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Lability of Drinking Water Treatment Residuals (WTR) Immobilized Phosphorus:
Aging and pH Effects

Sampson Agyin-Birikorang* and George A. O’Connor

ABSTRACT

Time constraints associated with conducting long-term (>20 yr)
field experiments to test the stability of drinking water treatment resid-
uals (WTR) sorbed phosphorus (P) inhibit improved understanding
of the fate of sorbed P in soils when important soil properties (e.g.,
pH) change. We used artificially aged samples to evaluate aging and
pH effects on lability of WTR-immobilized P. Artificial aging was
achieved through incubation at elevated temperatures (46 or 70°C)
for 4.5 yr, and through repeated wetting and drying for 2 yr. Using a
modified isotopic (32P) dilution technique, coupled with a stepwise
acidification procedure, we monitored changes in labile P concentra-
tions over time. This technique enabled evaluation of the effect of pH
on the lability of WTR-immobilized P. Within the pH range of 4 to 7,
WTR amendment, coupled with artificial aging, ultimately reduced
labile P concentrations by =75% relative to the control (no-WTR)
samples. Soil samples with different physicochemical properties from
two 7.5-yr-old, one-time WTR-amended field sites were utilized to
validate the trends observed with the artificially aged samples. Despite
the differences in physicochemical properties among the three (two
field-aged and one artificially aged) soil samples, similar trends of
aging and pH effects on lability of WTR-immobilized P were ob-
served. Labile P concentrations of the WTR-amended field-aged sam-
ples of the two sites decreased 6 mo after WTR amendment and the
reduction persisted for 7.5 yr, ultimately resulting in =70% reduction,
compared to the control plots. We conclude that WTR application is
capable of reducing labile P concentration in P-impacted soils, doing
so for a long time, and that within the commonly encountered range of
pH values for agricultural soils WTR-immobilized P should be stable.

HE use of drinking water treatment residuals (WTR)

to control excessive soluble P concentrations in P-
impacted soils has received increased attention in recent
years. Short-term laboratory, greenhouse, and rainfall
simulation studies have demonstrated WTR efficacy in
reducing soluble P concentrations in runoff and leach-
ing from areas amended with animal manure, biosolids,
and/or inorganic P fertilizers (Peters and Basta, 1996;
Basta and Storm, 1997; Elliott et al., 2002a, 2002b;
O’Connor et al., 2002; Dayton et al., 2003; Makris,
2004; Makris et al., 2004a, 2004b; Novak and Watts,
2004; Dayton and Basta, 2005; Elliott et al., 2005; Makris
et al., 2005a, 2005b, 2005¢c; Novak and Watts, 2005;
Silveria et al., 2006). One field study (Agyin-Birikorang
et al., 2007) demonstrated long-term (about 7.5 yr) re-
duction in soluble P concentrations when WTR was ap-
plied. Time constraints associated with conducting even
longer-term (>20 yr) field experiments to test the stabil-
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ity of WTR sorbed P inhibit improved understanding of
the fate of sorbed P in soils. One approach to overcome
this constraint is to artificially “age” freshly amended soil
samples to infer the long-term stability of WTR immo-
bilized P. Artificial aging of fresh WTR-amended soil
samples can be achieved through incubation at elevated
temperatures or through repeated wetting and drying.
Aging transforms metal oxides (dissolution, crystalliza-
tion, and re-crystallization) and affects their sorption
capacities (Ma and Uren, 1997; Frau, 2000; Kennedy
et al., 2004; Makris et al., 2005c).

Contrasting theories exist for the solubility of aged
suspensions of ions sorbed onto Fe and Al oxides. The
classic theory holds that structural reorganization of an
amorphous solid phase results in the incorporation of a
sorbed ion into the solid structure of the metal oxide
forming a “solid solution” (Spadini et al., 1994). The sol-
ubility of long-range ordered oxides is orders of mag-
nitude less than that of the amorphous solid, and the
vulnerability of these oxides to microbial iron reduction
is also reduced (Postma and Jakobsen, 1996). Martinez
and McBride (1998) synthesized aged Cd, Cu, Pb, and
Zn coprecipitates with amorphous iron hydroxides at
70°C thermal heating for 2 mo. The aging process
decreased Cd and Zn solubility when the coprecipitate
was formed by slow titration (0.03 mL min~'). Ainsworth
et al. (1994) observed the incorporation of Co and Cd into
the hydrous iron oxide structure after 20 wk of aging at
room temperature.

The classic theory of decreasing metal solubility as
pure minerals or soil solid phases age with time, how-
ever, does not apply to all metals. Martinez et al. (1999)
demonstrated that Pb initially sorbed onto soil oxides
and ferrihydrite (Fe[OH]; X H,O) was released into
solution after thermally treating the minerals for 2 mo at
70°C. Ford et al. (1997) conducted an aging experiment
(pH 6, heating at 40-70°C for 2-6 wk) and attributed
Pb desorption from an amorphous Fe solid phase to the
reduction in available sorption sites due to crystalliza-
tion of an iron (hydr)oxide structure. Martinez et al.
(2001) studied Pb solubility at 70°C after prolonged
aging (1.5 yr) of suspensions of soil samples containing
noncrystalline aluminosilicates and oxides of Fe and
Al as predominant reactive surfaces. Crystallization of
the Fe phases to goethite occurred and Pb was released
into solution.

Kennedy et al. (2004) showed that repeated wetting
and drying can induce structural changes in metal oxides.

Abbreviations: AI-WTRs, alum-based WTR; DPS, degree of P satura-
tion; Fe-WTRs, iron-based WTR; ICP-AES, inductively coupled plasma—
atomic emissions spectroscopy; PSI, P saturation index; SAS, statistical
analysis system; SSA, specific surface area; TSP, triple superphosphate;
WSP, water-soluble P; WTR, drinking water treatment residuals.
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The researchers dried synthetic MnO at 37°C for 24 h,
and then hydrated it for 24 h, with wetting and drying
cycles repeated three times over 7 d. Repeated wetting
and drying resulted in a nonreversible decrease in par-
ticle size. After the 7-d incubation period, total proton
binding capacities determined by acid-base titrations
decreased with cyclically rewetting and drying. How-
ever, inspection by scanning electron microscopy re-
vealed fine-grained, amorphous particles, and X-ray
diffraction results indicated no crystallinity (Kennedy
et al., 2004). The authors concluded that detectable bulk
changes in crystallinity would only occur over longer
timescales in natural low temperature surface environ-
ments. Frau (2000) also reported that precipitation and
dissolution cycles of some secondary iron and manga-
nese oxides are strongly influenced by seasonal wetting
and drying cycles, and accelerate structural changes. In
an incubation study, drying and rewetting cycles led to
irreversible formation of a hydration layer on goethite
that accounted for stability of goethite crystals deposited
from aqueous suspension (Frau, 2000).

