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(ABSTRACT)

Metals sorption in soils is influenced by several factors, including pH, ionic
strength, the presence of ionic composition or organic ligands, total amount of metals,
and adsorbent loading. These conditions should be considered when evaluating metal
sorption capacity of soil material or when applying laboratory results to field conditions.
Metal sorption experiments were conducted on Bertie sandy and Starr-Dyke clay loam
soils from long-term field studies in which soils received annual applications of copper-
rich pig manure for 16 years.

Adsorption of Cd, Cu, Pb, and Zn as affected by different background electrolytes
at various concentrations was investigated. Electrolytes were Na', Ca*", or AI’" in
perchlorate solution, and their concentrations ranged from 0.001 to 0.5 mol, L
Increasing ionic strength decreased metal adsorption capacity. Electrolyte cation
composition had a greater effect on adsorption than did electrolyte concentration. The
order of sensitivity to cation composition of the electrolyte was Zn > Cd > Cu > Pb, and
this effect was greater in Bertie sandy loam than Starr-Dyke clay loam soils. Little
difference in Cu and Pb adsorption was observed between Na“ and Ca®" in background
solution.

Most added Cu was adsorbed at low concentrations regardless of pH, but at high
concentrations Cu sorption was strongly related to solution pH. Increases in pH resulted
in greater Cu sorption due to pH-dependent negative charges and precipitation. The

USEPA recommends that soil systems receiving high metal loading rates be maintained



at pH 6.5 or above because of the increased metal adsorption. However, pig manure
applications to the Bertie soil resulted in greater Cu in soil solution than in control (no
manure) soil at pH > 6.5 due to soluble organic matter.

Using the Langmuir equation to determine adsorption maxima for soil systems
does not always give adequate estimates of adsorption and values from the equations are
highly dependent upon soil environmental parameters. Given the limitations in
prediction of adsorption maxima, and given that the amount of nonsorbed metal is as
important as the adsorbed amount, the isolines of metal remaining in soil solution were

provided with a given set of soil environmental factors.
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CHAPTER I

INTRODUCTION

Heavy metals exist in a wide variety of natural systems including waters, soils,
rocks and sediments. Many industrial products and processes require heavy metals, and
some heavy metals are used as feed ingredients for livestock. Waste products such as
biosolids and animal manures often are landfilled or recycled via agricultural utilization
or composting. Though application to agricultural land is a favored outlet for biosolids
and animal manures, their application may cause environmental problems. The wastes
usually contain large concentrations of heavy metals such as cadmium (Cd), copper (Cu),
lead (Pb) and zinc (Zn) but chemical composition of the waste products is highly
dependent on their origin. High levels of copper sulfate (CuSO,) are added to swine diets
because of the desirable effect of increasing weight gains and feed efficiency (Thomas
and Kornegay, 1973; Stahly et al. 1980). Supplemental CuSO, in swine diets causes
increased Cu concentrations in manure and consequent Cu application to soils. Thus,
interest in heavy metals has grown with the recognition that increased metal
concentrations in crops, soils, and waters could be both an environmental and human
health hazard.

Application rates of waste products to agricultural land have been determined
entirely or in part on the ability of the waste product to supply a crop’s requirement for
nutrients such as nitrogen (N) and phosphorus (P). In addition to valuable plant
nutrients, biosolids and manures contain a variety of organic and inorganic trace
constituents that potentially are harmful to plants and their consumers. Many heavy
metals, including Cu and Cd, have shown appreciable mobility within the food chain,
posing a substantial threat to human health (Peterson and Alloy, 1979; Wittmann, 1981).
In addition, groundwater contamination by metals is possible under certain conditions
such as a high water table with concomitant formation of mobile, neutral or anionic metal

complexes and with high infiltration rates over a long period of time. Because of these



potential environmental hazards, disposal or recycling of biosolids and animal manures
via application to agricultural lands must be carried out in a way that provides benefit to
the crop without causing pollution problems associated with accumulation of the trace
metals.

The solid-aqueous solution interface has been studied because of its importance
relative to the behavior and fate of trace metals in all natural water systems (Sposito,
1984). Because the characteristics of complexed heavy metals differ significantly from
those of non-complexed metal ions, a better understanding of the chemical processes by
which metal ions interact with other soil components is needed to understand potential
metal behaviors in various environments. Metals are associated with soil components in
several ways, including: 1) adsorption onto soil particle surfaces, ii) co-precipitation with
major hydroxide or carbonate phases, 1iii) occlusion in iron or manganese
(oxy)hydroxides as coatings on soil particles, iv) binding with organic matter, or v)
binding in lattice positions in aluminosilicates (Patterson and Passino, 1987). As the
behavior of heavy metals is controlled to some extent by surface reactions (Sposito and
Page, 1984), clay and organic colloids can be the primary soil components affecting
metal retention. The reactive surfaces of solids are excellent scavengers for trace metals.
Organic compounds such as humic and fulvic acids form stable complexes with metal
ions because of their high content of oxygen-containing functional groups, and factors
influencing the quantity of metal ions bound by humic substances include pH, ionic strength,
molecular weight, and functional group content (Rashid, 1971; Guy et al., 1975). Research
regarding metal retention by organic matter should not ignore inorganic constituents in
soil systems however, because the metal ion-organic matter-mineral interactions are
significant chemical processes in maintaining low metal availability. Inorganic materials
such as phosphates, silicates, and Fe-, Al-, and Mn oxides, which commonly exist in
soils, can provide long-term retentive capacity for some heavy metals (McLaren and
Crawford, 1973; Mandal and Mandal, 1986; Mench et al., 1994). McBride and Bouldin
(1984), using electron spin resonance, reported that the form of Cu®” adsorbed in long-

term contaminated soil was probably largely inorganic.



An understanding of metal complexation with soil components is important for
determining which substrates act as a sink for metal ions. Thus, the chemical properties of
soil and characteristics of inorganic and organic matter need to be better described before
predictions about the long-term fate of heavy metals can be made. Individual soil
component interactions with metals are difficult to quantify and vary from soil to soil,
depending on pH, composition of soil solution, type and amount of clay minerals, organic
matter concentration and characteristics, and management practices. However, because
the partitioning of metals into soils and groundwaters is related to various chemical
processes involving complexation, adsorption, coagulation, etc., the chemical form of metals
probably will be the most important characteristic for determining metal reactions. To
understand the long-term fate of heavy metals in soil systems, it will be very important to
elucidate the factors controlling their solubility.

Adsorption data may aid in the determination of maximum metal loading levels
on soils used for application of waste that contain more than one metal. The purpose of
this research is to evaluate the influence of soil environmental conditions on sorption of Cd,

Cu, Pb, and Zn with a sandy loam and a clay loam soil.
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CHAPTER 11
METALS ADSORPTION AS INFLUENCED BY ELECTROLYTE
CATIONS AND IONIC STRENGTH

ABSTRACT

Most adsorption studies have been conducted with background solutions that are
expected to have limited effect on the adsorption of the ion under consideration.
However, ions that are normally present in soil solutions impact ion adsorption reactions.
This research was conducted to estimate the effects of Na*, Ca**, and Al’" cations in
perchlorate solution and their variable concentrations (0.001 to 0.5 mol. L) on the
adsorption of Cd, Cu, Pb, and Zn for Bertie sandy loam and Starr-Dyke clay loam soils.

Increased ionic strength decreased metal adsorption capacity, and the effect of
electrolyte cation composition on adsorption was greater than that of electrolyte
concentration. The order of sensitivity to electrolyte cation composition was Zn > Cd >
Cu > Pb, and this effect was greater in Bertie sandy loam than in Starr-Dyke clay loam
soils. Little difference in Cu and Pb adsorption was observed between Na and Ca®" in
background solution.

The character of the adsorption isotherms tended to change from L-curve to C-
curve type when adsorbed amounts decreased due to high ionic strength of background
electrolytes or low initial concentrations. Using the Langmuir equation to determine
adsorption maxima for soil systems does not always give adequate estimates of
adsorption maximums and values from the equations are highly dependent upon soil
environmental parameters. Given the limitations in prediction of adsorption maxima, and
given that the amount of nonsorbed metal is as important as the adsorbed amount, the
isolines of metal concentration remaining in soil solution were provided for a given set of

soil environmental factors.



