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Chemical remediation has attracted increasing attention for heavy metal contaminated soils because
of its relatively low cost and high efficiency. In this study laboratory incubation and column leaching
experiments were conducted to understand the mechanisms of copper (Cu) immobilization by calcium
water treatment residue (Ca-WTR) and to estimate the optimal rate for remediating Cu-contaminated
soils. The results showed that Ca-WTR amendment significantly raised soil pH and decreased water
soluble and exchangeable Cu by 62-90% in the contaminated soils. Most of the bioavailable Cu was
converted into more stable Cu fractions, i.e. oxides-bound and residual Cu. The cumulative amount of
Cu in the leachate after 10 leaching events was reduced by 80% and 73%, respectively for the two tested
soils at the Ca-WTR rate of 20 gkg~" for Alfisol and 100 gkg~! for Spodosol. These results indicate that
Ca-WTR is effective in raising soil pH and converting labile Cu to more stable forms in the contaminated
soils. A pH value of 6.5 was found to be critical for lowering Cu availability in the soils. Based on this
criterion and pH response curve to Ca-WTR application, the optimal rates of Ca-WTR can be estimated
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for different Cu-contaminated soils.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Copper contamination to agricultural soils is of great concern
due to its wide and repeated use in agriculture and horticulture
as fertilizers and fungicides [1]. Florida has a long history of citrus
production [2]. In the last two decades, increased amounts of Cu-
containing fungicides have been used to fight against canker and
other diseases in citrus [3].

Soil contamination by Cu causes soil degradation, phytotoxicity,
and enhanced Cu transport from land to surface and ground waters
[4]. High Cu concentration is toxic to soil organisms, which are
the driving forces of nutrient cycling and availability. For example,
soil Cu concentration above 400 mgkg~! can significantly inhibit
the activities of microorganisms, enzymes, and earthworms [5].
Mehlich 3 extractable soil Cu higher than 200 mgkg~! has been
reported to cause leaf chlorosis (symptom of Cu toxicity) and reduce
root and shoot growth of young Hamlin orange trees on Swingle
rootstock [2]. Excessive soil Cu led to stippling fruit [6]. Total Cu
as high as 300mgkg~! was measured in the sediment from St.
Lucie River, South Florida, which is 20-60 times greater than the
background Cu levels (5-15mgkg=1) [7,8].

* Corresponding author. Tel.: +1 772 468 3922x109; fax: +1 772 468 5668.
E-mail address: zhe@ufl.edu (Z.L. He).
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Because of its persistent nature, remediation of Cu-
contaminated soils is of great challenge. Physical methods
such as scavenging or burial are effective but often too expensive
for a large scale remediation. Phytoremediation is cost-effective,
but requires a long time to accomplish desired results. Soil amend-
ment that induces chemical stabilization of metals is often used
to remediate agricultural soils. The amendments decrease Cu
leachability and bioavailability via chemical processes: such as
precipitation, adsorption, and/or chelation.

Amendment selection is often based on its affinity for the
contaminants. In soils Cu is often associated with carbonates, phos-
phates, organic matter, oxides, clays and other silicate minerals [4].
Its stability in soil is strongly pH-dependent. Copper is mobile under
both acidic and highly alkaline conditions, but its mobility is usu-
ally the lowest at neutral to slightly alkaline pH [9,10]. A range of
amendments have been tested for Cuimmobilization, including fly
ash, clay minerals, compost, sewage sludge, peat, phosphates, and
lime [11-20]. These materials reduce the mobility and toxicity of
Cu to biota by raising soil pH and chemisobing or precipitating Cu
in soils [21].

Application of industrial byproducts to agricultural soils to
enhance plant growth has been reported extensively [11]. Water
treatment residue (WTR) is a byproduct of water purification pro-
cess, which radically differs from wastewater treatment biosolids
in that it contains minimal amounts of contaminants and is eco-
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Fig. 3. Changes of Mehlich 3 extractable Cu in soils with incubation time as affected by Ca-WTR application rates. (A) Alfisol; (B) spodosol; (C) alfisol + 400 mg Cukg™! soil;

(D) spodosol +400 mg Cukg~" soil.

friendly. A number of studies have examined the effect of various
WTRs on plant growth and nutrient uptake, with few focusing on
its use for the remediation of contaminated soils, especially the
mechanisms of heavy metal immobilization [22-25].