Drinking water treatment residuals are enriched in
amorphous Fe or Al hydroxides, and aging is expected
to produce similar physicochemical transformations as
observed for metal oxides. Makris (2004) observed de-
creased specific surface area (SSA) of WTR thermally
incubated at 46 and 70°C for 2 yr. We hypothesized that
the structural reorganization associated with aged metal
oxides contained in the WTR would stabilize immobi-
lized P, even when important soil properties (e.g., pH)
change. This study was, therefore, conducted to (i)
evaluate the changes in lability of WTR-immobilized P
in artificially aged WTR-amended soil samples, and
(i) determine the effect of pH on the lability of WTR-
immobilized P using a modified isotopic dilution tech-
nique coupled with a stepwise acidification procedure.
We also evaluated the lability of P in one-time 7.5 yr
WTR-amended field plots.

MATERIALS AND METHODS

Soil and Drinking Water Treatment
Residuals Characterization

Native Immokalee sand (sandy, siliceous, hyperthermic
Arenic Alaquods) was collected from the University of Florida
Research and Education Center in Immokalee, FL, and used
in the artificial aging study. The soil had no history of amend-
ment with manure and has ‘very low’ soil test P and very
coarse texture. Multiple random samples were collected from
the A horizons (0-15 cm), and were thoroughly mixed to yield
a composite sample. Four WTR samples were used in this
study: three were Al-based (AI-WTR, alum-based WTR), and
one was Fe-based (Fe-WTR, iron-based WTR). The AI-WTRs
were obtained from one water treatment plant in Bradenton,
FL, one plant in Holland, MI, and one plant in Lowell, AR.
The Fe-WTR was obtained from a plant in Cocoa Beach, FL.

Samples were air-dried and passed through a 2-mm sieve
before analyses. Particle size distribution of the soil samples
was determined by the pipette method (Day, 1965). The pH of
both WTR and soil samples was determined in a 1:2 WTR to
0.01 M CaCl, solution using a glass electrode (McLean, 1982).
Following digestion according to the USEPA Method 3050A

(USEPA, 1986), total recoverable P, Fe, and Alin the WTR and
soil samples were determined using inductively coupled plasma-
atomic emissions spectroscopy (ICP-AES) (PerkinElmer
Plasma 3200, PerkinElmer, Wellesley, MA). Oxalate (200 mM)-
extractable P, Fe, and Al of both WTR and soil samples
were determined by ICP-AES after extraction at a 1:60 solid/
solution ratio, following the procedures of Schoumans (2000).
Phosphorus saturation index (PSI) for the WTR samples
(Elliott et al., 2002a) and the degree of P saturation (DPS) for
the soil samples (Nair and Graetz, 2002) were calculated as the
moles of oxalate-extractable P divided by the sum of moles
of oxalate-extractable Fe and Al. For the DPS calculation, a
saturation factor (a) of 0.55 was incorporated in the denomi-
nator, as suggested by Nair and Graetz (2002) for Florida soils.
Small PSI and DPS values (PSI < 0.1, DPS < 0.25) suggest
excess P sorption capacity and limited P lability.

Sample Preparation

The air-dried soil samples were amended with 25 g kg™!
of air-dried subsamples of the four WTR samples described
above. Phosphorus was added as triple superphosphate
(TSP) solution at three rates: 0, low, and high to roughly
mimic field application rates. The “low rate” of 43 mg P kg™*
(about 86 kg ha™') still exceeds the range (44-65 kg P ha™")
recommended for pasture grass raised for hay on P-deficient
soils (Adjei and Mislevy, 2001). The “high” P rate equals
100 mg P kg™ soil, and represents a highly P-impacted soil. The
TSP was dissolved in 0.01 M KCI and added to generate a
solid/solution ratio of 1:10. The soil-WTR suspensions were re-
acted for 7 d at room temperature, without stirring. After the
equilibration, the amended soil suspensions were centrifuged
and the supernatants were decanted.

Three replicates of each treatment were prepared, making
a total of forty-five samples for each aging technique. The
experimental design was a completely randomized design
(CRD) with treatments as shown in Table 1.

Artificial Aging of Soil Samples

Artificial aging of the samples was achieved either through
thermal incubation or wet and dry incubation. For the thermal
incubation, subsamples of the equilibrated WTR-amended soil
samples were placed in incubators and maintained at either
23,46, or 70°C for 4.5 yr. No attempt was made to control soil
moisture during incubation. Studies have shown that thermal
incubation of metal oxides at elevated temperatures (>45°C)
encourages structural changes that simulate long-term weath-
ering reactions in the field (Spadini et al., 1994; Ford et al.,
1997; Martinez and McBride, 1998; Makris et al., 2005a). We
hypothesized that elevated temperatures would provide the
necessary thermal energy for structural rearrangements with
time. The changes in particle conformation, toward a lower
free energy of the system, would either exclude or occlude
sorbed P by the WTR. The wet and dry incubation, on the

Table 1. Treatments in the experimental design (completely ran-
domized design).

Treatments

low P, no WTR

low P, WTR (BR)
low P, WTR (HL)
low P, WTR (LW)
low P, WTR (CO)

no P, no WTR

no P, WTR (BR)7
no P, WTR (HL)
no P, WTR (LW)
no P, WIR (CO)

high P, no WTR

high P, WTR (BR)
high P, WTR (HL)
high P, WTR (LW)
high P, WTR (CO)

T Letters in parentheses are abbreviations for the four drinking water
treatment residuals (WTR) samples: BR = Bradenton, HL = Holland,
LW = Lowell and CO = Cocoa.
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other hand, was performed by placing P-equilibrated samples
of WTR-amended soil in an incubator maintained at 23°C and
kept wet (about 80% of water holding capacity) for 7 d. The
samples were then air-dried at 23°C in the incubator until the
mass of samples became constant. The wet and dry cycles
continued for 2 yr (54 cycles). Representative samples were
collected periodically and analyzed for labile P concentrations
using a modified isotopic dilution technique coupled with a
stepwise acidification procedure.

Field-Aged Drinking Water Treatment
Residuals-Amended Soil Samples

Field-Aged WTR-amended soil samples were collected
from one-time WTR (Holland WTR)-amended fields (two
sites) in western Michigan (Jacobs and Teppen, 2000). Soils
at both sites had a long-term (>10 yr) history of heavy poul-
try manure applications. The field study lasted for 7.5 yr,
(spring 1998 through fall 2005) but the WTR was applied
(about 114 Mg ha') only in spring 1998. Detailed description
of soils and field layout are presented in Jacobs and Teppen
(2000) and Agyin-Birikorang et al. (2007).

Surface soils of control and WTR-amended plots from the
two field sites were first sampled in spring 1998 (time zero) by
compositing 20 cores (2.54-cm diam.) from the top 20-cm
depth of each plot. Soil surface samples were similarly col-
lected each fall in 1998 through 2005 for analyses to monitor
changes in labile pools of P following the WTR application.