INTRODUCTION

Heavy metals naturally exist in soil systems, and their concentrations are variable,
depending upon parent materials. Most occur at low concentrations and are incorporated
into soil minerals by isomorphous substitution in the crystal lattice (Alloway, 1990).
Increased soil concentrations of heavy metals may result from anthropogenic activities
such as biosolid and manure application, landfilling, and mining. These activities are
usually accompanied by addition of salts into the soil systems that may impact metal
reactions.

Metal retention in soils can be greatly influenced by other ion species and
concentrations in the environments. Thus, these conditions should be considered when
evaluating metal sorption capacity of soil material or when applying laboratory results to
field conditions. Many researchers have focused on selecting background solutions in an
attempt to minimize the impact of changes in ionic strength for adsorption isotherms
(Cline and O’Connor, 1984; Harsh and Doner, 1984; Turner et al., 1984; Ritchie and
Jarvis, 1986). Addition of background electrolytes can result in competitive interactions
between ions from the background electrolyte and adsorbed solute. Ionic strength effects
on metal adsorption have been studied by changing either solute activity or diffuse
electrical double layer thickness. These effects depend on the concentration,
composition, and charge of the ionic species in solution. Garcia-Miragaya and Page
(1976) showed the anion effects on Cd sorption by montmorillonite. They indicated that
Cl" and SO,* had a greater effect than other anions in altering the distribution of Cd.
Cadmium behaves mainly as a neutral species (CdClzo) and an anion (CdCl;™ and CdCl42'
), rather than a cation (Cd*") in soil with high CI concentrations. Also, the SO, system
showed that CdSO40 exists in solution as a fraction of the Cd present. In dilute solution,
Cd sorption was greatest in the presence of CaSQ,, followed in decreasing order by
Ca(ClOy4),, and CaCl,. However, there were significant differences between the dilute
CaSO4 and CaCl, systems and the Ca(ClOy); and CaCl, systems (O’Connor et al., 1984).

In Ni adsorption studies, Mattigod et al. (1979) found that more Ni was adsorbed
on Na-kaolinite than on Ca-kaolinite. Cavallaro and McBride (1978) studied Cd and Cu



adsorption in the presence of 0.01 M CaCl,. They observed that both adsorption maxima
were reduced by Ca®" competition. Zhu and Alva (1993) studied the relative effect of Ca,
Mg, and K on the adsorption of Zn and Cu. Adsorption of both Cu and Zn decreased
with an increase in concentrations of either Ca or Mg. This reduction in adsorption was
attributed to increased competition for exchange sites with increased ionic strength and
was greatest on soils with low pH levels. The inhibitory effect of added cations on metal
adsorption was greater for Zn than Cu. These kinds of cation inhibition on metal
adsorption have been reported (Lagerweff and Brower, 1972; Garcia-Miragaya and Page,
1977), however, Na" and Ca®" effects on Cu sorption was negligible at pH 7.4 (Misra and
Tiwari, 1962; 1966). The amount of Cd adsorbed on the montmorillonite surface
depended on the cation species present, decreasing in the order Na < K < Ca < Al
However, as ionic strength of the electrolyte increases, the activity of solute changes less
because of the shielding effect of neighboring ions (Roy et al., 1992). Thus, ionic
strength can affect both ion exchange and adsorption reactions.

Background electrolytes can be used to establish a specific conceptual model of
the adsorbent-solute system. Many adsorption isotherm equations have been useful for
characterizing solid-liquid phase systems since the early stages of adsorption research.
Application of the adsorption isotherm equations to the analysis of metal adsorption data
in soils has been a common practice, although it is questionable whether the adsorption
mechanism is actually fulfilling the theoretical assumption of the adsorption models.
When a model accurately describes or predicts a given set of data, it is sometimes
assumed correct. However, different models frequently predict a given data set equally
well, but are accurate only under a given set of conditions. Empirical models may be
developed using mathematical parameters but they may lack physical or chemical
meaning. Some parameters have been developed to represent physicochemical
characteristics, but their correlation with these characteristics may be based on unproven
assumptions. Thus, specific parameter values may not be applicable with generalized
adsorption models. The two most common equations in metal adsorption studies on

soils, soil minerals, and sediments are the Langmuir equation and the van Bemmelen-



Freundlich equation. The expressions have utility in that derived parameters can be used
for comparison of relative affinities of surfaces under identical experimental conditions.

Recently, surface complexation models have been utilized to obtain information
about the nature of metal complexes adsorbed at solid surfaces. Adsorption of metals by
the soil solid phase involves formation of either an inner-sphere or an outer-sphere
surface complex depending on the properties of metals and the charge density of the solid
phase. Changes in metal adsorption as a function of ionic strength could serve as a
method to distinguish between inner- and outer-sphere complexes. Using the Triple-
Layer Model (TLM), Pb*" and Cd*" ion adsorption were tested against ionic strength-pH
data at the goethite/water interface (Hayes and Leckie, 1987). Their research indicated
that Pb*" and Cd** adsorption were relatively unaffected by changing ionic strength.
These observations indicated that Pb>" and Cd*" adsorptions as a function of ionic
strengths were best modeled as inner-sphere surface reactions. In applying surface
complexation models for natural soil systems a significant difficulty is that K, (Intrinsic
equilibrium constant) and Cg; (concentration of adsorption sites) are rarely reported.

Both types of surface analysis require help to interpret and predict solid/liquid
systems in heterogeneous geomedia, but neither model provides definitive proof as to the
physical characteristics of the adsorbed species nor information on adsorption rates
(Schulthess and Sparks, 1991).

This research was conducted to evaluate the effect of background electrolytes on
the relative bond strength of adsorbed metal ions. The effect of differing ionic strength
and cation composition of background electrolytes on sorption of Cd, Cu, Pb, and Zn
were investigated in both Bertie sandy loam and Starr-Dyke clayey loam soils, either
with or without applied pig manure. The effect of changes in background electrolyte
concentration (in this case NaClO4) on the adsorption of Ccd*, Cu2+, Pb*", and Zn*" in

sandy and clayey soils is presented in this chapter.



MATERIALS AND METHODS

Soils

Soils used in this research were Bertie fine sandy loam (fine-loamy, mixed,
thermic Aquic Hapludults) from the Virginia Coastal Plain, and Starr-Dyke clay loam
(fine-loamy, mixed, thermic Fluventic Dystochrept and clayey, mixed, mesic Typic
Rhodudults) from the Virginia Piedmont. Soil samples were collected from control plots
and plots that received applications of Cu-rich pig manure from existing studies at both
sites. The Cu-rich pig manure was applied annually and resulted in a cumulative
application rate of 1299 mt ha™' over 16 years. These manure treatments supplied 384
and 379 kg Cu ha™ to the Bertie and Starr-Dyke soils, respectively. Soil pH levels in the
Ap horizon in each of the soils were maintained above pH 6.5 with dolomitic limestone.
Soils were sampled from the upper 15 cm of the Ap horizon, air-dried, and passed
through a 1 mm stainless steel sieve. Soil properties were determined by standard
methods (Page et al.,, 1982) and are listed in Tables 2.1 and 2.2. Qualitative and
quantitative mineral analyses of clay-sized fraction were determined by x-ray diffraction
analysis (Rich and Barnhisel, 1977; Whittig and Allardice, 1986). Specific surface area
was measured by desorption of ethylene glycol monoethyl ether (EGME) on the soil
sample (Cater et al., 1965).
Sorption experiments

In these adsorption studies, Na-, Ca-, and Al-perchlorate were used as background
solutions. Perchlorate was chosen as the anionic background solution because it does not
form ion pairs with metal ions (Sposito et al., 1983). LeClaire (1985) indicated that
NaClO4 reagent may be contaminated with Pb, thus NaClO4 stock solutions were passed
through a column containing Sephadex 100, a 1% cross-linked polystyrene matrix with
methyl iminodiacetic acid residues on aromatic rings. Sephadex 100 preferentially binds
divalent metal ions over monovalent ions at an approximate ratio of 5000 to 1. All
laboratory wares were soaked with acid solution and rinsed with distilled deionized

water. The metal adsorption studies were performed with a 10:1 solution to soil ratio.



Table 2.1. Soil chemical properties.

