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Copper sulfate has been the most commonly useéatigafor about a century in the
U.S. to control the off-flavor problem caused bydreen algae in channel catfish
(Ictalurus punctatus)yonds. In 2001, the ~80,000 hectares of channeskbaibnds in the
U.S. received a total dose of 4,000,000 kg of C4S80 or 1,000,000 kg of Cil
However, no detailed studies have been availabiaipeng to the potential adverse
impacts of the copper applied in catfish ponds wmdin and environmental health.

A pilot-scale study and various field measuremesttscommercial ponds were
conducted to investigate the environmental fatecagper applied as an algaecide in
catfish ponds. In the pilot study, a total of 77€g(ll) were applied to an experimental

catfish pond over a period of 16 summer weeks. €oppass balance indicated that



virtually all Cu(ll) applied was retained in thedsment. Approximately 0.01% of the
total Cu applied was taken up by fish and 0.1% reethin pond water. Data from three
commercial fishponds of different ages (1-25 years) with different sediment types
(acidic, neutral and calcareous) supported the-pdale observation. Field monitoring of
groundwater quality suggested that the copper Iegdhto the groundwater surrounding
the ponds was insiginificant.

Sediments taken from the three commercial catfishdp were studied for content,
leachability, bioaccessibility, and speciation eflisnent-bound Cu(ll). Results showed
that copper was concentrated in the top 10 cmet#ddiments. Leachability tests based
on the toxicity characteristic leaching proceduf€l(P) showed ~1-8% of sediment-
bound copper was leachable, while the bioaccessipgper, determined following a
physiological based extraction test (PBET) procedaccounted for up to ~40-80% of
total Cu. Becasue of the high redox potential ia #urface sediments, acid volatile
sulfide was not a significant sink for copper. Beftllowing a sequential extraction
method revealed that the residual phase copperGQuebound in the lattices of primary
and secondary minerals) was the major Cu fractiorthe ponds with acidic and
calcareous sediments but carbonate-bound, Fe/Miedxound and organically bound
Cu, as well as the residual fraction, seemed egimibortant in the pond with neutral
sediment.

Effects of various soil fractions and soil compsis on the leachability and
bioaccessibility of soil-bound Cu were investigatedth three representative soils
(calcareous, neutral, and acidic). The synthetecipitation leaching procedure (SPLP)
was used to assess the metal leachability, the PBE$ used to assess the

Vi



bioaccessibility, and a selective dissolution applowas applied to fractionate the soil
fractions. Data showed that soil carbonates plagedmportant role in Cu desorption
from soil. The leachability of Cu bound in carbasath soils was less than that in soils
with lower carbonate content. However, the bioasibdgy of copper in carbonate-rich
soils was greater than that for soils with low cemrdte content. Leachability and
bioaccessibility of Cu in different particle sizadtions fractionated on were found to be
correlated with the carbonate contents in eachtifnac Results also showed Fe/Mn
oxides, organic matter and clay minerals are resiptenfor Cu retention under acidic
leaching conditions, and clay minerals consistestiigwed the strongest affinity for Cu.
This study developed a new class of iron phosplfet@anite) nanoparticles,
prepared with sodium carboxymethyl cellulose (CM#3) a stabilizer, and tested the
feasibility of applying the nanoparticles fiorsitu immobilization of lead (PB) in soils.
TEM measurements indicated that the mean partiéeveas about 8.4+2.9 nm (standard
deviation). Batch test results showed that the CdtHbilized nanoparticles can
effectively reduce the TCLP leachability and PBE&B&d bioaccessibility of Phin the
3 representative soils. When the soils were treatidd the nanoparticles at a dosage
ranging from 0.61 to 3.0 mg as P@y-soil for 56 days, the TCLP leachability of b
was reduced by up to 95%, whereas the bioaccessitilPt** in the soils was reduced

by 31~47%.
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Style manual or journal used Water, Air and SoillRmn

Computer Software used Microsoft Excel 2003, Miofo8Vord 2003, Sigmaplot 8.0,

and Visual MINTEQ 2.32.
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CHAPTERII.

GENERAL INTRODUCTION

Contamination of rivers, lakes and reservoirs bgviyanetals has been studied for many
decades. However, there has been no detailed slodymenting the fate and
environmental impacts of copper applied in theishtpbond aquaculture. Because of the
different environmental characteristics in the ishtfponds from other surface water
bodies, resulting from more human interferences agc mechanical aeration, frequent
water drainage and sediment removal, and heavyicapfiph of algaecides, it is
necessary to research and assess the environmemtgequences of the pond
aguaculture practices, especially the heavy us€uafs an algaecide.

While heavy metals have been detected in thousahdstes, it remains highly
challenging to remediate metal contaminated sitss effectively. To address this issue,
this study developed an innovative in-situ nanatetbgy to immobilize metal cations
such as lead and copper in soils and/or solid azdrdous wastes by use of a new class
of stabilized iron phosphate nanoparticles. Congpénethe commonly used phosphate
sources such as water soluble phosphate or rockppate, the newly developed
nanoparticles offer the advantages of high immpaiion effectiveness and much less

leaching of phosphate into the environment.



Overall, this dissertation focuses on the followregearch aspects:

Researching the transport of Cu among pond wateunglwater, pond sediment and
the catfish body after the Cu was applied in thedo@ater as an algaecide, discovering
the final fate of the Cu and evaluating the potdnthpact of Cu application on the
ground water quality.

1. Researching the Cu speciation and environmentalagugy of Cu bound in the
pond sediments and estimating the potential effett€u-laden sediments on the
environment, animals and human.

2. Studying the influences of geochemical propertids tlee sediment on the
environmental availability of the Cu and findingethbest management practice for
reducing the Cu contamination.

3. Synthesizing the iron phosphate nanoparticle andlysig the effects of the
nanoparticle on the leachability and bioaccess$yhif soil-bound Pb.

The first chapter of this dissertation provideseaeyal introduction and overview of
the dissertation. Chapter Il details the fate amshgport of Cu in the catfish ponds
through experimental investigation and field samgliResearch on experimental catfish
ponds revealed that Cu applied finally accumulatethe pond sediment and little Cu
was retained either in the water phase or in thisbabody. The Cu mass balance
showed that no Cu had output from the ponds oreditine ground water with the pond
seepage, suggesting that the possibility of gromater contamination caused by the Cu
application was low. Field survey on three comn#rcatfish ponds with different ages
and sediment properties also showed that only samatiunt of Cu was present in the
pond water, the neighboring ground water and tble fissues while the pond sediment

2



retained most of the Cu applied in the ponds asalgaecide. Although Cu in the
experimental pond sediment exhibited slowly dowrdManmigration, probably caused
by the bioturbation and/or colloid facilitated-teqortation, field observations on the
commercial ponds with many year Cu applications wadth that Cu primarily
accumulated only in the top (sediment) layer of ploed bottom. Therefore attention
should be given on the behavior of Cu in the padimnsent.

Chapter Il investigated the role of acid volatelfide (AVS) in metal binding, the
simultaneously extracted heavy metals (SgMontent in the three commercial catfish
pond sediments, and Cu speciation, leachbilityl@adccessibility in the sediments using
a sequential extraction method (SEP), the toxicatttaristic leaching procedure (TCLP),
and the physiological extraction batch test (PBHEHI)e to the high redox potential in
those fishpond bottoms, acid volatile sulfide wa$ @& significant binding phase in the
surface sediments, resulting in the molar ratiorAUfS to SEM;, less than 1 in most
cases. The sequential extraction method resultsatet! that the residual phase was the
major Cu fraction in the first two pond sedimentg barbonate-bound, Fe/Mn oxide-
bound and organically bound Cu, as well as theduvasi fraction, seemed equally
important in the third pond. Toxicity charactewsteaching procedure showed only
1~8% of sediment Cu was leachable while bioacces$€ibl, evaluated by physiological
based extraction test, accounted for up to 40~80%taf Cu. Aging seemed to play an
important role in changing the Cu speciation ang tits availability in the sediments.

In addition to the total Cu concentration, sedinq@operties also played an important
role in Cu availability. Chapter IV investigatesetheffects of soil geochemical
composition such as soil carbonates, iron and nresgaoxides, soil organic matter and

3



soil clay minerals on the leachability and bioasdafty of the soil-bound Cu, which
were evaluated by synthetic precipitation leachipigpcedure (SPLP) and PBET,
respectively. Experimental results revealed thdtcbonates showed different effects
on Cu leachability and bioaccessibility: i.e. higlarbonate content resulted in the lower
Cu leachability but higher bioaccessibility in sgilsuggesting that carbonates could
strongly retain Cu at moderately acidic environmént will completely lose their
absorption capacity in extremely low pH ranges! Bon/manganese oxides, soil organic
matter and clay minerals all exhibited Cu retentapacity to different extents and thus
were able to reduce the Cu leachability and bicesibdity in soils, with soil clay
minerals and possibly some organic matter binditrgngest with Cu even in the
extremely acidic environment.

Chapter V presents the synthesis of a new classoonfphosphate (R&P0O,).-8H0
vivianite) nanoparticles and the application of gagticles in immobilization of the soil-
bound lead. With the aid of carboxymethyl cellulo€&MC) as the stabilizer, the
nanoparticles were successfully produced with @geesize of 8 nm. Batch test results
showed that the CMC-stabilized nanoparticles céecevely reduce the TCLP (toxicity
characteristic leaching procedure) leachability aR8ET (physiologically based
extraction test) bioaccessibility of £hin three representative soils (calcareous, neutral
and acidic) at a dosage ranging from 0.61 to 3.0amBQ>/g-soil. When the soils were
treated with the nanoparticles for 56 days, the F@dachability of PH was reduced by
85~95%, whereas the bioaccessibility was lowered81y47%. Results from a sequential
extraction procedure showed a 33~93% decrease tfargeable PH and carbonate-
bound fractions, and an increase of residudl-Ptaction when Pb-spiked soils were

4



amended with the nanoparticles. Addition of chlerid the treatment further decreased
the TCLP leachable Pbin soils, suggesting the formation of chloro-pymrphite
minerals. Compared to soluble phosphate usediromsitu metal immobilization,
application of the iron phosphate nanoparticlesilitesn ~50% reduction in phosphate

leaching into the environment.



CHAPTERIII
FATE AND TRANSPORT OF COPPER APPLIED

IN CHANNEL CATFISH PONDS

1. Introduction
In the past four decades or so, channel caffighlurus punctatusjarming in the U.S.,
especially in the central and southern U.S., hasvgr80 fold. The water surface for
catfish aquaculturéen the United States has expanded from about 1k200h the early
1960s (Boyd et al., 2000) to about 80,000 ha inl2Q05DA, 2004)In 2004,the United
States Department of Agriculture (USDA) reportedt tatfish growers in eleven selected
states achieved a total sale of 480 million doli@SDA, 2004) Since these practices
involve heavy uses and discharges of environmenitatiensive chemicals such as heavy
metals and nutrients, concerns about the assoceatemionmental impacts have been
growing (Boyd et al., 2000)

A channel catfish pond differs from natural confineater bodies, such as a lake or a
reservoir, in a number of aspects, including jas a smaller water capacity and higher
biomass density, 2) it receives elevated chemicabdihg (e.g. nutrients,
pesticides/algaecides, and lime), and 3) it undssdoequent human interferences (e.g.
water drainage and refill, sediment removal, aematetc.). The related practices often

result in environmentally intensive effluents aedisnents.



Copper sulfate has been the most commonly useéeatigafor about a century in the
U.S. to control the off-flavor (e.g., “fishy tasjgiroblem caused by blue-green algae in
channel catfish ponds (Riemer and Toth, 1970). daot,f Cu sulfate pentahydrate
(CuSQ-5H,0) has been the only algaecide approved by the EPA for catfish pond
applications (USEPA, 2003). Typically, copper iplkgd to the fishponds at about 1%
(w/w) of the total alkalinity of the pond water,caapplications are made at intervals of
2-10 days from early summer to early fall (Boyd9Qp Individual ponds typically
receive about 50 kg Haof CuSQ-5H,0 or about 12.5 kg/ha of Cu each year. In 2001,
the ~80,000 hectares of channel catfish ponds itJtBe (mainly in Alabama, Arkansas,
Louisiana, and Mississippi) received a total of 00,000 kg of CuS©5H,0 or
1,000,000 g of Cu (USDA, 2004). However, no detailed studiesén been available
pertaining to the potential adverse impacts orhtiraan and environmental health.

Copper is a trace metal essential for the humary boad for many enzyme systems.
However, excessive exposure to high concentratwdrSu can result in adverse health
effects. The maximum contaminant level (MCL) of @udrinking water is 1.3 mg/L
(USEPA, 2002). Studies have shown that long-tingeestion of water containing Cu
greater than the MCL can lead to liver or kidneyndge (Zietz et al., 2003). Researchers
have observed severe toxic effects of Cu on peapleanimals with weakened
detoxification systems (Scheinberg, 1991). Receittedce indicated that trace amounts
of Cu in water, along with cholesterol, might play important role in the etiology of
Alzheimer’s disease (Sparks and Schreurs, 2003dthtion, free Cu may catalyze the
formation of highly reactive hydroxyl radicals, whican result in oxidative damage to

cells (Gaetke and Chow, 2003).



Among animals, ruminants are quite susceptibleofiper toxicity. They are the only
animals in which significant, and even lethal, cappoxicosis can occur without an
inherited abnormality or the addition of dietarypper supplements. Copper toxicosis
may develop in sheep taking forage with a normppeo content of 8-10 mg/kg, and this
even more likely to occur if the molybdenum concatibn in the diet is below 0.5 mg/kg
(Scheinberg, 1991).

Although some fish and crawfish may survive at @pgoncentrations of 0.03-0.8
mg/L, copper exceeding of 0.1 mg/L in water is Ulguaxic to fish (Scheinberg, 1991).
Strauss and Tucker (1993) reported a 96-gb€51-65 pg/L at 16 mg/ L total hardness
and 1,084-1,880 g at 287 mg/L total hardness for channel catfisbpg@r may also be
toxic to plants, affecting mainly the growth of tteots. Toxic levels of copper for young
spring barley, ryegrass, rape and wheat are 19 tm@kg soil. Copper is also toxic to
cauliflower, potato, carrot, lettuce seedling, aicd seedling (Owen, 1981).

A fishpond can be envisioned as a mini-ecosystemsisting of water, sediment, and
biota (mainly fish). Upon application, Cu will treymort within and distribute among these
phases. Cu applied to a fishpond may find its sy the environment in one or more of
the following pathways: 1) Seepage: Since the pbatom and/or walls are water
permeable to some degree, Cu applied in the posigreaymay leach into surrounding
groundwater or soil along with the seepage waterFigh accumulation: Fish can
accumulate heavy metals including Cu primarily tlgio dietary exposure (USEPA,
2000); 3) Water replacement, pond dewatering, amad pdrying, which are common
practices in pond aquaculture; and 4) Sediment vain&ediment in aquaculture ponds
is removed routinely to maintain adequate depttheffishponds and to remove harmful
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agents accumulated in sediment such as nutriedt®@ganic matter (Boyd, 1995). For
intensive aquaculture, sediment may be removed @dieh crop (Boyd, 1995).

The overall goal of this study was to investigdte distribution and transport of Cu
applied to channel catfish ponds through both at{sitale experimental study and field
measurements at actual commercial ponds. The gpebjectives of this study were to:

1. Carry out a thorough Cu budget study in a wetitolled pilot-scale experimental

fishpond;

2. Quantify the dynamics and distribution of Cuthe pond system during the

application season; and

3. Investigate the distribution of Cu in represémeacommercial catfish ponds.

2. Materialsand Methods

2.1. THE EXPERIMENTAL POND

A pilot-scale experimental fishpond at the Aubumivérsity Fisheries Research Unit in
Auburn, Alabama, USA, was employed for the pilatdst Figure 2.1 shows the plan
view of the pond dimensions and locations of sangpipoints (i.e. A-E, 1-16). The
average water depth was kept at 0.8~0.9 m duringttigy. All side walls were made of
concrete. Feed water was introduced by gravity ffomm a local reservoir as needed,
which was filled with runoff water from a locallyoeded watershed. The pond bottom
was originally paved with compact native soil, dwerized as Typic Kanhapdults
(clayey, kaolinitic, and thermic)Table 2.1 gives relevant physical and chemical

properties of the native soil and the pond sedim®&i37 kw surface aerator was installed



at 5m from the wall (point E irFigure 2.1). Copper sulfate (CuS&H,0) was slug-fed

in the pond at the aerator (Point E) on a weekfida

| 1 | | |
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1m—-——
1 2 3 4
4m 7m
1 5 6 7 8
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Figure 2.1 A plan view (not to scale) of the experimental g@md location of the water
and sediment sampling points. Water and sedimeesasere sampled at Points A-E to
study the dynamic behaviors of Cu in water andreedi, whereas only sediment cores
were taken at Points 1-16 to determine total Cusmetsiined in the sediment.

A staff gauge that permits water level readingthtonearest 0.25 cm was installed in
the pond. A class-A evaporation pan (Yoo and Bdy@h4) and a standard rain gauge
(Yoo and Boyd, 1994) were placed on the pond bankdnitor the water loss due to

evaporation and water input from rain, respectivélywater flow meter (Trident# 8,
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Neptune Technology Group Inc.) was fitted on tHetipipe for recording inflow rate. As
a routine maintenance practice, lime was appliethéopond water on a yearly basis to
enhance alkalinity and neutralize bottom soil dgidi
2.2. EXPERIMENTAL PROCEDURES
The experiment was initiated on March 11, 2003tbglsng the pond with ~300 channel
catfish seedlings weighing 165 kg total. The fistrevfed 3 times per week at 2.7 kg feed
per feeding for the first two months. Then the fgedntity was increased to &g until
the end of the study seas(@®eptember 26, 2003). The Cu content in the feetpks
was determined to be about 10.8 mg/kg as Cu usity HETHOD 3050B (USEPA,
1996).
From June 13 through September 26, 2003, coppts{CuSQ-5H,0) was applied to
the pond once a week at ~190 g per application.aftm@unt of copper sulfate added was
approximately equivalent to 1% of the total alkajyin(mg/L CaCQ) of pond water
(Boyd and Tucker, 1998). The surface aerator wasated as follows: a) it was first
operated continuously for 24 hours (typically steytat 9 a.n) immediately after each
application of Cu sulfate to evenly distribute @uhe pond water and to prevent the fish
from being harmed by the shock loading of Cu; ahafter the application day, it was
operated only nightly from 9 p.m. to 6 a.m. to cemgate the high oxygen demand in the
night time

Before the first Cu addition, water samples, sedinwres and fish samples were
analyzed for the background Cu concentratiohable 2.1 also presents important
compositions of the pond water before Cu was ad@egper concentrations, pH, and
dissolved oxygen (DO) in water after each coppetiegtion were monitored

11
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TABLE 2.1

Pond water quality and soil property data for tkeezgimental pond and the commercial ponds.

Pond Water properties

Soil properties

Catfich nand
DAL Cu  Organic Alkalinity CEC Cu Organic . "
Sand Silt Cla Cla
pH (mg/ carbon (mg/L as pH (cmol (mg/ carbon %) () (% )y mine)r/als
L) (mg/L) CaCQ) /kg)  kg) (%)
- Pond (K)(M)
Experimental Sediment 6.6 14.5 28.9 2.5 30 33 37 (S)
pond (30- years 7.81 0.002 3.46 57.2
old) Native soil 6.3 6.25 18.3 1.6 49 30 21 (K()g;/l)
Commercial
pondP-1(1- ;47 (o012  11.98 1411 Natvesoil 7.8 3485 232 21 15 290 56 (M)
year old) (Q)(S)
Commercial
pondP-5(5- 7 43 o33 1421 743 Native soil 6.9 1417 256 9 0. 18 28 54 (OM)
years old) (Q)(S)
Commercial (K)Y(M)
pond P-25(25- 7.44 0.021 4.32 37.2 Native soil 4.3 8.77 13.5 0.6 69 4 27

years old)

(Q)XS)

* K=Kaolinite, M=Mica, Q=Quartz, S=Smectite



periodically. Throughout the experimental peridag tvater level in the pond, rainfall,
evaporation, and inflow rate were recorded on aklyeleasis. These data were used in
the subsequent water balance calculation followiegapproach of Boyd (1982).

To study the dynamic behavior of Cu in the pondenatater samples were taken
from locations A, C, and E of the ponBigure 2.1) and at various time intervals after
one application. Two operationally defined Cu spsdn water were considered in this
study. The “dissolved Cu” (D-Cu) refers to Cu renag in water after micro-filtering
the water samples using a 0.pth PVDF Membrane (Millipore Co., Billerica, MA,
USA), whereas the “total Cu” (T-Cu) was determirmgdanalyzing water samples that
were first acidified with 0.1 M HN@to a pH < 2.0 and without the filtration treatment
(Clesceri, et al., 1998).

To study the transient Cu accumulation in the sedimn response to the Cu
additions, sediment cores were taken from locatian8, D, and E Figure 2.1) on a
weekly basis. A manually-operated, 5-cm diametere ceampler (Wildlife Supply
Company, MI; Model No.2424A15) was used to obtadisent cores to ~2@m deep.
To map the spatial distribution of Cu in the sedimesediment cores were also taken
from Points 1-16Kigure 2.1) at the beginning and the end of the pilot studgpectively.
All sediment cores were dissected to 2-cm-thickesaland copper content in the cores
was determined following EPA METHOD 3050B (USEPA96). The bulk density of
each sediment cake was measured separately folote approach by Munsiri et al.
(1995).

Catfish of various ages (sizes) were sampled thires during the test. Copper

content in the whole fish body as well as in vasidody parts (liver, gill, meat, and
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bone) was determined. Following a procedure desdritoy Oldewage (2000), the fish
samples were first freeze-dried for 72 hours, drahithe samples were fine-ground to
homogenous powders. Again, EPA METHOD 3050B (USEP396) was followed for

digestion of the dried fish powders.

2.3. ANALYSES OF SEDIMENT, SOIL AND CHEMICALS

Copper in water or in acid digests was analyzedgusither a flame atomic absorption
spectrometer (FLAAS) (Varian SpectrAA 2220FS) orgeaphite furnace atomic
absorption spectrometer (GFAAS) (Perkin Elmer 31T0Og detection limit is 0.02 mg/ L
for the FLAAS, and 0.002 mg/L for the GFAAS. An @i 520A pH meter was used to
measure pH of water or soil suspension and YSI &Y meter for measuring DO.
Alkalinity of the pond water was determined through titration method (Clesceri et al.,
1998).

Native soil samples were taken from Bt horizon (3D€h deep) in the vicinity of
the pond for characterizing the soil propertiese Bediment column of this pond was
estimated to be 30 cm deep (Munsiri et al., 19B8}h soil and sediment samples were
pulverized to pass a 2-mm sieve after drying at°CQ5and the subsequent soill
measurements were based on the weight of air-daetples. Soil pH was measured in
0.01 M CaCb at 1:1 soil: solution ratio. The fraction of sargllt, and clay was
determined using the pipette method described kg &l Or (2002). The total carbon
content was analyzed following the Dumas methodh it ECO CN-2000 combustion
unit (LECO Corp., Joseph, MI) at 108C. Soil clay minerals were identified with the
XRD method using an X-ray diffraction unit (SiemddS000 x-ray diffractometer) after

the soil samples were treated with the procedwrengby Kunze and Dixon (1986). The
14



CEC was determined with 1 N NBAc buffered at pH 7.0 following the method

described in Soil Survey Laboratory Methods Mar{U&DA, et al, 1996).

2.4. DETERMINATION OF TOTAL COPPER RETAINED IN SEMENT

Total Cu content in the top 22-cm sediment layeas wWetermined through volumetric
integration of the Cu concentrations in each diggkayer. The planar distribution of Cu
in each layer was mapped through interpolation dase the measurement of the 20
cores (Points 1-16, A, B, D and E kiigure 2.1). Eqn (2.1) gives the total mass of Cu

retained in sediment:
\Y
Mg = IC(X, y,2)p(X,y,z)dV (2.1)
0

whereMs (kg) is the total mass of Cu retained in the sedinoénblumeV, C(x,y,z)(mg
Cukg® dry soil) is the Cu concentration at location ¥, 3, p(x,y,d (kg dry soil m*of
wet sediment) is the bulk density of sediment aafion &, y, 3, anddV (m® of wet
volume) is the volume element at locaticry (3.