Calcium water treatment residue (Ca-WTR), containing mainly
CaCO3 and minor Cao0, has potential for reducing Cu loading in sur-
face runoff water in Florida soils due to its strong acid-neutralizing
capacity based on our field observations [26]; however, the mech-
anisms involved are not well understood. In this study, laboratory
incubation and column leaching experiments were conducted to
understand the mechanisms of Cu immobilization by Ca-WTR
and to estimate the optimal rates of Ca-WTR for remediating Cu-
contaminated soils.

2. Materials and methods
2.1. Sampling and characterization

Alfisol and Spodosol are the dominant soils under citrus pro-
duction in the Indian River area, South Florida, which received
increased amounts of Cu-based fungicides [27]. The soils used in
this study were: Riviera fine sand (Loamy, siliceous, active, hyper-
thermic Arenic Glossaqualfs) and Wabasso sand (sandy, siliceous,
hyperthermic alfic alaquods). Soil samples were randomly col-
lected at 0-15 cm depth from existing citrus groves. For each soil, 10
cores of soil (approximately 2 kg each) were composited to obtain
one representative sample. After collection, the soil samples were
air-dried, homogenized, and screened through a 2-mm sieve prior

to use. The Ca-WTR used in this study is a byproduct of drinking
water purification collected from Utility Authority facility in Fort
Pierce, FL.

The pH and EC of soil and Ca-WTR were measured in deion-
ized water at the soil: water ratio of 1:1 and 1:2 using a
pH/ion/conductivity meter (DIM 200, Denver Instrument, Den-
ver, CO). Their physical and chemical properties are presented in
Table 1. Cation exchange capacity was detected by an ammonium
acetate method [28]. Effective calcium carbonate (ECC) of the Ca-
WTR was determined by a titration method [29].

The Ca-WTR had an ECC of 95.4%, similar to high grade lime
(CaCO0s3), but its high pH (9.06) suggests that it may also contain
a small amount of CaO. Other properties of the Ca-WTR included:
electrical conductivity (EC) 659 uScm~1, Mehlich 3 extractable Ca
292gkg~1, Cu0.32mgkg! and total recoverable Cu 0.40 mgkg!,
indicating that Ca was the major component and contaminants
such as heavy metals were minimal in the Ca-WTR [26].

Particle composition of the soil sample was determined with the
micropipette method [30]. Total organic carbon (C) was determined
using a C/N analyzer (Vario Max, Elemental Analysensystem GmbH,
Hanau, Germany). Total recoverable Cu in soil was determined fol-
lowing EPA method 3050B. Soil extractable Cu and nutrients were
determined by Mehlich 3 extraction [31]. Copper concentrations in
the digested solutions or extracts were determined using an induc-
tively coupled plasma optical emission spectrometer (ICP-OES,
Ultima; ].Y. Horiba Group., Edison, NJ, USA) following EPA method
200.7. The NELAC 2003 standards were followed for quality assur-
ance and quality control of chemical analyses. For Cu analysis with
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Fig. 4. Relationship between Mehlich 3 extractable Cu and soil pH.

ICP-OES, the detection limit was 0.8 wgL~! with the recovery of
90-110% for internal quality check and 95-105% for 2nd source QC
samples.

2.2. Incubation study

The Spodosol had a lower pH but higher clay, organic matter
content, and CEC value than the Alfisol (Table 1), and therefore,
more amendment was required to inactivate Cu in the Spodosol
than the Alfisol. For the incubation study, 2 kg of soil was mixed
with different amounts of Ca-WTR: 0, 5, 10, and 20gkg~! for the
Alfisol and 0, 5, 50, and 100gkg~! for the Spodosol. In addition
to the original soil which were slightly contaminated, Cu-enriched
soils were also used to represent moderately to severely contam-
inated soils in this area [32]. For preparation of Cu-enriched soil,
Cu(NO3), dissolved in deionized water was applied to soil at the
amount of 400mg Cukg~! by spraying and thoroughly mixing.
The amended soil with moisture content being adjusted to 70%
of water holding capacity (WHC) was left for equilibration for
48 h at room temperature (21-25°C) before Ca-WTR was applied.
The amended soils were then incubated at room temperature for
70 days with water content being maintained at 70% of WHC
by weighing daily and adding the lost water. There were three
replications for each treatment. At the intervals of 0, 1, 3, 7, 14,
28, 42, 70 days of incubation, subsamples were taken and ana-
lyzed for pH, and available Cu extracted by Mehlich 3 solution
[1:10 ratio of soil/Mehlich 3 solution (0.2M CH3COOH+0.25M