Soil Exchangeable = ------------ DTPA ------------ Free Free  Organic pH CECY
Treatment
Series K Ca Mg Cu /n Fe Mn Fe,O; MnO, C (1:1)
-1
. m i ) .
Mggl g8 uggl mggl Cmolckg]
control 117 419 80 1.9 54 323 9.5 2.7 46 12.1 5.65 8.0
Bertie _
plg 164 698 93 183 117 272 170 26 56 121 6.13 9.5
manure

control 403 946 368 14.2 17.3 16.6 160.3 63.7 3900 14.6 5.57 16.3
Starr-
Dyke

p1g 591 1516 421 519 293 214 1837 680 3602 188  6.02 2.1
manure

1 Ca/Mg exchange, at soil pH (Zhu et al., 1991).
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Table 2.2. Soil physical and mineralogical properties.

Soil Series Particle size fraction Minerals of < 0.002 mm clay fraction Surface Areaf
Sand Silt Clay
_________________ 0 e — m'g! -

. HIV (58), Kaolinite (22), Vermiculite (8),
Bertie 67.8 29.0 3.2 Quarz (5), Mica (4). Gibbsite (3)1 -

Kaolinte (55), HIV (28),Quartz (12), Gibbsite,

Starr-Dyke 16.9 456 373 Vermiculite, Mica (Trace)

229.57

+ Numbers in () represent percentage of minerals.
1 Specific surface area by EGME method (Cater et al., 1965).
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Three gram samples of air-dried soils were weighed into polycarbonate bottles and 30 ml
of each background solution was added. Soil suspensions were shaken for 24 h in an
oscillating chamber at 120 rpm and 25°C. The kinetics of Cu adsorption were
determined for Bertie and Starr-Dyke soils at a concentration of 1 mmol Cu(ClOy);
(Appendix, Fig. A.1). Copper adsorption was rapid, occurring in less than 0.5 h, and was
followed by a gradual continuous adsorption. After equilibration, pH and electrical
conductivity of the supernatants were measured, and the supernatants were analyzed for
each metal by flame absorption spectrophotometry on a Perkin-Elmer model 3300
Atomic Absorption Spectrophotometer. Soil suspension pH was not adjusted in this
experiment because the presence of cations in soil solution also can cause pH changes.

To evaluate the effects of cation species in background electrolyte, soils were
suspended with 1 mM of either Cd, Cu, Pb, or Zn in the presence of a 0.02 mol, L
background solution of either NaClO4, Ca(ClO4),, or Al(ClO4);. A background solution
of 0.02 mol. L' was chosen because the electrical conductivity of the saturated soil
solutions was similar to that of the 0.02 mol, L' of NaClOy solution (Appendix, Table
A.1). Also, soils were suspended with 1 mM of Cu using either NaClOy4, Ca(ClOy),, or
Al(CIO4); as background electrolytes at concentrations of 0.001, 0.005, 0.01, 0.02, 0.03,
0.05, 0.1, 0.2, and 0.5 mol, L™ to determine the influence of solution ionic strength on Cu
sorption. Cadmium, Pb, and Zn at 1 mM concentrations were also studied in a series of
NaClO4 background solutions. Ionic strength (I in the molar unit) of the solution was
calculated based on the relationship: I = 0.013 x EC, where EC is in mS c¢m™ (Griffin and
Jurinak, 1973; Alva et al., 1991).

Batch type adsorption experiments were conducted to determine the effect of
background electrolytes on Cd, Cu, Pb, and Zn sorption. For Cu, soil samples were
treated with Cu(ClO4), ranging in concentration from 0.1 to 4.0 mM. Background
electrolyte solutions were 0.02 mol. NaClO4L™"; 0.01, 0.02, and 0.05 mol. Ca(ClO4), L™';
and 0.02 mol, Al(ClO4); L. Calcium is most capable of competing with metal in
sorption equilibrium, and CaCOj often is added to soils to increase pH when metal-laden

materials are applied. This research employed different concentrations of Ca in order to
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mimic real situations in which an elevated Ca concentration in the soil results from the
application of phosphorus fertilizer, lime, and gypsum. For Cd, Pb, and Zn, soil samples
were treated with Cd(ClOs),, Pb(ClO4),, and Zn(ClO4), from 0.1 to 1.0 mM using the
same background electrolytes as for Cu adsorption isotherms. Soils used in Cu
adsorption studies were the Bertie and Starr-Dyke soils, with or without addition of Cu-
rich pig manure. Unlike Cu adsorption, only the control treatments on the Bertie and
Starr-Dyke soils were used for Cd, Pb, and Zn adsorption isotherms.
Adsorption isotherms

Originally, adsorption model equations were developed to describe gaseous or
extremely diluted sorbent adsorption by solids (Langmuir, 1918). Thus, adsorption
model assumptions might not be applicable to soil systems. The Langmuir and
Freundlich equations have been the most popular equations for describing metal sorption
by soils. The mathematical description of the L-curve isotherm almost invariably
involves either the Langmuir or the van Bemmelen-Freundlich equation. In this research,
four adsorption models including Langmuir, extended Langmuir (Sibbesen, 1981), two-
site Langmuir (Syers et al., 1973), and Freundlich were used for comparing the
adsorption capacities of each soil under different environmental conditions. From the

adsorption data pairs (I', and C), the Langmuir equation is written as

I,bC
F: m eq
1+bC,,

where I' is the quantity of the adsorbed phase, and I';, and b are adjustable parameters.
The parameter I'y, is considered as the maximum adsorption at equilibrium concentration
(Ceq) under the assumption of a complete monomolecular layer. Parameter b determines
the magnitude of the initial slope of the isotherm. The I'y, and b values can be obtained
by using linear or nonlinear least square regression analyses. The linearized Langmuir
equation may introduce some bias toward fitting low adsorption data better than high

adsorption data because of the inverse of the adsorption values in the linearization. Also,
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plotting of the concentration against itself may reduce data variability and provide a
statistically significant correlation coefficient (Schulthess and Dey, 1996; Harter,1984).
The Langmuir equation assumes the adsorption energy term (b) is constant and no lateral
interactions occur between adsorbate particles. However, since b tends to decrease with
increasing surface coverage in heterogeneous surfaces, Sibbesen (1981) proposed an
extended Langmuir equation. In the extended Langmuir equation, b is combined with
Ceq'd, so the adsorption energy term decreases with increasing ion concentration. The

equation is written as

[ bCiC
F — m eq eq
1+bCC,,

where d is a constant. The two-site Langmuir equation was proposed so that the
nonuniformity of sites on the surfaces could be characterized by different adsorption

energy and adsorption maxima (Syers et al., 1973). The equation is expressed as

F — leblceq + 1—‘m2b2ceq
1+bC,, 1+b,C,,

where subscripts 1 and 2 represent two different sorption sites. The Freundlich equation
is a well-known empirical equation that describes ion adsorption in soils. The equation is

written as

_ I/n
I =kCl!

where k and n are positive, adjustable parameters, with n constrained to be greater than 1.
White and Zelazny (1986) reported that the Freundlich parameter k is highly correlated
with Langmuir I',,, However, this equation has been criticized by several researchers
because it is an empirical equation with the constants having no physico-chemical

meaning (Olsen and Watanabe, 1957; Holford et al., 1974).
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Effect of ionic strength on metal sorption at various pH levels

Bertie sandy and Starr-Dyke clayey soils were used for Cd, Cu, Pb, and Zn
sorption at various pH levels. Equilibrations were performed in 0.01, 0.02, and 0.05 mol,
L' of NaClO, solutions at a 1:10 soil-to-solution ratio. The suspension pH was
incrementally adjusted by either addition of HCIO4 or NaOH solution, and pH ranged
from 3.0 to 7.5. The total volume of suspension was limited to less than 1% change due
to addition of acid or base. The effect of ionic strength and pH on metals sorption was
evaluated at constant metals concentration. One mM of each metal-perchlorate was
added to the soil suspension. Soil suspensions were shaken for 24 h in an oscillating
chamber at 120 rpm and 25°C. After equilibration, pH of each solution was measured,
and the supernatants were analyzed for each metal by flame absorption
spectrophotometry on a  Perkin-Elmer model 3300 Atomic  Absorption

Spectrophotometer.