Determination of Labile Pools of Phosphorus

Two grams (oven-dry equivalent) of each soil sample were
placed in centrifuge tubes to which 20 mL of deionized water
was added, giving a solid/solution ratio of 1:10, as suggested by
Morel and Torrent (1997). Two drops of toluene were added to
each suspension and appropriate aliquots of diluted HCI and
NaOH were added daily to the samples to provide a series
of 5 pH levels (3-7) for each treatment. The soil suspensions
were equilibrated for 4 d in an end-over-end shaker. The
samples were then spiked with 50 pL of a solution containing
2P (500 kBq mL ") and returned to the shaker to isotopically
equilibrate for 3 d. The pH of the samples was maintained at
the 5 pH levels during the equilibration period. After equil-
ibration, the samples were centrifuged at a relative centrifuge
force of 8000 g for 10 min at constant temperature (24 = 2°C),
and filtered through 0.2-pm filters (Sartorius). Activities of ra-
dioactive P in the filtrates were assessed using liquid scintilla-
tion (Beckman LS 5801, Global Medical Instrumentation Inc.,
Ramsey, MN) counting. Phosphorus concentrations of the
filtrates were determined colorimetrically using the method of
Murphy and Riley (1962). All analyses were performed in
triplicate and included blanks. The total activity introduced in
each sample was determined by analyzing spiked solutions,
without soil, run in parallel with the soil suspensions (Lombi
etal., 2003; Hamon et al., 2004). The labile pools (E) of P were
determined as reported in Hamon et al. (2002):

E = (CalC’) R* (VIW) [1]
where C,,is the concentration of water-extractable P in solution
(wg mL™Y), C%,, is the activity of radioisotope remaining in
solution after equilibration (Bq mL "), R is the total activity of
radioisotope added to each sample (Bq mL™"), and V/W is the

ratio of solution to sample, which in this case was 10 mL g~
The percent labile P (%E) recovered was calculated as:

%E = E/(total P at ‘native’ pH of soil) X 100  [2]
where E is the labile pool of P calculated from Eq. [1].

Total P was determined using ICP-AES following digestion
with the USEPA 3050A method (USEPA, 1986).

Statistical Analyses

Data from the artificially aged samples were analyzed as a
factorial experiment with the CRD using the general linear
model, PROC GLM, procedure of the SAS software (SAS
Institute, 1999). The data from the field-aged samples, on the
other hand, were statistically analyzed as a factorial experi-
ment with a randomized complete block design (RCBD),
using the PROC GLM procedure of the SAS software (SAS
Institute, 1999). The means of the various treatments were sep-
arated using a single degree of freedom orthogonal contrast
procedure at a significance (a) level of 0.05. Time series anal-
yses were conducted using the PROC TSCSREG procedure of
the SAS software (SAS Institute, 1999). Correlation analysis,
with the PROC CORR procedure of the SAS software (SAS
Institute, 1999), was used to evaluate the relationship between
the two incubation (thermal and wet and dry) methods.

RESULTS AND DISCUSSION

The term ‘labile P’ as used in this paper describes the
total isotopically available pool of P, and represents the
sum of isotopically exchangeable P in the solid phase
and soluble P (i.e., P in solution phase) (Hamon et al.,
2002). The isotopic dilution technique has been widely
employed for estimating the labile pool of P in soils,
often termed the ‘E-value’ (e.g., Talibudeen, 1957; Tran
et al., 1988; Morel and Plenchette, 1994; Tuominen et al.,
1998; Bertrand et al., 2006), as well as P availability in
different fertilizer sources (e.g., Hendricks and Dean,
1947; Frossard et al., 1996; Zapata and Zaharah, 2002;
Mohanty et al., 2006). This technique was used to moni-
tor the changes in lability of WTR immobilized P as
affected by the aging process, and changes in soil pH.

Physicochemical Characterization of Soils and
Drinking Water Treatment Residuals Samples

The Immokalee sand and the WTR samples were an-
alyzed for selected physicochemical properties (Table 2).
The pH of AI-WTRs was circumneutral (6.5-7.1), within
the range of pH values reported for AI-WTRs (6.0-8.4;
Makris and O’Connor, 2007), and may result from pH
adjustment with alkaline materials (i.e., calcium hydrox-
ide) during drinking water treatment. Total P values
were typical of AI-WTRs (0.3 to 4.0 g P kg~ '; Dayton
et al., 2003; Makris, 2004). Phosphorus in WTR origi-
nates from the suspended materials removed from raw
water sources treated in drinking water treatment plants
and ultimately becomes a part of the WTR structure.
Total Al ranged from 68 to 90 g Al kg™', within normal
ranges reported by others (15-177 g Al kg™!; Dayton
et al., 2003; Makris, 2004). Oxalate-extractable Al values
were close to total Al (80-90% of the total), suggesting
an amorphous nature of the AI-WTRs. X-ray diffraction
analysis of Fe- and AI-WTRs (Makris, 2004) suggests
that amorphous Al or Fe hydroxides dominate the Al-
and the Fe-WTRs, respectively, with no apparent crystal-
line components (Makris, 2004). Phosphorus retention is
strongly related to amorphous Fe and Al concentrations.
Gallimore et al. (1999), Dayton et al. (2003), and Dayton
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Table 2. General physicochemical properties of soil and drinking water treatment residuals that were used in aging experiment. Numbers

are mean values of six replicates = one standard deviation.

Property WTR Soil
Source Bradenton Holland Lowell Cocoa Immokalee
Form Al-based Al-based Al-based Fe-based N/A§
Sand-size (%) 72.5 76.0 80.4 86.5 89.3
Silt-size (%) 12.7 11.8 11.5 124 4.60
Clay-size (%) 14.8 12.2 8.13 1.14 6.10

pH 6.5 71 6.8 5.1 5.6
Total P (g kg 1) 342 +0.24 1.84 = 0.26 0.83 = 0.14 0.71 = 0.22 0.03
Total Al (g kg—1) 90.1 + 12.2 68.2 + 16.2 771 + 18.1 2.24 + 0.32 0.06
Total Fe (g kg~ 1) 6.24 + 0.63 8.71 + 0.42 10.7 + 2.61 242 + 362 0.11
Oxalate P (g kg—1) 298 + 0.12 1.66 = 0.11 0.74 = 0.13 0.61 + 0.14 0.01
Oxalate Al (g kg—1) 79.1 = 12.1 54.3 + 6.20 68.2 + 8.40 1.92 = 0.41 0.04
Oxalate Fe (g kg—1) 5.24 = 1.10 7.22 + 0.83 16.8 = 1.33 141 + 164 0.08
PSIt 0.02 0.03 0.02 <0.01 N/A
DPS: N/A N/A N/A N/A 0.18

T P saturation index.
fDegree of P saturation.
§ Not applicable.

and Basta (2005) concluded that the amorphous
(oxalate-extractable), rather than the total Al content
of WTR, determines their effectiveness in reducing
runoff P. This suggestion is consistent with the very small
PSI values (about 0.02), which gives an indication that
the AI-WTRs can be effective sorbents for P.