NH4NO5 +0.015 M NH4F+0.013 M HNO3 +0.001 M EDTA, pH 2.0);
5-min reaction time ([31]), including water soluble, exchangeable,
part of CaCO3-and organically bound Cu]. At the end of incuba-
tion, soil Cu was fractionated into water soluble and exchangeable,
carbonate-bound, organic-bound, oxide-bound, and residual Cu
fraction following the modified procedure of Amacher [33]. Soil
samples (2.0 g) were sequentially extracted with 20mL of 0.1 M
Mg(NO3),, 20mL of 1M NaOAc, 40mL of 0.1 M NagP,07, and
40mL of 0.2M ammonium oxalate+0.2M oxalic acid, and 0.1 M
ascorbic acid (pH 3) for the water soluble and exchangeable,
carbonate-bound, organically bound, and oxides-bound Cu frac-
tions, respectively. Residual Cu was calculated by subtracting the
sum of the above four fractions from their total recoverable soil Cu
concentration.

2.3. Column leaching study

The column leaching experiment was conducted using a ran-
domized complete block experimental design with three replicates
for each treatment. A portion of the soil sample (1.0 kg) from the
incubation study was packed into a PVC column (40cm height
by 7.5cm diameter) to reach approximately 16 cm high (Fig. 1).
The bulk density of the packed soil column was 1.40gcm~3. The
bottom of the column consisted of a Plexiglas plate containing
several 5-mm-wide holes. The plate was covered with a nylon
cloth to prevent soil loss during leaching. The column was tightly
closed to prevent the evaporation when leaching was not per-
formed. Two disks of filter paper (Whatman #42) were placed on
the top of soil to avoid soil surface disturbance by the influent
droplets.

The soil columns were saturated with deionized water from the
bottom for three days to reach field-holding capacity prior to leach-
ing. Deionized water 350 mL (approximately 1 pore volume) was
applied to the top of each soil column at a rate of 2mLmin~! every
3 days using a peristaltic pump. This application rate did not cause
water ponding on the top of the column. This leaching was contin-
ued for 30 days and a total of 10 leachings were performed. For each
leaching event, leachates were collected into a 1000-mL beaker
below the soil columns and filtered through a 0.45-m membrane
filter for the analysis of pH, EC, DOC and Cu concentrations. At
the end of the leaching experiment, soils were removed from the
columns and mixed thoroughly. Subsamples (each 300g) of the
soils were air-dried and analyzed for 0.01 M CaCl, and Mehlich 3
extractable Cu.

2.4. Statistical analysis

All results were expressed as a mean of three replicates with
a standard error, and treatment effects were determined by the
analysis of variance according to the general linear model proce-
dure of the Statistical Analysis System (version 8.2, SAS Institute,
2004). Differences among the treatment means were separated by
the Least Significant Difference, at the 0.05 probability level.

3. Results and discussion

3.1. Addition of Ca-WTR increased soil pH and decreased
extractable Cu

Both the Alfisol and Spodosol soil were acidic, sandy and low
in organic matter. Addition of Ca-WTR significantly raised soil pH
(Fig.2),and at 5 gkg~1, soil pH was elevated to 6.4-6.9 in the Alfisol
and to 6.2 in the Spodosol soil.