RESUTS AND DISCUSSION

The degree of metal adsorption depends upon soil type, cations in background
solution, and metal species (Petruzzelli et al., 1985; Zhu and Alva, 1993). In this study,
the trend in adsorption capacity for Cd, Cu, Pb, and Zn was similar among soils and
background electrolytes (Fig. 2.1). Cation species in background solution had the
greatest effect on metals adsorption, followed by metal species, and soil properties,
respectively. The observed cation species effect was primarily attributable to valence.
At constant ionic strength, the greater the valence of the background electrolyte the larger
the reduction in adsorption for all four metals. However, little difference in Cu or Pb
adsorption was observed between Na” and Ca”" in the background electrolyte because
both Cu and Pb can be tightly bound by soil materials. Copper and Pb competed strongly
with Ca®" for exchange sites in Starr-Dyke soils, even though Ca®* concentration was 10
times greater than the concentration of either metal. Cadmium and Zn in Bertie soils
exhibited little ability to compete for adsorption sites when Ca®" was present in the

background solution. Zinc adsorption was less than 10% in the Bertie fine sandy loam
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Fig. 2.1. Effect of different cations in background solution
(concentration = 0.02 mol, L'l) on metals adsorption for Bertie soil (a),
Bertie soil + applied pig manure (b), Starr-Dyke soil (¢), and Starr-Dyke soil + applied
pig manure (d).

* Means among treatments followed by the same letters are not different by LSD test
at 0.05 level.
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soil in the presence of 0.02 mol. Ca L. Zhu and Alva (1993) reported that Zn
adsorption was completely inhibited at 0.015 mol. Ca L' in a sandy Florida soil. Bittel
and Miller (1974) found that Ca®" competes effectively with Cd** but not with Pb>" for
adsorption sites on various clay minerals. In the presence of Al**, Cd and Zn adsorption
decreased by more than 90% when compared to Na” in the background solution. The
order of sensitivity to cation composition of the electrolyte was Zn >Cd > Cu > Pb, and
this effect was greater in Bertie sandy than in Starr-Dyke clay loam soils. Cations in
background solution change the soil suspension pH with the degree of change largely
dependent upon the valence of the cation species. In these experiments, pH was not
controlled at a constant value, so pH also may have affected metal adsorption (Appendix,
Table A.3).

Adsorption of all metals was increased by amendment with pig manure, but the
amount of adsorption varied depending upon the characteristics of soils or metals. Starr-
Dyke soils were shown to have a large capacity for heavy metals retention. This may be
due to their large portion of free Fe,O3; and/or MnO, (Table 2.1). The Starr-Dyke soil
that received pig manure adsorbed 92% of the Pb in the presence of AI(ClO,)s, even
though AI’" is the predominant species at pH < 4.7 (Lindsay, 1979). Pig manure
application reduced the sensitivity of the cation effect on metals adsorption. The order of
adsorption capacity for heavy metals was Starr-Dyke + pig manure > Starr-Dyke control
> Bertie + pig manure > Bertie control (p > 0.05). Long-term application of Cu-rich
manure to soils increased their adsorption capacity (Zhu et al., 1991). An increase in the
ability of manure-amended soils to adsorb metals was related to an increase in organic
matter content of these soils. John (1972) also reported that the coefficient of binding
energy for Cd decreased as follows: organic > heavy clay > sandy and silt loam > sandy
soils.

Copper adsorption changed little with increasing ionic strength of background
solution in the presence of Na" for all four soils (Fig. 2.2). Starr-Dyke soils had greater
affinity for Cu than Bertie soils, thus increasing ionic strength of Ca*" in background

solutions had minimal effect on Cu adsorption. Soils that received Cu-rich pig manure
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had greater Cu adsorption capacity than control soils even though the pig manure
amended soils had received, on average, an additional 258 mg Cu kg™ over the past 16 y.
In the Bertie sandy loam soil, Cu did not compete with AI’" for adsorption sites at
concentrations greater than 0.0003 mole of Al(ClO4); in background electrolyte and
sorption capacity rapidly decreased above that concentration. At the greatest ionic
strengths of NaClO4, Ca(ClOs),, and AI(ClO4);, pH of the soil suspension decreased 0.3,
0.4, and 1.7 units, respectively (Table 2.3). The decrease in Cu adsorption with
increasing concentration of exchange cations could be due to both a decrease in the
activity of Cu®" as a result of an increase in ionic strength and the ionic competition for
the exchange sites (Garcia-Miragaya and Page, 1976; Zhu and Alva, 1993). More than
half of the total decrease in Cu adsorption occurred at high levels of ionic strength
(0.0075~0.015) in the presence of NaClO4 or Ca(ClOs), background solutions (Fig. 2.3).
In the presence of Al(ClO4);, however, Cu adsorption decreased rapidly below ionic
strengths of 0.003 (60%, 57%, and 47% for Bertie, Bertie + pig manure, and Starr-Dyke
soil, respectively). Cadmium, Cu, Pb, and Zn adsorption are presented with increasing
concentrations of NaClO4 background electrolytes (Fig. 2.4). Cadmium adsorption
decreased with increasing ionic strength of Na' in background solution. Lead adsorption
was unaffected by ionic strength in any of the soils, because Pb was strongly bound by all
soils. Copper reacted similarly to Cd in Bertie soil and to Pb in Starr-Dyke soil. Fewer
differences in metals adsorption existed at different ionic strengths in Starr-Dyke soils
than in Bertie soils. Soils that received pig manure had less sensitivity to ionic strength
for all four metals. Unlike other metals, Zn adsorption in both control soils first
decreased and then increased with increasing ionic strength. The specific minerals
controlling the solubility of Zn*" in soils are not known (Linsay, 1979). Krauskopf
(1972) also reported that sorption of Zn by soil constituents seems a much more likely
control mechanism. One of the major problems in studying sorption of Zn in soils has
been the failure to consider which of the various species of Zn in solution are sorbed.
Also, the mechanisms and constituents involved in Zn sorptions are not fully understood.

Metal chelation is another important factor, which influences the solubility and
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Table 2.3. Solution pH after Cu adsorption with increasing concentration of three
different background electrolytes.

Concentration Bertie soil Bertie + pig manure

(molc L_l) NaClO4 Ca(ClO4)2 AI(CIO4)3 NaClO4 Ca(ClO4)2 AI(C104)3

0.001 5.20 4.25 4.25 5.32 4.60 4.47
0.005 5.12 4.30 3.79 5.33 4.34 3.99
0.01 5.12 4.22 3.61 5.22 4.37 3.65
0.02 5.06 4.18 3.58 5.33 4.20 3.62
0.03 5.04 4.14 3.52 5.30 4.22 3.49
0.05 5.04 4.12 3.44 5.31 4.21 3.47

0.1 5.09 4.21 3.33 5.24 4.26 3.34

0.2 5.13 4.15 3.20 5.19 4.21 3.19

0.5 4.90 4.13 2.89 5.20 4.06 2.90

Concentration Starr-Dyke soil Starr-Dyke + pig manure

(mol.L'Y)  NaClO, Ca(ClOs), Al(CIOs); NaClO;,  Ca(ClOs), Al(ClO,);

0.001 5.52 5.07 4.57 6.22 5.78 5.87
0.005 5.45 4.67 4.23 6.28 5.60 4.51
0.01 5.50 4.78 3.82 6.03 5.31 4.16
0.02 5.38 4.72 3.76 6.09 5.25 3.94
0.03 5.58 4.51 3.63 6.04 4.81 3.69
0.05 5.44 4.55 3.47 591 4.65 3.46
0.1 5.53 4.94 3.43 5.98 5.34 3.34
0.2 5.52 4.76 3.31 5.90 4.98 3.26
0.5 5.45 4.89 2.97 5.88 4.72 2.98
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movement of metals in soils. Zinc adsorption was most sensitive to ionic strengths
between 0.002 and 0.003 in control soils where NaClO4 was used as the background
solution, but Cd adsorption was most sensitive at the highest range (0.003~0.007) of
ionic strength (Fig. 2.5).