Dividing the sediment core into finite number oféas (0.02m each) along the depth
and assuming that sediment bulk density is the saithén each single layer, eqn (2.1) is

approximated with
N
M, =hY o ([C (xy)Axdy) (22
i=1

whereh; is the thickness of layer(0.02 m),N is the total number of layer€i(x,y) is the

Cu concentration at locatior,(y) of layeri (mg Cu/ kg dry soail)p; is the bulk density of
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sediment in layei (kg dry soil m®of wet volume), andixdy is the area element at
location &, y) (m°).

The finite-element method was employed to map treentration distributions at a
given layer. In brief, each layer of sediment wasded into 100x100 grid elements,
each with a dimension 0.14 m x 0.29 m x 0.02 m.cGaocentration within a given
element was considered to be homogeneous and Veatatad by interpolation based on
Cu concentrations measured at the 16 sampling golitite Interactive Data Language
software (IDL 6.0, Research System Inc.) was ueethlculate the Cu concentrations at
all grid points through two-dimension linear intelgtion. The net gain in Cu in the
sediment phas& M) was then calculated by:

AMs = Mg finar Ms; initial (2.3)
whereMs iniia 1S the Cu mass in the sediment before the Cuappied, andVis final IS
Cu in the sediment at the end of the study season.

2.5. OVERALL COPPER BUDGET IN THE POND SYSTEM
The copper budget or mass balance in the pondmsystdescribed by Eqn (2.4):

My + M2 + M3 - Mg= AM , + AMg + AM¢ (2.4)
whereM; is the mass of Cu applied to the fishponds asealda (g);M: is the mass of
Cu added to fishponds with rainfall, runoff and Water (g);Ms is the mass of Cu added
as fish feedings (g, is the mass of Cu lost from fishponds due to wagapage (Q);
AMy, is the mass of Cu gained in pond watgrat the end of the study seasai; is the
mass of Cu accumulated in the fish body &ndAMsas defined in Egn (2.3).

2.6 COPPER DISTRIBUTION IN COMMERCIAL CATFISH PONDS
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Copper distribution in three commercial catfish g®nn the western Alabama was
measured and compared. The ponds differ in thewr agd sediment characteristics
(Table 2.1). Pond P-1 was a one-year old catfish pond andbudson 6 hectares of a
calcareous soil; Pond P-5 was five-years old, and lased on 8 hectares of a neutral
soil; whereas pond P-25 was 25-years old and oméctares of an acidic soil. Multiple
samples of the pond water, pond sediment, soil,catitsh were taken from those three
ponds in September, 2003 and then analyzed for dlawing similar methods of
sampling and analysis of those used for the exmariah pond.Table 2.1 gives salient
water quality data and sediment properties forthinee commercial ponds. Ground water
samples were also taken from the monitoring wellsated within 200 meters down
gradient of the fishponds. The water samples weidifeed with 0.1 M HNQ to a pH <

2.0 (Clesceri et al., 1998) on site before theyawesansported to the lab for analysis.

3. Results and Discussion

3.1. WATER BUDGET
Based on the weekly measurements, the weekly watgage rate was calculated using
Egn (1.5) (Boyd, 1982),

Seepage = Stage at time 1 — Stage at time 2 Hwaleelr — water output + Rainfall +

Runoff — Pond evaporation (2.5)

where all terms were expressed in centimeters.tdta runoff during the season was
estimated at 2.3 cm (Boyd, 1982), which was eveldjributed over the 16 weeks. No
water had been outputted from the pond during ¢lasan.
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The calculation showed that the average seepagfeeaéxperimental pond over the
experimental period was 0.5 cm/ d, i.e. about®nD.6 % of the pond water seeped out
of the pond daily.

3.2. DYNAMICS OF COPPER IN POND WATER

Figures 2.2a and2.2b show the observed dynamic concentration profifée-Gu and D-
Cu, respectively, in the pond water sampled atethoeations (A, C and E) following a
representative Cu application. In all cases, steshale was reached in approximately 48
hours after each Cu addition. However, the level-@u was much greater than D-Cu in
all cases. For instance, at point E (where Cu wlded), the peak concentration of T-Cu
(approximately 60Qug/L) was over 1 order of magnitude greater thart tba D-Cu
(approximately 57 pg/L). These observations suggest that a primaryctifna
(approximately 90%) of Cu added to the ponds waglha (within minutes) associated
with the suspended fine sediment particles. Coresgityy these fine particulates play a
governing role in facilitating the fate and trandpof Cu. At steady state (after
approximately 2 days), virtually all sediment-asatex] Cu settled in the sediment phase,
leaving a steady amount (abouid/ L) of D-Cu in the pond water.

The peak T-Cu concentration at Point A, which iswld8 m away from Point E, was
approximately 173ug/L, compared to only approximately 2@/L for D-Cu. While the
D-Cu concentration peak reached Point A in lesa th& hours, the T-Cu peak did not
arrive until 4.5 hours. Such a time lag again iaths the important role of suspended
fine particles on the transport of the total Cu. maintain a healthy water quality in
aguaculture ponds, it has been a common practikedp a relatively high pH (>7.0) and

alkalinity through regularly liming the pond wat&oyd and Tucker (1998) attribute the
18
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Figure 2.2. Transient change in concentration of total @y gnd dissolved Cubj in
pond water at Points A, C and E following a Cu aggtion.
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low level of Cu in the pond water at steady statéotmation of Cu precipitates such as
malachite (Ce(OH),COg3), tenorite (CuO), and cupric hydroxide (Cu(QHat the high
pH and alkalinity. However, calculations based lo# pond water chemistry showed that
the saturation indices (Sl) for those precipitat@entioned above were all less than 1,
indicating that Ct' in pond water was under-saturated with any ofe¢h®s precipitates.
The result suggested that concentrations of coppeond water were actually controlled
by the sediment-particle adsorption process insteddthe precipitation. These
calculations were performed using Visual MINTEQ r(v@.32) with input data as

follows: CU* (total) = 4pg/L, pH = 7~8, alkalinity =57.2 mg/L as CagO

Iron/manganese oxides, soil organic matter, clagenals and soil carbonates are
often considered as the major sorbing phases favyhenetals in the water column
(Férstner and Wittmann, 1981). For example, Harale€2001) analyzed the copper
speciation using sequential extraction proceduediment samples from a catfish pond
and found that more than 80% of copper was bounth \8Dil organic matter,
iron/manganese oxides and soil carbonates. How&reanoxic sediments, acid volatile
sulfide (AVS) may become another important bindimgise for metals sequestration (Di
Toro et al., 1992; Ankley et al., 1993; Yu, et2001; Saenz et al., 2003).

Figure 2.3 shows dynamic pH and DO profiles in the pond wateasured at Point C
in response to a pulse feed of copper at PointoEcohtrast the cause-effect relation, the
T-Cu profile is superimposed irigure 2.3. According to Boyd (1995), pH and DO in
aquaculture pond water typically exhibit a sinusbitlictuation pattern over a 24-h day-
night period (as segmented between the two vedigshed lines ifigure 2.3), which is

attributive to the alternating respiration and plsghthesis of algae. Since the photo-
20
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Figure 2.3. Dynamic profiles of DO and pH in pond water foliogy a copper

application. Copper added at t (time) = 0.

synthesis consumes dissolved L@ water and produces DO, a coupled rise in pH and
DO would be expected during the day. On the okiaerd, decaying and respiration of
algae deplete DO and produce £ &sulting in night- time drop in DO and pHigure

2.3 reveals that addition of copper caused an immedi@aipset and perturbation of the
pH profile. For ~ 3 days after the copper additiphl was dropped from its normal

average value of ~9 to ~8 and remained stable, andw@® lowered to < 5 mg/L.
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Evidently, the addition of copper had effectiveigtdrbed normal metabolic activities of
algae. However, due to the relatively rapid tramspb copper from water to sediment,
the pH and DO profiles bounced back to their nortraadks after 3 days, suggesting that
the “algaecidal’ effect of copper may not last fieore than three days.

3.3. TRANSPORT AND ACCUMULATION OF COPPER IN SEDINNH

Dynamic copper accumulation in the pond sedimens wenitored through weekly
measurements of Cu concentrations in sediment takes from 4 selected points (A, B,
D, and E as shown ifigure 2.1). Figure 2.4.a shows the weekly changes in Cu
concentration in various sediment layers of theirsedt cores taken at Point E in
response to the weekly Cu application (Note: sedinceres were taken approximately
12 hours before next Cu additiofigure 2.4.a reveals that Cu concentrations in the top
two layers displayed rapid and steady increasindles in response to the Cu addition.
Rapid growth in Cu concentration in the 4-8 cm mmngas observed in about 3 to 4
weeks. At week 12, Cu in the deepest layer (14rplegan to rise.

For comparison,Figures 2.4.b and 2.4.c present similar dynamic accumulation
profiles of Cu at Points A and D, respectively. &that Point A is approximately 20 m
away from Point E, where Cu is introduced; whereamt D sits about 3 m from the
center of the pond. Unlike Point E (where the aereg located), Cu in the top three
layers of Point A increased sharply after week hjlevCu accumulation at the near-
center Point D took place at a more moderate @awka clear time lag was evident. The
different Cu accumulation profiles at these poistgygest that Cu was unevenly

distributed in the pond sediment. This also sugpibrie assertion that Cu’s transport was
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primarily facilitated by the transport of suspendsediments. Because sediment re-
suspension and re-distribution are dependent ompahe hydraulics, the distribution of
Cu is strongly affected by the aeration processmise sediment particles settle in the
area near the side walls than at the center, mor&& observed at Points A and E than
at Point D.

Figure 2.5 compares the vertical distributions of Cu in seddsediment cores (Point
B) taken at weeks 0, 8 and 16 of the study. Sintlamcentration profiles were also
observed for Points A, D, E, and 1-16 (data nowst)oThe initial Cu concentration in
the sediment core ranged from 25 to 35 mgAigthe end of the Cu application season,
the Cu concentration culminated to approximately0 26hg/kg, with most Cu
accumulation occurring in the top 10 cm of the seit. However, the concentration
wave was able to reach thdeep in the 16 weeks of study period.

Although Figure 2.5. indicates that the concentration front of Cu ie gediment
cores was progressing downward in the sedimermt atarage velocity of approximately

0.14 cm/d, no significant Cu leakage was detectdte surrounding groundwater.

Munsiri et al. (1995) observed that the sedimemuawlation rate were only 1.23
cm/year for 23-year-old ponds and 0.93 cm/yearS@year-old ponds located in the
same area as the research pond. This observatiggests that the observed fast
downward migration of copper in the pond sedimeateanot due to the piling up of the
new sediment.

Bioturbation (i.e. the disturbance or mixing of iseent layers or particles by

biological activities) is a significant procesdla water-sediment interface, and can play
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an important role in accelerating the migratiorcopper into the deeper sediment layers.
Infauna macroinvertebrates, which inhabit in neallyfine-grained sediment deposits,
were found to significantly affect the physical aodemical properties of sediment
through their burrowing, feeding and locomotioniaties (Matisoff, 1995). Matisoff
(1995) reported that bioturbation of various aquatiganisms was able to facilitate the
transport of sediment-bound heavy metals and radiates. In a study on the vertical
distribution of radionuclides in a lagoon sedimefitan old nuclear weapon testing site,
McMurtry et al. (1985) found that a significant pon of the initial fallout disposition to
the sediment surface had been mixed to depths lekat 1.5 m by activities of several
species of callianassid shrimp after about 30 yéafig;mhoven et al. (2006) applied a
simulated bioturbation to the top 2 cm of Zn-spiksall columns, finding that the
turbation caused a downward redistribution of soibed zinc and the effect was
measurable at a soil depth of more than 15 cm idays. Sun and Torgersen (2001)
successfully modeled the fate and transport?dRa in sediment by incorporating
bioturbation process with adsorption/desorptiorctieas. Boyer et al. (1990) observed
trenches constructed by burbdtofa lotg) in the deep waters of Lake Superior and
concluded that the fish was capable of mixing si&faediment to a depth of 30 cm.
Because many benthic species such as oligochaatmsvand amphipods commonly
observed in aquaculture ponds are known potentmsedi movers (Boyd, 1995),
bioturbation by fish and benthos may have playderole in transporting Cu in the
sediment. The relatively flat Cu concentration paéikr 16 weeksHigure 2.5) appears

consistent with this scenario.
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In addition, colloids-facilitated contaminant trgost may also play a role in
transporting Cu in the sediment. It has been repdtiat colloids can facilitate migration
of strongly adsorbable contaminants such as pdstc{Sprauge et al., 2000), mercury
(Lowry et al.,, 2004), lead (Kenchtenhofer, 2003pprer (Kanrathansis, 1999;
Kenchtenhofer, 2003), zinc (Kanrathansis, 1999} eadio nuclides (Kersting et al.,
1999) in the subsurface environment. The process bea affected by a number of
processes, such as hydro-mechanic disturbanceren¢ill flow, water seepage velocity,
pore water chemistry, soil macrospore structured, soil properties. In this study, the
periodic re-suspension of Cu-laden sediment pedidue to the cyclic aeration and
bioturbation promote the transport of colloids, e@bhiexplains why the concentration
wave of Cu was able to reach a depth of 10 cm wifld weeks. However, colloids-
facilitated transport would be much slower if bidtation and mechanical mixing were
absent. Because the bioturbation and mechanicahghere most influential to the top
sediment layers (< 1@8m) (Munsiri et. al., 1995), a much slower particlegration

velocity is expected in the deeper and more cotdatdd sediment.

3.4. COPPER ACCUMULATION IN FISH

In addition to soil and groundwater contaminatipossible Cu accumulation in fish is
also a potential concern. Over the 16-week studipgea total of 356 kg of fish food
was applied, and the gross fish weight grew frorh B to 346 kg in the pondResults
from fish analyses before and after the study pendicated that the Cu concentration in
the catfish body decreased from ¥2B1 (standard deviation) mg/kg in the seedlings to
6.15+£2.54 mg/kg in the adult fish during the seaJdre results revealed that the net gain

of Cu in all fish was only 0.0324 g during the 18ek Cu application season. Oldewage
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Figure 2.6. Changes in copper concentrations in selectedifisbes with time
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et al. (2000) studied the bioaccumulation of Cr, @ud Fe in fishClarias gariepinus
from a polluted river and observed that Cu conediatn in fish tissues decreased with
fish age. To further understand Cu distributionhimta fish body, the Cu content in four
different body parts (liver, gill, muscle, and bpmeas also monitored at weeks 0, 8, and
16, respectivelyFigure 2.6 shows that the Cu concentration in the liver aild ¢ar
exceeds that in meat and bone. Moreover, while @wcentration in meat decreased by
nearly 50%, Cu in liver rose by nearly 75% over llteweeks, suggesting that Cu was
removed for the body and accumulated in the liwear dime.

Similar patterns of Cu accumulation in fish orgarese also reported by others. For
example, Kraeme (2005) reported that copper comeyellow perch Perca flavescens)
living in a metal-contaminated lake increased frtdrto 100 mg/kg in liver and from 5 to
15 mg/kg in gill after 50 days of exposure. Fark2803) observed the heavy metals
accumulation in gill, liver and muscle of figkbramis brama Lin a contaminated site
followed very similar profiles as ifkigure 2.6. Earlier, Thomann et al. (1997) showed
that the accumulation of cadmium in fish liver reed its peak level after ~60 days of
exposure to the metal.

3.5. OVERALL COPPER BUDGET

Based on the Cu measurements in each compartméme dishpond system, the overall
Cu budget was calculated using Egn (21.4). Cu itpdhe fish pond due to runoff was
neglected considering the small size of the watststind well-maintained vegetation
around the pond. Cu gain in the pond watef/() was determined to be 0.4 by
comparing the steady-state Cu levels before aret #ie study period. Cu input to the
pond from rainwater and feed wat&f,] was determined based on on-site measurements.
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The combined contribution was 2.93Cu, of which approximately 1.5¢ was due to
rainfall and 1.39y to feed water. As expected, the single most impor@u input to the
pond system was due to the algaecide applicatibichatotaled 754, i.e. My = 754¢.
Cu input from fish foodNl3) was determined to be 2.§0

Copper retained in the pond sediment was deternbgedmparing the change of Cu
content in the top 22m of the sediment before and after the study penitical and
horizontal distributions of Cu in the sediment wdetermined based on measurements of
20 sampling points as shown kigure 2.1. A numerical scheme based on the finite
element method (The Interactive Data Language soffjvwas used to interpolate the
concentration distributions in each horizontal lay&otal Cu in the sediment was
computed then by integrating the distributed Cuceottrations in each segmeiiiable
2.2 summarizes the overall Cu budget calculation. 8ase our weekly sampling and
analysis of the neighboring groundwater, there masappreciable Cu leaking into the
aquifer during the study period. Therefore, thaulteast negative seepage valueTiable
2.2 indicates that the overall Cu budget can be walthiticed within an error of <6 % of
Cu added in the pond. The results confirmed thaaaily all Cu applied was retained in
the top 16 cm of sediment within the relatively sHdb-week period.
3.6 FIELD INVESTIGATION
To support the pilot observations, field data oppEr in sediments were collected in
three commercial fish pond3.able 2.1 indicated that the Cu concentration in the
commercial ponds ranged from 0.012 to 0.033 mg/kpde the seasonal intensive
application of copper sulfatdgain, saturation index calculation showed thatafjgeous
Cu in those pond water was under-saturated witbf&llu precipitates, suggesting the
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Table2.2.
Summary of Cu budget calculations.

Cu applied (M, 9) 774
: , 2.93
Rainwater and fill water (M g)
Cuinput (g)

Fish food (M, g) 2.80

Total Input (g) 780

In water AM v, Q) 0.72

In sediment4M s, Q) 823

Cu In fish AM ¢, g)

accumulation (g) 0.03
Total Accumulation (g) 824

-44

Cu output (g) Seepage (¥ 9)

sediment-particle adsorption process played a nrajerin controlling the Cu activity in
pond water. Data iffable 2.1 were applied in the chemical equilibrium calcudatifor
each pond.

Figures 2.7a-c show the vertical distribution of Cu and the bul&nsity of the
sediments in the three commercial fishponds. Adogrdo Munsiri (1995), a bulk
density of 1.49 cm® was used to distinguish between pond sedimenbattdm soil (i.e.
the bulk density of sediment is less thand.ehi®). Based on this definition, the depth of
sediment in P-1, P-5, and P-25 was determined &bbat 4, 14, and 1€m, respectively.

Below the respective depth is considered as thetnagoil.
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Evidently, the peak concentrations for the yourpgmrds (P-1 and P-5) occurred at a
depth of ~3 cmKigures 21.7a and2.7b). In contrast, the peak concentrations for the 25-
year old P-25Kigure 2.7c) occurred at a depth of 5-6 cm. It is noteworthgttthe peak
concentrations for the actively used P-5 rangedhfreRO0 to ~250 mg/kg, which are
much greater than in newly built P-1 (7.0-16 mg/kgy the 25-years old P-25 (7.0-33
mg/kg). The peak concentrations for the newly Weilt fell into the reported background
concentration range of 4-18 mg/kg in typical U.8ilss (Thornton, 1976), possibly
indicating that no copper has yet been appliedhto gond. The much lower copper
concentration in the more aged P-25 than in theds/ old P-5 is attributed to the
intermittent sediment replacement.

A closer examination of the individual Cu distritaurt profiles indicates that although
the copper concentration wave went deeper for neged ponds, the peak Cu
concentration occurred within the sediment layéneathan the bottom soil regardless of
pond age or pond soil properties. This observatigrees with the observed pilot-test
results, and indicates that Cu transport is fatéd primarily by bioturbation and
hydraulic mixing of the Cu-laden sediment particléfe results also reveal that the
application of copper may not cause significantngjes in Cu content in the bottom soil.
Long-term groundwater monitoring showed that thecGutent in the groundwater under
those three commercial catfish ponds were 0.014rogy/P-1, 0.000 mg/L for P-5, and
0.001 mg/L for P-25, respectivelyrhese concentrations are the same as in the
background water, confirming that nearly all copapplied to the ponds was retained in

the pond sediments.
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Figure 2.7a. Vertical distribution in Cu concentration and ldensity with the depth of
the pond sediment / bottom soil for the 1-year pond
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Figure 2.7b. Vertical distribution in Cu concentration and bdkensity with the depth of
the pond sediment / bottom soil for the 5-year pond
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TABLE 2.3.
Cu concentration in tissues of the catfish raisecbimmercial ponds.

fishpond  Weight (kg) Cu concentration in fish tissues
(mg Cu/kg dry weight)
liver gill meat bone
P-1 0.59+0.46 8.64+2.26 5.07+£3.21 0.88+0.41 0.29+0.22
(n=5)
P-5 0.80+0.55 12.79+9.13  3.00+0.79 0.57+0.42 0.14+0.16
(n=6)
P-25 0.40+0.08 34.67+21.73 3.36%+1.82 0.67+0.53 0.19+0.30
(n=6)

Table 2.3 presents copper concentrations in various bodig drfish sampled from
the three commercial ponds. Consistent with thetpihdings, livers contained the
highest copper, ranging from 8.64+2.26 mg/kg (drgighit) to 34.67+21.73 mg/kg,
followed by gill which contained 3.00+0.79 to 5.873.21 mg/kg. Fish flesh and bone
contained minimal amounts of copper: 0.57+0.42 18880.411 mg/kg in flesh and
0.14+0.16 to 0.29+0.22ng/kg in bone, which are much lower than the Food a

Agriculture Organization (FAO) limit of 20.0 mg/Kébou-Arab et al., 1996).

4. Conclusions

Results from both the pilot pond and commercialdsorevealed the pivotal role of the
suspended sediment particles on the overall fatlet@msport of Cu in both water and

sediment phases. Because of the strong interachehseen Cu and the suspended
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particles, more than 90% of Cu applied to the fishd become rapidly (within 2 hours)
and firmly associated with the suspended solidghMWiapproximately 2 days after its
addition, over 99% of Cu added was transferredhéobiottom sediment phase due to the
adsorption process by the sediment particles

The regular pH and DO profiles in pond water weistadted in response to each
application of copper sulfate. However, both pH &@Iresumed to their normal patterns
after three days, which corresponds to the typcahtion when the copper’s algaecidal
effect was operative. Therefore, pH and DO levelsy/ merve as an indicator for the
activity of algae and other planktons.

A Cu budget study and direct groundwater monitosnggested that virtually all Cu
applied ended up in the sediment phase. Facilitatedarily by mechanic stirring and
bioturbation, Cu was observed to migrate deeper ihé sediment column. However,
both pilot-experimental data and field observatiodicated that nearly all Cu applied
was actually concentrated within the pond sedinteeydr (<16cm). The applied copper
did not appear to be able to reach the bottom soitsther the higher Cu-loading pond
(P-5 and the experiment pond) or the 25-year olddp@-25). This observation was
further supported by the observed extremely lowcGucentrations in monitoring wells
located near the fishponds. The knowledge gainma this study may facilitate a sound
assessment of the environmental impacts assosdtiedopper application in fish ponds.
Further, it may also provide a practical guidelioetimely replacement and safe disposal
of the pond sediments.