The Fe-WTR (Cocoa WTR) had acidic pH (5.1)
(Table 2). Studies have shown that most Fe-WTRs are
alkaline (pH values 7.2-9.2; Makris and O’Connor, 2007);
however, pH values of 4 and 5.6 were reported for two
Fe-WTRs investigated by Makris (2004). Total P content
was 0.7 g P kg—1, whereas total Fe was 242 g Fe kg ..
Total Fe measurements were above typical values found
for Fe-WTRs (50 to150 g kg~ '; ASCE, 1996), but within
the range of values (162-260 g kg ') reported by Makris
and O’Connor (2007). Large total Fe values may not
necessarily correlate well with elemental bioavailability
or increased P sorption capacities. Oxalate-extractable
Fe accounted for 58.6% of the total Fe concentration.
Iron-based WTRs had reduced oxalate-extractable Fe
values as a percentage (45 to 64%; Makris and O’Connor,
2007) of total Fe compared with the AI-WTRs.

The Immokalee fine sand was acidic (pH = 5.6) and
contained small amounts of total Fe and Al (Table 2).
Despite the low oxalate-extractable Fe and Al, the soil
still had a DPS value of < 0.2, suggesting that the soil
will not be a source of P supply in runoff. The low DPS
value is a direct result of the low oxalate-extractable P
content (<0.01 g kg™ ") of the soil.

Soils collected from the Michigan study sites had dif-
ferent physicochemical characteristics from the Immo-
kalee soil utilized for the artificial incubation. Soil at
site 1 had a fine sandy loam texture with Bray P1 test
values of 265 mg P kg—1. Soil at site 2, on the other hand,
had loamy sand texture with Bray P1 test values of
655 mg P kg~ '. Details of the characteristics the Michi-
gan soil samples utilized for the study are provided by
Jacobs and Teppen (2000).

Aging and pH Effects on Phosphorus Lability

Despite the differences in the physicochemical proper-
ties of the four WTR samples used in the study (Table 2),

their effects on labile P over time and changes in pH
levels followed similar trends. Therefore, only the data
for the Holland WTR material are presented here. The
Holland WTR was the material utilized for the Michigan
field study, and showed the clearest treatment effects
on P lability.

Labile Phosphorus of Thermally
Incubated Drinking Water Treatment
Residuals-Amended Soil

There was a significant effect of WTR amendment,
aging, and pH on P lability in all the samples. Data for
samples incubated at either 46 or 70°C were similar, and
therefore only the 70°C data are presented. Amend-
ment with WTR, coupled with the thermal incubation,
significantly decreased labile P concentration of the
WTR-amended soil 1 mo after thermal incubation at all
pH levels except at pH 3 (Fig. 1). A further significant
reduction was observed after 6 mo. Within the pH range
of 4 to 7, reductions in labile P due to WTR amendment
persisted throughout the incubation period. Measure-
ments taken after 1 yr of thermal incubation showed that
labile P concentration of the samples equilibrated at
pH 3 decreased significantly, and the decrease persisted
thereafter (Fig. 1). Amendment with WTR eventually
decreased labile P concentrations by about 70% relative
to the samples without WTR amendment. Similar be-
havior was observed for the thermally aged ‘low’
impacted (43 mg P kg~ ') samples and those without P
addition (data not presented). Compared to the ther-
mally aged soil samples, labile P concentrations of the
‘high” impacted P soil samples incubated at room tem-
perature (23°C) were significantly (p =< 0.015) greater at
all pH levels (data not presented). Similar behavior
was observed for the ‘low’ impacted P samples and
the samples without P addition (data not presented).
The significant thermal aging effect is consistent with the
observation of Makris et al. (2004a, 2004b) that the ap-
plied thermal energy enhances diffusion of P into the
micropores of the WTR and that structural reorganiza-
tion of the WTR during the aging process increases the
stability of the WTR-immobilized P. Labile P concentra-
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Fig. 1. Aging effects on labile P of the Inmokalee soil samples spiked
with 100 mg P kg71 and thermally incubated at 70°C for 4.5 yr.
Error bars denote one standard error of the mean.

tions measured at the various P loading rates and pH
levels were similar when the samples were incubated at 46
and at 70°C, suggesting that the enhanced aging of the
samples at 46°C was equally effective as the aging at 70°C.

For the Immokalee soil samples without WTR amend-
ments, the smallest labile P concentrations were ob-
served at pH 4 at all impacted P levels in both the
thermally aged (Fig. 2) and the soil samples incubated at
room temperature (data not presented). The greatest
labile P concentrations, on the other hand, occurred at
pH 7 at all impacted P levels in both the thermally aged
soil samples and the samples incubated at room tem-
perature. The data suggest that P fixation was greatest at
pH 4, whereas P was desorbed at pH 7. Several re-
searchers (Nwoke et al., 2004; Olsson and Tyler, 2004;
Wang et al., 2004) reported that P availability increases
at near-neutral to neutral soil pH. However, the pH
effect was eliminated by the WTR amendment. Labile P
concentrations of the WTR-amended samples, equili-

@ No WTR (100 mg/kg)

1204 No WTR (43 mg/kg)
ANo WTR (no P)
X WTR-amended (100 mg/kg)
O WTR-amended (43 mg/kg)
100 WTR (no P)
" 80+ ; ; %
)
g ¢
£ 60 ¢
S
-9
= - T
Z 404 - i 1 1
- L _
20 A X
& X x Q Q
0 T T T T |
2 3 4 5 6 7
pH

Fig. 2. pH effects on labile P of P-impacted Immokalee soil samples
incubated for 4.5 yr at 70°C. Error bars denote one standard error
of the mean.

brated within pH range of 4 to 7 were similar, and after
1 yr of thermal incubation, the labile P concentrations
were similar at all pH levels (3-7). Thus, within the com-
monly encountered pH range of agricultural soils, WTR-
immobilized P is stable, and reasonably anticipated
changes in soil pH over time should have negligible
effect on WTR-immobilized P.

Soil samples that received the greatest initial P load
(100 mg P kg™ '), without WTR amendment, had the
greatest labile pools of P, followed by the samples spiked
at 43 mg P kg '. The least labile P concentrations oc-
curred in the samples without P addition, in the ther-
mally aged soil samples and the samples incubated at
room temperature (Fig. 2). Amendment with WTR,
coupled with the aging of the samples, masked the P
load effect (Fig. 2). In the thermally aged soil samples,
the labile P concentrations in the WTR-amended P-
impacted soil samples and the soil samples without P
addition were similar, suggesting that WTR could be
used to effectively counter high soluble P concentrations
associated with P-impacted soils.

After 4.5 yr of thermal incubation, a significant de-
crease in labile P pools was still observed at all pH val-
ues, including pH 3. Thus, if thermal incubation truly
simulates long-term aging under field conditions
(Postma and Jakobsen, 1996; Ford et al.,1997; Martinez
et al., 2001), not only will the WTR-immobilized P re-
main fixed for a long time within typical soil pH values,
but the destabilization of the WTR-immobilized P at
pH 3 will also be eliminated over time.