In most studies, several methods have been used to determine the ionic strength of
background electrolytes. Normality (mol. L™), molality (moles kg™), molarity (moles L
", ionic strength (u; unitless), and electrical conductivity (mS c¢m™) have been used in
differing ionic strength. To obtain the ionic strength (u), all ion species in solution
should be identified and their concentrations determined. Thus, many researchers have
often used either the initial concentration of background electrolytes or electrical
conductivity to determine p. There are difficulties associated with both of these
procedures for determining p. Adding background solution to soils causes exchange
reactions on the surface of soil particles, so ions with weak binding strength release from
the surface. Another problem is that changes in concentration affect the activities of ion
species. Also, different ionic species in solutions showed varying relationships between
either concentration or ionic strength and electrical conductivity (Appendix; Figs. A.2
and A.3).

Typically, the number of protons released by the soil surface is related to the
quantity of cations adsorbed. Proton-release values (y; A[H']/adsorbed [metal]) for all
metals were less than 0.04 for the Bertie and 0.1 for the Starr-Dyke soils, respectively
(Fig. 2.6). Perona and Leckie (1985) reported that ¢ values for Cd, Cu, Pb, and Zn were
1.80, 1.88, 1.65, and 3.20, respectively. Their values were obtained at relatively low
adsorbate concentrations (10° M or less) and with amorphous hydrous ferric oxide. The
number of protons released due to metal adsorption depends upon soil suspension pH,
adsorption density, and source of adsorbents (Harvey et al., 1983; Kinniburgh, 1983).
However, the apparent nonstoichiometric exchange may result from (1) failure to
measure displaced cations other than H', (2) varying ratio of monodentate to bidentate
mineral surface sites becoming occupied by the adsorbate as loading increases, (3)

changes in both surface and aqueous speciation as a result of ligand and cation
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Fig. 2.6. Ratio of A[H] to adsorbed metal with increasing metal concentration in
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* Released [H'] was calculated by changing [H'] in solution.
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(particularly of H") adsorption or desorption, and (4) changes in the net surface charge
(Benjamin, 1979). The [H']/[M*'] exchange stoichiometry may depend upon the extent
of protonation of the mineral surface —OH, ligands and functional groups of organic
matter following metal adsorption (Fig. 2.7). The y values obtained with Bertie and
Starr-Dyke soils were considerably smaller than those reported by Perona and Leckie
(1985). This is attributed to the predominately negative soil surface charge at pH 5 (Fig.
D.1). Metal adsorption could be attributed to a combination of the formation of positive
charge through the specific adsorption, and to ionic strength induced surface charge on
variable charge surfaces. As shown in Figure 2.7, a negative surface charge did not result
in the release of H". Also, the new surface created by M>" adsorption may itself be
capable of adsorbing additional M*" without releasing H', thus y value would decrease
with increasing adsorption density. However, the y values calculated by changing [H']
in soil suspension might not be accurate because released H" can come from soil surfaces
as a result of metal adsorption or from H,O resulting from the consumption of OH™ in
solution that forms MOH" or M(OH),.

To obtain adsorption isotherms, adsorption data pairs were plotted against
equilibrium concentration (Ceq) with amount of metal adsorbed (I')as a dependant
variable. Adsorption isotherms were illustrated by shapes of slope (Giles et al., 1960) or
by the Langmuir, extended Langmuir, two-site Langmuir, and Freundlich equations
(White and Zelazny, 1986). Giles et al. (1974) classified four different adsorption
isotherms (C-, L-, H-, and S-type) based on initial slopes. They concluded that initial
slope depends on the rate of change of site availability with increase in adsorption, and
the magnitude of the slope is probably related to the heat of solution. The initial
curvature of L-curve shows that as more substrate sites are filled, it becomes more
difficult for the adsorbing molecule to find available sites. = With increasing
concentration, the adsorbate on the soil particle increases and the amount of adsorbing
surface decreases.

The C-curve isotherm 1is characterized by an initial slope that remains

independent of the concentration of a substance in the soil solution. The H-curve
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isotherm is an extreme version of the L-curve isotherm. Its characteristic large initial
slope suggested a very high relative affinity of the soil solid phase for an adsorbing
substance. However, the S-curve shows that the relative affinity of soil solid phase at
low concentration is less than the affinity of the soil solution. This mechanism is due to
effective competition with surface functional groups for the metal cation when the
complexation capacity of the compound is exceeded at which point the slope of the isotherm
increases (Sposito, 1984).

The Cd adsorption isotherms are presented by soil type under different ionic
strengths and electrolyte cations (Fig. 2.8). The concentration and composition of
support electrolyte had a marked effect on the amount of Cd adsorbed by both soils, but
the effect was greater for the Bertie soil than the Starr-Dyke soil. Increasing background
electrolyte concentration and increasing valence of electrolyte cations significantly
reduced Cd adsorption in both soils. However, the cations in background solution had a
greater effect on Cd adsorption isotherms than did ionic strength. With increasing
background electrolytes in Bertie soil Cd adsorption decreased, and the character of the
adsorption isotherms tended to change from that of L-curve to C-curve (Appendix, Figs.
B.1 and B.3). Adsorption of Cd in Starr-Dyke soil exhibited L-curve character in the
presence of all background electrolytes except AI’" (Appendix, Figs. B.2 and B.4). The
Cd adsorption data fit all adsorption isotherm models (adjusted R?> 0.99) except when
AI*" jons were present in the background solution (Appendix, Figs. B.3 and B.4).
Aluminum ions easily displace cations, even H" on soil surfaces and the surfaces of soil
minerals. These reactions are probably similar to those associated with weathering
processes. Five Israeli soils had L-curve shapes (Navrot et al., 1978) at initial
concentrations up to 900 pg Cd ml”, while adsorption isotherms for Cd in Indian soils
were linear at initial concentrations as high as 100 pg ml" of Cd Cadmium adsorption
isotherms measured on alkaline soils from India have been shown to follow L-shape
curves at initial concentration of 100 pg Cd ml™ (Ramachandran and D’Souza, 1999) and
have higher adsorption maxima values than acidic soils.

Copper adsorption isotherms were very similar when NaClO4 and Ca(ClOy), were
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used as background solutions (Fig. 2.9). This similarity implies that the Cu binding
strength with soil particles was much greater than that of Ca and Na. Adsorption was
greater in Starr-Dyke soil than in Bertie soil when Na" and Ca*" ions were used in the
background solution. However, Cu adsorption was much lower in both soils when AI**
ions were present in the background solution instead of Na” and Ca*". The application of
pig manure to the Bertie and Starr-Dyke soils had a greater effect on adsorption
isotherms than the use of differing ionic strengths in background electrolytes (Fig. 2.10).
The soils that received pig manure had greater amounts of Cu adsorbed than soils where
pig manure was not applied. The Starr-Dyke soil again exhibited more available
adsorption sites than Bertie soil at the same level of Cu treatment. This result possibly
comes from the high organic matter content of Starr-Dyke soil that received pig manure
(Table 2.1). Copper adsorption isotherms showed a typical L-type curve in Bertie and
Starr-Dyke soils with initial concentrations from 0.1 mM to 1.0mM (Appendix, Figs. B.5
and B.6), while those with the high initial concentration (0.1 mM to 4.0 mM) had H-
curve types, which are extreme case of L-curves (Appendix, Figs. B.7, and B.8). The
slope decreased with increasing solution concentration of the metal. However, McLaren
et al. (1981) reported that the sorption isotherms for Cu on soil materials at low solution
concentrations (0.1~10 pg Cu ml™) were essentially linear. An adsorption isotherm with
L-curve characteristics was observed for Cu sorption by the soil separate, after removal
of soluble organic matter from the whole soil (LeClair, 1985). Addition of soluble
organic matter to the soil separate produced an S-curve for Cu sorption. This mechanism
is due to effective competition with surface functional groups for the metal cation, and
when the complexation capacity of the compound is exceeded the slope of the isotherm
increases (Sposito, 1984). Copper adsorption increases as the sorption sites of organic
matter are shifted toward the surface coating (Davis, 1984). All Cu adsorption data fit
well with adsorption isotherm model equations even when Al was used as the cation in
background electrolyte.