Both experimental and field data showed Cu accutiomlan fish primarily occurred
in the liver and gills. While the Cu concentratibased on the total body weight
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decreased by nearly 50% during the season, Cuweitivilr increased by nearly 75%. In
contrast, Cu concentration in fish muscle was dduby a factor of nearly 2. The
measured Cu levels in fish may serve as a basi®ifolating sound fish consumption
advisories. In addition, caution should be takamards the reuse and disposal of fish

leftover (e.g. for cattle food) due to the elevat@dcontents in some of the fish organs.
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CHAPTER 111
THE LEACHABILITY, BIOACCESSIBILITY, AND SPECIATION OF CU IN

THE SEDIMENT OF CHANNEL CATFISH PONDS

1. Introduction

The channel catfisfictalurus punctatushas been farmed extensively in the central
and southern USA for many decad&se water surface being used for catfish produdtion
the United States has expanded from about 1,00@rdesc(ha) in the early 1960s (Boyd
et al., 2000) to about 80,000 ha in 2001 (USDA,£80®ne of the noteworthy chemicals
often encountered in aquaculture practice is cogpéfate, which has been the most
commonly used algaecide for about a century in th8. to control the off-flavor
problem (e.g. fishy taste) caused by blue-greenealg channel catfish ponds (Riemer
and Toth, 1970). As a matter of fact, copper selfpentahydrate (CuS®@H,0) is
currently the only algaecide approved by the U.BAHor the use in catfish ponds
(U.S.EPA, 2003). Typically, copper is applied te fishponds at about 1% (w/w) of the
total alkalinity of the pond water, and applicasoare made at intervals of 2-10 days
from early summer to early fall. Individual pondgitally receive about 50 kg/ha of
CuSQ-5H,0 or about 12.5 kg/ha Cu each year. Based on thesders, in 2001, the
80,000 ha of channel catfish ponds in the U.S.filyan Alabama, Arkansas, Louisiana,

and Mississippi) received a total of 4,000,000 kg€aSQ-5H,0 or 1,000,000 kg of Cu
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(USDA, 2004). According to Liu et al. (2006), ngadl00% of the applied Cu would

transfer to the pond sediment. However, there Hmen few reports to evaluate the
potential environmental problems associated witthsauhigh amount of Cu accumulated
in the sediments of channel catfish ponds althotgftaminated sediments in rivers,
lakes and other surface water bodies have been dtudied for decades (Allen, 1995;
Frostner and Wittmann, 1981; Locat et al., 2003w et al., 2006).

Cu contamination in the catfish pond sediment mightifferent from that in other
water body sediments due to the following reasons:

1. Catfish ponds receive a high load of copper @&mtibned above. Most of it
accumulates in the sediment.

2. Pond sediment is frequently disturbed by aguamimanagement activities. For
example, in order to increase dissolved oxygen emunin the water and reduce the
accumulation of the toxic substances in the botthm pond sediment is often exposed to
the air through pond water aeration, forced wateutation, and sediment drying and
even tilling. Hence, pond sediment environments wiffer from those in the lakes or
reservoirs in terms of the anaerobic/aerobic caoBt which may affect the speciation
and thus availability of Cu in the sediment.

3. Periodic drainage and sediment removal resulbenfrequent output of Cu-laden
sediment to the surrounding water bodies or farthlamhich makes environmental
evaluation of Cu-laden pond sediment necessary.

Although Boyd et al. (2000) have proposed seveest management practices for
catfish aquaculture to prevent the Cu-laden sedinfiram entering the environment,
assessment of the leachability, bioavailabilityd apeciation of sediment-bound Cu were
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not included in the paper. Han et al. (2001) haasearched the Cu speciation in the
sediments of commercial catfish ponds using theesatipl extraction procedures (SEP),
indicating the Cu was primarily bound with the cambtes, organic matter and iron
oxides. Nevertheless, in Han et al.’s paper, sedirmamples were exposed to the air
during sampling, transporting and treatment ancatfeerobic condition, under which the
sediments usually existed, was not taken into agcatall. This might have resulted in
an underestimate of the importance of metal-sulbdeling in the anaerobic horizons
characteristic of most natural in-place sediment.

Di Toro et al (2001) revealed that the toxicity afheavy metal resulted from a
competitive equilibrium in the solution among thealty metal ion, other co-existing
cations, organic and inorganic ligands, and thédlgand (the target organ) through the
competitions between the heavy metal and the cstiagi cations for the biotic ligand
and between biotic ligand and other ligands forhlbavy metal. Toxicity and mortality
occur when the competing result, or the concewinatif the metal bound to the biotic
ligand, exceeds a threshold concentration (Di Tetral, 2001). Therefore, if there are
enough strong binding ligands such as sulfide arblanate to quantitatively sequester
the metal through forming precipitants, theoreticalhere would be no or much less
biotic ligand-available metal in the solution tceeixthe toxicity toward organisms. In this
case, the metal is considered to be biologicalgyvaiiable and hence nontoxic. Thus, the
availability of a heavy metal is controlled by stgometal-binding solid phases (Bull and
Williamson, 2001). In freshwater sediment the mapnding phases with Cu are
carbonates, Fe/Mn oxides, organic matter, acidtv®lsulfides (AVS) and clay minerals
(Fang et al., 2005; Peng et al., 2004; Yu et &l012. Commonly used methods to assess
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the speciation of Cu in anaerobic sediment areesgal extraction procedures (Peltier et
al., 2005;Saenz et al., 2003; Yu et al.,, 200dnd acid volatile sulfides (AVS) /

simultaneously extracted metals (SEM) method (Ayldeal., 1993; Berry et al., 1996;

Fang et al., 2005; Hansen et al., 1996; Yu eR2aD]1).

Another important factor controlling the availabylof the soil/sediment bound Cu is
the soil solution chemistry (Amonette, 2002), ithg properties of the environment in
which the soil-bound chemical is present. For eXanthe availability of soil-bound Cu
might be low in the natural water bodies such &gdaor rivers with a pH around 7.
However, if this soil were swallowed accidentally lattle or human beings, its
availability would likely increase several timesthe stomach where the solution pH is
around 2. There are several methods availablealuate the availability of soil/sediment
bound metals under different solution environmesiteh as the toxic characteristic
leaching procedure (TCLP) and physiological basddaetion test (PBET). The former
is often applied to evaluate the leachability didswaste in the natural environment (esp.
in landfill) (Ghosh, 2004;U.S.EPA, 1992) and thiédato evaluate the bioaccessibility of
contaminates in animal or humans’ stomach (Fendbidl., 2004; Ruby et al., 1996;
Yang et al., 2002).

Generally speaking, the major purpose of this papeao evaluate the leachability,
bioaccessibility, and speciation of Cu in the chtfipond sediment. The detailed
objectives are as follows:

1. to assess the role of sulfides in binding Céishpond sediment using the AVS /
SEM extraction method,;

2. to evaluate the leachability of the Cu-ladenmedt using the TCLP method,;
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3. to estimate the bioaccessibility of the Cu-ladediment using the PBET method;
4. to study the speciation of Cu in different seelmts using the sequential extraction
procedure (SEP); and

5. to explore the relationship between Cu speaiaitad its environmental availability.

2. Materialsand Methods

2.1. PONDS AND SAMPLING PROTOCOL

Three commercial catfish ponds located in West Afaé were selected as sampling
sites based mainly on the pond age and sedimerBasic information about those three
ponds is shown immable 3.1. Sediment samples were collected in June, 200 Fi
sediment cores were randomly taken from each poltalring the procedures described
by Munsiri et al. (1995), then on site each cors sggmented as 2-cm thick cakes which
were separately stored in capped 50-ml plastic .clipg specimen cups were then
immediately placed into an airtight container whighs flushed with nitrogen gas and
transported on ice to minimize oxidation of the ples. Care was taken during the whole
sampling procedure to minimize the exposure ofséa@ples to the air. Upon arrival in
the lab, samples were transferred to the refrigeiatd the test began as soon as possible.

2.2. SEDIMENT AND SOIL ANALYSIS

The redox potential was determined by insertionthaf platinum redox electrode
(model 97-78, Orion Research Inc.) directly inte #ggmented cakes under an anaerobic
chamber (Model 10, Sheldon Manufacturing Inc.) dhd data were read from an
expandable ion analyzer (model EA940, Orion Re$ed#mnc.). The sediment pH was
measured in 0.01 MaCh in a 1 g: 1 mL suspension under anaerobic comdifiotal Cu
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concentration in the sediment samples were detednusing U.S. EPA method 3050B
(1996).

Native soil samples were taken from Bt horizon (3D€h deep) in the vicinity of
the pond for characterizing the soil propertiesil Samples were pulverized to pass
through a 2-mm sieve after dried in the atmosph&e, all of the subsequent
measurements were based on the weight of air-daetples. Soil pH was measured in
0.01 MCaCh in a1 g: 1 mL suspension. The fraction of sanll, and clay was
determined using the pipette method described by &l Or (2002). The total carbon
content was analyzed following the Dumas methodh it ECO CN-2000 combustion
unit (LECO Corp.) at 1050C. Soil clay minerals were identified with the XRiethod
using an X-ray diffraction unit (Siemens D5000 y-rdiffractometer) after the soll
samples were treated with the procedure given byzKuand Dixon (1986). The CEC
was determined with 1 N NJ@Ac buffered at pH 7.0 following the method desedbn
Soil Survey Laboratory Methods Manual (USDA et 4996).

2.3. AVS AND SEM MEASUREMENT

The AVS/SEM measurements followed procedures desdrby Allen et al. (1993).
The AVS was liberated from 5 g of wet sediment gstnM HCI under a flowing N
atmosphere. }$ generated in the reaction was trapped in 0.5 KAHNaand total sulfide

released was determined by the methylene blue mietGtesceri et al., 1998). The
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TABLE 3.1.
Pond water quality and soil property data for taenmercial catfish ponds.

Pond Water properties Native Soil properties
Cu Organic Alkalinity  Soil CEC (r?]u/ Sand Silt Clay Clay
pH (mg/ carbon (mg/Las pH (cmol/ kg) K % (%) (%) (%) minerals

L) (mg/ll) CaCQ) 9
1- year-old (K)Y(M)
pond (P-1) 7.87 0.012 11.98 141.1 7.8 34.85 23.2 15 29 56 (Q)(S)
5- year-old K)M)
pond (P-5) 7.43 0.066 14.21 74.3 6.9 14.17 25.6 18 28 54 (Q)(S)
25- year-old (K)(M)
pond (P-25) 7.44 0.043 4.32 37.2 4.3 8.77 135 69 4 27 (Q)(S)

* K=Kaolinite, M=Maca, Q=Quartz, S=Srhéezx



remaining solution in the reaction vessel wasritethrough a 0.44m filter and stored
for the simultaneously extracted metals analysis.

2.4. TCLP AND PBET TESTS

The TCLP test was conducted according to U.S. ERAopol (USEPA, 1992) by
mixing 1 g of dry soil samples (or equivalent amiooh the wet sediment) with an
extraction solution at a liquid to solid ratio d.2ZT'he extraction solution consisted of 0.1
M acetic acid and 0.0643 M NaOH with a pH of 4.988) The solid and leachant
suspension was placed in a capped polypropylente lzotd tumbled at 30 rpm for 18 h.
After extraction, the liquid was separated by dilion through a0.45um filter. The
dissolved metal concentration in the filtrate whsnt measuredvith the fraction of metal
dissolved representing thkeachability The leachability of Cu was calculated in the
following manner (Eqn 3.1):

( Cuconcentraibnin extract mg/L)(001L) N
(Cuconcentraibnin soil, mg/g)(05g)

Theleachabilty value(%) = 100

The physiologically based extraction test (PBETgdukere followed the procedures
described by Kelley et al. (2002): The extractiolugon consisted of 30 g/L glycine (0.4
M) with the pH adjusted to 1.5 using HCI. An equerd to 0.1 g of a sediment sample
was placed in a 15 mL Teflon centrifuge bottle. TH® mL of 37 °C simulated gastric
solution was poured in each bottle. After cappiegch bottle was rotated in a
temperature-controlled water bath at 3Z %C for 1 h. After 1 h, the bottles were
immediately removed and stood up right for appratety 5 min before taking a portion

of the supernatant, which was then filtered with5qum filter. The dissolved metal
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concentration in the filtrate was measured withftetion ofmetal dissolved representing
the bioaccessibility. Similarly, the bioaccesstyilof Cu was calculated in the following

manner (Eqn.3.2):

( Cuconcentraibn in extract mg/L)(001L) %100
(Cuconcentraion in soil, mg/g)(0.1g)

Thebioaccessiility value(%) =

2.5. SEQUENTIAL EXTRACTION PROCEDURES

The procedures employed in this study were basdtase developday Tessier et al.
(1979) and Shuman (1985). Procedures for measutemhezxchangeable, carbonate,
residual Cu were modifiedccording to Han et al. (2001). The Cu bound with/fé
oxides was determined using hydroxylamine hydrawotido(Peltier, 2005).Table 3.2.
shows the reagents and procedures used for eaitie dive extraction steps. For each
step, a certain amount of extractant was addetidécsédiment sample, which was the
equivalent of 1g dry weight, in a 50 mL Teflon a#age tube. After being treated with a
procedure listed in table 2, the mixture was themtrifuged at 500& g for 10 min. The
supernatant was decanted and filtahedugh a 0.45-um filter. The filtrate was stored f
Cu analysis. The sediment residue was retaifeed the next step. The same
centrifugation—decantatiggrocedure was used after each of the listed eidrecAll the
procedures were conducted in the anaerobic atmpspheon and manganese
concentration in the step 3 extract were also nredsto estimate the amorphous iron
oxides and manganese oxides contents in the sanifilese two components were

supposed to be released in this step (HettiaracROBB).
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2. 6. ANALYSIS OF CHEMICALS

Copper, iron, and manganese in water or in acichetd were analyzed using either a
flame atomic absorptiospectrophotomete(FLAAS) (Varian SpectrAA 2220FS) or a
graphite furnace atomic absorptiapectrophotomete(GFAAS) (Perkin Elmer 3110),
depending on the concentration. The detection li;ml2.02 mg /Lfor the FLAAS, and
0.002 mg/ L for the GFAAS. An Orion 520A pH meteasvused to measure the pH of
water or soil suspension. Alkalinity of the pondterawas determined through the

titration method (Clesceri et al., 1998).

TABLE 3.2.

Experimental conditions for sequential extractioogedures

Step Extractant Target
1 125 mL, 1 M NHNO3, pH 7.0,0.5h Water soluble /
shaking. exchangeable fraction
(WE)
2 12.5 mL, 1 M Na-acetate, pH 5.0, 6 h shakingCarbonate-bound fraction
(CB)
3 12.5 mL, 0.04 M hydroxylamine Fe/Mn oxide-bound fraction
hydrochloride in 25% acetic acid, 6 h at%@5 (OX)

in water bath.

4 1.5 mL of 0.01 MHNO3; and 2.5 mL of 30% Organic matter/sulfide-
H.O,, 5 h at 85 °C in water bath, followed by  bound fraction (OS)
an additional 1 mL of bD,, 1 h at 85 °C in
water bath, then 7.5 ml ofM NH4NO;3, 10
min shaking at room temperature.

5 12.5mL, 4 M HNQ, 16 h at 80 °C in water Residual fraction (RS)
bath. (forms in lattices of primary

and secondary minerals)
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3. Resultsand Discussions

3.1. CHARACTERISTICS OF SEDIMENTS

The redox potential (£ and pH distributions in sediments of three conuiaér
catfish ponds are shown ihable 3.3. Data showed that the redox potential in the
sediment of those ponds ranged from about -0. #9185 volts with the lowest potential
in the P-25 pond and the highest in the P-5 poradoAling to Patrick et al. (2002), P-5
sediment was under a moderately reduced environ(ggraround +0.1~+0.35 V) while
P-1 and P-25 were under reduced conditionsatiout -0.15~ +0.1V). Highly reduced
environments (K< -0.15 V), under which the reaction of reducingsoffate to sulfides is
dominant (Boyd, 1995), were not observed in thas®dp. The sediment pH values were
around 5.7 to 8.5, largely depending on the nagiépH, with minor fluctuations (less
than 1 pH unit) along the depth. The redox potéatia pH are important parameters to
determine the speciation of soil components. Adogrdo the Eh-pH diagram for S©
/S* redox boundary provided by Morse and Rickard (30QHe theoretical redox
potential to reduce SO to $ was below -0.3 V for P-1 (pH 8.3~8.5), below -6:18
0.23 V for P-5 (pH 6.7-8.0) and below-0.1~-0.1%0v P-25 (pH 5.9~6.4). These results
agreed with Boyd’'s conclusion mentioned above (198at Eh< -0.15 V for sulfate
reduction. Comparing these theoretical values thghmeasured redox potential in those
ponds Table 3.3), a conclusion can be made that significant amofiitVS should be

observed only in P-25.
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Table 3.3 also exhibits the profiles of some major sedimeminpositions which are

relevant to Cu speciation according to Tessier'thoe (1979). Data show that the P-1

TABLE 3.3

Chemical characteristics of the sediments at diffesites and depths

segment
Organic Am.Fe- Mn-
cm pH (g esgl);) (Cg/?rgggﬁis Matter (% Oxides (%  Oxides
' Organic C) Fe0y) (% MnQy)
P-1
0-2 8.35 0.12 52.31 0.23 0.12 0.01
2-4 8.31 0.17 54.20 0.23 0.18 0.01
4-6 8.40 0.15 49.25 0.49 0.16 0.01
6-8 8.30 0.15 52.43 0.26 0.12 0.01
8-10 8.28 0.17 49.93 0.31 0.20 0.01
10-12 8.45 -0.13 47.56 0.25 0.16 0.01
12-14 8.35 -0.14 48.83 0.23 0.30 0.02
P-5
0-2 7.89 0.31 11.28 0.57 0.80 0.06
2-4 7.91 0.33 9.29 0.79 0.77 0.09
4-6 7.77 0.32 9.35 0.63 0.65 0.09
6-8 7.32 0.32 7.76 0.61 0.72 0.13
8-10 7.14 0.32 6.20 0.51 0.55 0.07
10-12 7.06 0.32 4.46 0.45 0.59 0.10
12-14 6.70 0.27 2.60 0.31 0.38 0.02
14-16 6.85 0.15 3.50 0.39 0.17 0.04
P-25
0-2 5.86 -0.08 0.34 0.69 0.15 0.02
2-4 5.88 -0.13 0.74 0.29 0.16 0.04
4-6 5.84 -0.09 0.84 0.29 0.11 0.02
6-8 5.73 -0.13 0.75 0.41 0.08 0.02
8-10 5.88 -0.09 0.76 0.21 0.07 0.01
10-12 6.35 -0.11 0.68 0.48 0.08 0.01
12-14 6.33 -0.14 0.76 0.35 0.12 0.01
14-16 6.37 -0.14 0.58 0.42 0.08 0.01
16-18 6.40 -0.17 0.76 0.32 0.07 0.01
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had highest carbonate contents in the sedimentewhg P-5 was highest in organic
matter, amorphous iron oxides and manganese oxualegnts. According to Yu et al.
(2001), Fe oxides could be considered as the maniing phase for metals in slightly
anoxic sediments (Bwvas as low as -0.13 v) although those are redositbee. The P-25
also contained the high organic in the top 2 cmtled sediment. Among those
components, only organic matter exhibited a wideati@n along the sediment depth in
those three ponds, suggesting that there was amnektsource of organics while iron,
manganese and carbonate were basically from thgenabils. The organic matter
originated from the fish food, fish manure and pkent debris.

Cu concentration profilesF{gure 3.1) showed that the Cu added as an algaecide
mostly concentrated in the top 10 cm layer of théirment. The P-5 pond had the highest
Cu content in its sediment with peak concentraéisrhigh as 200 mg/kdrigur e 3.1a).

The P-25 and P-1 pond shared the relatively lownseat Cu with respective peak
concentrations of 25 and 11 mg/kg, which are almestder of magnitude less than that
in the P-5 Figure 3.1b). The peak concentration for the newly built Pell fnto the
reported background concentration range of 4-1&aggl typical U.S. soils (Thornton,
1976), possibly indicating that no copper has yedrbapplied to the pond. The copper
concentration in the more aged P-25 is much lowean tthat in the 5-year-old P-5
because the sediment has been replaced at leastimribis pond. Cu concentration
profile in P-25 Figure 3.1a) displayed a sudden decrease from 5 cm deep to the
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sediment surface following a constant increase frdrficm to 5 cm, which contradicts
the constantly increasing trend of Cu from 15 cnthie surface in P-5F(gure 3.1b).

This observation suggests that the replaced sediméme P-25 was about 5 cm deep.
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Figure 3.1a. Spatial distributions of Cu in the 5-year pondisesnt.
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Figure 3.2 exhibits the acid volatile sulfide (AVS) and sitaneously extracted Cu
(SEMc,) profiles in those three ponds. Within our expeotg the concentrations of AVS
in the sediments were as low as less thamOrble/ g dry soil for the P-1 and P-5 ponds
and for top 10 cm of the P-25 pond. And aboutOmMole/ g dry soil was present in P-25
sediment below a depth of 10 cm. Those observezldeof AVS were lower than those
in the lake, river or other sediments reported bgvaauthors. For example, Ankley et al.
(1993) reported that the AVS levels in two lakeiseshts (one in Washington and the
other in Michigan) were about 0.3 ~udmole/ g dry soil and 0 ~116mole/ g dry soil.
The sediments in West Bearskin Lake of Minnesoteevabserved containing 1.4~ 20.4
u mole/ g AVS (Leonard et al., 1999). And AVS coneation of 4~13u mole/ g was
believed to be the normal AVS range for unpollutezshwater lakes (Leonard et al.,
1993; Nriagu and Soon, 1985).

As a matter of fact, one of the best managemerttipes in pond aquaculture is to
maintain oxidized conditions at the pond bottomawse the reduced environment may
develop ferrous ions, nitrites, sulfides and pagitfgomposed organics which are toxic to
the fish and other aquatic animals (Boyd, 1995)niAkelech and Zohar (1986) also
found that fish growth was inhibited when anaerctmoes existed at the sediment water
interface. In addition to frequent aeration, preeti such as water circulator usage,
chemical oxidants (i.e. nitrate) application (Boy®95) and pond bottom drying and
tilling are the commonly used methods to enhanealtbsolved oxygen concentrations at
the pond bottom. Meanwhile, bioturbation is alsoeotable process to introduce oxygen
to the deeper sediment (Boyd, 1995), resultinghi@ oxidation of metal sulfides in
sediment (Peterson et al., 1996, Van Den Berg €1 298).
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Figure 3.2a. Spatial distributions of acid volatile sulfide (&Y and simultaneously

extracted Cu (SEM) in the 1-year pond sediment.
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Figure 3.2 displays that simultaneously extracted Cu rangewh 0.01~ 0.3umole/g dry
soils for P-25, 0.03~0.tmole /g dry soil for P-1 and 0.10~2uénole /g dry soil for P-5,
largely depending on the total Cu concentrationhm sediments. At most cases, pond
sediments contained AVS / SElYK 1; except in deeper layers such as below 8 crRfo
1, belowl5 cm for P-5, and belowl0 cm for P-25. Bw¢ absolute concentration of
SEMc, was highest in P-5.

In summary, from the redox potential viewpoint, iseehts in aquaculture ponds
were not so reduced as those in other fresh waddie® such as lakes, rivers, and
reservoirs since the former is subject to muchwhéan’s interference. Therefore AVS
concentration is expectedly much lower at the fstthbottom than other water bodies,
resulting in the molar ration of AVS to SElless than 1 in most cases, which was also
observed by other authors (Leonard et al.,, 1999; efual.,, 2001). Those authors
concluded that AVS/SEM was less than 1, implyinat thcid volatile sulfide was not a
major binding phase for metals in the sedimentgyTtelieved that the AVS/SEM value
did not support the idea that sediment metals wede to the benthic organisms because
other binding phases such as carbonates, iron ©xide organic matter existed to reduce

the toxicity of those metals.