Labile Phosphorus of Drinking Water
Treatment Residuals-Amended Soil Aged
via Wetting and Drying

Similarly to the thermally incubated samples, amend-
ment with WTR, coupled with the aging, significantly
decreased P lability at all P loads. Significant reductions
in labile P of the WTR-amended soil samples were ob-
served over time with repeated wetting and drying cycles
(Fig. 3) within pH range of 4-7. Without WTR amend-
ment, labile P concentrations of the soil samples re-
mained high and relatively stable over time in the pH 4
to 7 range. Amendment with WTR significantly de-
creased labile P after 5 mo of incubation, and the de-
crease continued with additional wetting and drying
cycles until apparent equilibrium at 1 to 1.5 yr (about
40 wet and dry cycles). No reductions in labile P concen-
trations were observed for the WTR-amended samples
when the determinations were conducted at pH 3. This
suggests that the WTR was destabilized at pH 3 and
released P otherwise incorporated in the WTR. Within
the pH range of 4 to 7, labile P concentrations were ul-
timately reduced by =75%, relative to the no-WTR
(control) samples. However, at pH 3, much of the sorbed
P was desorbed, and labile P was about three times of
that measured at pH 4 to 7. Similar results were observed
in the ‘low’ (43 mg P kg~ ') P-impacted and the samples
without P addition (data not presented).

In the ‘high’ (100 mg P kg—!) P-impacted Immokalee
soil, WTR application decreased labile P concentra-
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Fig. 3. Effects of drinking water treatment residuals (WTR) amendment on labile P concentrations with time of Immokalee soil samples spiked with
100 mg P kg~ ' and artificially aged through wet and dry cycles. Error bars denote one standard error of the mean.

tions at all pH values except pH 3 (Fig. 4). This ob-
servation suggests that P immobilization by WTR is
most effective within the pH range of 4 to 7, and that the
WTR-immobilized P is stable within this pH range.
Similar trends were observed in the ‘low’ (43 mgPkg ')
P-impacted and the samples without P addition (data
not presented). As with the thermally incubated sam-
ples and within the pH range of 4 to 7, amendment with
WTR and aging through wetting and drying cycles
masked the P load effect (Fig. 5), suggesting that WTR
could be used to effectively counter high soluble P con-
centrations associated with P-impacted soils.

The incubation data for the WTR-amended Immo-
kalee soils show that WTR effectively reduced labile P
values, and suggest that within pH 4 to 7, P would re-
main immobilized in the long term. There was no release

¢ No WTR
120- with WTR
no WIR
1004 § §
% 3 ¢+
é‘] 80+ T §
g 601 |
S
-9
% 40+ + WIR
<
3
201 - i . ;
0 T T T T )
2 3 4 5 6 7
pH

Fig. 4. Effects of drinking water treatment residuals (WTR) amend-
ment on labile P concentrations as a function of pH for the
Immokalee soil samples spiked with 100 mg P kg~ and incubated
via wet and dry cycles for 2 yr. Error bars denote one standard error
of the mean.

of P from the WTR-amended soils on artificial aging
(both thermal and wet and dry incubation). The com-
bined data suggest that sorbed P will remain indefinitely
immobilized unless particle dissolution occurs at ex-
treme pH values < 4. Fortunately, such extreme pH
conditions are rarely encountered in agricultural soils.

Evaluation of the Aging Techniques

Artificial aging of metal oxides through repeated wet
and dry cycles represents a cost-effective means of
obtaining aged samples that mimics aging under natural
environments (Frau, 2000; Kennedy et al., 2004). Re-
sults obtained from the samples aged through wet and
dry cycles closely mirrored those obtained from the
thermally incubated soil samples. Within the pH range
of 4 to 7, the thermally incubated WTR-amended sam-
ples appeared to stabilize at 6 mo, whereas the samples
incubated via wetting and drying apparently reached
equilibrium about 1.5 yr after initiation of incubation.
When the data generated from time zero until the
apparent ‘stabilized’ times of the two aging techniques
(i.e., 6 mo for thermal incubation and 1.5 yr for wet and
dry incubation) were statistically analyzed, a very strong
(r = 0.96) and highly significant (p < 0.001) correlation
was observed between the two aging techniques (Fig. 6).
No significant correlation (r = 0.24, p > 0.05) was ob-
served between the data of the samples equilibrated at
pH 3 over the incubation period by the two aging tech-
niques (data not presented).

Time series analysis suggests that equilibrium labile
P levels (about 20 mg kg ') of the high P-impacted
(100 mg kg ') WTR-amended Immokalee soil samples
were achieved after about 6 mo of thermal incubation,
and after about 1.5 yr of wet and dry incubation. The
data suggest that the aging process is slower with the
wet-and dry incubation technique. This observation
supports the hypothesis that the elevated temperatures
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Fig. 5. Effects of drinking water treatment residuals (WTR) amendment on labile P concentrations as a function of impacted P loads for Inmokalee
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soil samples artificially aged via wet and dry cycles for 2 yr. Error bars denote one standard error of the mean.

enhanced the diffusion of P into the micropores of the
WTR (Makris et al., 2004a, 2004b). Schwertmann and
Cornell (1991) reported that temperature controls the
transformation of amorphous solid phase of metal
oxides (e.g., hematite) and that structural reorganization
is enhanced at elevated temperatures. Nevertheless, the
data suggest that given time, the slower aging through
wet and dry cycles is ultimately equally as effective as
through thermal incubation.

Labile Phosphorus of Drinking Water Treatment
Residuals-Amended Field-Aged Samples

Field-aged soil samples with different physicochemi-
cal properties were collected from two 7.5-yr-old, one-
time WTR-amended field sites to validate the trends
observed with the artificially aged samples. Soils at the

[\
(=}
s

y =4.286 + 0.991x
100 4 r=0.954 °

®

[=}
L
[ ]

..‘.:.

I~
(=)
!

Wet and dry incubation (labile P mg kg'l)
(3~} (=N
[=} (=}

(=}

20 40 60 80 100 120
Thermal incubation (labile P, mg kg'l)

(=}

Fig. 6. Relationship between labile P concentrations of the drink-
ing water treatment residuals (WTR)-amended P-impacted
(100 mg kg~ ') Immokalee soil samples incubated either thermally
or via wetting and drying. Measurements were taken until time to
apparent equilibrium.

field study sites had finer texture and greater soil test P
content than the Immokalee soil used for the incubation
study. Jacobs and Teppen (2000) and Agyin-Birikorang
et al. (2007) reported that the soil at site 2 of the
Michigan study site had about 2.5 times more soil test P
than site 1. These differences in soil characteristics were
reflected in the time required for the labile P to reach
equilibrium in each case. The labile P concentration of
the artificially aged (via wetting and drying) Immokalee
soil reached equilibrium about 1.5 yr after initiation of
the incubation, whereas the labile P of the Michigan site
1 samples reached equilibrium at 2.5 yr, and those of site
2 samples reached equilibrium between 3.5 and 4 yr.
Despite the differences in time required for the labile P
in soils from both sites to reach equilibrium, the trends
of aging and pH effects on lability of WTR-immobilized
P were similar.