In the Bertie soil, Pb adsorption increased with decreasing concentration of

Ca(ClOy4), as the background solution (Fig. 2.11). In contrast Pb adsorption in Starr-
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Dyke soil showed very little difference between background solutions of 0.01 and 0.05
mol, Ca(ClOy), L'. While there was some difference between Na“ and Ca’" in the
background solutions for the Bertie soil, no difference was observed with the Starr-Dyke
soil. Conversely, when AI’" was present in the background solution, greater amounts of
Pb** remained in the solution than when Na" and Ca®" were the background electrolytes.
However, Griffin and Au (1977) observed that Pb adsorption was markedly reduced in
0.1 mol. Ca(ClO4), L solution due to competition between Pb and Ca for cation
exchange sites on montmorillonite. Azizian and Nelson (1998) report that Ca and Na
compete with Pb, but only below pH 5 on Fe(OH);s coated sand. In many surface waters
the activity of Pb*" is regulated by PbCO;3 or Pbs(OH),(COs), (Hem, 1976). Dolomite
(CaMg(COs),) was applied to soils to maintain the pH at 6.5 for 16 y in this research.
Most of the adsorption isotherm equations fit the Pb adsorption data, though a little
difference in correlation coefficients displayed within various background electrolytes
(Appendix, Figs. B.9 and B.10). Some authors reported that the sorption of Pb by soil
could be described by the Langmuir equation (Hassett, 1974 ; Zimdahl and Skogerboe,
1977). With increasing adsorption capacity, Pb adsorption changed from L-curve type to
L-subgroup 4 curve type. This subsequent rise represented the development of a second
layer.

Zinc adsorption was similar to Cd adsorption for these soils (Fig. 2.12). As Zn
adsorption decreased, the character of the adsorption isotherms tended to change from L-
curve to C-curve type in Bertie soil (Appendix, Figs. B.11 and B.12). However, Zn
adsorption showed L-curve in Starr-Dyke soil because Starr-Dyke soil had greater
adsorption capacity than Bertie-soil. In the AP background solution, more Zn*" was
released from soils than adsorbed. Therefore, Zn adsorption data in presence of AI’" did
not fit any adsorption isotherm equations. There was a good fit for Zn adsorption to
adsorption isotherm equation with the other background electrolytes.

When comparing metals adsorption, Pb adsorption was higher than any other
metals in this research (Figs. 2.13). In Bertie soil metal adsorption was decreased with

the order of Pb > Cu > Cd > Zn, while Starr-Dyke soil showed adsorption was reduced
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with the order of Pb > Cu > Cd = Zn. Other experimental studies of the adsorption of Cd,
Cu, Pb, and Zn by soils indicated that bonding energy coefficients for these heavy metals
decreased in the order Cu > Pb > Cd > Zn (Kiekens, 1983). However, between pH 3 and
7, the following order for decreasing solubility has been observed Cd > Zn > Cu > Pb.
Kuo and Baker (1980) also found that Cu was preferentially sorbed over Zn and Cd.
Exchange was the dominant force for Ca, Cd, and Zn retention (Garcia-Miragaya et al.,
1977) while Cu and Pb were tightly bound by specific adsorption (Reed, 1993).

Though the experimental adsorption data to a particular adsorption equation
provides no evidence of the actual mechanism of an adsorption process (Sposito, 1984),
the models are used to compare and generalize experimental adsorption data. Four
adsorption isotherm models are compared with Cd, Cu, Pb, and Zn adsorption data in
Bertie and Starr-Dyke soils (Tables 2.4, 2.5, 2.8, and 2.9). The parameters of adsorption
isotherms are presented according to the concentration of competing cations and loading
metal concentration. In most cases, the adsorption of metals with various background
electrolytes can successfully be explained by Langmuir and Freundlich equations.
Despite the good fits obtained between the experimental data and the adsorption isotherm
plots, some parameters in the model equations may not be reliable because of their
dependency on other parameters. However, the parameters of adsorption equations
varied with ionic strength and composition of the background solution. For all metals,
the “b” term in Langmuir differed markedly due to cation species of the background
electrolytes, and in the same background solution the “b” terms were decreased with
increasing concentration. The pattern for the b values of the Langmuir equation appeared
similar to the pattern of the k values of the Freundlich equation. Values varied from
metal to metal, from soil to soil, and from background solution to background solution
(Figs. 2.14 and 2.15). However, the n values showed distinctive ranges among metals.
For Pb, the parameters (“b” in the Langmuir, and k, n in the Freundlich equation)
displayed broad ranges of values except the parameter “I',,”, and showed the highest
among metals. The parameters of Zn adsorption isotherms followed a similar tendency

as Cd adsorption i.e. very close values in the parameters “b” and “k”. Navrot et al.
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Table 2.4. Cadmium adsorption isotherms with different ionic strengths and cations in background electrolytes for Bertie and
Starr-Dyke soils. T

A. Bertie soil

Adsorption Isotherm Models

Background --- Langmuir --- --- Extended Langmuir --- ~ --—--- Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, Tt b, | k n j
NaClOo, 0.02 0.210™"  881™  0.088"  2175" 0.38"™ 1.30™ 228" 0.043™ 12317 179.77" 1977
Ca(ClOy), 0.01 0.037""  841™  0.023"™ 1973 0267 0.18" 180" 0.007" 16117 51.6™ 1.59™

0.02 0.026™" 701" 0.021™ 1170° 0.18" 21.04 19 0.018" 803" 31.2" 1.52™
0.05 0.013™ 607 0.004% 3375 0.24" 27.73 20Ms 0.006™ 1003 140" 1.38™
Al(CIOy4); 0.02 0.017" 108 0.006™ 671 0.36™ 0.09" 28w 0.001%s 778 43" 1.63"
B. Starr-Dyke soil
Background --- Langmuir --- --- Extended Langmuir --- ~ ---—--- Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, T b, | k n
NaClO,  0.02 0.345™  1184™  0.069% 4632 0.35™ 2.68% 223" 0.071 2126 297.9"™  1.70™
Ca(ClOy), 0.01 0.103™"  1249™  0.038" 3772° 0.29" 0.48" 306" 0.009% 4321 144.8™  1.59™
0.02 0.077"" 1057 0.048™" 2026  0.23™ 0.53" 150° 0.029" 14317 103.0™  1.60™
0.05 0.047""  918™  0.025" 2396 0.27" 0.73" 79" 0.021" 1228 64.6"" 1.58™
Al(CIOy4); 0.02 0.014" 276" 0.005™ 1443~ 0.29% 0.30™ 25M 0.003™s 622" 8.1" 1.50™

+  The concentration of adsorption isotherms ranged from 0.1 mM to 1.0 mM of Cd(ClOy),.

£ Units of parameters are as follows: b, ml pg™’; Ty, png g'; k, ml g'; and d, n are dimensionless.
§

%

Units of background electrolytes are mol, L™

** Significant at < 0.01, ** significant at < 0.05, * significant at < 0.1, and NS significant at > 0.1 of P value.
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Table 2.5. Copper adsorption isotherms with different ionic strengths and cations in background electrolytes for Bertie and
Starr- Dyke soils.

Adsorption Isotherm Models

A. Bertie soil

Background --- Langmuir --- --- Extended Langmuir --- - Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I b Iy d b, . b, e k n i

NaClO,  0.02 0.993™ 521" 0977 525" -0.01™ 1.13% 472n 0.002" 3173 2273 2217
Ca(ClOy4), 0.01 0.506™ 563 0.311"" 815" -0.36™  3.16 167" 0.154™ 512 192.6™  2.61™
0.02 0.332"" 469"  0.171"7 893" -0.43™ 1.72° 170™ 0.057" 503" 133.6™° 249
0.05 0.109™ 3957 0.018 3400  -0.50 0.79% 130" 0.001™ 9094 62.77" 210"
Al(ClO4); 0.02 0.054™ 256"  0.052™ 410" -0.28™ 1.15% 26" 0.031™ 275" 27.0" 1.96™

B. Starr-Dyke soil

Background --- Langmuir --- --- Extended Langmuir --- - Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, | ) b, T k n

NaClO,  0.02 7.626™° 538" 2.722° 685" -0.25"  13.60" 366" 0.066™  3007%  554.8™ 2357
Ca(ClOy), 0.01 3.0557 746 1.242° 989" -0.29"  42.96™ 108 1.654* 719" 52257 2417
0.02 1.968"™ 667" 0.217% 22408 -0.517"  47.83% 126" 0.634" 7277 39037 2.40™
0.05 0.831" 613" 0.215° 1444 0477 2917 300" 0.023" 1879  247.1""  2.44™
Al(CIO4); 0.02 0.062" 403"  0.058"" 588" -0.22™ 0.37% 68 0.029x 432" 419"  1.867

The concentration of adsorption isotherms ranged from 0.1 mM to 1.0 mM of Cu(ClOy),.