3.2. TCLP AND PBET EXTRACTION RESULTS

Figure 3.3 showed the TCLP leachability of Cu in those thpeed sediments. The
leachable Cu was low with the concentration in TG&act about 0.0 ~0.6 mg/L and
the leachable fraction only accounted for < 10%soil-bound Cu. P-1 exhibited the

lowest Cu leachability among the three ponds amgved a uniform leachability of about
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2% throughout the sediment depth, still reflectthg Cu source was from the original
soils. The P-25 pond sediment showed the higheshé&bility of 3%~9% of the Cu,
suggesting the soil acidity was responsible for tigher Cu leaching. P-5 showed an
intermediate leachability of 1~3%. The calcarecnislsached less Cu because the high
carbonate content consumed partly the TCLP exaeiclity, resulting in less hydrogen
ions remaining to replace the soil-bound Cu. AbbGt~1.5 increase in pH value of the
TCLP extract from the initial 5.00 was observed@LP test for P-1 sediment samples.
For P-5 samples, final pHs were about 5.0~ 5.5.0Atiagly, acidic soil leached more
Cu due to all protons in the TCLP solution partatipg in Cu leaching so that the final
pHs of TCLP extract were identified with or everwky than the initial value in the
leaching test on P-25 samples. The P-5 pond arsl fb@d showed decreased tendency
of Cu leachability with the increase of the seditragpth.

Generally speaking, the TCLP leachable Cu in tipms&ls sediments was lower than
the Maximum Contamination Level (MCL) of Cu for thenking water (1.3 mg/L) set
by U.S.EPA (2002). This implied that the aquac@tupond sediments were
environmentally safe with extremely low possibiliy contaminating the surface or
ground water bodies even if the Cu concentratios as& high as more than 200 mg/kg
and the pond had been actively managed for 5 y&aes.25-year pond was difficult to
evaluate because the sediment had been partly ssmov

Tack et al. (1999) studied the potential leachibdf heavy metals in land-disposed
dredged sediment using diluted nitric acid (pHféling that only 5% of the Cu in the

sediment (210 mg/kg) was potentially leachable eBam their research, the authors
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made a similar conclusion that contamination of skierounding soils and waters by
leachable metals (Cu and Pb) in the sediments wasmal. However, careful
environmental impact assessment is still necesbafgre the Cu-laden sediment is
disposed in the field at a large scale becausadé®9pH change, other environment
factors such as redox changes, presence of orgamplex agents, microbial activity and
plant growth may increase the availability of seelmbound heavy metals as well
(Forstner, 1981).

PBET test was based on the gastrial condition giér animals such as human and
cattle and the PBET leachable fraction of soil-lburhemicals were defined as
bioaccessible metals in the soils by Ruby et &96). This method has been applied to
measure the bioaccessibility of Pb, As and Cr itsg®Ruby et al., 1996; Stewart et al.,
2003; Yang et al.,, 2002). Experimental dafag(re 3.4.) indicated that a significant
percentage of soil-bound Cu was released from e¢derent under PBET test, resulting
in the Cu concentration in the PBET solution ashhag 1.7 mg/L. P-5 pond sediment
contained the highest Cu and released 55~85% bGundith Cu strength in the extract
of 0.1~1.7 mg/L, 25-year pond sediment showed ithdag behaviors with 50%~65% of
bound Cu bioaccessible, resulting in a maximum (gL Cu in the extract. The
percentage of bioaccessible Cu also exhibited eedsing tendency with the increase of
the sediment depth for those two ponds. The l-pead contained a relative lower
percentage of (38~60%) bioaccessible Cu. Thosdtsesuggested that major Cu could
be leached out in humans or animal stomachs anddhie or chronic health problems
may occur when the individual keeps taking in thel@ded sediment. For instance,
some Cu-sensitive animals such as sheep and yaluagsc(Bremner, 1979) may be
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harmed by Cu when they are feeding on the ranchienthe disposed pond sediment was
applied as fertilizer. It was reported a long tieagd that Cu poisoning occurred in sheep
under natural grazing conditions in some parts ustfalia, where Cu-bearing rocks have

resulted in high Cu content in soils and plantse(Bner, 1979).
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Figure 3.4. Spatial variations of bioaccessible Cu (PBET |aébdd) in the pond

sediments.
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3.3.CU SPECIATION IN THE SEDIMENT

In order to probe the relationship between Cu abdity and Cu binding mode
(speciation) in the sediment, sequential extracporcedures were conducted on those
sediment sample&igure 3.5 shows the related results. In the 13-cm-deep sediofdP-
1 (Figure 3.5a), the residual phase (RS) was observed as therrbading phase,
accounting for 53~63% of total copper, and the reme was carbonate-bound fraction
(CB) ranging from 15~22%, Cu bound in the Fe/Mndesi (OX) and soil organic matter/
sulfides (OS) exhibited a similar percentage, abbtlt7%; only a very small fraction
(about 1~5%) of Cu was present in the water soludehangeable form (WE), implying
the high affinity of Cu with soil. It is prominenhat the distribution of Cu fractions
exhibited an even fashion along the sediment depthis pond, again confirming our
previous observation that Cu in P-1 sediment bHgiodginated from the native soil and
thus its content and speciation did not show myettial variation. Sequential extraction
procedure was also conducted on a sample of nsdiv€Bt horizon) in the vicinity of P-
1. The result Kigure 3.5a, bottom) showed that Cu speciation in the natio# was
similar to that in the sediment (with high percgataof RS), further supporting the
conclusion that the origin of the Cu in the P-1 waes native soil. Similar results were
also found in two field sediment samples of SpairSlaenz et al. (2003) and they also
attributed the observed higher percentage (> 60RO Cu to the mineralogical origin
of the metal in those sampling sites.

In contrast, significant variation of each Cu fraot with sediment depth was
observed in the 5-year ponBidgure 3.5b): Within the top 5 cm of sediment layer, the
major phases were soil carbonate-bound (CB) anahacg/sulfides bound phases (OS),
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Figure 3.5a. Spatial variations of Cu speciation in the 1-yeamg sediment. (WE: water
soluble/ exchangeable fraction; CB: carbonate -dofraction, OX: iron/manganese

oxide - bound fraction; OS: organic matter/ sulfim®ind-fraction; RS: residual fraction)
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Figure 3.5b. Spatial variations of Cu speciation in the 5-yeamgsediment. (WE: water
soluble/ exchangeable fraction; CB: carbonate -Hotraction, OX: iron/manganese

oxide - bound fraction; OS: organic matter/ sulfimeind-fraction; RS: residual fraction)
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together accounting for about 60% of total Cu wheite-36% attributed to CB and
23~29% to OS. Then the residual phase shared &rmage of about 18% with the
Fe/Mn oxides phase. In the deeper layer of 7-11sigmificant decrease of CB fraction
and simultaneous increase of the RS were obserhedenwCB reduced by 50% to about
18% and the RS increased by 80% to 32%. Meanwlslaall percentage growth in the
OS fraction was also found, implying the transfotiora of the CB to the OS and RS
occurred in the deeper sediment. A reduction of fXtion was found as well, but not
until in the layer below 9 cm. The WE fraction,haltigh not a major binding phase, also
showed a lessening tendency in the shared peresatagg the depth. Below 13 cm, RS
became the major phase in the sediment accourdingdre than 60% of total Cu, which
increased by 96% from layers 5-7 cm and by 260% ftloe layers 1-3 cm. In summary,
this 5-year-old pond, which was actively operatgthwed a decreased tendency of the
easily-available phases and increased the refsagtbases of Cu along depth in the
sediment.

As a matter of fact, in catfish pond aquaculture, i€ applied periodically to the
fishponds in soluble form as Cup6H,O and nearly 100% of added Cu was then
absorbed on the sediment particles which finaltyeselown on the pond bottom (Liu et
al., 2006). Although the downwards migration of @ith soil particles in the sediment
column may occur due to particle-facilitated trasr$psuch as mechanical mixing and
bioturbation, generally speaking, Cu in the dedagers was applied earlier than that in
the surface. Therefore, the spatial change of aciagpon in the sediment actually
reflected the aging effects on the Cu speciatiaénsolid phase. In other words, freshly
applied Cu, which accumulates on the top sedimegydrs, is primarily bound with the

69



easily-available phases such as the WE, CB and l&sgs while the Cu residing in the
deeper sediment layers, which was applied earhdr experienced aging, bound more
with the RS, suggesting a transformation of thelyasailable forms of Cu to the

residual forms with time because the latter is mitvermodynamically stable in the
natural environment. As a result, significant tfansation was observed in the lower
layers, i.e. with longer agindrigur e 3.5b).

The SEP result of the native soil near P-5 exhibiesimilar distribution of Cu
fractions to that in the 15-cm-deep sediment lafelP-5 Eigure 3.5b) with more than
60% of RS, suggesting that this layer and below ba&tom soil (i.e. native soil) due to
their similar Cu speciation patterns. Higher petaga of RS Cu in the native soil
reflected the geological time of aging. SimilarBsults and conclusions also found for
the relationship between bottom sediment layers1({A8m) in P-25 and the native soill
near this pondKigure 3.5¢). Likewise, aging effect is also a good explanatior Cu
speciation observed in P-1 sediment and the natilgFigure 3.5a).

Effects of aging on the speciation and availabiifyheavy metals in soil/sediments
has been observed and studied by many authorsexXample, Fendorf et al. (2004)
ascribed the bioaccessibility of the soil-bounddlearsenic and chromium decreasing
with aging to the temporal changes of binding styoé these contaminants in the soils.
Another noteworthy work was done by Peng et al0g20they studied the bioavailability
of Cd and Zn in a radiotracer®YCd and>®Zn)-spiked sediment sample using digestive
fluid extraction method, finding that a higher partof spiked metals (40% f&¥°Cd and
8% for °°Zn) was extracted than the native metals (2.2%Cidrand 0% for Zn). The
authors suggested that the spiked metals were buwitdthe more easily available
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fraction than the native metals and aging probaldy the cause. Fan and Wang (2003)
also provided evidence that fraction of Zn in thB @Ghase gradually decreased and
increased in the OX phase’ftzn—spiked samples as sediment aging increaseduith
several mechanisms have been proposed for the tahganges of the binding modes
of heavy metals in soil, sediment and other geoan@éendorf et al., 2004), it has been
widely accepted that aging increases the bindirgngth and decreased the availability
of the absorbates. The apparently spatial chan§eSuospeciation in P-5 provided
another evidence for this conclusion.

For the 25-year pond sediment, the major fractionghe entire sediment column
were OX and RS accounting for 80~90% where RS ab0u70%. Such a high amount
of RS fraction, according the hypothesis above, shgsto the longer time aging than in
the 5-year pond. The WE, CB and OS fractions wdremand each only accounted for
less than 10%. Even so, the fractions also shoWwedshift of the active phases to the
refractory ones from the top layer to the bottoryeta The RS fraction increased from
60% at the surface to 71% at 17 cm deep, whilerdthetions, except the CB, exhibited
reduced percentages at greater sediment depthsCBhi#id not change much with the
sediment depth. Pond management information shdhedthe sediment in this pond
had been removed at least once, which suggestednthaopper found in the sediment
surface had undergone aging for a few years arglRi8iwas the major binding phase for
Cu in this sediment.

Besides aging, Cu concentration in soil may aléecaits speciation. Yu et al. (2004)
reported that increase of Cu amendment levelstessul a linear increase of the mobile
fraction of Cu in two soil samples after a 7-wee&ubation. This conclusion may not be
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applicable to explain our results because Cu i sadiment sample in our research was
subject to different aging time which was mostlypder than 1 year. Moreover, their
results showed the residual fraction only accourftad less than 5% of total Cu
regardless of the initial Cu concentrations, whsciggests the aging time (50 days) was
not long enough for Cu to reach equilibrium witlcledinding phase. Fan et al. (2002)
also reported Cu speciation was affected by tha tmincentration through study on 14
surface marine sediment samples. They concluddédhbaorganic fraction of Cu in the
sediment increased while the OX and RS fractiorgedesed, with increasing total Cu
concentration. Aging effect was not consideredia paper, either.

Additionally, geochemical composition was also mpd affecting the speciation of
metals in soils/sediments. Fan et al. (2002) fourithie marine sediments that significant
correlations between the organic matter content t#wed metal concentrations in the
organic matter phase existed for Cu and Pb. Incase, however, highest carbonates
content in P-1 did not result in the highest CBcfian of Cu present in this pond,
suggesting that aging effects also played a sigamti role in the metal speciation and
more research is needed to elucidate the effedtsit@fl Cu concentration and sorption

phase level on the Cu speciation with controlleidggme.

3.4. CORRELATION BETWEEN CU SPECIATION AND ITS LEAGABILITY
AND BIOACCESSIBILITY

Through careful comparison of the Cu speciatioril@owith those of the TCLP and
PBET in three fishponds, respectively, it can beeobed that TCLP leachable Cu
fraction was approximately equal to (P-1 and P+Xlightly larger than (P-25) the water
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soluble/exchangeable fraction of Cu in the sedinvgnte PBET leachable fraction was
equal to or slightly larger than the sum of thetfi4 fractions (WE + CB+ OX + OS).
This finding suggested that TCLP procedure canhledkcexchangeable Cu and part of
the carbonate-bound fraction and PBET can dissallvthe first 4 fractions and part of
the residual fraction, implying that Cu leachalilior bioaccessibility are highly
correlated to the Cu speciation in the sedimeat. exchangeable Cu is the leachable
fraction in the natural environment and all thestfifour fractions are bioaccessible
fractions which could be dissolved in the animansachs. Similar results were also
reported for Cd in spiked sediment that there wagaificant relationship between the
extractable metal and its distribution in the exdeable phase (Fan and Wang, 2003).
Marschner et al. (2006) found that the relativealsalabilities of Pb in liver, kidney, and
total uptake were highly correlated to Pb in thsilgareducible Mn oxides through
conducting an experiment on in vivo bioavailabild soil-bound Pb using the minipig
dosing study. They concluded that reductive praess the intestine might be more
relevant for Pb bioavailability than the initiallgbilization in the acidic stomach.
Moreover, the decreasing tendency of Cu leachwlaliid bioaccessibility along the
sediment depthHigure 3.3 and 3.4) can be well explained by the spatial decrease of
mobile phases (WE and CB) and increase of inectimas (RS) Figure 3.5) with the
increase of the sediment depth in those three pofslsdiscussed earlier, the Cu in
deeper sediment layers experienced longer agingttied in the shallower layers, which
permitted more Cu to convert from the easily aldddractions to the more stable ones

(Figure 3.5), resulting in the lower Cu leachability and biocassibility in the bottom
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sediment. Therefore, aging can effectively redingeavailability of Cu in the sediment

through changing the Cu speciation.

4. Conclusions

In order to evaluate the environmental impact of &pplication in aquaculture,
distribution, speciation, and availability of Cuthre sediment of three commercial catfish
pond were studied using various extraction methBdperiment data showed that AVS
was not a major binding phase for sediment Cu dugeepened oxidizing layer in the
pond bottom caused by the aquaculture activitied,thus resulting in the AVS/SEM<
1 in most cases.

TCLP extracted less than 10% of sediment Cu, suiggethat release of Cu in the
natural environment is not significant. Howevemducessible fraction Cu may amount
up to 40~85% of Cu in the sediment, implying hamasl effects may occur if the
sediment particle were taken up by domestic animedpecially Cu-sensitive species
such as sheep and young calves and care shoulkée in disposing of the dredged
sediment.

Sequential extraction procedure provided evidemzd Cu is mostly bound with
residual phase for the 1- and 25- year ponds and@8 OS and RS are the major
species in the 5-years pond. Although aging, tGialconcentration and content of the
binding phases may all have impacts on the Cu apej only the aging effect can
successfully explain all the speciation changes wlifferent pond sediments or with
different sediment layers. Comparing the TCLP tssahd PBET results with sequential
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extraction data, it was found that TCLP leachable Was primarily in the water

soluble/exchangeable fraction plus a small portidrcarbonate-bound fraction, while
except for the residual fraction, the PBET extrdatearly all the Cu species out. This
information revealed leachability and bioaccesgibof soil-bound Cu was governed by
the Cu speciation in the soil, and reduction irchedility of heavy metals in soil (e.g. by

liming) may not result in simultaneous reductiorbinaccessibility.
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CHAPTER IV
INFLUENCES OF VARIOUS SOIL FRACTIONSON THE LEACHABILITY

AND BIOACCESSIBILITY OF CU(l1) IN SOILS

1. Introduction

Copper (Cu) is one of the most commonly detecteavyranetals in soil and water.
Anthropogenic sources of copper include applicatiohCu-containing compounds such
as pesticides, algaecide, or preservatives in @gsral and industrial practices, and,
direct discharge of Cu-laden wastes from miningnfag, and manufacturing operations.
Copper has been found in more than 906 of the 15643 on the National Priority Lists
(ATSDR, 2004). The accumulation of Cu in the enwim@nt threatens ecological and
human health (Scheinberg, 1991).

Sorption and desorption in soils play an importaré in the physical-chemical and
biological availabilities of heavy metals includi@y in the natural environment. It has
been well recognized that soil sorption reduces kimdogical availability, and thus,
mitigates the associated environmental and heigkl.rin addition, desorption process is
also extremely important in assessing toxicity ey metals sorbed in soils (Sparks,
1995; Scheidegger and Sparks, 1996). However, ldétanformation pertaining to

sorption and desorption mechanisms as associailezbatpositions is lacking.
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It is well recognized that availabilities of heawyetals adsorbed on soils can be
impacted by solution chemistries such as pH (Seggdr and Sparks, 1996; Haughey et
al., 2000). For example, it as reported that smibsed metals became more mobile under
the conditions of acid rain (pH = 4.0) (Park, 1987 )eachate produced in the municipal
landfills (pH = 5.0) &wsneta, 200:). HOowever, despite the known heterogeneities ité,sour
knowledge on the impacts of individual soil compiosis remains very limited.

To measure the physical-chemical availability acacleability of soil-bound heavy
metals including Cu, two standard leaching proceslare typically employed: the SPLP
(Synthetic precipitation leaching procedure; USERW&thod 1312, 1994) and TCLP
(Toxicity characteristic leaching procedure; USERKthod 1311, 1992). The SPLP
extraction simulates acid precipitation (rain oowh conditions.USEPA recommended
this method for estimating the potential situ leachability of soil-bound metals in the
field and assess the risk of groundwater contamondity contaminated soils (USEPA,
2001). The SPLP was also used to assess the pbieathability of heavy metals in the
landfill environments (Townsend et al., 2004). TGERalso a widely applied method in
estimating the leachability of heavy metals andftrer contaminants in soils or solid
wastes. TCLP employs an extracting fluid mimickbhg conditions in municipal solid
waste landfills where high levels of organic compds are present. For copper, it was
reported that TCLP may overestimate the leachglbkicause of the high complexation
ability of Cu with the organic acid of the TCLP iffiu(Townsend et al., 2004). Based on
studies on lead extraction from soils, Cao et20106) concluded that compared to TCLP,
SPLP offered better agreement with modeling premhst over a wide range of soil pH
and contaminant concentrations, and is considereck mealistic. Others proposed to
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replace TCLP with SPLP for testing leachabilitycohtaminants in solid wastes (Cao et
al., 2005, Kingham and Semenak, 2000). In thisyst&PLP was used to quantify the
leachability of Cu in soils.

To measure the so-called bioaccessibility of haaeyals, ann vitro physiologically
based extraction test (PBET) method has been uBety( et al.,, 1996). The
bioaccessibility is defined as the maximum fractwinthe dose orally ingested that
becomes available for absorption into the humanybddherefore, PBET reflects an
extreme exposure scenario where Cu-contaminatdsl fod their way to invade into
human or animal digestion systems where harsh @mviental conditions (e.g. pH less
than 2.0) may cause substantial desorption of dombpetals. Different from other
leaching tests such as TCLP and SPLP, PBET incatg®rphysiological parameters
from the target species, and thus, is more suit@bleoxicity assessment (Furman et al.,
2006). PBET-based bioaccessibility of soil-bouradlearsenic, and chromium has been
studied by a number of researchers (Ruby et a@6,19999; Yang et al., 2002, 2003,
2005; Stewart et al., 2003a, b; Fendorf et al. 4200here has been no reported study on
the bioaccessibility of soil-bound Cu.

In addition to solution chemistry, many other fastsuch as soil type, soil particle
size, soil compositions (Furman et al., 2006; Stewnal., 2003a, b; Yang et al., 2002;
Zhang et al., 2003) can alter the leachability ammhccessibility of soil-sorbed heavy
metals. Although it is well recognized that thegubious metal-sequestering properties
of soils may significantly lower the bioaccesstiyilof heavy metals, current action levels
set by state regulators concerning the bioaccéisgibf heavy metals in soils do not
consider effects of specific soil properties (Stdvehal., 2003a).
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The overall goal of this study was to investigdie &ffects of different soil fractions
(sand, silt and clay) and chemical compositiond (srbonates, Fe/Mn oxides, organic
matter and clay minerals) on the leachability amoldcessibility of the soil-sorbed
copper and to elucidate the sorption/desorptionha@iems. The results may facilitate
prediction of availabilities of metals in soils. &bpecific objectives of this study were to

1. Test and compare the SPLP-leachability of Cl@dlind to various soil fractions;

2. Evaluate the bioaccessibility of Cu(ll) sorbedvarious soil fractions via PBET;

and

3. Identify major factors governing the leachabibind bioaccessibility of Cu(ll) in

soils.

2. Materials and M ethods

2.1 MATERIALS

All chemicals (analytical or higher grade) were ghased from Fisher Scientific
Company (Pittsburgh, PA, USA). Solutions were pregavith deionized water (18 0
cm) from a Milli-QTM Water System. Three top sdiigp to ~25 cm) representing acidic
(AS), neutral (NS) and calcareous soils (CS) weskected at three sites in western
Alabama, USA, where catfish aquaculture has beeelwipracticed and copper sulfate
has been applied as algaecide for decades. Thesawiples were first air-dried and
passed through a 2-mm sieve. Sieved samples were dhalyzed for some salient
physical and chemical properties as showhable 4.1. Soil pH was measured in 0.01 M

CaCb in a 1:1 soil: solution (g: mL) suspension (ThonE396). Elemental analysis was
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conducted following USEPA method 3050B (USEPA, 1986d using an inductively
coupled plasma-optical emission spectrometer (Viaiasta-MPX, Palo Alto, CA, USA).
The content of sand, silt and clay was determindldWing the pipette method (Gee and

Or, 2002). Total nitrogen and total carbon werdyasal following the Dumas method

TABLE 4.1
Salient physical and chemical properties of salsduin study
items Acidic soil (AS) Ne‘(‘,t\lrg')so" Cg"’(‘)'ﬁ?{fg)us
pH 4.36 6.93 7.85
ACEC7 (meq/100g soil) 10.77 18.17 34.85
Fe (g/kg) 8.41 30.39 11.15
Mn (g/kg) 0.57 0.374 0.161
Cu (g/kg) 0.013 0.055 0.023
OM (%) 0.6 0.9 1.2
S (%) 0.0065 0.0090 0.0208
N (%) 0.04 0.06 0.11
C (%) 0.34 0.52 0.70
CaCQ equiv. (%) 0.15 1.15 48.5
Sand (%) 69 18 15
Silt (%) 4 28 29
Clay (%) 27 54 56
CaCQ equiv. (%) in 0.15 1.20 47.00
sand
CacCQ Squ: (%) in 0.20 1.30 49.68
CaCQ equiv. (%) in 0.10 3.45 55.98
clay
K(33.9) K(22.4)
A . K(2.8) M(39.0)  M(19.1) M(38.8)
Clay minerals (%) 53975 518.7)  Q(18.8) Q(21.7)
S(28.2) S(17.1)

Mineral in sand ,
fraction (%) Quartz (100%)

a. cation exchange capacity at pH 7.0
b. K= kaolinite, M=micas, Q=quarg= smectite
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with a LECO CN-2000 combustion unit (LECO Corp.sdph, MI, USA) at 1050C, and
organic carbon was measured using the same meluegtethat the soil samples were
first treated with 4 N BEBO, to dissolve free carbonates before the dry conu3the
content of carbonates was calculated from the rdiffee between total carbon and
organic carbon. Soil sulfur was determined usihgE&0O SC-432 sulfur analyzer (LECO
Corp., Joseph, MI, USA). Soil clay minerals werentified with the XRD method using
X-ray diffraction unit (Siemens D5000 x-ray difftameter) after the soil samples were
treated following the procedure by Kunze and Dixb®86). The content of clay minerals
was estimated by the respective intensity of difed X-ray. The cation exchange
capacity (CEC) was determined with 1 N M¥Ac buffered at pH 7.0 following the

method described in the Soil Survey Laboratory MdthManual (USDA et al., 1996).

