of 15 mg C L.
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calcite surface (Sg et al., 2011). The variability in both active crystal
growth sites and the amount of P and DOC adsorption on the cal-
cite surface made it infeasible to calculate P, Ca, and DOC precipi-
tation rates for experimental solution 11.

3.3. Analysis of precipitated solids

Table 2 shows the Ca precipitation rate based on the collection
and weighing of precipitated solids. The Ca precipitation rates cal-
culated from precipitated solids are, on average, 13% less than the
Ca precipitation rates calculated from the amount of titrant added
to the pH stat system. These results confirm that the pH-stat sys-
tem is accurately measuring the precipitation of Ca. The difference
between the solid measurements and those from the pH-stat sys-
tem are likely a result of two major factors: (1) inability to recover
all the precipitated solids and (2) the initial complexation of free
Ca?" ions with other anions in solution.

While all solid samples were double filtered according to the
procedure outline in Section 2.3, there were likely some colloidal
solids that passed through the 0.2 pm filter and remained in solu-
tion. These solids may have settled out prior to Ca analysis, and
were not accurately measured, or they may have never been recov-
ered from the reaction vessel. In addition, a Visual MINTEQ simu-
lation of the experimental solution noted that up to 9% of the
calcium is solution was complexed as CaNO3. The Visual MINTEQ
results suggest that when the experimental solution was prepared,
initially, some of the free Ca%* complexed with the free nitrate in
solution from the potassium nitrate added to adjust the ionic
strength to 0.1 M. The Ca concentration of control samples, which
were never used in the pH-stat system, support this conclusion.
The Ca values for all control samples averaged 92 mg L™, while
all other samples averaged 99.8 mg L~'. This difference suggests
that the initial Ca added to the pH-stat reactor simply restores
the Ca concentration to the desired supersaturation level of
100 mg L™, but little to no precipitation is actually occurring.
This conclusion is also supported by the results from experimental
solutions 3-6 where there was little increase in solid Ca, however
there was a measurable amount of Ca titrant added to the reactor.

Fig. 3 shows an XRD pattern for experimental solution 12. This
pattern and other patterns from experimental solutions 1-10 (not
shown) were an exact match for the mineral calcite, which was the
solid mineral added to the pH-stat reactor to initiate Ca-P
co-precipitation. Results from Figs. 1 and 2 show that there is pre-
cipitation of both P and DOC. However, the relative precipitation
amount of both of these is low compared to Ca. As a result, there
is not enough P or DOC to detect any other solid phases during
XRD analysis.

While Fig. 3 demonstrates that calcite is the primary mineral
precipitated during our experiments, Fig. 4 shows that the amount

Table 2
Ca and P precipitation rates for all experiments.

Synthetic Ca precipitation rate - pH-  Ca precipitation rate - solids
water number  stat (umol s~! m~2)° (umol s~' m~2)?
1 1.40 1.23
2 2.38 2.04
3 0.10 0.00
4 0.22 0.09
5 0.11 0.00
6 0.10 0.00
7 15.07 13.00
8 19.47 16.62
9 3.10 2.78
10 5.35 4.87
11 b b
12 1.71 1.47

? Normalized to the calcite seed area.
 No data, see Section 2.2.

R T —=
All peaks from calcite
o)
c
3
Q
IS
=
Zz
§
z
. o-ram
o=2456 danes o
@=3.858
l l - .
o-1686
o205
588
K_ J - ﬂk
10 20 30 40 50 60

Two-Theta (deg)

Fig. 3. XRD pattern for synthetic water 12. The pattern shown in an exact match for
the mineral calcite.

of DOC precipitated is high enough to cause visible color differ-
ences between experiments with and without DOC. This color dif-
ference supports the conclusions in Section 3.2 that DOC forms
DOC-Ca* complexes that are actively included in the calcite min-
eral precipitate in experimental solutions 7-10 and 12.