T
1 Units of parameters are as follows: b, ml p,g'l; T, pg g'l; k, ml g"; and d, n are dimensionless.
§  Units of background electrolytes are mol, L.

k

** Significant at < 0.01, ** significant at < 0.05, * significant at < 0.1, and NS significant at > 0.1 of P value.
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Table 2.6. Copper adsorption isotherms with different ionic strengths and cations in background electrolytes for Bertie and

Starr-Dyke soils treated with high concentration of copper.t

A. Bertie soil

Adsorption Isotherm Models

Background --- Langmuir --- --- Extended Langmuir --- - Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, | ) b, | Y k n §
NaClO, 0.02 0.538"™ 675"  0.504™ 72677 0.277 1137 469™  0.0317 20277 2394 422
Ca(ClOy), 0.01 0.156™"  864™  0.190™" 1205 047 1.14™ 3477 0.028™ 6617 2233 3567
0.02 0.077"" 810"  0.094™ 1545  0.52""  0.80"" 280"  0.014™ 280" 153.0™"  3.03™
0.05 0.026™" 779" 0.024"  2601° 0.49™  0.67" 134 0.009™ 866" 70.17" 229
Al(CIOy); 0.02 0.019™  444™  0.028™ 792" 036" 0.30% 68 0.008" 467 3217 217
B. Starr-Dyke soil
Background --- Langmuir --- --- Extended Langmuir --- - Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, | ) b, | k n
NaClO, 0.02 0.880™ 1300  0.348™" 2024™  0.53™" 10.74™" 426" 0.11077 1136 479.9"  3.557
Ca(ClOy), 0.01 0.383" 171777 0.214™ 29737 0.53™  4.65" 560"  0.058" 1554™" 5154  3.29™
0.02 0.223"" 1616  0.153"" 2988  0.53"" 3.95™ 436" 0.047™" 1528 40927  3.08™
0.05 0.108™ 1364  0.100™" 2750  0.52"" 221" 3477 0.026"" 1320™" 271.07° 2917
Al(ClOy4); 0.02 0.022™" 699"  0.028™" 1396  0.38"" 0.15™ 1817 0.005™ 817" 520" 215"

The concentration of adsorption isotherms ranged from 0.1 mM to 4.0 mM of Cu(ClO,),.

Units of background electrolytes are mol, L™

T
£ Units of parameters are as follows: b, ml pg™’; Ty, png g'; k, ml g'; and d, n are dimensionless.
§
*

** Significant at <0.01, ** significant at < 0.05, * significant at < 0.1, and NS significant at > 0.1 of P value.

40



Table 2.7. Copper adsorption isotherms with different ionic strengths and cations in background electrolytes for Bertie and
Starr-Dyke soils received Cu-enriched pig manure treated with two different initial Cu concentrations. 1

A. Bertie soil received pig manure

Cu Treatment

Adsorption Isotherm Models

Low initial concentration

High initial concentration

Background Langmuir Freundlich Langmuir Freundlich
Electrolytes § b | k n b I k n
NaClO, 0.02 0.530™" 826" 266.6" 1.50" 0.408™" 954" 282.3™ 3.49™
Ca(ClOy), 0.01 0.613™ 738" 260.17" 2,10 0.1817" 1263 301.0™ 3.18™
0.02 0.464™ 652" 200.9™ 2,117 0.136™ 1105™ 239.3™ 3.09"
0.05 0.191 534 109.8™ 2,12 0.050™" 975™" 133.0"" 2.59"
Al(ClOy); 0.02 0.042" 295™ 23.3™ 1.77° 0.010™ 668" 22,6 1.757

B. Starr-Dyke soil received Cu-riched pig manure

Cu Treatment

Low initial concentration

High initial concentration

Background Langmuir Freundlich Langmuir Freundlich
Electrolytes b | k n b | k n
NaClO4 0.02 0.470 1828 61417 1.18™ 0.345™ 1932 504.4™ 2.34™
Ca(ClOq), 0.01 1.738" 978" 607.9™ 1.87" 0.334™ 2441 644.0"" 2.50™
0.02 1.642° 911™ 565.4™ 1.74™ 0.266™" 2261 558.3" 2,55
0.05 1.146™ 805" 387.5™ 2.02" 0.147" 2134™ 413.6™ 247
Al(ClOy); 0.02 0.042" 691" 4.7 1.55 0.022"™ 1032° 68.6"" 2.03™

The low concentration of adsorption isotherms ranged from 0.1 mM to 1.0 mM of Cu(ClOy),; the high concentration ranged from 0.1 mM to 4 mM.

Units of background electrolytes are mol, L™

T

£ Units of parameters are as follows: b, ml pg™’; T, g g’ kisml g'; and n is dimensionless.
§

**% Significant at the 0.01 level, and NS represents P > 0.1 level.
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Table 2.8. Lead adsorption isotherms with different ionic strengths and cations in background electrolytes for Bertie and Starr-

Dyke soils. T

A. Bertie soil

Adsorption Isotherm Models

Background --- Langmuir --- --- Extended Langmuir --- ~ ----—-- Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b T b I'n d b, ' b, | k n i
NaClO, 0.02 1.612°"  1926™ 1.7977" 1869  -0.06™ 1.6  1586™ 1.580% 3408 10248 236
Ca(Cl10y), 0.01 0.704 1954  0.144° 6152 0.53™ 38.9% 339" 0.253" 2046 76227 2.60™"
0.02 0.386™"  1914™ 0.170"" 3882 0427 4.9 398" 0.129 20257 562177 2327
0.05 0.159™"  2004™ 0.114™ 3278  0.32"" 0.77" 669" 0.034™ 2284™ 369.1"" 2.09™
Al(Cl104); 0.02 0.028" 1540™  0.007 16219% 0.45m 0.3 353 0.003% 4092  107.9" 191"
B. Starr-Dyke soil
Background --- Langmuir --- --- Extended Langmuir --- - Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b . b d b, | b, | k n
NaClO; 0.02 6.104% 2910 0.043 91418 0.45%  755.2 325m 0.117% 60357 38444  1.83™
Ca(ClOy), 0.01 10.780% 2025 0.026 83283 0.63% 4429 338 4372 20268 213747 276
0.02 3.609" 2152 0.044 39671 0.60™  1402.6™ 310 1.614%  2250% 1675.07°  2.54™
0.05 1.733"" 2279 1.010% 2784 0.21 248 1759 0.070%  2433% 12932"" 222"
Al(CIOy); 0.02 0.081"" 2023 0.0357  7832" 0.47" 1.4° 3717 0.025" 2423 28397 2.16™

+  The concentration of adsorption isotherms ranged from 0.1 mM to 1.0 mM of Pb(ClOy,),.

1 Units of parameters are as follows: b, ml ug'l; [ 1g g'l; k, ml g'l; and d, n are dimensionless.

§  Units of background electrolytes are mol, L.