2.2. SOIL FRACTIONATION

To investigate the effects of soil properties oa #vailabilities of soil-bound Cu, soil
samples were fractionated physically and chemicgilgure 4.1 shows the schematic of
the steps in fractionating the soils. The physarasize-based fractionation of each soils
was carried out following the procedure used by tidhand Allardice (1996). First, 10 g
of an air-dried soil sample was added into 50 mDofwater in a 90 ml polyethylene
centrifuging tube. The slurry was then shaken agéatnon a shaker at 120 oscillations
per minute. Then, the slurry was centrifuged at<xtsior 3.5 min (25°C). The colloids in
the supernatant were collected by drying the swgtam, and defined as the clay fraction
with a size of <2um. These procedures were repeated 6 times to acluewmplete

separation of the clay fraction. Then, a #270 si@gening, 0.053 mm) was used to
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separate the silt (2-58n) and sand (>58m) fractions from the slurry remaining in the

centrifuge bottle. The three fractions were thendaed and stored for subsequent

adsorption/desorption tests.

Total soils
[
v v
Separation by Selective
particle size dissolution
N2 v v
Sand Silt Clay v
Carbonate removed
(-CG;)
Y Y.
Iron/Manganese
Cu (1) —spiking [« oxide removed
(1) —spiking (-COs-Fe/Mn)
A 4
\ Organic matter
SPLP & removed

Figure4.1. Schematic of soil fractionation.
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The chemical fractionation of soils consists ofedes of selective dissolution steps,
each of which removes an operationally defined sclaf compositions including
carbonates, Fe and/or Mn oxides, and soil orgartten(SOM). Soil carbonates in the
soils were removed using 1 M NaOAc at pH 5.0 anal sail-to-solution ratio of 1 g to 40
mL for a period of 5 h under continuous agitaticregsier et al., 1979). For the
calcareous soil, the treatment was repeated fimegibecause of its much higher content
of carbonates. After the treatment, the slurry veastrifuged at 3000y and the
supernatant decanted. The residual soils werewlashed three times with 0.01 M CaCl
and then air-dried for subsequent sorption/desamptexperiments or for further
dissolution treatments.

Samples of the de-carbonated soils were furthatddewith 0.04 MNH,OH-HCI in
25% (w/w) HOACc to remove Fe and Mn oxides at a sp#olution ratio of 1 g to 20 mL
(Tessier, et al., 1979). For each soil, the sdiisan mixture was digested for 6 hours in
a hot water bath kept at 96+3°C with intermittenximg. Upon cooling, the mixture was
centrifuged aB000g and the supernatant discarded. The treated sailthen washed 3
times with 0.01 M CaGland air-dried for subsequent experimental usesiléAthe
treatment was proven to be effective for extrachhrgfrom soils (Shuman, 1982) and for
amorphous Fe oxides (Frampton and Reisenauer, 18%8&)s found to be less effective
for extracting crystal Fe oxides or Fe associatét wlay minerals (Hettiarachchi et al.,
2003).

Portions of the above treated soils were furtheatedwith sodium hypochlorite
(NaOCl) to remove SOM (Shuman, 1983). One of theathges of using NaOCI instead
of other oxidizing agents such as®d is that NaOCI can not only effectively remove
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SOM, but also cause minimal destruction to the isaitganic phases (Anderson, 1963).
Each soil sample was mixed with 0.7 W&OCI (adjusted to pH 8.5 with HCI) at a soil-
to-solution ratio of 1 g to 20 mL. The mixtures wehen digested at 90+3 °C in a water
bath for 2 h with intermittent mixing. Upon coolingach mixture was centrifuged at
3,0009g and the supernatant removed. The residual soile washed twice with 30 mL
(each) 0.01 MCaCl to remove the residual NaOCI in the sample, aed tir-dried for
subsequent experimental uses.

For typographical convenience, the following natasi are used for denoting the soil
fractions in this work:

Total Soil = untreated original soil;

Soil-CG; = soil with carbonates removed,

Soil-COs-Fe/Mn = soil with carbonates and Fe/Mn oxides reado and

Soil-COs-Fe/Mn-SOM = soil with carbonates, Fe/Mn oxides &M removed.

2.3. LOADING CU(ll) TO SOILS

Cu(ll) solutions with various concentrations (530 mg L) were prepared in 10M
CaCl solution at an initial pH of 6.0+0.1. Various ssdmples or fractions were added to
the Cu(ll) solutions separately at a soil-to-saatratio of 1 g/L in a set of 50-mL glass
vials with Teflon-lined screw caps. The mixturesrevehaken and equilibrated for ~4
days at 25 + 2 °C, and then centrifuged for 10 atiB000g. The supernatant was filtered
using a 0.45:m membrane filter, and the copper concentratiog) (Cthe filtrate was

analyzed using an atomic absorption spectrophoenm&he amount of copper adsorbed
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(Q) was calculated from the difference betweenititeal and finalsolution concentration.

All the experiments were performed in triplicatesassure data quality.

2.4. COPPER LEACHABILITY AND BIOACCESSIBILITY TESTS

To test the leachability and bioaccessibility opper in various soil fractions, copper
leaching tests were carried out following the SRUBEPA Method 1312) and the PBET
procedure, respectively. The SPLP extraction flwak prepared by adding a mixture
containing 60% (w/w) of sulfuric acid and 40% (w/@f)nitric acid to DI water until the
pH was 4.20 = 0.05. The same method was employddSBPA (1994) to determine the
leachability of Cu(ll) in soils from a site in wesh Alabama. Typically, the leaching test
was initiated by adding 0.5 g of a Cu-loaded saihple into 10 mL of the extraction
fluid in a centrifuging tube. Then, the slurry wasged on an end-to-end rotator operated
at 30 rpm for ~20 h, and then centrifuged at 39G0r ~10 min. The supernatant was
then removed, filtered using 0.487 membrane filters, and analyzed for Cu(ll). The

percentage of Cu leached was then calculated \gith(®),

(Cu Concentraipnin extract C,,mgL™)(0.01L)

x100%
(Initial CuConcentraibnin soil,Q,mgg™)(0.59) °

% Culeachedby SPLP=

(1)

In addition, a more biochemically oriented methad, PBET, was employed to
evaluate the in vitro bioaccessibility of soil-sedo Cu(ll). This method employs an
extraction solution of glycine with pH 1.5 to mimtice conditions in the gastric system
and small intestines. PBET was conducted follovilreyprocedures described by Kelley

et al. (2002). First, 0.1 g of air-dried soil samplas mixed with 10 mL of the extracting

85



liquid in 15 mL high-density polyethylene vials pédl on an end-to-end rotator in an
incubator at 37 2°C. After 1 h, the vials were centrifuged, supé&ana filtered with
0.45um membrane filter, and analyzed for Cu(ll) with atomic absorption
spectrophotometer. The bioaccessibility of Cu(lf§swhen calculated by:

. . _l
(CuConcentraibnin extract C,,mgL ™ )(0.01L) %100

Bioaccesdiility (%) = —— — - o
(Initial Cu Concentraibnin soil,Q,mgg—)(0.19)

(2)

All leachability and bioaccessibility tests wererfpemed in triplicates to ensure data

quality.

3. Resultsand Discussions
3.1. SPLP LEACHABILITY OF COPPER IN VARIOUS SOILS RO SOIL
FRACTIONS
Figures 4.2 and 4.3 show that there exists a linear correlation betwdlee Cu
concentration in the SPLP fluid and the initial centration of Cu in the soils. McBride
et al. (2000) also observed that Cu distributiotwieen an extractant (0.01M KNand
agricultural soils that were subjected to sewagelg# application followed a linear
relationship. Table 1l summarizes the results &f lihear regression3hese correlation
equations may facilitate estimation of the relate&chability of Cu(ll) (in percentage of
Cu leached) for a given soilUSEPA (2001) recommended applying SPLP results to
estimate the concentration of the contaminantshie groundwater. Therefore, the
correlation equations may provide a simple meansgtmating the possible Cu levels in

the affected groundwater.
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Figure4.2a. SPLP-leachable Cu concentration)(&s a function of total copper initially

loaded in calcareous soil or its sub-soils fracited on particle size (sand, silt and clay).
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Figure4.2b. SPLP-leachable Cu concentrationr)(&s a function of total copper initially

loaded in neutral soil or its sub-soils fractiombta particle size (sand, silt and clay).
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Figure4.2c. SPLP-leachable Cu concentration)(&s a function of total copper initially

loaded in acidic soil or its sub-soils fractionatedparticle size (sand, silt and clay).
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TABLE 4.2

Correlating SPLP-leachable Cu concentration witaltGu in soils

% Cu leached at

Soils Fractions Lineal regression result 1mg g* Cuin
soll
Total G=0.12Q+0.07, R=0.996 0.36
Sand G=0.29Q+0.04,R=0.993 0.66
Silt Ce=0.11Q+0.04, R=0.994 0.29
Neutral soil Clay G~0.01Q+0.03, B=0.955 0.10
(NS) -CO; C=0.15Q+0.09, R=0.993 0.48
-Fe/Mn - CQ Ce=0.49Q-0.07, B=0.952 0.85
Felln €& C=0.11Q-0.07, B=0.934 0.08
Total C=0.65Q-0.04, B=0.995 1.22
Sand G=0.45Q+0.10, R=0.997 1.11
Silt C=0.18Q+0.2, R=0.977 0.83
Acidic soil Clay G~=0.71Q+0.07, BR=0.996 1.56
(AS) -CO; Ce=0.72Q-0.21, B=0.975 1.01
-Fe/Mn - CQ C=0.72Q+0.08, R=0.998 1.60
-Fe/Mn - CQ- _
OM C~0.01Q+0.01, R=0.902 0.03
Total G=0.04Q+0.10, R=0.986 0.29
Sand G=0.32Q+0.04, B=0.999 0.71
Silt C=0.14Q+0.02, R=0.999 0.31
Calcareous Clay G~=0.02Q-0.01, R=0.998 0.01
soil (CS) -CO3 C=0.20Q+0.18, R=0.995 0.76
-Fe/Mn - CQ Ce=0.13Q+0.09, B=0.971 0.44
Fellin €& Ce=0.04Q+0.09, R=0.916 0.25
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Table 4.2 shows that the slopes of the correlation equationsotal soils are in an
order of CS (0.04) <NS (0.12) < AS (0.65), suggesthat the CS and NS leached less
Cu(ll) than the AS. Calculation based on the 1.0gnhgnitial soil Cu (Q) indicated that
1.12% of Cu leached from the AS under the SPLR5%.and 0.29 % from the NS and
CS, respectivelyTable 4.2). Those numbers agree with observations reporyeathers
that Cu had high affinity with soil and desorptisom soil under natural environment
was minor (e.g. Hogg, et. al., 1993; Itami and Ya2@06). The CS and NS leached less
Cu(ll) than the AS because of their relatively lgipH , which inhibited the Cu(ll)
leaching power of the SPLP liquid.

The calcareous soil is characterized with high lalkg and high carbonates content
(primarily calcium carbonate) (Deng and Dixon, 2D02u can be chem-sorbed to the
soil in the form of hydroxycarbonate (&OH),COs;, malachite) and/or through
formation of a surface-solid solution of @& .CO; on the surface of calcium
carbonate (Papadopoulos and Rowell, 1989; Madidaaz-Barrientos, 1992). A recent
study (Lee et al., 2005) revealed thatface-bound humic acids had little influence on
Cu(ll) uptake by calcite, suggesting that surfaocaddl organic matter played a less
important role in sorption of Cu(ll) when calcite presentin contrast, for soils of low
carbonates content (e.g. the NS and AS), iron/nreesgoxides, organic matter and clay
minerals play a more profound role in metals upt@dstner, 1981In addition, the pH
buffering capacity of NS and AS is also much lowen that of CS. As a result, the Cu
leachability for NS and AS is greater than for @&ie to the different pH buffering
capacity for the three soils, the final pH of tlwl-SPLP solution mixtures was 7.36 +
0.10 for CS, 6.23+ 0.16 for NS and 4.05+0.23 for. AS
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Regarding the particle size effe&ti@ure 4.2), the Cu leachability follows the order
of Sand > Silt > Clay for NS and CS. For AS, howewube leachability order was
changed to: clay > sand> silt. Although there heasnbno report on the effects of soll
particle size on the SPLP leachability of Cu, reslears have observed that there exists a
certain correlation between soil-bound Cu extrdetdly weak extracting solutions and
the particle size. For example, through examinihg tvater-soluble heavy metals
including Cu in a sandy soil, Zhang et al. (2008yrd that silt and clay fractions
released 2~4 times less water soluble Cu than Bacton. Similar results were also
observed for Cd, Co, Cr, Pb and Zn. In additiomect (Yu and Klarup, 1994) also
reported that for AS the leachability in the clandssilt fractions was greater than that in
the sand fraction. However, the ultimate mechargewverning the SPLP leachability of
Cu appears to be the carbonates content in eachofra(Table 1). Evidently, soll
fractions containing higher carbonates showed ato8PLP leachability for all cases
regardless of the particle size. This observatinggssted that chemical composition
especially carbonates content rather than parsizke is the key factor governing in the
SPLP leachability of Cu.

For the de-carbonated fraction and the original @igure 4.3), the leachability
change was much less profound for the NS comparéthat for CS, and almost intact for
AS. This observation again reveals the strong cormldbetween soil carbonate content
and the SPLP leachability of Cu. Because of thiediht carbonates content, the removal
of carbonates resulted in the greatest change ile&ihability for CS, and least for AS.

Rodriguez-Rubio et al. (2003) compared the desamptaite of Cu bound in a calcareous
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Figure4.3a. SPLP-leachable Cu concentrationr)(&s a function of total copper initially

loaded in calcareous soil or its chemically fracsited sub-soils.
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Figure4.3b. SPLP-leachable Cu concentrationr)(&s a function of total copper initially

loaded in neutral soil or its chemically fractiomdisub-soils.
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Figure 4.3c. SPLP-leachable Cu concentration)(&s a function of total copper initially

loaded in acidic soil or its chemically fractiondtgub-soils.
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soil before and after the soil carbonates were wethand found that the equilibrium
concentration of the Cu in the solution phase (M0C&") dramatically increased from
less than 0.1 mgtto 6.8~9.7 mg L after the removal. Madrid and Diaz-Barrientos
(1992) reported that removal of carbonates caustibag decrease in retention of Cu,Zn
and Cd by various calcareous soils, but the treatiinad little effect on the metal uptake
for soils with lower carbonates content.

For non-calcareous soils or decarbonated fracBooh as AS, NS, CS-GONS-CQ
and AS-CQ, the fractions of iron/manganese oxides and sajamic matter play
important roles in heavy metals retention. As altethe SPLP leachability of Cu was all
greater for these soils compared to the calcarsolisHowever, in all cases, the SPLP
leachable Cu accounted for only less than 2% af ©t initially in the solils, indicating
that iron/manganese oxides and soil organic matser offered a strong affinity towards
Cu.

After the fraction of Fe/Mn oxides was further rarad, the Cu leachability was
increased for the fractions of NS-g&Be/Mn and AS NS-C@Fe/Mn, indicating the
important role of Fe/Mn oxides for sorption of Cuhem high concentrations of
carbonates are abseridures 4.3b and 4.3c). However, for CS, the Cu leachability
decreased upon removal of the carbonates and iemgamese fractions. This difference
suggests that the Fe/Mn fraction plays differedegan sorption of Cu for the three
different classes of soils. Nonetheless, for lafl three 3 soils, in the Cu leachability
were reduced after soil organics were subsequeathoved,the residual soil minerals
offered the greatest affinity for Cu. This obseiwatalso indicates that Cu is preferably
retained by soil fractions such as carbonates atir oxides that are more easily
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accessible for metals sorption but may not neciégsdier the strongest affinity. In other
words, the leachability or availability of Cu isrtmlled by the accessibility of the
sorption sites and by sorption kinetics rather termodynamics. However, for more
aged contaminated soils, sorbed Cu ions may bsfaard from relatively weaker sites
to the interior stronger sites, resulting in mu@duced leachability. The preferable
uptake of metals by carbonates was also reportéctbyet al. (2005).

Similar phenomenon was also observed by other figagsrs. For example, Hinz and
Selim (1999) researched sorption-desorption kisaifcZn and observed that the removal
of organic matter and iron oxides resulted in qupting Zn retention compared with the
untreated soil. Researchers claimed that the relhwdvarganic matter and iron coating
on the clay mineral renders more reactive sitesmaierals available, resulting in
increased sorption capacity and affinity (Ghabruaket 1990, Hinz and Selim, 1999,
Young and MacDonald, 1998).

Kaolinite, micas, quartz and smectite comprisednlagor clay mineral fraction of the
three soils usedr@ble 4.1). These minerals serve as the key sorbents falirigrwith Cu
after other soil components were removed. Althokgblinite, micas and quartz were
widely known as minerals with relatively low catiexchange capacity, they can offer
great affinity towards heavy metals especially ©asj for which sorption process
involves both ion pairing and specific interactisgiech as inner sphere complexation.
According to a study by Itami and Yanai (2006), lkate offered a similar Cu adsorption
capacity compared with montmorillonite at pH 6.0wever, the Cu desorption rate for
kaolinite was much slower. Benjamin and Leckie (I98emonstrated that at pH > 7.0
and at an initial Cu concentration of 3.1 md,LCu in solution can be effectively
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precipitated oru-SiO, as Cu hydroxides. Spectroscopic studies of metaluptake on
quartz and amorphous silica suggested that metel Woteract strongly with oxygen
atoms of the Si tetrahedral through innersphereptexation (O’Day et al., 1996).
Evidently, the clay minerals may play importantelin Cu sorption and leachability
when they are exposed for Cu binding. However, gpecific compositions of clay
minerals may vary with different source soilsable 4.1). As shown inFigure 4.3, the
residual fraction of AS showed the greatest affimompared to the other two soils,
which may be attributed to the much greater quaot#ent for AS Table 4.1).
3.2. PBET BIOACCESSIBILITY OF COPPER IN VARIOUS SOFRACTIONS
3.2.1.Cu bioaccessibility and initial Cu concentration
According to the definition given by Ruby et al9€DB), the oral bioaccessibility of soil-
bound Cu is the fraction desorbed from soil maatixpH about 1.5 simulating in vitro
gastric functions and having the potential to ctbssintestinal wall (Hamel et al., 1998).
Experimental data irFigure 4.4 reveal that that the bioaccessible Cu)(@as
linearly related to the total Cu (Q) for all threeils. Yang et al. (2003) also observed
similar relationship between the bioaccessible ibtae total Pb concentration in soils,
with a constant ~80% bioaccessibility independérhe total Pb concentration. Stewart
et al. (2003b) observed that the bioaccessibilit€iglll) and Cr(V) was barely affect by
their total solid phase concentrations.
Table 4.3 summarizes the best-fitted linear equations thatetate the bioaccessible
Cu (G) and total Cu content (Q) in the form of €aQ + b (a, b: constants). Accordingly,
the Cu bioaccessibility Q) can be expressed as a + b /Q, which impliek Goi

bioaccessibility may be regarded as a constardr{d)being independent of the total Cu
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concentration only when the term b/Q is negligible., when the initial total

concentration (Q) is high enough.
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Figure 4.4a. PBET-leachable Cu concentration@s a function of total copper initially

loaded in calcareous soil or its sub-soils fracited on particle size.
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Figure4.4b. PBET-leachable Cu concentration)@s a function of total copper initially

loaded in neutral soil or its sub-soils fractiombte particle size.
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Figure 4.4c. PBET-leachable Cu concentration(@s a function of total copper initially

loaded in acidic soil or its sub-soils fractionatedparticle size.
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TABLE 4.3

Correlating PBET-leachable Cu concentration withltQu in soils

% Cu leached at 1

Soils Fractions Lineal regression result 1 ) .
mg g~ Cu in soil
Total C=9.57Q-1.25, R=0.990 83.30
Sand G=9.97Q-0.68, R=0.999 92.94
Silt C=10.32Q-0.92, R=0.999 93.95
N Clay C=6.65Q-2.75, R=0.955 39.04
eutral . B
soil (NS) -CO; C=6.87Q-0.65, R=0.995 62.21
R C=8.66Q-1.41, R=0.9906 72.503
-Fe/Mn - _
COx- OM C=6.87Q-2.42, R=0.9805 44.46
Total C=8.31Q-0.62,R=0.9960 76.87
Sand G=8.80Q+2.46, R=0.9897 100.00
Silt C=8.60Q+0.57, R=0.9990 91.64
Acidic soi Clay cefs.ng-s.lz, r?z=_0.9998 37.85
(AS) -CO; C=8.10Q-1.44, R=0.9909 66.61
R C=9.99Q-0.73, B=0.9991 92.63
-Fe/Mn- _
CO- OM C=2.43Q +0.56, R=0.9714 29.93
Total
Sand C=9.79Q+0.12, R=0.9998 100.00
Silt
Clay
Csac‘)'ﬁazgg)“s -CO; C.=7.980Q+0.05, B=0.9995 80.28
-Fe/Mn - _ .
COs C=8.34Q, B=0.9999 83.37
-Fe/Mn - _
COx- OM C=7.16Q+0.14, R=0.9961 72.99
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Results fromT able 4.3 indicate that the bioaccessibility of Cu is in geal dependent on
the initial total Cu concentration in the soilshaligh the dependence lessens as the total

Cu concentration increases.

3.2.2 Effects of soil compositions on Cu bioaccessibility

Based on data iRigure 4.4 andTable 4.3, the PBET-based bioaccessibility of Cu in CS
was nearly 100%, compared to 73% for NS, and 6824 A& These results agreed with
the observation by Ruby et al. (1998t mineral phases formed under acidic conditions
tend to be more stable under the acidic conditiosstomach and hence less
bioaccessible. In contrast, mineral phases formade alkaline conditions are more
prone to dissolution under the acidic conditions stbmach. This is reasonable
considering that Cu in the calcareous soil exissdpminantly in malachite and/or
azurite precipitations and/or surface-solid solutimn the surface of calcite
(Papadopoulos and Rowell, 1989; Madrid and DiaziBatos, 1992), and these Cu
species are easily dissolved under the extremédljcaconditions (also see section 3.3).
For soils with low carbonate contents, Cu was bowittl soil iron/manganese oxides,
organic matter, and silicates minerals, which amrenresistant to acid dissolution than
Cu carbonates or hydroxides. As a result, the begsibility of Cu bound in NS and AS
was much lower. Note that the final pH in all PB&$ts was in the range of 1.5~2.0.

Cu in sand, silt, and clay fractions of CS was lye&d00% bioaccessibleF{gure
4.4a), indicating that Cu in those fractions also bownth soil carbonates or carbonate-
hydroxyls. This is not surprising again considerthg preferential binding of Cu with
soil carbonates over other soil compositions (Ltesd.e2005). The bioaccessibility was
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Figure 4.5a. PBET-leachable Cu concentration@s a function of total copper initially

loaded in calcareous soil or its chemically fracéited sub-soils.
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Figure 4.5b. PBET-leachable Cu concentration@s a function of total copper initially

loaded in neutral soil or its chemically fractiomdisub-soils.
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Figure 4.5b. PBET-leachable Cu concentration)@s a function of total copper initially

loaded in acidic soil or its chemically fractiondtgub-soils.
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reduced after the soil carbonates were removed €& figure 4.5a), as reflected by a
reduction in the slope from 9.57 for the originail $o0 6.87 for the de-carbonated fraction
(Table 4.3). When the soil Fe/Mn oxides were subsequently orexd, the
bioaccessibility was increased slightly (the slopas increased from 6.87 to 8.66),
implying that unlike soil carbonates the presericgod Fe/Mn oxides tends to reduce the
Cu bioaccessibility. Cu bound in the soil minersii®wed the least bioaccessibility. It
was well-known that Cu sorbed tightly in silicaténerals such as quartz which is rather
resistant to acid dissolution (Tikhomolova and Wnak 2002).