Increasing Copper amount artificially up to 400mgkg!
decreased soil pH by 0.26-0.45 units (Fig. 2). The mechanisms of
pH decrease from external Cu loading or contamination are related
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Table 2
Fractionation of Cu in the soils amended with different Ca-WTR rates after the ten leaching events.
Treatment Rates Cu (mgkg 1) Cu (%)
Exchangeable Carbonate Organically Oxide Residual Exchangeable Carbonate Organically Oxide Residual
bound bound bound bound bound bound
Original Alfisol (gkg!)
0 2.92 4.16 32.19 8.00 15.92 4.62 6.58 50.94 12.66 25.20
5 1.09 6.53 26.15 12.53 16.90 1.73 10.33 41.38 19.82 26.74
10 1.06 4.72 24.20 14.64 18.59 1.68 7.47 38.29 23.16 2941
20 0.96 4.57 23.87 16.75 17.05 1.52 7.23 37.77 26.50 26.97
LSDg.05 0.12 2.11 9.97 494 3.95
Original Spodosol
0 2.85 3.96 72.34 9.62 24.73 2.51 3.49 63.73 8.48 21.79
5 1.08 7.82 59.71 17.07 27.81 0.95 6.89 52.61 15.04 24.50
50 0.99 7.32 54.66 18.69 31.84 0.87 6.45 48.16 16.47 28.05
100 1.02 4.49 56.01 19.45 32.54 0.90 3.96 49.35 17.13 28.67
LSDo.05 0.22 2.96 13.27 5.74 4.86
Cu enriched Alfisol
0 55.81 75.35 98.48 125.86 107.71 12.05 16.27 21.26 2717 23.25
5 3.25 106.79 93.73 152.34 107.09 0.70 23.05 20.23 32.89 23.12
10 2.07 89.94 79.11 173.60 118.47 0.45 19.42 17.08 37.48 25.58
20 1.67 52.18 88.98 181.98 138.38 0.36 11.27 19.21 39.29 29.87
LSDg.05 2.85 46.2 8.97 38.56 9.74
Cu enriched Spodosol
0 65.31 51.47 230.78 59.94 106.00 12.72 10.02 44,94 11.67 20.64
5 6.69 95.31 250.45 65.95 95.09 1.30 18.56 48.77 12.84 18.52
50 2.87 63.20 213.96 108.95 124.52 0.56 12.31 41.67 21.22 24.25
100 2.55 35.39 204.50 128.30 142.76 0.50 6.89 39.83 24.98 27.80
LSDg 05 411 24.6 19.64 24.58 19.54
to the replacement of exchangeable H*/AI3* on clay minerals and as contents of clay minerals and oxides and on Cu?* adsorption

oxides. Similar results were reported by Yu et al. [34] in red soils,
in which adsorption of one mole of Cu?* resulted in the release
of 1.1-2.6 mole of proton (H*), depending on soil properties such
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Table 3

Mehlich 3 and CaCl; extractable Cu (mgkg1) in the soils after the ten leaching events.

Treatment rates Mehlich 3 extractable Cu (mgkg!)

CaCl, extractable Cu (mgkg=')

Original soil Cu enriched soil Original soil Cu enriched soil

Alfisol (gkg™1)

0 27.8a% 299.0a 0.063a 0.503a

5 21.4ab 225.6b 0.023b 0.432b

10 13.8b 213.8b 0.020b 0.263c

20 9.6b 198.1b 0.007c 0.244c
Spodosol

0 60.2a 215.1a 0.035a 0.799a

5 33.8b 211.2a 0.026b 0.791a

50 30.1b 105.5b 0.020c 0.362b

100 21.9¢ 101.6b 0.016¢ 0.349b

2 Means in the same treatment columns followed by the same letter were not significantly different at P<0.05.

rates of ~44.8 and 224 Mgha~! incorporated into a soil depth of
15 cm), the soil pHs were increased to 6.7-7.2 in the Alfisol and
7.1-7.2 in the Spodosol. In general, high application rates should
be avoided, as it may lead to negative effect on soil properties or
cropyields[35]. Furthermore, Cumobility in soils can increase at pH
values above ~7.5 due to increased solubility of soil organic matter
(SOM) and the formation of Cu-SOM complexes [36]. Application
of coal fly ash (pH=12.2) was effective in reducing Cu mobility,

however, increasing soil pH to above 8 (15% by weight) decreased
its efficiency [37].