The labile P concentrations were determined for all
the field samples collected from both sites from 1998
to 2005, at 5 pH levels (3-7). For explanatory purposes
of pH effect on P lability, data of the samples taken in
2005 are presented (Fig. 7). Similar trends of pH effects
were observed in samples taken over the entire sam-
pling period.

As in the control (without WTR amendment) treat-
ment of the artificially aged samples, the lowest labile P
concentrations in the control plots in the field study
were observed at pH 4 at both sites (Fig. 7), ranging
from an average of about 45 to about 85 mg P kg—! for
sites 1 and 2, respectively. The greatest labile P con-
centrations were measured at pH 7 at both sites (about
110 and about 200 mg P kg—! at sites 1 and 2, respec-
tively). The data suggest that more P was fixed at pH 4
than at pH 3. At pH 3, the nature of the sorbing surface
of the soil could have changed due to the more acidic pH
condition. Huang (1975) showed that maximum phos-
phate adsorption on Al oxides occurred at pH 4, and
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Fig. 7. pH effects on labile P concentrations of the Michigan field-
aged soil samples taken in fall 2005. Error bars denote one standard
error of the mean.

decreased under more acidic conditions. Lindsay (1979)
also reported that at pH values < 4, dissolution of Al-P
minerals can be considerable and some sorbed P may
be released via particle dissolution. A pH of 3 is rarely
encountered in natural systems, and measurements at
pH 3 represent a worst case scenario for release of im-
mobilized P to solution. Similarly to the artificially aged
samples, amendment with WTR significantly (p < 0.001)
reduced labile P concentrations at both sites within pH 4
to 7 (Fig. 7). Amendment with WTR also masked the
pH effect on P lability of the field-aged samples within
pH 4 to 7 (Fig. 7). No differences in labile P concentra-
tions were observed for the samples collected from the
WTR-amended plots from either site and equilibrated
within pH 4 to 7, showing that within this pH range,
WTR-immobilized P was stable.

The labile P concentrations of the WTR-amended plots
decreased with time, when the labile P concentrations
were determined within the pH range of 4 to 7. For ex-
planatory purposes, only the labile P pools measured at
pH 3 and 6 are presented (Fig. 8) and discussed in terms of
aging effects on lability of WTR-immobilized P. Similar
trends in P lability were observed over the pH range of
4 to 7, whereas lability at pH 3 was different from the
others. At site 1, labile P concentrations measured 6 mo
after WTR application were significantly reduced for the
samples equilibrated at pH 4 to 7 relative to the control
plots, as presented in Fig. 8. The labile P concentrations
continued to decline for another 2 yr, consistent with the
trend observed with water-soluble P (WSP) measure-
ments (Agyin-Birikorang et al., 2007). Within this pH
range, no increases in labile P concentrations from the
WTR-amended plots from either site were observed with
time suggesting that the WTR-immobilized P remained
intact. At pH 3, however, there was no significant (p =
0.672) difference between the labile P concentrations of
the WTR-amended plots and the control plots over time
(Fig. 8B), suggesting that the immobilized P was desorbed.
The WTR structure was apparently destabilized at pH 3
and the immobilized P, as well as some P originally
contained in the WTR, was released.
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Fig. 8. Aging effects on labile P concentrations of the Michigan field-
aged soil samples equilibrated at (A) pH 6 and (B) pH 3. Error bars
denote one standard error of the mean.

Similar labile P behavior with time was observed
for the site 2 samples (Fig. 8). Amendment with WTR
reduced labile P concentrations within 6 mo (at pH
4-7), and the reductions continued for another 3 to
4 yr (Fig. 8A). Blake et al. (2002) showed that isoto-
pically available P (labile P) concentration of about
55 mg kg~ ! in loamy to sandy soils produces a “change
point” at which the rate of P leaching and/or runoff from
soil suddenly increases and poses a greater threat of
eutrophication to standing waters. Thus despite the
reduction in labile P concentrations by WTR amend-
ment, the data suggest that the labile P concentra-
tions of the WTR-amended plots of site 2 (~70 mg kg ')
are still high enough to constitute P mobility problems
at both sites. Perhaps, a greater amount (>114 Mgha ')
of WTR is needed to reduce labile P concentrations to
levels that are not potentially harmful to the environment.

Data trends from the field-aged samples were con-
sistent with data from the artificially aged soil samples.
Within the pH range of 4 to 7, WTR-immobilized P was
stable. However, at pH 3, WTR was destabilized and the
immobilized P was released back into soil solution.
Fortunately, such pH levels are rarely encountered in
soils. Thus, WTR can be effective amendment to reduce
labile P in P-impacted soils, and WTR-immobilized P
will remain fixed for a long time, independent of common
soil pH values.
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CONCLUSIONS

This study was undertaken to evaluate aging and pH
effects on the lability of WTR-immobilized P using ar-
tificially and field-aged WTR-amended soils. Artificial
aging of the WTR-amended samples was expected to
simulate natural long-term weathering processes that
could influence the stability of sorbed P. Artificial aging
was achieved through incubation at elevated tempera-
tures and through repeated wetting and drying. The
samples were either incubated via wetting and drying for
2 yr or thermally incubated at elevated temperatures for
up to 4.5 yr. Field-aged WTR-amended samples,
obtained from 7.5-yr-old one-time WTR-amended fields
at two sites were used to validate trends observed with
artificially aged samples. Using a modified isotopic (**P)
dilution technique, coupled with a stepwise acidification
procedure, we monitored changes in labile P over time.
This technique enabled evaluating the effect of pH on
the lability of WTR-immobilized P.

Within the pH range of 4 to 7, WIR amendment,
coupled with aging, ultimately reduced labile P in arti-
ficially aged samples by =75%, and field-aged samples
by about 70% relative to the no-WTR (control) samples.
No reduction in labile P was observed for the WTR-
amended samples equilibrated at pH 3. However after
1 yr of thermal incubation, a significant decrease in labile
P was observed at all pH values, including pH 3. Thus,
if thermal incubation truly simulates long-term aging
under field conditions, not only will the WTR-immobi-
lized P remain fixed for a long time within typical soil pH
values, but the destabilization of the WTR-immobilized
P at pH 3 will also be eliminated over time. We conclude
that WTR application is capable of reducing labile P
concentration in P-impacted soils, doing so for a long
time and that, within the commonly encountered pH
range in agricultural soils, WTR-immobilized P is stable.

ACKNOWLEDGMENTS

This study was funded by a USEPA research grant CP-
82963801. We wish to express appreciation to Drs. L.W. Jacobs
of Michigan State Univ., and Andy Ogram of the Univ. of
Florida for their collaboration.

REFERENCES

Adjei, M.B., and P. Mislevy. 2001. Five basic steps to successful peren-
nial pasture grass establishment from vegetative cuttings on south
Florida Flatwoods. Florida Cooperative Extension Service, Inst. of
Food and Agricultural Sciences, Univ. of Florida. SS AGR 24.