The bioaccessibility of Cu from the NS also showleel similar trend when the soil
carbonates, Fe/Mn oxides, and organic matter wagaesntially removed, indicating the
similar effects of soil components under the exeglnacidic environment. For AS, the
carbonates content was so low that the Cu bioabiégsremained nearly unchanged
after the soil was treated with the carbonate disiem procedure.

The bioaccessibility of Cu bound in various frang8oof CS and in the original soll
was nearly identicalRigure 4a). In contrast, the bioaccessibility of Cu boundhe clay
fraction of NS and AS was lower in the silt and sand (Figure 4b-4c). . These
observations indicate that in the absence of hagitentrations of carbonates small-sized
soil fractions offer greater affinity for C&tudies by Schmidt and Kégel-Knabner (2002)
showed that a major part of organic matter in pn@idantly inorganic soils is usually
found in the silt and clay fractions, suggestingttthe Cu might be strongly bound by
organic matter in the finer fractionshese results confirmed that chemical compositions
rather than particle size are the key factors gomg the chemical and biological
availabilities of Cu in various fractions of solls.
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Compared to SPLP, PBET applies a much strongehileg@gent with a much lower
pH (<2.0) and a 5-times smaller soil-to-solutiotiaglg: 100 ml for PBET and 1g: 20
ml for SPLP). The experimental data showed thatRB&T-based bioaccessibility of
soil-bound Cu was more than 60 times higher thanpibtential leachability under the
conditions of acid precipitation. This observatiordicates that ingestion of metal-
contaminated soils, especially calcareous soilkaty the primary health treat.

It should be noted that the commonly used pH 1édum PBET tests reflects the
lowest pH value in human stomach (Yang et al., 2@003, 2005; Stewart et al., 2003a,
b). The actual pH in human stomach varies diurpatiyging from approximately 2
(fasting) to 4 to 5 after a meal (Ruby et al., 1996ang et al. (2003) observed that the
bioaccessibility of soil-bound Pb decreased fromi8dat pH 1.5 to only 11.1% at pH 4,
indicating the strong effect of pH on the bioacdabt. Therefore, the bioaccessibility

of Cu in this study reflects the worst-case scenari

3.3 DISSOLUTION OF VARIOUS SOIL COMPOSITIONS UNDERPLP AND PBET
CONDITIONS

Natural soils are composed of various mineralsctvimmay behave differently in sorption
of metals. In addition, these minerals may undeligeolution under the SPLP and PBET
conditions and may alter the solution chemistrg.(pH). To probe the relative chemical
stability of common soil minerals and to elucidatee associated effects on Cu
availabilities, equilibrium calculations were pearfeed using Visual Minteq (version 2.32)

under the SPLP and PBET conditions. For SPLP, aHewing input parameters were
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assumed: H= 10%? M, and mineral-to-solution ratio = 1 g: 20 mL; \ehfor PBET, pH
= 1.5, and mineral-to-solution ratio = 1 g: 100 mL.

Table 4.4 lists the minerals considered and gives the dguilin pH and
percentage of a mineral dissolved under the SPLPBET conditions. Cupric ferrite
(CuFeQ,4) was also included in Table because it can bessiple form of soil-bound
copper (Lindsay, 1979). Under the SPLP conditidims,dissolution loss of all minerals
was negligible (<0.012), and only 0.24% of the auperrite was dissolved. In contrast,
only Goethite (or crystal Fe) and quartz survived PBET conditions, with all other
minerals being completely dissolved by the PBETuilg With respect to pH, the
presence of carbonates increased the pH of the SBiudon from ~4 to 9.56, thereby
greatly diminishing its Cu extracting power. Howev@H for the PBET solution
remained intact for all cases.

These results reveal that the reduced SPLP ledithadd Cu in the calcareous
soil was attributed to the elevated pH in the SkkPacting solution resulting from the
high content of soil carbonates. However, this fldot became absent under the PBET
conditions. In fact, 100% of soil carbonates wassolved under the PBET conditions,
which accounts for the much greater bioaccessibit Cu in the calcareous soill
compared to the other two carbonates-deficiensstil other words, carbonates would
not offer any sorption capacity for Cu under theERBconditions. While all soill
components may play a role in retaining Cu underSRLP conditions, only quartz and
crystal Fe oxides can serve as the effective Smk€u under the PBET conditions.

Because of the complex nature of SOM, no calauiatwere performed for SOM.
However, it is well known that some members of S&Mh as humic acids and humins
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TABLE 4.4
Dissolution of various soil minerals under SPLP BRET conditions and their effects on final pH

Soll R_epresentanve Formulas SPLP solution PBET solution
components minerals
Conc’n H Dissolved.| Conc’'n H Dissolved.
™ P () ™M P %)
Malachite Malachite C4OH),CO;3 0.226 6.14 0.012 0.045 1.50100
Azurite Azurite Cuy(OH), 0.178 6.36 0.012 0.036 1.50100
(COs)2
Cupric . .
ferrite Cupric ferrite CuFg0, 0.209 5.38 0.24 0.042 1.5| 100
Carbonates| Calcite CaCo03 0.500 9,%6033 0.100 1.50100
Amorphous| Ferrinydrite | F&HOg™H0 | 154 | 400 0.000 0021 | 1.50100
Fe (aged) (aged)
Crystal Fe | Goethite FeOOH 0.562 4,00.000 0.112 1.503.014
Kaolinite Kaolinite ALSi,O5(OH), 0.194 4.71 0.002 0.039 1.50100
Macas Muscovite SiAI3KO19(OH), | 0.126 4.78 0.001 0.025 1.50100
MQ_] 0.2
Smectite | M9~ | (ShaAlin 0.135 | 7.83 0.007 0.027 | 1.50100
montmorillonite| Fe(lll)g.22
Mg0.29)O10(OH),
Quartz Quartz Si® 0.8335 | 6.81 0.012 0.167 1.500.210

a. minerals were not included in Visual Minteq thatse, and calculations were carried out using ndstbg Lindsay

(1979)

b. only mineral dissolution were considered ingeechemical modeling. All the calculations weredabsn the

assumption that various minerals maintain thermadyno equilibrium with fluids




are insoluble in acid solutions and can stronglynglex with metal ions (Deng and
Dixon, 2002). Thus a fraction of Cu complexed wiltbse SOM may not be leachable or
bioaccessible. Based on experimental studies hfen€e of soil properties on the Cr(lll)
bioaccessibility, Stewart et al. (2003a) observedt the Cr(lll) bioaccessibility was
generally lower in soils with high SOM content, atidey claimed that organic
mattercould form strong bonds with Cr(lll) enoughrésist dissolution under the PBET
conditions.

The results inTable 4.4 may also provide some useful guidelines for rewugah of
soils contaminated with heavy metals. For exangiganic matter, iron/manganese, lime,
clay minerals, and phosphates have been appliadsag amending agent to immobilize
heavy metals in soils or sediments (Basta et @012 While most of these materials are
able to offer strong affinity for copper uptakee timaterials themselves must be resistant
to acid dissolution if they are used to reduceltioaccessibility. For example, lime may
reduce the SPLP leachability of heavy metals, bay not be effective for decreasing the

PBET bioaccessibility.

4. Conclusions

This study investigated different roles of variaal compositions (carbonates, Fe/Mn
oxides, SOM, and residual soil minerals) in somptid copper in three soils (calcareous,
neutral and acidic). The results revealed that sbé@mical compositions rather than
particle size are the key factors governing tharchal leachability and bioaccessibility
of Cu in solls.
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The presence of carbonates in soils was able deease the pH of the SPLP
solution, and thus, diminished its extracting paw&s a result, carbonates can greatly
reduce the SPLP leachability of Cu. However, whéebonates can bind with Cu more
favorably than other soil compositions, carbon#tesnselves are vulnerable to complete
dissolution under the PBET conditions. As a res@ly, in soils of high carbonates is
much more bioaccessible than in soils of low cadbes content.

In all cases, the residual soil minerals showedgireatest affinity for Cu, i.e. the
lowest leachability and bioaccessibility regardletsoil types. However, these strongest
binding sites appeared to be least available cosadlptar those of other soil compositions
such as carbonates and Fe/Mn oxides. The effecke/®in oxides and organic matter
varied depending on types of soils and the extrgcpirocedures. For CS, removal of
Fe/Mn oxides resulted in a decrease in the SPLEh&dmlity but little change in PBET
bioaccessibility. For NS and AS, however, removhlFe/Mn oxides increased both
SPLP leachability and PBET bioaccessibility. Betwabese two fractions, the SOM
appears to offer stronger affinity, and the preseofcthese two fractions prevented Cu
from accessing to the stronger sites in the residok minerals. Overall, the copper
accessibility of the four soil fractions followsethfollowing sequence: carbonates >
Fe/Mn oxides > SOM > residual minerals; howevertamms of copper affinity, the
sequence is just reversed, i.e. residual miner&®M& > Fe/Mn oxides > carbonates.

The information gained from this study may be ukdéfu evaluating long term
environmental fate and availabilities of heavy ngeta various soils. Knowledge on the
effects of various soil compositions may also feateé engineered processes for
immobilization of heavy metals in solls.
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CHAPTER YV
REDUCING LEACHABILITY AND BIOACCESSIBILITY OF LEAD IN SOILS
USING A NEW CLASSOF STABILIZED IRON PHOSPHATE

NANOPARTICLES

1. Introduction

Lead is a widespread contaminant in soils and gheater (Wittmann, 1981; Ewers and
Schlipkéter, 1991). Lead has been ranked the seowyst hazardous substance in the
U.S. by the Agency for Toxic Substances and Disé&ssgistry (ATSDR) and the U.S.
Environmental Protection Agency (USEPA) (ATSDR, 3P0In 1999, lead was
identified as a major hazardous chemical at 47%hef1,219 Superfund sites on the
USEPA'’s National Priorities List (USEPA, 1999). @Gant remediation technologies for
contaminated soil remediation are rather costlyrt{Bend Cunningham, 1997) and/or
often environmentally disruptive. Consequently,anative remediation technologies for
controlling lead-poisoning are urgently needed.

In recent yearsin situ immobilization of PB" in contaminated soils with phosphate-
based amendments has elicited a great deal ofiati§Ma et al., 1995; Zhang and Ryan,
1998; Cao et al., 2002; Sonmez and Pierzynski, ROlEis approach reduces the’Pb
mobility, and thus toxicity, by transforming thebiee form of PB" in soils to the
geochemically much more stable pyromorphites;(®®,)sX, where X = F, Cl, Br, OH)

by amending contaminated soils with soluble phogpbkalts or solid phosphate minerals
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such as apatite. Pyromorphites are consideredeamdst stable forms d¥b** under a
wide range of environmental conditions, and are ddeorders of magnitude less soluble
than other common Bbminerals in contaminated soils such as galena)(Rulesite
(PbSQ), cerussite (PbC%, and litharge (PbO) (Ruby et al., 1994; Laperetal., 1996).
Forin situimmobilization of PB" in soils, phosphate has been commonly appliedits s
in its soluble forms such as phosphoric acid (Eiglehal., 1997; Yang et al., 2001),
NaHPQO, (Stanforth and Qiu, 2001) or KRAO, (Berti and Cunningham, 1997), or in
solid forms such as synthetic apatite (Ma et 8931 Zhang and Ryan, 1998), natural
phosphate rocks (Ma and Rao, 1999), and even frghfwith apatite being the effective
composition) (Admassu and Breese, 1999; USEPA, &00Among those additives,
phosphoric acid was regarded as the most effeativendment (USEPA, 2001a) for its
easy delivery and superior ability to dissolvé Btom existing minerals and transform it
to pyromorphites. Amendment dosage of 3% By weight for soils has been proposed
and applied by USEPA and other government agefdisEPA, 2001a).

However, adding large amounts (e.g. the 3%,°P@osage) of highly soluble
phosphoric acid or phosphate salts into the subsearis limited by not only the material
cost but the secondary contamination problems. tDube high solubility of phosphate,
groundwater and surface waters in the affected @w@abe contaminated by excessive
nutrient input (Cotter-Howells and Caporn, 19969. dvoid phosphate leaching, solid
phosphate (e.g. rock phosphate) was also studiedetval., 1993; 1995; Ma and Rao,
1999). However, effectiveness of solid phosphataimglered by the large size of the

particles. In fact, even fine-ground solid phosphparticles are not mobile in soils,
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which prevents solid phosphate from being delivacethe lead-affected zone and from
reaching and reacting with Plsorbed in soils.
In recent years, environmental application of naates zero-valent iron (ZVI) has
attracted considerable interests. In addition thucéve dechlorination uses (e.g. Zhang,
2003; He and Zhao, 2005), ZVI nanoparticles havenb&tudied for transformation of
inorganic contaminants such as chromate (€)@Astrup et al., 2000), arsenate (ASQ
(Su and Puls, 2001), perchlorate (¢)QMoore et al., 2003), and nitrate (NQ (Ginner
et al., 2004). Compared to conventional powderranglar iron particles, nanoscale ZVI
particles offer improved reactivity. However, ZVamoparticles can form micron-scale
agglomerates rapidly, resulting in loss in soil migband reduced reactivity. To prevent
nanoparticle agglomeration, He et al. (2006) dgwaioa strategy to stabilize ZVI-
nanoparticles using low-cost and environmentalbnidly cellulose (CMC) as a stabilizer.
The stabilized ZVI nanoparticles displayed much nowed reactivity as well as soil
mobility compared to non-stabilized counterpantsadidition, iron-oxide and iron sulfide
nanoparticles were also studied for environmensaisu For instance, Chang and Chen
(2005) used chitosan-boundsBg nanoparticles to remove &ufrom water, showing
that the nanoparticles had a maximum capacity & #&ig/g when applied to removal of
CU" at pH> 2. Xiong et al (2006) have observed a 99% redudaifahe Hg leachability
in soil using stabilized FeS nanoparticles. Howetlegre have been no studies reported
on thein situimmobilization of PB* using nanoparticles.

The overall goal of this study is to prepare arat tenew class of CMC-stabilized
iron phosphate nanoparticles for immobilizing”Pin soils and/or solid and hazardous
wastes. The specific objectives are to: 1) prepareew class of iron phosphate
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nanoparticles with CMC as a stabilizer; 2) teseeileness of the nanoparticles for
reducing the leachability of Phin three representative soils; and 3) determirestfects
of soil type, treatment contact time (aging), artdodde on PB" immobilization
efficiency; and 4) probe speciation of soil-bourtaf Foefore and after the nanoparticle
amendment. 5) test the effects of iron sulfide &aod oxide nanoparticle on soil Pb

leachability as a comparison.

2. Materialsand Methods
2.1 MATERIALS
All chemicals used in this study were of analytioahigher grade. The sodium form of
carboxymethyl cellulose (molecular weight = 90,Q0@on sulfate heptahydrate
(FeSQ-8H,0) and sodium chloride (NaCl) were purchased fromoA8ddrganics, (Morris
Plains, NJ, USA), all other chemicals were purctdsem Fisher Scientific (Pittsburgh,
PA, USA). All solutions were prepared with deiordaeater (18 M2-cm) from a Milli-
QTM Water System.

Three top soils (up to ~25 cm) designated as goardiatral and calcareous soils (or
AS, NS, and CS, respectively) based on the soilwgtle collected from a farm in
western Alabama, USAT able 5.1 givessalient physical and chemical properties for the
soil samples. Before use, the soils were air-daied passed through a 2-mm sieve. Soil
pH was measured in 0.01 M CaGh a 1:1 soil:solution (g:mL) suspension (Thomas,
1996). Elemental analysis of the soils was conduti#owing EPA method 3050B and
using an inductively coupled plasma optical emissipectrometer (Vista-MPX, Varian
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TABLES.1
Salient physical and chemical properties of salsdiin study.

ltems Acidic soil (AS) Neutral soll Calcareous
(NS) soil (CS)
pH 4.36 6.93 7.85
"CEC7 (meq/100g soil) 10.77 18.17 34.85
Pb (g/kg) 0.024 0.139 0.062
OM (%) 1.2 0.9 0.6
CaCQ equiv. (%) 0.15 1.15 48.5
Sand (%) 69 18 15
Silt (%) 4 28 29
Clay (%) 27 54 56
K(2.8) K(33.9) K(22.4)
- . M(39.0) M(19.1) M(38.8)
Clay minerals (%) 0(39.5) 0(18.8) Q(21.7)
S(18.7) S(28.2) S(17.1)

* cation exchange capacity at pH 7.0
**K= kaolinite, M=micas, Q=quartz, S= saotite

Inc., Palo Alto, CA, USA). The content of sandt sihd clay was determined following
the pipette method (Gee and Or, 2002). Total nénognd total carbon were analyzed
following the Dumas method with a LECO CN-2000 castion unit (LECO Corp.,
Joseph, MI, USA) at 105TC, and organic carbon was measured using the satied
except that soils were treated with 4 MN3@y to dissolve free carbonates before the dry
combustion. The content of carbonates was thenleagzl from the difference between
total carbon and organic carbon. Soil sulfur conteas determined using a LECO SC-

432 sulfur analyzer (LECO Corp., Joseph, MI, US8il clay minerals were analyzed
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with an X-ray diffraction unit (Siemens D5000 X-rajfffractometer) after the soil
samples were treated following the procedure byzeuand Dixon (1986). The content
of each clay mineral was estimated by the respectitensity of diffracted X-ray. The
cation exchange capacity (CEC) was determined titth NH,OAc buffered at pH 7.0
following the method described in the Soil Survegbbratory Methods Manual (USDA
et al., 1996).

2.2. SOIL SPIKING WITH PB’

The three soils were first spiked with known corications of PB" following the
procedure described by Yang et al. (2003). In badfnown mass of an air-dried soil was
mixed with a solution containing ~70 mgRb** and 10° M CaCb and at a solution-to-
solid ratio of 10:1 (mL/g) and at an initial pH B.5After mixing for 96 h, the mixture
was centrifuged and supernatant decanted. The dledbsoil was then washed twice
with deionized water to remove water-solublé’PBhe decanted supernatant and rinse
water were filtered through 0.46n membrane filter, and analyzed for Pb using an
atomic absorption spectrophotometer. The findl* Riptake by each soil was calculated
by mass balance calculations. The resultarft Rptake was 599 mg/kg for CS, 696
mg/kg for NS, and 640 mg/kg for AS, all of which eabove the EPA action level of
400 mg/kg. These numbers were further verified WISEPA Method 3050B (1996), and
the difference was < 5% in all cases. The Pb-loaseits were then air-dried for
subsequent experimental uses.

2.3. PREPARATION OF CMC-STABILIZED IRON PHOSPHATEANIOPARTICLES

A 1% (w/w) CMC solution, a 1.05 g/L P® solution, and a 1.19 g/ L Fesolution were
prepared separately and then purged with nitrogenfgr ~4 hours to remove dissolved
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oxygen (DO) The nanoparticle preparation was then carriedroani anaerobic chamber
(Model 10, Sheldon Manufacturing Inc., Oregon, USWhere 25 mL of the Eé
solution was dropwise added to 50 mL of the 1% Cadition under mixing. After the
mixture was stirred for 30 min, 25 mL of the phosighsolution was added to the mixture
dropwise and under mixing. The molar ratio of Fe-PQ> was 3:2 in accord with the
stoichiometry given inEgn.5.1, through which the R&POy),-8HO (vivianite)
nanoparticles are formed,

3Fe” + 2P0} +8H,0 - Fe(P0,),*8H,0  logK = 36.0 GD

The final pH of the resultant nanoparticle suspamsvas measured to be 6.56, and the
resultant nanoparticle suspension included: 0.5%CCH#7 mM or 263 mg/L Fe and 3.1
mM or 298 mg/L PG

For TEM imaging, a drop of the vivianite nanopdeisuspension was placed on a
carbon coated copper grid and then dried for 1Zshau the anaerobic chamber. The
dried grid was then placed under a JEOL JEM-200@Hsimission electron microscope.
The images were taken at an acceleration voltage20fkV. The size of the stabilized
nanoparticles was determined by measuring thedizetotal of 450 nanoparticles from
five representative TEM images.
2.4, SOIL TREATMENT WITH FE(POy), NANOPARTICLES
Each Pb-spiked soil sample was amended by mixisgddry weight) of a soil with 1
mL of the nanoparticle suspension in 15 mL cengiiig tubes with screw caps, which
resulted in a suspension-to-soil ratio of 2:1 (mLAhe mixtures were sealed and shaken
for 5 min, and then placed still in the hood atmo@mperature (21+2ZC) for aging. For

comparison, the same amendment procedure was @tslucted at a higher suspension-
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to-soil ratio of 10:1 (mL/g). For typographical a@mience, the treatment at a
suspension-to-soil ratio of 2:1 is denoted as (Qasend that at 10:1 as Case 2. For the
three soils, the Phosphate-to-Pb molar ratio rafiged 1.8 to 2.2 for Case 1, and from 9
to 11 for Case 2. To test the effect of contacttiea time on Pb-immobilization, the
soil-nanoparticle contact time was varied from 156days. To ensure data quality, all
soil treatment tests were performed in duplicates.

To determine the effect of chloride on?Plimmobilization, additional tests were
carried out following the same experimental protdd in the presence of 100 mg/L and
300 mg/L Cl (added as NaCl), respectively. The reaction tiorelese tests was set for
1 week.

Additionally, parallel experiments were conducted ¢ompare the phosphate
leachability when the soils were amended with theaparticle suspension or a soluble
phosphate salt (300 mg/L ROsolution as NabPO, at pH 6.7) following the same
treatment procedures. The reaction time was set foeek for these tests. The phosphate
concentrations in the supernatants were measuiad a9X-120 lon Chromatograph
(Dionex Corporation, CA, USpafter the solil slurries were centrifuged at 300€gl0
min.
2.5.TCLP TESTS
TCLP tests were performed to quantify the*Pleachability of the untreated and the
nanoparticle-amended soils following EPA Method 13USEPA, 1992)The TCLP
fluid consisted of 0.1 M glacial acetic acid an@@3 M NaOH, which resulted in a pH
of 4.93. At predetermined aging times, the soilogarticle mixtures were centrifuged at

3000xg for 10 min. Upon decanting the supernatant, 10ofnthe TCLP fluid was added
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to each tube containing the treated soils. Theurgxivas then agitated on a shaker for 18
h at 21+2°C and then centrifuged at 3000xg for 10 min. Theesoatant was then passed
through a 0.4um Ampore-size polycarbonate filter. The filtratesathen acidified using
1% HNG;, and analyzed for Pb. For comparison, the samePTtekts were also carried
out on the untreated Pb-spiked soils. All testsewsiplicated. The TCLP leachability of

Pb was quantified vigqgn. 5.2.

,mg/L)(001L
Leachabilty of Pbin soil = Lrewees: MI/LIOOLL) ) (5.2)

(Qpp» Mg/ 9)(0.59)

where GcLpppis the Pb concentration in the TCLP extract apd iQthe Pb content in
the soil sample before the TCLP treatméitt.assure mass balance, the TCLP-extracted
soil residues were further extracted and analypedefsidual Pb following EPA Method
3050B (USEPA, 1996).

2.6. PBET TESTS

In addition to the TCLP tests, a biochemically otesl method, PBET, was employed to
evaluate the in vitro bioaccessibility of soil-secbPb (Ruby et al., 1996; 1999). PBET
employs an extraction solution of 30 g/L glycined(®) with a pH adjusted to ~2.3 with
HNO;3; to mimic the conditions in the gastric system ammhll intestines. PBET tests were
conducted following the procedures described byeyett al. (2002). Typically, 0.1 g of
an air-dried soil sample (untreated or nanopartigated) was mixed with 10 mL of the
extracting liquid in 15 mL high-density polyethykervials. The mixtures were then
mixed on an end-to-end rotator placed in an incubait 37 °C. After 1 h, the vials were

centrifuged at 3000xg for 10 min, supernatant riéitewith 0.45um membrane filters,
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and then filtrate analyzed for Pbwith an atomic absorption spectrophotometer. The
bioaccessibility of P was quantified by

(Ceger,p,» Mg/ L)(0.01L) x1

Bioaccesdillity of Pb(%) =— = ) (019)
Pbs ’

(5.3)

where GgeT, ppiS the Pb concentration in the PBET solution apdiQthe Pb content in
the soil sample before the PBET extraction. Alltsewere performed in triplicate to
ensure data quality.