To determine the long-term effectiveness of Cu-immobilization
by Ca-WTR, the soils were incubated for 70 days under 70% WHC.
Melich 3 extractable Cu in the Ca-WTR amended soils decreased
during the 70-days incubation (Fig. 3), indicating that a portion
of Mehlich 3 extractable Cu (water soluble, exchangeable, part of
CaCOs3- and organically bound Cu) [31] was converted into more
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strongly bound fractions. The extractable Cu generally decreased
with increasing WTR application rate (Fig. 3), which resulted in
higher pH (Fig. 4). Amendment of Ca-WTR at 5gkg~! reduced the
extractable Cu by 24-36% in the Alfisol and 22-47% in the Spodosol.
Based on a linear model of the extractable Cu vs. soil pH, increasing
soil pH by one unit decreased extractable Cu by 12-90 mg kg~1. At
pH 6.5, the extractable Cu was reduced by 28-30% in the Alfisol and
by 42-44% in the Spodosol.

Ca-WTR amendment has a strong acid-neutralizing capacity. It is
likely that less water soluble Cu compounds such as Cu(OH), were
formed at the raised soil pH. In addition, exchangeable Al3* and Fe3*
were replaced by Ca%* and precipitated as Al(OH); and Fe(OH);
when soil pH is above 5.5 [38]. These newly formed oxides and
hydroxides provide additional sites for sorbing Cu. As pH increased,
there is an increase in negative surface charge or Cu?* sorption on
Fe, Al oxides, thus reducing Cu concentration in soil solution. In
addition, some adsorbed Cu may be also occluded by the newly
formed oxides and become inaccessible to chemical extraction
[39,40].

3.2. Addition of Ca-WTR converted labile Cu to more stable Cu
forms

Sequential fractionation was conducted to further distinguish
different Cu forms in soil matrix. Among the five Cu fractions based
on sequential extraction, water soluble and exchangeable Cu (WE-
Cu) is more labile [41]. Addition of Ca-WTR drastically reduced
WE-Cu and simultaneously increased oxide-bound and residual Cu
fractions (Table 2). Although the best results were obtained at the
highest dose, lower doses (5-10gkg~1) were adequate for achiev-
ing significant reduction in WE-Cu fractions. At 5gkg~1, Ca-WTR
reduced WE-Cu by 62% in the original soils, and by 90% in the Cu-
enriched soils (Fig. 5). Ca-WTR introduced a significant amount of
CaC0O3/Ca0, which can control Cu mobility to a great extent by
surface precipitation of CuCO3 [38]. The retention of Cu through
co-precipitation with carbonates is associated with the release of
Ca?*, Mg2*, Na* and H* into the soil solution at equal molar ratios.

The precipitation of newly formed Cu phases in a soil repre-
sents an important mechanism of Cu immobilization in soils. These
phases may include Cu(OH);, CuCO3/Cu,(0OH),C03, CuO and var-
ious Cu-hydroxysulfates if sulfates are present [39,42-44]. The
carbonate-bound Cu was reduced by Ca-WTR at the high appli-
cation rates (10-100gkg~1), probably because the binding of Cu
is stronger to oxides than carbonates [45], as evidenced by the
increase in the oxides-bound Cu fraction (Table 2). The conver-
sion of labile Cu to more stable Cu forms was also supported by
an increase in the residual Cu fraction.

3.3. Addition of Ca-WTR reduced leachable Cu in soil columns

The incubation studies provided an insight of Cu transforma-
tions as affected by Ca-WTR amendment, whereas column leaching
studies were performed to determine Cu mobility, particularly
downward movement in term of its environmental risks [46]. As
expected, the highest leachable Cu concentrations occured in the
firstleaching event for all samples (Fig. 6). In the absence of Ca-WTR,
higher Cu concentrations were leached out during the leaching
period. At the beginning, 0.71-0.97 mgL~! Cu in the original soils,
and 12.12-18.1 mgL~! Cu in the Cu-enriched soils were measured
(Fig. 6). For the original soils, the decrease in leachable Cu con-
centration consisted of two phases: i.e. an initial rapid decrease,
followed by a slow but consistent decrease (Fig. 6). In comparison,
leachable Cu concentrations were constantly low in the amended
soils, even at the lowest rate of 5gkg~!. For the unamended Cu-
enriched soils, Cu concentrations in the leachate were above the
U.S. EPA drinking water limit of 1.30mgL~! [47]. In comparison,
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Fig. 7. Cumulative loss of Cu after 10 leaching events as a function of Ca-WTR
treatment rates: error bars indicate standard errors.