Agyin-Birikorang, S., G.A. O’Connor, L.W. Jacobs, K.C. Makris, and
S.R. Brinton. 2007. Long-term phosphorus immobilization by a
drinking water treatment residual. J. Environ. Qual. 36:316-323.

Ainsworth, C.C., J.L. Pilon, PL. Gassman, and W.G. Van Der Sluys.
1994. Cobalt, cadmium, and lead sorption to hydrous iron oxide:
Residence time effect. Soil Sci. Soc. Am. J. 58:1615-1623.

American Society of Civil Engineers, American Water Works As-
sociation, and the USEPA. 1996. Technology transfer handbook:
Management of water treatment plant residuals. ASCE and
AWWA, New York.

Basta, N.T., and D.E. Storm. 1997. Use of alum residuals to reduce
nutrient runoff from agricultural land treated with animal manures
to protect surface water quality. p. 19-28. In Proc. 1997 Water Re-
siduals and Biosolids Management: Approaching the Year 2000.
Water Environment Federation/American Water Works Associa-

tion Joint Specialty Conf., Philadelphia. 3-4 Aug. 1997. WEF,
Alexandria, VA.

Bertrand, 1., M.J. McLaughlin, R. Holloway, R. Armstrong, and T.
Macbeth. 2006. Changes in P bioavailability induced by the ap-
plication of liquid and powder sources of P, N, and Zn fertilizers
in alkaline soils. Nutr. Cycling Agroecosyst. 74:27-40.

Blake, L., N. Hesketh, S. Fortune, and P.C. Brookes. 2002. Assessing
phosphorus “change points” and leaching potential by isotopic ex-
change and sequential fractionation. Soil Use Manage. 18:199-207.

Day, PR. 1965. Particle fractionation and particle-size analysis.
p- 545-567. In C.A. Black (ed.) Methods of soil analysis, Part 1.
ASA, Madison, WI.

Dayton, E.A., and N.T. Basta. 2005. A method for determining the
phosphorus sorption capacity and amorphous aluminum of
aluminum-based drinking water treatment residuals. J. Environ.
Qual. 34:1112-1118.

Dayton, E.A., N.T. Basta, C.A. Jakober, and J.A. Hattey. 2003. Using
treatment residuals to reduce phosphorus in agricultural runoff.
J. Am. Water Works Assoc. 95:151-158.

Elliott, H.A., R.C. Brandt, and G.A. O’Connor. 2005. Runoff phos-
phorus losses from surface-applied biosolids. J. Environ. Qual. 34:
1632-1639.

Elliott, H.A., G.A. O’Connor, and S. Brinton. 2002a. Phosphorus leach-
ing from biosolids amended sandy soils. J. Environ. Qual. 31:681-689.

Elliott, H.A., G.A. O’Connor, P. Lu, and S. Brinton. 2002b. Influence
of water treatment residuals on phosphorus solubility and leach-
ing. J. Environ. Qual. 31:1362-1369.

Ford, R.G., PM. Bertch, and K.J. Farley. 1997. Changes in transition
and heavy metal partitioning during hydrous iron oxide aging.
Environ. Sci. Technol. 31:2028-2033.

Frau, F. 2000. The formation-dissolution-precipitation cycle of
meleanterite at the abandoned pyrite mine of Genna Luas in Sardinia,
Italy: Environmental implications. Mineral. Mag. 64:995-1006.

Frossard, E., S. Sinaj, and P. Dufour. 1996. Phosphorus in urban sew-
age sludge as assessed by isotopic exchange. Soil Sci. Soc. Am. J.
60:179-182.

Gallimore, L.E., N.T. Basta, D.E. Storm, M.E. Payton, R.H. Huhnke,
and M.D. Smolen. 1999. Water treatment residual to reduce nu-
trients in surface runoff from agricultural land. J. Environ. Qual.
28:1474-1478.

Hamon, R.E., I. Bertrand, and M.J. McLaughlin. 2002. Use and abuse
of isotopic exchange data in soil chemistry. Aust. J. Soil Res. 40:
1371-1381.

Hamon, R.E., E. Lombi, P. Fortunati, A.L. Nolan, and M.J.
McLaughlin. 2004. Coupling speciation and isotope dilution tech-
niques to study arsenic mobilization in the environment. Environ.
Sci. Technol. 38:1794-1798.

Hendricks, S.B., and L.A. Dean. 1947. Basic concepts of soil and
fertilizer studies with radioactive phosphorus. Soil Sci. Soc. Am.
Proc. 12:98-100.

Huang, C.P. 1975. Adsorption of phosphate at hydrous gamma-Al,Os—
electrolyte interface. J. Colloid Interface Sci. 53:178-186.

Jacobs, L.W., and B.J. Teppen. 2000. WTR as a soil amendment to
reduce nonpoint source pollution from phosphorus-enriched soils.
9 p. In Proc. 14th Annual Residuals and Biosolids Management
Conference, 27-29 Feb. 2000, MA. CD-ROM, Water Environment
Federation, Alexandria, VA.

Kennedy, C., D.S. Smith, and L.A. Warren. 2004. Surface chemistry
and relative Ni sorptive capacities of synthetic hydrous Mn oxy-
hydroxides under variable wetting and drying regimes. Geochim.
Cosmochim. Acta 68:443-454.

Lindsay, W.L. 1979. Chemical equilibria in soils. John Wiley & Sons,
New York.

Lombi, E., R.E. Hamon, S.P. McGrath, and M.J. McLaughlin. 2003.
Lability of Cd, Cu, and Zn in polluted soils treated with lime,
beringite, and red mud, and identification of a non-labile colloidal
fraction of metals using isotopic techniques. Environ. Sci. Technol.
37:979-984.

Ma, Y.B., and N.C. Uren. 1997. The effects of temperature, time, and
cycles of drying and rewetting on the extractability of zinc added
to a calcareous soil. Geoderma 75:89-97.

Makris, K.C. 2004. Long-term stability of sorbed phosphorus by drink-
ing water treatment residuals: Mechanisms and implications. Ph.D.
diss. Univ. of Florida, Gainesville, FL.



3
(0]
2
()]
o
(O]
L.
(2]
@8

N

©
S
>
Q.
(@]
(&)

<
<

)

%))

%)

©
C
G

<

)

%))

(@)

<

)

<
>

o)

©
(0]

e

D

o)
=}

a
>

=

©
>

g

©

-—
C
(0]
IS
C
(@]

=
>
[

L

——
(o]

=
C
.
=}
5

S
£
(@]
S

=

©
(0]
(&)
=}
©
(@]
S
Q.
(0]
o

AGYIN-BIRIKORANG & O’CONNOR: LABILITY OF WTR-IMMOBILIZED P 1085

Makris, K.C., H. El-Shall, W.G. Harris, G.A. O’Connor, and T.A.
Obreza. 2004a. Intraparticle phosphorus diffusion in a drinking
water treatment residual at room temperature. J. Colloid Interface
Sci. 277:417-423.