2.7. SEQUENTIAL EXTRACTION OF SOIL-SORBED PB

To probe the change in Pb speciation in the sad®re and after the nanoparticle
treatment, a sequential extraction procedure deeeloy Tessier et al. (1979) and then
modified by others (Shuman, 1985; Han et. al 2(®@dltier, 2005) was employed to
quantify the relative availability of Pb based on fractions of various operationally
defined PB" speciesTable 5.2 shows the reagents and procedures used for eable of
five sequential extraction steps. For each stepyen volume of a prescribed extractant
was mixed with a soil sample (equivalent to 0.5rg deight) in a 15 mL Teflon
centrifuge tube. At predetermined timelBable 5.2), the mixtures were centrifuged at
3000x%g for 10 min. The supernatant was decantieledthrough a 0.45-um membrane
filter, and then filtrate analyzed for Pb. All testvere carried out in an anaerobic
atmosphere to mimic the subsurface redox conditidinextractions were duplicated to
assure data quality.

2.8. PREPARATION AND TEST OF IRON SULFIDE AND IRONOXIDE

NANOPARTICLES
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Similar to the procedures for iron phosphate nartabes preparation, solutions used for
iron sulfide nanoparticle synthesis were prepanedthe anaerobic chamber using
degassed DI water and all procedures for the paéipar were also conducted in the
chamber where 20 mL 7.20 mM FeSTH,0 was mixed with 50 mL 1% CMC solution

for 30 min. Then 20 mL 7.20 mM M&-9H0 was added to the mixture dropwise. 0.1 M

TABLE 5.2
Experimental conditions for sequential extractidéfb from soils.
Step Extractant Target

1 125 mL, 1 M NHNO3;, pH 7.0,0.5h Water soluble /
shaking. exchangeable fraction (EX)

2 12.5 mL, 1 M Na-acetate, pH 5.0, 6 h shakingCarbonate-bound fraction

(CB)

3 12.5 mL, 0.04 M hydroxylamine Fe/Mn oxides-bound
hydrochloride in 25% acetic acid, 6 h at@5 fraction (OX)
in water bath.

4 1.5mL of 0.0IM HNO3 and 2.5 mL of 30% Organically Bound
H2O,, 5 h at 85 °C in water bath, followed by fraction(OM)

an additional 1 mL of kD,, 1h at 85 °C in
water bath, then 7.5 ml ofM NH4NOs, 10
min shaking at room temperature.
5 125 mL, 4 M HNQ@ 16 h at 80 °C in water Residual fraction (RS)
bath.

NaOH was used to keep final pH of the solution.at(Dsseo-Asare and Wei, 1993) and
the final volume of the prepared solution was ald@@ mL.

The magnetite (ReO,) nanoparticles were prepared following a methagtdbed by
Si et al, 2004. The major procedures were introdwefollows: An aqueous solution of
FeSQ-7HO (50 mL, 0.1 M) was added dropwise to a 50 mL agsesolution of 1%
(w/v) NaCMC with continuous stirring. The final amntration of the polymer in the

medium was 0.5% (w/v). The mixture was stirred 30rmin to complete the formation
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of the iron-polymer complex. The pH of the solutiwas then increased slowly to higher
than 10 by adding 0.1 M NaOH solution. The reactiurture (150 mL in volume) was
subsequently aged for 1 h with constant stirringe Tinal concentration of Fe in the
solution was about 0.03 M and the final pH was 12.0

Soil samples tested, soil amendment proceduresPTg2acedure used in researching
the effects of FeS and & nanopartilces on soil Pb leachability were redpelst
identical to those introduced in Section 2.2, seci2.4 and section 2.5 except that an

anaerobic hood was not used for iron oxide nanmpagtudy.

3. Resultsand Discussions
3.1. CHARACTERIZATION OF IRON PHOSPHATE NANOPARTIES
Figure 5.1a shows the suspension of the vivianite nanopartstiepension in the
presence of 0.5% (w/w) CMC. For comparisbigure 5.1b shows the vivianite prepared
following the same procure except that CMC was mibsé/hile the CMC-stabilized
vivianite nanoparticles remain fully suspended ahé suspension appeared as a
transparent solution for weeks, the non-stabilizamlinterparts agglomerated and
precipitated in minutesigure 5.1c shows a representativeEEM image of the CMC-
stabilized vivianite nanoparticles (nitrogen-driedhich reveals that the particles were
present as discrete nanoparticles. Based on 4%5i@lesifrom five similar TEM images,
the mean size of the iron phosphate nanoparticlas @stimated to be 8.4+2.9 nm
(standard deviation). Evidently, the presence of(Céffectively prevented the vivianite
nanoparticles from agglomerating. Preliminary catutasts with the acidic soil showed
that the stabilized nanoparticles can easily phsssbil bed under gravity, while the
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agglomerated vivianite flocs were completely caughttop of the soil bed. The greater
soil mobility enables the nanoparticles to be dwkd to targeted contaminant source
zones in the subsurface (i.e. applied in situ) @ndccess to and react with soil-sorbed

P ions.

Figure5.1a. Freshly prepared vivianite (€Oy).-8HO) nanoparticle suspension (1.56
mM) in the presence of 0.5% (w/w) NaCMC as a sizdnij b. Vivianite precipitates
(1.56 mM) in the absence of a stabilizer.
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Figure5.1c. TEM images of CMC-stabilized viviani{€e(PQ,), -8H,0) nanopatrticles.
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Earlier, Si et al. (2004) and He et al. (2006)ilattted the nanoparticle stabilization by
poly-electrolytes to encapsulation of the nanopkesi with a thin layer of negative
charges from the stabilizer such as CMC. They atgmrted that the size of the
nanoparticles can be controlled by varying the eatration of a polyelectrolyte. In
addition, Kim et al. (2003) claimed that the formoatof a polymer layer on the surface
of magnetite nanoparticles may prevent oxidatiothefnanoparticles.

The solubility product value for vivianite was refen to be ~18° (Nriagu, 1972).
Therefore, dissolution of vivianite is thermodynaatlly rather unfavorable. Ignoring the
influence of CMC in the nanoparticle suspensiontloa dissolution, Visual MINTEQ
(Version 2.32) calculations showed that the egpiilin aqueous concentrations of‘Fe
(the predominant aqueous form of Fe) and totalrBd@minantly in HPQ, at pH 6.56)
in the nanoparticle suspension were 0.027 mM a@#i50mM, respectively, i.e. >99.4%
of F¢* and phosphate added to the solution were convéetedvianite precipitates
during the nanopatrticle synthesis.

3.2. TCLP LEACHABILITY OF SOIL-BOUND PB'

To test the effectiveness of the CMC-stabilizedianite nanoparticles for enhancing
P immobilization, the TCLP leachability of Pbin untreated and nanoparticle-
amended soils was measured and compdigdr e 5.2 shows the TCLP leachability of
soil-sorbed PB for the three soils before and after the soilseweeated with the
nanoparticles under Cased) and Case 2b) conditions and at various treatment times.
As usually is the case, the acidic soil displayee greatest Pbleachability (~44% for

the untreated soil) than the other two soils (~6f6f4he neutral soil and ~1.5% for the
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calcareous soil). When the soils were amended thélvivianite nanoparticle suspension
for 1 day in Case 1F{gure 5.2a), the PB* leachability for the acidic soil was decreased
from its original 44% to 20%, i.e. a 56% reductidine PB* leachability was further
reduced as the contact time was increased foraabx For example, the leachability in
the acidic soil was lowered to ~15% after 14 ddyaging in Case 1. However, after 14
days, the aging effect became less conspicuoushEacidic soil, the leachability from
the 14th to 56th day was reduced by only 1%, regulh a 74% of overall reduction in
PK* leachability in Case 1. From the standpoint of amamticle mass transfer and
reaction kinetics, the observation revealed thatRE* immobilization was kinetically
most effective within one day and equilibrium waany reached in 14 days.

For the neutral soil in Case EiQure 5.2a), the 1 day-treatment lowered the leachability
from 6.6% to 4.6% (i.e. a 30% reduction). The |ledulity was further reduced to 2.8%
after 14 days of treatment. The leachability fog tintreated calcareous soil was quite
low (~1.5%), which nonetheless was lowered to O&itér 14 days of treatment (a 65%
reduction) although the Pb content in this soil wamparable to that for the other two
soils. The calcareous soil contained a much hit¢gesl (48.5%) of carbonates than the
other two soils Table 5.1), which granted the calcareous soil a much gredkadinity.
Consequently, the final pH of the TCLP extracts w&s-6.5 for CS, 5.1~5.5 for NS and
4.8~5.0 for AS although all the TCLP tests wereiedrout under identical conditions
and the initial TCLP fluid pH was 4.9. As a restiie extracting power of the TCLP fluid
was diminished by the elevated pH so that the TQ#chability of PB" in the

calcareous soil was much lower than that in therakar acidic soils although the three
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TABLE 5.3
Changes of Pb concentrations in TCLP extracts witatment time after soils were
amended withvivianite nanoparticles in Case 1 (nanoparticlepsasion-to-soil ratio=
2:1 mL/qg).

Pb concentration in TCLP extracts (mean + standaxdation, mg/L)
Soil Untreated Treatment time (days)
soil 1 3 7 14 28 56

Calcareous 0.46 0.34 0.38 0.31 0.16 0.14 0.15
soil (CS) +0.01 +0.09 +0.03 +0.03 +0.02 +0.03 +0.01
Neutral 2.29 1.60 1.54 1.24 0.99 1.00 0.91
soil (NS) +0.17 +0.08 +0.06 +0.09 +0.06 +0.04 +0.03
Acidic soil 14.13 6.26 5.04 5.07 4.14 3.90 3.71
(AS) +1.06 +0.39 +0.59 +0.34 +0.40 +0.24 +0.24

soils contained comparable amounts of Pb. Accoldirajter those soils were amended
with the nanoparticles, the reduction of the*Hbachability was much more distinctive
for the acidic soil (56% reduction in 1 day amendthaghan for the neutral (30%
reduction in 1 day) and the calcareous soil (268ucgon in 1 day). This observation
also suggested that the nanoparticle treatmenke$yImore suitable for immobilizing
PE* sorbed in acidic soils.

Table 5.3 gives the Pb concentrations in the TCLP extrastsesponding to those in
Figure 5.2a (Case 1). The Pb concentration for the untreateticasoil was nearly three
times the EPA TCLP limit of 5 mg/L for identifyingazardous wastes (USEPA, 2006).
Upon the nanoparticle treatment, the Pb conceatrati the TCLP extracts was reduced
to 3.7 mg/L.

Figure 5.2b shows that much greater reduction in Pb leachglias achieved when

the soils were treated in Case 2, where a fivedigreater volume of the nanoparticle

130



%
N
<
<

[ Calcareous soil
v777Z21 Neutral soil

2.5%

2.6%

B Acidic soil

=
X
® R
o ¥
o
55
2
L X
c N
o
R

50

T T
(@) Q (@] o
< ™ N —

(%) ad punog-|ios Jo A1ljiqeyoes

56

28

14

1

Untreated soils

Time (days) ( Not to Scale)

stabilizedvivianite nanoparticle

Figure 5.2b Reduction of TCLP-based leachability of soil-bou?iad with treatment time
131

when soils were amended with56 mM of CMC-
suspension: in Case 2 (suspension-to-soil ratif: £ lL/g).



suspension was used to amend the soils (i.e. vigi&i molar ratio = 8.6:1). Again,
after two weeks of the treatment, the leaching ldgium was reached and Pb
leachability was decreased by 94%, 95% and 70%h&AS, NS and CS, respectively.
Table 5.4 indicates that in Case 2 Pb in the TCLP extracs weduced to ~0.12
mg/L for NS and 0.06 mg/L for CS after 56-day reacttime. For AS, the TCLP
leachable Pb concentration was about 0.89 mg/Lr dfte days of treatment, and
displayed a slow decreasing trend as the readtoa further increased. At day 56, the

Pb concentration reached 0.80+0.05 mg/L.

TABLE 54
Changes of Pb concentration in TCLP extracts wehttment time after soils were
amended witlvivianite nanopatrticles in Case 2 (nanoparticlgosasion-to-soil ratio =
10:1 mL/g).

Pb concentration in TCLP extracts (mean + standaxiiatgien, mg/L)
Soil type Untreated Treatment time (days)
soil 1 3 7 14 28 56

Calcareous 0.46 0.37 0.32 0.19 0.14 0.07 0.06
soil (CS) +0.01 +0.03 +0.02 +0.01 +0.02 +0.01 +0.01
Neutral 2.29 1.02 0.61 0.22 0.20 0.16 0.12
soil (NS) +0.17 +0.09 +0.05 +0.02 +0.02 +0.01 +0.01
Acidic soil 14.13 5.53 3.88 1.26 0.89 0.84 0.80
(AS) +1.06 +0.50 +0.29 +0.15 +0.08 +0.05 +0.06

Prior findings by others who applied various phapkoased agents to immobilize
the soil-bound lead provided some important insighto the mechanistic processes.
Laperche et al. (1996) reacted hydroxyapatite Vtitlarge/massicot (PbO) and cerussite
(PbCQ) in the pH range 5-8 for 2 days and found that tleemation of

hydroxypyromorphite was the fastest at the lowed pi of 5. The researchers also
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claimed that at pH <8, hydroxypyromorphite formateppeared to be limited by kinetic
rather than thermodynamic constraints. Ma and R&889) found that phosphate rocks
were less effective at higher soil pH for?Plimmobilization. Ryan et al. (2001) and
Yang et al. (2001) asserted that dissolution dfsmibed PB' is the rate-limiting step for
formation of pyromorphite-like minerals when suiict soluble phosphate is provided.
Apparently, when solid phosphate (e.g. rock phoshes used, dissolution of the
phosphate source is also important. Since lowefamdrs dissolution of both Pband
phosphate, improved Phimmobilization is expected at a lower pH. Thus tdbserved
rapid and substantial reduction in the TCLP leaditglior the acidic soil Figure 5.2) is
attributed to the relatively easy availability afilssorbed PB" and the lower soil pH. In
contrast, the immobilization rate for NS (pH =6.28) especially CS (pH=7.85) was a
relatively slower process, and thus, was not aceffe as for AS.

The fact that the equilibrium was almost reachedlid days also revealed that the
vivianite nanoparticles provide a relatively easiMailable source of phosphate forPb
immobilization. Compared to macron-scale or granufhosphate sources, the
nanoparticles offer much greater soil mobility, ajex surface area, and reactivity toward
soil-sorbed PB. Chen et al. (2005) studied the effect of graire sif rock phosphate on
PK* immobilization in various contaminated soils, amhcluded that the rock phosphate
with small grain size (<3um) performed much better than with larger grainesiz
Stanforth and Qiu (2001) reported that high dosagkssolid phosphate such as
hydroxyapatite (C#PQOy)3(OH) ) or rock phosphate were not effective foruadg the
TCLP leachable Pb to <0.75 mg/L, which is the teeddevel of Pb in treating Pb-laden
hazardous waste, due to the slow dissolution optizsphate minerals.
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To enhance phosphate availability, various solphblesphate sources were tested for
immobilization of Pb in soils. Theodoratos et &#0Q2) evaluated the efficiency of
calcium monobasic phosphate (CgiPiy),-H,O) for heavy metals immobilization in
contaminated soils, and observed that TCLP-leaeh®8ti* was reduced by 87% by
applying >7% (w/w) P@" to soil samples for 2 month. Wang et al. (200ppreed that a
combination of 6.25% Ca@RO),-HO (4.7% as PE) and 6.25% CaC{was able to
decrease TCLP-leachable?lby 99% in a contaminated surface soil. Evidertigse
soluble phosphate sources were able to offer caabjeareduction of PH leachability to
that with the nanoparticles. However, the repottedtment dosage of these soluble
phosphate sources was typically more than one afleragnitude greater than that of
the CMC-stabilized nanoparticles. In addition, &milon of large quantities of soluble
phosphate is critically confined by the subsequeitase of excessive amounts of
phosphate in the affected environment.

Evidently, to achieve effective stabilization of”P soils, an amending agent must
be kinetically easily available, and yet, any reeaf excessive phosphate should be
minimized. Compared to macro-scale phosphate soumegerials, the stabilized
nanoparticles offer not only much improved solil nigp(i.e. they can be much more
easily delivered to the targeted locations), bsib ahuch faster reaction kinetics, and thus,
much improved effectiveness. Compared to solublesphate sources, the stabilized
nanoparticles offer better controlled kinetics tastain a sound formation rate of
pyromorphite, yet result in much reduced phospledehing from the process as to be

demonstrated in Section 3.6.
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3.3. BIOACCESSIBILITY OF SOIL-BOUND PB

In vitro bioaccessibility of soil-bound Pbhas been evaluated by several authors using
the PBET method, in which a much harsher solutibpkb 2.3 and at a much higher
liquid-to-soil ratio (100:1) are employed to simglathe gastrointestinal conditions.
Figure 5.3 shows the PBET-based bioaccessibility of‘Ph the three soils that were
either untreated or treated for 56 days at thedwses of the nanoparticles. First of all, it
was interesting that under the harsh PBET condititme Pb bioaccessibility for all three
untreated soils ranged from 72% for NS to 98% f& &hd followed a sequence of
CS>AS>NS, which differed markedly from that for th€LP leachability Figure 5.2).
This observation was consistent with the study bipyRet al. (1999), who stated that Pb-
laden mineral phases formed under acidic conditiend to be more stable in the acidic
conditions of the stomach and hence less bioaditedbian mineral phases formed under
alkaline conditions. In fact, Bbin calcareous soils is predominantly present enfdrm

of PbCQ (Doner and Grossl, 2002), which will resist leachiby moderately acidic
solutions such as the TCLP liquid due to the greated buffering capacity. However,
under PBET conditions, the soil buffer capacityeshausted, and as carbonate is
dissolved, PH is released. In contrast, for acidic soils,*Pls typically sorbed by
iron/manganese oxides, organic matter, and clayrais or even in pyromorphite form
(Buatier et al., 2001), all of which are less aaflé than the carbonate-bound form.
Figure 5.3 shows that ~14% of pre-loaded Pb in original ASswat bioaccessible.
However, the bioaccessibility of Pb was effectivelwered when the soils were treated
with the nanoparticles for 56 days. In Case 1,Hioaccessibility was reduced by 25%
for CS, 33% for NS, and 21% for AS. When the doas wicreased 5 times (Case 2), the
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bioaccessibility was reduced by 47% for CS, 45%N6&, and 31% for AS compared to
the untreated soils. Yang et al. (2001) reporteat thioaccessible Pb in a smelter-
contaminated soil (soil pH=7.1) was reduced by Gii¢ér the soil was amended for 70
days with HPQ, at 10 mg-P/g-soil, which was over 3 times gre#tan the highest dose

used in our case. The Pb concentration in the P®&MRcts is given iif able 5.5.

TABLE 5.5
Pb concentration (mean * standard deviation, mig/ BBET extracts for three soils
before and after nanoparticle treatments.

Amended with iron phosphate nanopatrticles for 56
days

Soil type Untreated soils Case 1 (suspension to Case 2 (suspension to
soil ratio =2:1 mL/qg) soil ratio =10:1 mL/qg)
Ca'ggirleous 5.50 + 0.09 4.15+0.42 2.93+0.08
Neutral soil 5.02+0.37 3.37+0.17 2.76x0.22
Acidic soll 5.47+0.50 4.18+0.79 3.76+0.66

3.4. EFFECT OF CHLORIDE ON PB IMMOBILIZATION

A number of researchers have reported direct ecelefor the formation of
pyromorphites in phosphate-amended Pb-contaminstéd through X-ray diffraction
(XRD), scanning electron microscopy (SEM), atomizcé microscopy (AFM), and
extended X-ray absorption fine structure spectpgcdEXAFS) measurements
(Laperche et al., 1996; Lower et al., 1998; Trand Laperche, 1999; Ryat al., 2001,
Cao et al, 2002). Based on work by others (Lind§8y9; Laperche et al., 1996; Yang et

al., 2001), the following reaction stoichiometryadsnsidered to be responsible for the
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enhanced PB immobilization when the soils are treated withiahite nanoparticles

under acidic conditions:

Fe,(PO,), BH,0+4H"* < 3Fe® +2H,PO; +8H,0 (5.4)

5Pb**(aq)+3H,PO; (aq)+ X~ = Ph(PO,),X(s)+6H*(aq) (5.5)
where X=F, CI, Br or OH.

At pH >7.20, the following reactions become preduanit pathways:

Fe,(PO,), BH,0+2H"* « 3Fe* +2HPO;” +8H,0 (5.6)

5Pb**(aq) + 3HPO; (aq)+ X~ = Phy(PO, ); X (s)+3H*(aq) (5.7)

The solubility product value () for vivianite is 10°°. However, the K, value for
chloro-, bromo-, hydroxy- and fluoro-pyromorphites10®** 10®% 1078 and 10**,
respectively (Ruby et al., 1994). In the absencbabdbgen or sufficient hydroxyl ions, it
is possible that RPOy), (Ksp = 8.0x10%) will be formed. Although P4PQy); is also a
fairly stable compound, the presence of halogers i®uch as chloride as commonly
found in natural waters) can result in the muchergiable halo-pyromorphites, thereby
greatly enhancing Bb immobilization. In additionEqns 5.4-5.7 also reveal that the
treatment pH can also strongly affect the equilioriand kinetics of pyromorphite
formation process, and thus, the Pb immobilizaéiffectiveness.

The effect of chloride ions on immobilization ofaté was investigatedl able 5.6
presents the concentration of TCLP-leachablé” Rbthe three soils amended with the
two different doses (Case 1 and Case 2) of nanolearfor one week and in the presence

of 0, 100, and 300 mg/L of Ckespectively.
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For AS, the presence of 100 mg/L @kcreased the TCLP leachability of Pb from
5.07 to 3.55 mg/L in Case 1 and 1.26 to 0.89 mg/Case 2, i.e. a reduction of ~30% for

both cases.

TABLE 5.6
Effects of chloride on TCLP leachable Pb in soifeeaded with stabilized vivianite
nanoparticles (data given as mean * standard d&v)jat

Chloride in Acidic sall Neutral Soll Calcareous Soil
Nanoparticle Nanoparticle suspension-to-soil ratio (mL/Q)
Suspension 2:1 10:1 2:1 10:1 2:1 10:1
(mg/L) Pb concentration in TCLP extracts (mg/L)
0 5.07£0.34 1.26+0.15 1.24+0.09 0.22+0.02 0.31+0.0819+0.01
100 3.55+0.20 2.39+0.15 0.75+0.02 0.34+0.01 0.28%0.0.22+0.01
300 4.46+0.32 2.27+0.10 0.77+0.02 0.32+0.01 0.2320 0.19+0.01

For NS, the presence of 100 mg/L @duced the leachability of Pb by 40% in Case 1,
but a modest 14% in Case 2. For CS, the present®8®mg/L Cl reduced the TCLP
leachability of Pb by ~23% in both cases. In albess the effect of Clppears more
profound at the lower nanoparticle dose (Case hJd & did not enhance the
immobilization any further as the concentratiorCbfwas tripled from 100 to 300 mg/L.
These observations suggest that promoting the towmaf the highly stable chloro-
pyromorphite can further enhance immobilizationPtf*; however, this positive effect
can be limited by the relative availability of ppbsite and PY in soils.

Earlier, Stanforth and Qiu (2001) studied effedtsarious anions including chloride

on immobilization of soil-bound lead using sodiurhopphate and concluded that
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presence of chloride can reduce the TCLP leachybilisoil-bound Pb by up to 57~60%,
whereas the effects of other anions such asrfd SQ were less profound (37%
reduction with F 19% with SG%).