3.4. Implications for natural and engineered systems

Results from this research clearly show that DOC has an inhibi-
tory effect on the co-precipitation of Ca and P at both pH 8.5 and
9.5. This finding is critical for engineered systems, where P, Ca,
and DOC interact. For example, this information can be used to
help determine target pH values for lime softening, if influent
DOC and P concentrations are known. These results can also be
used to predict the DOC and P removal effectiveness of lime soften-
ing. In corrosion control, these results can help predict how much
calcite or Ca-P scale may form in the distribution system given a
certain effluent DOC concentration. Knowing the amount of poten-
tial Ca-P scale formation will allow water utilities to assess the
corrosion potential of their distribution systems.

Ca-P co-precipitation is also a vital P removal mechanism in
many natural systems (Dierberg et al., 2002; Dodds, 2003; Knight
et al., 2003; DeBusk et al., 2004; White et al., 2006; Mitsch and
Gosselink, 2007). This research and other studies have shown that
DOC concentrations as low as 0.5mgCL™' can significantly
decrease Ca precipitation at pH 8.5 (Hoch et al.,, 2000; Lin et al,,
2005). However, DOC levels in many natural systems with Ca-P
co-precipitation, such as the Florida Everglades, can approach

Fig. 4. Precipitated solids from experiments at: (a) a pH of 8.5 and 2.5 mg C L~! DOC
and (b) a pH of 9.5 and 2.5mg CL™' DOC. No Ca precipitation occurred in (a)
because of the inhibitory effect of DOC.
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15 mg C L~ ! or higher. In addition, the pH of the bulk water in these
systems never approaches values greater than 8.5. There must be a
plausible explanation for the occurrence of Ca-P co-precipitation
in these systems with high DOC values.

The results presented in this article show that Ca-P
co-precipitation occurs at pH 9.5 for DOC values as high as
15mg CL™!, and Hartley et al. (1996) showed that pH values at
the surface of algal biofilms can reach values as high as 9.5, even
when the pH of the bulk solution 2.15 mm above the biofilm is
as low as 8. This research combined with the results of Hartley
et al. (1996) suggest that Ca—P co-precipitation in high DOC natural
systems likely occurs near the surface of algal biofilms or aquatic
plants, where the pH can be significantly higher than the bulk
water. This increased pH significantly increases the degree of
supersaturation with respect to calcite, allowing Ca-P
co-precipitation to proceed in the presence of high concentrations
of potential inhibitors, such as DOC.

4. Conclusions

e Overall, DOC had a significant effect on the precipitation of Ca,
which in turn affected the potential for P co-precipitation. At
a pH of 8.5, the addition of 0.5 mg C L~ DOC effectively stopped
Ca-P co-precipitation. However, raising the pH from 8.5 to 9.5
significantly increased the supersaturation of calcite and made
Ca-P co-precipitation possible in the presence of DOC levels
as high as 15mgCL™.

Higher P concentrations in solution lead to lower Ca precipita-
tion rates because P acted as an inhibitor for Ca precipitation.
P co-precipitation rates with Ca follow first-order kinetics, and
P precipitation rates were higher at higher initial P
concentrations.

e The density of co-precipitated P on the calcite surface was
higher for experiments with higher initial P concentrations.
DOC precipitated with Ca and P for experiments conducted at a
pH of 9.5. DOC likely formed DOC-Ca* complexes that were
incorporated into the precipitating calcite solid.

Aromatic portions of the DOC preferentially inhibited the pre-
cipitation of Ca. The large molecular size of these fractions of
DOC made them unable to bind to all available sites on the cal-
cite seed, which allowed P to occupy open binding sites.
Water treatment utilities can use the information provided
about the inhibitory effect of DOC on Ca-P precipitation to help
improve both lime softening and corrosion control processes.
Ca-P co-precipitation is an important P removal mechanism in
many natural systems. Previous research suggest that Ca-P
co-precipitation in these systems occurs on the surface of pho-
tosynthesizing algal biofilms and submerged aquatic vegeta-
tion, where pH can be as high as 9.5. This previous research,
when combined with results from this study that show that
Ca-P co-precipitation is possible in the presence of high NOM
(>5mgCL™") at pH values of 9.5, explains how Ca-P
co-precipitation occurs in these natural systems with high
DOC (>5 mg C L") and bulk water pH values of 8-8.5.
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