Makris, K.C., W.G. Harris, G.A. O’Connor, and T.A. Obreza. 2004b.
Three-dimensional phosphorus sorption by drinking water treat-
ment residuals: Implications for long-term stability. Environ. Sci.
Technol. 38:6590-6596.

Makris, K.C., W.G. Harris, G.A. O’Connor, and T.A. Obreza. 2005a.
Long-term phosphorus effects on evolving physicochemical prop-
erties of iron and aluminum hydroxides. J. Colloid Interface Sci.
287:552-560.

Makris, K.C., W.G. Harris, G.A. O’Connor, T.A. Obreza, and H.A.
Elliott. 2005b. Physicochemical properties related to long-term phos-
phorus retention by drinking water treatment residuals. Environ. Sci.
Technol. 39:4280-4289.

Makris, K.C., and G.A. O’Connor. 2007. Land application of drink-
ing water treatment residuals as contaminant-mitigating agents.
In D. Sarkar et al. (ed.) Current perspectives in environmental
geochemistry. Geological Society of America Press, Denver, CO
(in press).

Makris, K.C., G.A. O’Connor, W.G. Harris, and T.A. Obreza. 2005c.
Relative efficacy of a drinking water treatment residual and alum
in reducing phosphorus release from poultry litter. Commun. Soil
Sci. Plant Anal. 36:2657-2675.

Martinez, C.E., A. Jakobson, and M.B. McBride. 2001. Thermally
induced changes in metal solubility of contaminated soils is linked
to mineral recrystallization and organic matter transformations.
Environ. Sci. Technol. 35:908-916.

Martinez, C.E., and M.B. McBride. 1998. Solubility of Cd, Cu, Pb, and
Zn in aged coprecipitates with amorphous iron hydroxides. Environ.
Sci. Technol. 32:743-748.

Martinez, C.E., S. Sauvé, A. Jacobson, and M.B. McBride. 1999.
Thermally induced release of adsorbed Pb upon aging of Ferri-
hydrite and soil oxides. Environ. Sci. Technol. 33:2016-2020.

McLean, E.O. 1982. Soil pH and lime requirement. /n A.L. Page et al.
(ed.) Methods of soil analysis. 2nd ed. SSSA, Madison, WL

Mohanty, S., N.K. Paikaray, and A.R. Rajan. 2006. Availability and
uptake of phosphorus from organic manures in groundnut (Arachis
hypogea L.)-corn (Zea mays L.) sequence using radio tracer
technique. Geoderma 133:225-230.

Morel, C., and C. Plenchette. 1994. Is the isotopically exchange-
able phosphate of a loamy soil the plant-available P? Plant Soil
158:287-297.

Morel, C., and J. Torrent. 1997. Sensitivity of isotopically exchangeable
phosphate in soil suspensions to the supporting solution. Soil Sci.
Soc. Am. J. 61:1044-1052.

Murphy, J., and J.P. Riley. 1962. A modified single solution method for
the determination of phosphate in natural waters. Anal. Chim. Acta
27:31-36.

Nair, V.D., and D.A. Graetz. 2002. Phosphorus saturation in spodosols
impacted by manure. J. Environ. Qual. 31:1279-1285.

Novak, J. M., and D.W. Watts. 2004. Increasing the phosphorus sorp-

tion capacity of southeastern Coastal Plain soils using water treat-
ment residuals. Soil Sci. 169:206-214.

Novak, JM., and D.W. Watts. 2005. Water treatment residuals ag-
gregate size influences phosphorus sorption kinetics and Ppax
values. Soil Sci. 170:425-432.

Nwoke, O.C., B. Vanlauwe, J. Diels, N. Sanginga, and O. Osonubi.
2004. The distribution of phosphorus fractions and desorption
characteristics of some soils in the moist savanna zone of West
Africa. Nutr. Cycling Agroecosyst. 69:127-141.

O’Connor, G.A., H.A. Elliott, and P. Lu. 2002. Characterizing water
treatment residuals phosphorus retention. Soil Crop Sci. Soc. Fla.
Proc. 61:67-73.

Olsson, PA., and G. Tyler. 2004. Occurrence of non-mycorrhizal plant
species in south Swedish rocky habitats is related to exchangeable
soil phosphate. J. Ecol. 92:808-815.

Peters, .M., and N.T. Basta. 1996. Reduction of excessive bioavailable
phosphorus in soils by using municipal and industrial wastes. J.
Environ. Qual. 25:1236-1241.

Postma, D., and R. Jakobsen. 1996. Redox zonation: Equilibrium con-
straints on the Fe(I1I)/SO, reduction interface. Geochim. Cosmochim.
Acta 60:3169-3175.

SAS Institute. 1999. SAS online doc. Version 8. SAS Inst. Inc., Cary, NC.

Schoumans, O.F. 2000. Determining the degree of phosphate satu-
ration in non-calcareous soils. p. 31-34. In Methods of phosphorus
analysis for soils, sediments residuals, and waters. Southern Corp.
Series Bull. 396. Coop. Ext. Ser., North Carolina State Univ.,
Raleigh, NC.

Schwertmann, U., and R.M. Cornell. 1991. Iron oxides in the
laboratory. Wiley-VCH, Wienheim.

Silveira, M.L., M. Miyattah-Kporgbe, and G.A. O’Connor. 2006.
Phosphorus release from a manure-impacted spodosol: Effects of
a water treatment residual. J. Environ. Qual. 35:529-541.

Spadini, L., A. Manceau, PW. Schindler, and L. Charlet. 1994. Structure
and stability of Cd surface complexes on ferric oxides: 1. Results
from EXAF spectroscopy. J. Colloid Interface Sci. 168:73-86.

Talibudeen, O. 1957. Isotopically exchangeable phosphorus in soils: I1.
Factors influencing the estimation of ‘labile’ phosphorus. J. Soil Sci.
8:86-96.

Tran, T.S., J.C. Fardeau, and M. Giroux. 1988. Effects of soil properties
on plant-available phosphorus determined by the isotopic dilution
phosphorus-32 method. Soil Sci. Soc. Am. J. 52:1383-1390.

Tuominen, L., H. Hartikainen, T. Kairesalo, and P. Tallberg. 1998.
Increased bioavailability of sediment phosphorus due to silicate
enrichment. Water Res. 32:2001-2008.

USEPA. 1986. Acid digestion of sediments, sludges, and soils. Section
A, Part I, Chapter 3. Metallic analytes. Method 3050. SW-846, test
methods for evaluating solid waste. USEPA, Washington, DC.

Wang, Z.Y., JM. Kelly, and JL. Kovar. 2004. In situ dynamics of
phosphorus in the rhizosphere solution of five species. J. Environ.
Qual. 33:1387-1392.

Zapata, F., and A.R. Zaharah. 2002. Phosphorus availability from phos-
phate rock and sewage sludge as influenced by the addition of water
soluble phosphate fertilizer. Nutr. Cycling Agroecosyst. 63:43-48.