The fact that Claddition showed more impact on AS and NS than IE& iadicates
that OH (or pH) also plays an important role as revealgdqns. 5.4-5.7. At alkaline
pH, OH may compete with Cland result in competitive formation of hydroxyl-
pyromorphite and chloro-pyromorphite. Stanforth &id (2001) also observed that the
effect of chloride on lead leachability was morefpund at pH < 7.0.

3.5. EFFECT OF NANOPARTICLE TREATMENT OF PB SPECIWIN IN SOILS
Sequential extraction procedures have been oftgtiedpto identifying the relative
availability/leachability of soil-sorbed metals bgvealing the operationally defined
speciation of a metal in the solid phase (Tesdial.e1979; Shuman, 1985; Han et al.,
2001; Scheckel et al., 2003; Peltier et al., 208aylier, Ryan et al. (2001) employed the
procedure to studying effects of phosphate amentdr@an Pb speciation in soils. They
found that phosphate treatments resulted in sgmtishift in soil-bound Pb species from
more easily extractable Pb to the least availablenf(the residual Pb). They also
confirmed the formation of chloro-pyromorphite §AR0O,)sCl) via Extended X-ray
Absorption Fine Structure (EXAFS) spectroscopicdss. Similar results were also
observed by Cao et al. (2002), who studied thePmispeciation in various types of soils
treated with phosphat&igure 5.4 shows the changes in fractions of five operatignal
defined Pb species in the three soils untreatedeated with two different doses of the

vivianite nanoparticles. The five Pb species ardindd as Exchangeable (EX),
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Carbonate-Bound (CB), Fe/Mn Oxides-Bound (OX), @rgaviatter-Bound (OM), and
Residual (RS) Pb. The relative availability follo® sequence of
EX>CB>0X>0M>RS (5.8)
Figure 5.4a shows that Pb in the untreated calcareous soil veasd to the soil
predominantly in the forms of CB (63%) and OX (33%Mhe least available RS form
accounted for only 2.1%, whereas the EX and OMtilvas were negligible in this
untreated soil. The observation is expected gitenkhown high carbonate and Fe/Mn,
but low organic contents of the soildble 5.1). It also agrees with the observed low
TCLP leachability but high PBET bioaccessibility b in this soil. When the soil was
mixed with the nanoparticles in Case 1 and Cadeb2leached into the aqueous phase
was less than 1% Pb initially in the soil. Howewble treatments resulted in a substantial
shift in Pb speciation from the more easily avddaBB species to much less available
RS and OM species. After the soils were treate@ase 1 and 2, the CB fraction was
reduced from 63% to 40% (a 36 % reduction) and28% 2a 65% reduction), respectively.
Accordingly, the RS fraction was increased fronP21tb 22% (>10 times) and 32% (>15
times), respectively. Meanwhile, the OX fractionsnalso increased from 33% to 36%
(Case 1) and 42% (Case 2), and OM fraction frorfod 1.9% (Case 1) and 3.1% (Case
2). The distinctive alteration in Pb speciatiorpexsally the substantial increase in the RS
fraction, accounts for the reduced leachability brhccessibility of Pb by the vivianite
nanoparticles. Based on eqns (5.4)-(5.5) and weritiers (Cao et al., 2002; Chen et al.,
2003; Melamed et al., 2003; Chen et al., 2009, dlevated RS Pb fraction is largely
attributed to the formation of the highly stableqyorphite. The transformation of more
easily available Pb species to the less availajplenporphite was also revealed when the
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Figure 5.4a. Changes in Pb speciation after the calcareousasslamended with.56
mM vivianite nanoparticle for 56 days (CS: the eaéous soil; WE: water soluble/
exchangeable fraction; CB: carbonate-bound fractix: Fe/Mn oxides-bound fraction;
OM-organically bound fraction; RS: residual fracticCase 1: solution to soil ratio=2:1,;
Case 2: solution to soil ratio=10:1).
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AS and NS soils were treateBligure 5.4b shows that unlike the calcareous soil, the
primary Pb species for the untreated acidic sorevgplit among EX (45%), OX (21%),
OM (18%), and RS (10%). Because of the rather ge&afraction, ~3.5% and 5.2% of
Pb initially in the soil were released into the aque@hase when the soil was treated in
Case 1 and Case 2, respectivélpwever, the EXPb fraction was reduced by 35% in
Case 1 and nearly 100% when the dose was pent((pésa 2). It is evident frofaigure
5.4b that the EX fraction was primarily converted to Rcreased by 90%, 210% in
Case 1 and Case 2, respectively), OM (33% and 9é8pgectively), and OX (4.2% and
42.2%, respectively)rigure 5.4 ¢ shows that the distribution of vario&® species for
the neutral soil lies between that for the calcaseand acidic soils. The nanoparticle
treatments leached <1Pd initially in the neutral soil. The conversion bt more easily
availablePb (EX or CB) to the less available RS and OM spee@i@s consistently
evident, and thus, is held responsible for the eoba stability of Pb upon the
nanoparticle treatment for all the soils.

3.6. POTENTIAL ENVIRONMENTAL IMPACTS OF IRON PHOSPXTE
NANOPATILCE APPLICATION

Iron phosphate exists in natural soils, peat dépasid lake sediments often in the form
of Fe3(PO,)2,*8H,0 (vivianite) (Harris, 2002). There have been ncadatailable on any
toxic impacts on the environmental and human hdaltlthis mineral (Ralph and Chau,
2006). However, our knowledge on the environmergdahsequences of synthetic
nanoparticles is rather rudimentary, and thus,|tmg-term environmental fate of the

vivianite nanoparticles is yet to be exploredslalso well known that phosphate is a
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TABLE 5.7

Phosphate leached from soils after being amendédwviianite nanoparticle suspension
or sodium phosphate (NaPiO,) solution for 7 days (data given as mean * stahdar

deviation)

Phosphate (P£) concentration (C) in solution or mass % leached

Vivianite nanoparticle suspension Sodium phosphate solution

(300 mg/L as PGY) (300 mg/L as PG

Soil tvpe Suspension-to- Suspension-to- Solution-to-soil  Solution-to-soil

P soil ratio =2:1  soil ratio = 10:1 ratio = 2:1 ratio = 10:1

(mL/g) (mL/g) (mL/g) (mL/g)
C 0 C 0 C 0 C 0
mo)  ® mg) P mgn) ® mgn) 7

Calcareous 6.19 2.08 1.01 0.34+ 14.64 488 193.23 64.41

soil (CS) +0.65 #0.22 +0.24 0.08 +1.68 +2.56 +12.62 +5.54
Neutral 9.08 3.05 155 052+ 1.98 0.66 149.01 49.67
soil (NS) #1.22 +0.23 +0.30 0.10 #0.24 +0.08 #10.62 +3.45
Acidic soil  8.42 283 21.02 7.06 4.68 156 146.01 48.67
(AS) +0.98 +0.33 +3.63 +058 +0.33 +0.11 #15.63 +5.21

nutrient that often causes eutrophication problem surface waters; and soluble
phosphate is known to be more bioavailable thatsisolid forms (Reynolds and Davies,
2001). To address the phosphate leachability, lphrakperiments were conducted
whenthe equivalent amount (based on,P@oncentration) of the CMC-stabilized
nanoparticles or a soluble phosphate (BB} ) was applied to the treat the three soils in
the batch reactor3.able 5.7 gives the amount of phosphate remained in thersatsnt
solution after the soils were treated with the thifferent forms of phosphate for 7 days.
Evidently, when the phosphate dosage was low (Cgsethe aqueous phosphate
concentration was low and accounted for less tBarobtotal phosphate applied for both
forms of phosphate and for all the three soils. Elsv, when the phosphate dosage was
pentupled (Case 2), nearly 50% of the soluble phatgpapplied remained in the aqueous

phase compared to less than 1% for CS and NS a%@ fei7 AS when the vivianite
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nanoparticles were applied. This observation indgdhat the stabilized nanoparticles
not only offer great Pb immobilization, but may @atially produce much less leachable
phosphate than soluble forms of phosphate. Eailiang et al (2001) also studied Pb
immobilization in a smelter-contained urban soilngsphosphoric acid, and observed
that about 150 mg/L Por 38% of phosphate added) remained in the soiwfter the
soil samples were treated with 4 mg/g-soil phosihacid for 16 days, and the aqueous
phosphate was increased to 460 mg/L4 RiCe. 58% of phosphate added) when the
amendment dosage was increased to 8 mg/g-soil.

In order to compare the soil Pb immobilization effeeness of vivianite
nanoparticles and that of soluble phosphate, exygris were also conducted using the
same three soil samples to test the effectivenés®ibPb leachability reductions by
NaHPO, amendment at suspension to soil ratio of 2:1 &hd for 7 daysFigure 4.5
shows the temporal changes of TCLP leachable Eiree soils after those samples were
amended with 300 mg/L soluble NgPOy, which contained the same amount of,R®
in the nanoparticles. For comparison purpose, the iPmobilization through
nanoparticles amendment resulfslfles 5.3 and5.4) are also plotted in the same figure.
Experimental results showed that TCLP leachablenPthe calcareous soil decreased
from an initial 0.26 mg/L to 0.0 mg/L after 7-dapnandment using NaiRO, for both
suspension to solil ratios, resulting in a 100%rRimobilization in 1 weekHigure 5.5a).
However, using the nanoparticle amendment, only6®2.and 58.7% of Pb were
immobilized in a week, although higher reductiorerevobserved for nanoparticles in 2
month [Tables 5.3 and5.4). For the neutral soil, the reduction of TCLP lealgle Pb by
10:1 nanoparticles was observed (90.3%) much ¢to®se using 2:1 (72.6%) and 10:1
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NaH,PO, (100 %) while 2:1 nanoparticles achieved only 45.9%Pb leachability
reduction Figure 5.5b). Not much difference was observed in Pb immodilan rate in
the acidic soil between nanoparticle and BRE, amendment with 64.7% and 91.1% for
the former and 23.4% and 81.5% for the latter. i&weoparticles even exhibited a better
immobilization effect than the soluble phosphatkode results show that the vivianite
nanoparticle exhibits a similar Pb immobilizatiorifeetiveness with the soluble
phosphate for the acidic soil, and higher soil pitlined to inhibit nanoparticles
immobilization process, resulting in lower Pb imnligation effectiveness of
nanoparticles than that of the soluble phosphaté¢hi® neutral soil and calcareous soill.
These results further confirmed that dissolutiothef nanoparticle is the controlling step
for Pb immobilization as shown in equations 5.4 &6, and higher pH hinders the
process and thus the immobilization effectiven@ssordingly NaBPO, immobilization

results were not affected much by soil pH.

3.7. EFFECTS OF IRON SULFIDE NANOPARTICLES ON THEACHABILITY OF
SOIL-BOUND PB

3.7.1 Characterization of the iron sulfide nanapka$

Figure 5.6 shows that CMC stabilized iron sulfide precipitavds present as discrete
particles with average size about 40+28 rah \While the non-stabilized counterpart
showed as agglomerated flocs in morpholdgy Therefore stabilized iron sulfide should

have higher transportability than the non-stabdinee, suggesting the promising
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(b)
Figure 5.6 TEM images of iron sulfide (Fe&) with CMC stabilizerp without CMC

stabilizer (by courtesy of Mr. Z. Xiong).
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application of the iron sulfide nanopatrticles imetliating the heavy metal contaminants
in subsurface.

Minteq calculation indicated that the 99.3 % ofled F&" and $* in the solution
precipitated with 0.01 mM the iron and sulfide remea in the solution and 1.43 mM
FeS solid (Mackinawite) was produced as nanosiagticfes. The following reaction

(Egn 5.9) reveals the process of FeS formation:

Fe* + S* - FeS! (5.9)

3.7.2 Effects of FeS nanoparticles on Pb leachgbili

Figure 5.7a shows the changes of Pb leachability in threes suith time after the soil
samples were amended with FeS nanoparticles in tasehere the ratio of the
nanoparticle to soil was 2:1 and the molar ratid~e§ to Pb in soils was about 1:1.
Results indicated that the nanoparticle showedoanprent impact by decreasing the Pb
leachability for acidic soil. Pb leachbility decedsfrom 44% to 28% after 1 M with a
reduction of 36.4%. The Pb concentrations in th&F@xtract reduced from 14 mg/L to
9.00 mg/L Table 5.8). For the neural soil and calcareous soil, thée@bhability in the
exhibited a slower but also obvious tendency oficidn: one-month reduction was 21%
and 40% for the NS and CS, respectively.

Increased reduction rate of Pb leachability wasenkesl Figure 5.7b) when the
amendment ratio increased for 2:1 to 10:1 wherertblar ratio of FeS to soil Pb was 5:1.
In this case, the 1-month reduction rates were%2Z@ acidic soil, 28.8% for the neutral

soil and 53.3% for the calcareous soil. The chaofi&b concentration in the TCLP
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TABLE 5.8
Changes of Pb concentrations in the TCLP extradts tneatment time after soils were
amended with 1.43 mM FeS nanopatrticle suspension

Aging Solution to soil ratio 2:1 Solution to soil rati®:1

E'(;gfl) cs NS AS cs NS AS
Untreated 0.46+0.01 2.29+0.17 14.13+1.06 0.46+0.01 2.29+0.17 14.13+1.06
1 0.42+0.04 2.21+0.22 11.47+1.44 0.33+0.04 2.20+0.18 8.34+1.12
7 0.40+0.04 2.17+0.21 10.64+1.12 0.30+0.05 2.17+0.27 7.99+0.65
14 0.30+0.05 2.05+0.16 9.77+0.80 0.25+0.021.79+0.12 7.73+0.46
30 0.26+0.04 1.83+0.22 8.96+0.75 0.21+0.021.63+0.11 6.76+0.35

extract could be found imable 5.8. The following equation Egn 5.10) may be

responsible for the Pb leachability changes wits Bmendment.

FeS + Pb* - PbS + Fé&* (5.10)

Where Ksp for FeS and PbS are 8%1and 3x1G°

3.8. EFFECTS OF IRON OXIDE (MAGNETITE, EB4s) ON THE LEACHABILITY

OF SOIL-BOUND PB

3.8.1. Characterization of the iron oxide nanophbas

Si et al (2004) indicated that the TEM particleestd the magnetite nanoparticle prepared
with 0.5% NaCMC was 14.4+0.92 nm (standard dewntid@he authors suggested the
following reaction Eqn 5.11) may be responsible for the formation of magnetitéhis

study although the detailed mechanism is still eac(Si et al, 2004).
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Fe* + O, + OH = FeO, + H" (5.11)

3.8.2. Effects of magnetite (§84) nanoparticles on Pb leachability
Changes of soil Pb leachability with magnetite mmartcle amendments were shown in
Figures 5.8a and5.8b. As lower amendment ratio (solution to soil=2:&;F molar ratio
= 20~23) was applied, Pb leachability exhibited @derate decreases with aging time
(Figure 5.8a). For example, the acidic soil reduced by 54.5%Pm leachability in a
month while the neutral soil and calcareous sodwsdd 43.5% and 60% reductions,
respectively. Significant Pb immobilization was eh&d for those three soils when the
amendment rate increased to 10:1 where Fe:Pb madiar98~114 Figure 5.8b): TCLP
leachability of Pb in the acidic soil decreasedBy in a month from the initial 44% to
the final 20% and 86.4% reduction was observedhifemeutral soil after 1 month aging.
For the calcareous soil, the reduction was 73.B%tale 5.9 shows the changes of Pb
concentrations in the TCLP extracts of the threks sath time.
Magnetite nanoparticles operate in reducing the F @achability of soil-bound Pb. The
mechanisms might include the adsorption of Pb emtlagnetite surface or in the lattice,
or just due to the increased soil pH caused byn#mparticle solution with a pH of 12.
Soil pH changes due to nanoparticle amendment h@srsinFigure 5.9.

Overall, experimental data showed that iron phogphanoparticles exhibited better
results in reducing the leachability of soil-bouRth than iron sulfide or iron oxide
nanoparticles. But the latter may pose less ris&uiriace water eutrophication and iron

oxide nanoparticles were rather stable in the axidi environment. Detailed study is
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needed to probe the mechanics and feasibility plieion of iron sulfide and iron oxide

nanoparticles to immobilize soil-bound heavy metals

TABLE 5.9
Changes of Pb concentrations in the TCLP extradts tneatment time after soils were
amended with 30 mM magnetite nanoparticle suspansio

Aging Solution to soil ratio 2:1 Solution to soil ratidl2

E'(;gfl) cs NS AS cs NS AS

Untreated 0.46+0.01 2.29+0.17 14.13+1.06 0.46+0.01 2.29+0.17 14.13+1.06

7 0.36+0.09 2.26+0.28 8.43+0.93 0.32+0.091.13+0.21 3.38+0.73

14 0.24+0.04 1.81+0.26 7.76+0.64 0.16+0.020.37+0.09 0.97+0.19

30 0.18+0.03 1.59+0.11 6.47+0.51 0.12+0.040.31+0.07 0.89+0.10
Conclusions

This work reports a new class of iron phosphateoparticles prepared using low
concentrations of a modified food-grade cellulo€M(C) as a stabilizer. Compared to
soluble phosphate or granular solid phosphate seurthe stabilized nanoparticles
displayed some unique properties such as improeetta of soil mobility, deliverability
and reactivity. When used for in situ immobilizatiof Pb in soils, the nanoparticles
offered both fast reaction kinetics and minimal gpfeate leachability.

Batch experimental data showed that relatively ttogages (P:Pb molar ratio = 1.8-
11) of the stabilized vivianite nanoparticles caffeaively decrease the TCLP
leachability and PBET bioaccessibility of Pb indé@rrepresentative soils (calcareous,

neutral and acidic). The significant decrease o&®dlability in the soils is attributed to
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the formation of pyromorphite minerals through thven phosphate nanoparticle
amendment.

Lead leachability in the acidic soil was reducedbb$o after the soil was treated with
the nanoparticles at a P:Pb molar ratio of 1.8f@2l day compared to a 30% and 26%
reduction for the neutral soil and the calcareails ®espectively. At a higher P:Pb molar
ratio of 9.0 -11, the 1-day treatment reduced RlsHability by 61% for the acidic soill,
55% for the neutral soil and 19% for the calcaresod. Faster kinetics of Pb
immobilization was observed in the acidic soil séap confirming that the lead
immobilization is facilitated by the formation ofyqfmmorphites and is affected by the
availability of both PB" and PQ® in soils.

Addition of chloride (C) further decreased the TCLP leachability of Rb the soils,
which supports the assertion that formation of léeest soluble chloro-pyromorphite is
responsible for enhanced immobilization of soilHhdWPb. The presence of 100 mg/L of
chloride was able to reduce the TCLP leachabiliti?lo by 30% for the acidic soils, 40%
for the neutral soil, and 23% for the calcareouk so

Results from a sequential extraction procedure ghavat the nanoparticle treatment
of the soils converted large fractions of wateubtd/exchangeable and carbonate-bound
PK** to the most stable form of the residual’Ph.e. the highly stable pyromorphite
minerals, resulting in the enhanced?Pimmobilization. The stabilized iron phosphate
nanoparticles produce much less phosphate leacbatpared to soluble phosphate salts,
especially when greater dosage of phosphate isedeachich substantially reduces the

risk of secondary contamination (i.e. eutrophigatiolrhe newly prepared nanoparticles
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and the proposed technology may offer a usefutrateve for in situ remediation of Pb-
contaminated soils or solid wastes.
Iron sulfide and iron oxide nanoparticles also bkbd apparent effects in

immobilizing the soil-bound Pb, but less significiman iron phosphate nanoparticles.
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CHPATER VI

OVERALL CONCLUSIONS AND FUTURE WORK

1. Summary

The general conclusions of this dissertation areléswvs,

1.

All Cu added to the catfish pond transferred togbad bottom in 2 days after
each application and the remaining Cu concentratidhe water was less than
30 ugl/L.

Copper became associated with particles as sodmwass applied to the pond
water through absorption and precipitation procgsseéhich suggested that
transport of Cu in the catfish pond was primarityparticulate form (particle-
facilitated transport).

Application of Cu in the catfish pond did not resuh significant Cu
accumulation in the catfish meat. Contaminationtleé ground water and
surface water by the application of Cu in the ehatfpond aquaculture also
seemed insignificant

Care should be taken in disposal of the Cu -lademdsediment and the pond
effluent because the bioaccessibility of the sediri®und Cu is still very high.
Hazardous effects may occur when the Cu-sensigigeeiss keep feeding on the

sediments.
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10.

The residual phase is an important Cu phase irceinemercial catfish pond
sediments, suggesting Cu was bound strongly with sadiment particles.
However, AVS (acid volatile sulfide) was not obsshas a significant binding
phase for Cu in the sediments.

The synthetic precipitation leaching procedure (BR which simulates the acid
rain, released less than 1% of the sediment-boungd &hd the toxic
characteristic leaching procedure (TCLP), whichenasles the Ilandfill
environment, leached about 1~8% of the Cu while ghgsiological based
extraction test (PBET), mimicking the gastrointesti conditions, could
dissolve up to 100% of the sediment-bound Cu.

Availability of Cu in the sediment was highly cdatd to the speciation of the
metal in the solid phase.

Aging and higher content of certain soil iron oxderganic matter and clay
minerals could decrease the Cu bioaccessibilitthésoils but soil carbonates
have little effect.

Vivianite (Feg(PQy)2-8HO) nanoparticles were successfully synthesizedgusin
carboxymethylcellulose as a stabilizer. The aveagécle size was 8.4 nm
Immobilization of soil-bound Pb using the iron ppbate nanoparticles showed
a promising technology in heavy metal remediatioth wasy delivery and low

phosphate leaching.
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2. Recommendations for Future Work

Overall the dissertation researched and discudsednteractions of heavy metals (Cu

and Pb) with soil composition through various leaghprocedures. The results and

conclusions of this dissertation might be usefudti@ironmental scientists and engineers,

soil scientists, limnologist, and those concernedeigal and management aspects of

surface and groundwater. More research is needstutty the heavy metal interaction

with soil using spectroscopic methods. Study andletng on the particle-facilitated

transport of heavy metals seems also necessaryedver, practical application of the

nanotechnology of heavy metal immobilization regsiradditional research on the

nanoparticle transport in the subsurface and eféédron phosphate nanoparticle on

stabilization of other heavy metals. The spec#icammendations were made as follows:

1.

Investigate Cu speciation in the sediment usingtspgcopic methods such as
X-ray diffraction spectroscopy (XRD) and X-ray alj@oon spectroscopy (XAS)
and find the correlation between Cu speciation dase the spectroscopic
methods and that based on sequential extractionazet

Model the Cu transport in the subsurface environnremarticulate form and
validate the models using experimental researchfi@hdl investigations. The
model (s) can facilitate in understanding the beravof some contaminants
which are tightly absorbed by soil particles sustCa, Pb, and nuclides.
Provide the spectroscopic evidence of formatiopybmorphite after the Pb-
contaminated soil (or pure Pb minerals) reacts withvivianite nanoparticles

to further support the conclusions on Pb immobhiicra

166



Study and model the transport of the vivianite meambcles in the subsurface
and field test (e.g. in a shooting range) the efficy of Pb immobilization
using the nanoparticles.

Investigate the effects of oxygen on Pb immobil@ausing the nanoparticles.
Research the immobilization of other heavy metalsdils such as Cu, Cd, Zn
and Ni using the vivianite nanoparticles.

Vivianite nanoparticles contain not only the ligatmdsequester heavy metals
(PO*) but also a reductive component (Fe(l1)). The mptin detoxifying result
may be achieved if the nanoparticles are appliettdat some contaminants
whose toxicity could be lessened by reduction reacand whose solubility

could be greatly deceased by phosphate sequestsaioh as uranium.
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Figure A7. More TEM images of the iron phosphateaparticles (a)

205



Figure A7. More TEM images of the iron phosphateaparticles (b)
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Figure A7. More TEM images of the iron phosphateaparticles (c)
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Figure A7. More TEM images of the iron phosphateaparticles (d)
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