Cu concentrations in the amended soils were below this limit at
the end of the 10 leaching events even at the lowest treatment rates
(Table 2).

After ten leaching events, the cumulative loss of Cu decreased
with increasing Ca-WTR application rates for all soils (Fig. 7). Com-
pared with the original soils, application of Ca-WTR at 5.0gkg!
decreased Cu leaching loss by 56-66% in the original soils and by
55-59% in the Cu-enriched soils. In comparison, at the highest rates
(20gkg~! for Alfisol and 100 gkg~! for Spodosol), the cumulative
amount of Cu lost in the 10 leaching events decreased by 35% in the
original soils and by 73-80% in the Cu-enriched soils. These results
suggest that the amendment of Ca-WTR can significantly reduce
Cu leaching losses from contaminated sandy soils. This agrees with
the incubation studies results, indicating that a significant portion
of labile Cu was converted to more stable forms in the amended
soils (Fig. 4).

With increasing application rates the cumulative losses of Cu
dramatically decreased, particularly for the Cu-enriched soils, but
the decrease diminished with further increases in WTR (Fig. 7). This
indicates that there was an optimal level of WTR application rate,
above which the benefit may be limited. The cumulative losses of
Cu in the Cu-enriched soils was greater in Alfisol than Spodosol,
indicating higher Cu leaching potential in Alfisol soils because of
its lower organic matter and clay contents for holding Cu (Table 1).

A great challenge to chemical remediation of metal-
contaminated soils is to determine the optimal amendment
rates [48]. The calculated Ca-WTR rate for achieving the lowest Cu
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loss was ~15 gkg~! for the Alfisol and 75 gkg~! for the Spodosol.
However, high amendment rates are not recommended for eco-
nomic consideration. In addition, high rates may lead to negative
effects on soil quality and/or crop yield. The results from our field
survey indicate that the relationship between readily available Cu
(by CaCl, extraction) and total recoverable Cu is affected by soil
pH, and a pH value of 6.5 is optimum for reducing Cu availability
in soils [26]. Based on this criterion and the response curve of
pH to Ca-WTR application rates (Fig. 2), the optimal rates of
Ca-WTR were 3-8, and 30gkg!, respectively for the Alfisol and
Spodosol.

In addition to total Cuin the leachate, Mehlich 3 extractable Cuin
the leached soils was also determined. It was found that Mehlich 3
extractable Cu generally decreased with increasing Ca-WTR appli-
cation rates. Application of Ca-WTR at 20gkg~! to the Alfisol and
100gkg! to the Spodosol decreased Mehlich 3 extractable Cu by
34-66% and 53-64%, respectively. For CaCl, extractable Cu, the
reduction was 55-89% and 50-52%, respectively (Table 3). Both
Mehlich 3 extractable Cu and CaCl, extractable Cu were signifi-
cantly correlated with the leaching loss of Cu (r=0.86 and 0.73,
respectively). There was no significant difference in the proportion
of extractable to the total Cu in the soils before and after the leach-
ing (Fig. 3). These results suggest that leaching has a minimal effect
on the overall Cudistribution in the soils and the amendment of Ca-
WTR increases soil Cu holding capacity and establishes a relatively
stable equilibrium of Cu in the contaminated soils.

4. Conclusions

Copper contamination to agricultural soils results in soil acidi-
fication and enhanced Cu loss into the environment. Application of
Ca-WTR effectively raised soil pH and converted labile Cu into more
stable forms. Ca-WTR amendment significantly reduced leachate
Cu concentrations and the cumulative amounts of Cu loss. The
cumulative loss of Cu as a function of Ca-WTR treatment rates can
be described by a quadratic model. From the environmental and
economic considerations, the optimal Ca-WTR application rates
can be estimated based on soil pH of 6.5 for significant reduction
of available Cu in the soil. As a by-product from drinking water
treatment facility, Ca-WTR can be obtained at a minimum cost and
eco-friendly, and therefore has a great potential for the remediation
of Cu contaminated soils, particularly those acidic sandy soils.
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