**% Significant at < 0.01, ** significant at < 0.05, * significant at < 0.1, and NS significant at > 0.1 of P value.
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Table 2.9. Zinc adsorption isotherms with different ionic strengths and cations in background electrolytes for Bertie and Starr-

Dyke soils. T

Adsorption Isotherm Models

A. Bertie soil

Background --- Langmuir --- --- Extended Langmuir --- - Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, T b, | Y k n I

NaClOs  0.02 0.164™ 519 0.094™ 1051 0.36™ 0.55™ 215™ 0.012% 1137 96.2""  2.05
Ca(ClOy), 0.01 0.035" 421 0.035™ 462" 0.05% 0.04% 320ms 0.003* 364" 2427 1.56™
0.02 0.019™  413™ 0.018" 472% 0.05% 0.02% 355m 0.003% 146 12.2™ 1.38"™
0.05 0.010™ 377 0.006" 739 0.12% 0.03% 94ns 0.001* 1391 557 1.26™
Al(ClOy4); 0.02 0.001% 1418 0.001%s 154 -1.02% 0.03% 2N 0.001* 108" 0.1 0.52"

B. Starr-Dyke soil

Background --- Langmuir --- --- Extended Langmuir --- ~ ---—--- Two-site Langmuir ------- --- Freundlich ---
Electrolytes§ b I'n b I'n d b, | b, | k n
NaClO, 0.02 0.582"" 7307 0.183™ 1661 0.38" 8.64™ 113" 0.221" 843" 2505 2.02™
Ca(ClOy), 0.01 0.261"" 6507 0.134™ 12307 0.33" 1.93 1310 0.087 7577 14837 1.96™

0.02 0.157" 646 0.095™ 1187 0.30™ 2.46™ 72" 0.077" 7347 109.77 1.86™"
0.05 0.135" 532" 0.056" 1630 0.42"" 0.76™ 162 0.019% 896" 90.0""  2.03™
Al(ClOy4); 0.02 0.001™  4404*s 0.001™s 84 238 0.01% 269 0.001% 269 0.1 0.46™

The concentration of adsorption isotherms ranged from 0.1 mM to 1.0 mM of Zn(CIOy,),.

T
£ Units of parameters are as follows: b, ml pg™’; Ty, ng g'; k, ml g'; and d, n are dimensionless.
§  Units of background electrolytes are mol, L.

%

** Significant at < 0.01, ** significant at < 0.05, * significant at < 0.1, and NS significant at > 0.1 of P value.
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(1978) presented the Langmuir parameters for Cd retention. The ranges were from 4,730
ng g to 10,040 pg g for I, and from 0.034 to 0.225 for bonding energy constant, b.
Their adsorption maxima values were much greater and values for parameter b were
much less than those of this research. Although the differences may be due to several
factors, effect of initial concentration likely had the greatest influence on the difference in
values observed. Garcia-Miragaya et al. (1985) found that Cd sorption data at relatively
low solution concentrations conformed to the van Bemmelen-Freundlich equation, but
not to the Langmuir equation.

The parameters of Cu adsorption isotherms were calculated over two different
concentration ranges (Tables 2.5, 2.6 and 2.7). Adsorption intensity (“b” in Langmuir
equation) values were greater at the low rather than high range of initial Cu
concentration. However, adsorption maxima (I',,) were greater when initial Cu
concentration was in the high range (0.1 ~ 4.0 mM) rather than the low range (0.1 ~ 1.0
mM). These results were marked in Starr-Dyke soils. The different values resulted from
the method of fitting the regression model equation (Figs. C.1 and C.2). Each nonlinear
regression analysis creates different isotherms, and each seems equally reasonable but
yields dramatically different conclusions. Klotz (1982) also pointed out dangers in
estimating sorption maxima from sorption data, which do not approach maximum. The
Langmuir equation has been classified as a mechanistic model; however, it may be
considered empirical when used with soil systems because the equation contains
parameters whose magnitude cannot be definitely determined or whose physicochemical
correlation is based on unproven assumptions. McLaren and Crawford (1973) found that
Cu conforms to the Langmuir equation in sorption isotherms. Sorption maxima followed
the order organic matter > oxides > clay minerals. The results from this research
followed the same pattern. Organic matter had greater influence on “I'},,” values than soil
minerals, and the order of sorption maxima was Starr-Dyke + pig manure > Bertie + pig
manure > Starr-Dyke soil > Bertie soil. The extended and two-site Langmuir equations
fit only adsorption isotherms with treatments of high initial concentration.

When using the Langmuir equation, numerous researchers have used linear
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regression analysis to determine the values of “b” and “T',,”. A plot ¢/T" vs. ¢ will yield
an intercept = 1/(I',b) and a slope = 1/T",,. This linearization was originally suggested by
Langmuir (1918). However, such a regression can yield different Langmuir constants
when compared with the nonlinear least squared regression method (Schulthess and Dey,
1996). The “b” values using linear regression analysis were greater than those using
nonlinear regression, while “I';,,” values were slightly less than the values using nonlinear
regression (Fig. 2.16). It has also been noted that the adsorption maximum calculated by
reciprocal of the slope underestimates the amount of adsorbate that can actually be
retained (Harter, 1984). Also, the curvilinear forms are commonly observed in the linear
transformation of the Langmuir equation (Figs. C.3, C4, C.5, and C.6). This
phenomenon is due to the fact that one of the Langmuir’s assumptions (uniform
adsorption energy in solid system) does not apply to soil systems. Harter and Baker
(1977) suggested that the curvilinear nature comes from not considering the effect of
desorbed ions in the equilibrium solution. In addition, the constant “b” of the Langmuir
equation is not simply related to the bonding energy of the adsorbed ion, but to the ratio
of adsorbed and desorbed ion bonding energies. However, in response, Holford (1978)
insisted that the curvilinear relationship of ¢/I" vs. ¢ plot more likely comes from multiple
energy bonding sites (Holford and Mattingly, 1975) based on two fundamental
assumptions: uniformity of adsorption energy over the entire surface, and absence of
interactions between the adsorbate molecules. A number of researchers have also shown
that sorption data applied to the Langmuir equation can be described by multiple, linear
portions, and two-linear portions frequently have been adapted to obtain the adsorption
maxima. However, the degree of accuracy depends on visually noting the number of data
points that lie on one or the other line. In contrast, the curvilinear relationship is very
accurately described with an exponential equation of the form y = ax®, where the slope is
expressed as 1/T'm. The slope is expressed as the derivative of the equation (y' = abx"")
and indicates that the calculated I'y, in this method is highly dependent upon the value of
X (the equilibrium concentration).

Researchers have continued to use the Langmuir equation in order to determine
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adsorption maxima for soil systems but the equation does not always adequately estimate
maximum adsorption. This problem has been resolved by assuming that the theory is
obeyed only at low equilibrium concentration levels. Harter (1984) reported that
estimates of the adsorption maximum using Langmuir could have error rates greater than
50% when the adsorption isotherms do not have the “correct” shape and only low
concentration data are used. When the equation is used with data from low equilibrium
concentrations to calculate adsorption maxima, errors may arise due to the imprecision in
measuring small concentrations of ions in solution. Also, it should be noted that if
concentration is low enough that bC<<1, the equation becomes I" = bI';,C.

For comparison, adsorption maxima, I'y,, were calculated using four different
methods all based on the Langmuir equation (Tables 2.10 and 2.11). Values of I'y
depended upon the method used and were or were not similar depending on soil,
adsorbate, and background electrolyte concentration. Several authors have pointed out
that using the Langmuir equation to describe soil systems is not appropriate given the
equation cannot account for exchange reactions at solid interfaces and desorbed species
from surfaces (Harter and Smith, 1981; Harter and Baker, 1977), differentiation between
adsorption and secondary precipitation (Veith and Sposito, 1977), and impact of the
concentration of competing ions on binding strengths of surfaces (Hendrickson and Cory,
1981). Regardless of these limitations, if use of the equation is to continue, a simple and
accurate method of assessing whether data fits the equation model is necessary (Harter,
1984).

The primary reason for trying to determine adsorption maxima is to know
maximum levels of metal(s) that soil systems can retain with no harmful effects on the
environment. Given the limitations in prediction of adsorption maxima, and given that
the amount of nonsorbed metal is as important as the adsorbed amount, a better approach
to understanding potential for environmental contamination is to describe the
concentration of metals in soil solution provided a given set of environmental factors.
Metal concentrations in soil solution are dependent upon initial concentration,

background electrolytes, and soil type (Figs. 2.17, 2.18, 2.19, 2.20, and 2.21). The
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Table 2.10. Comparison of Cd, Cu, Pb, and Zn adsorption maxima with various background electrolytes for Bertie and Starr-
Dyke soils calculated by different methods. Initial concentration ranged from 0.1 mM to 1.0 mM of Me(ClOy),.

Background
electrolytes
Cd
Ca(ClOg),, 0.01
molc L_1 0.02
0.05
Cu
Ca(ClOg),, 0.01
molc L_1 0.02
0.05
Pb
Ca(ClOg),, 0.01
molc L_1 0.02
0.05
Zn
Ca(ClOg),, 0.01
molc L_1 0.02
0.05

“I'ny” Tcalculated by different approaches

Bertie soil
linear two-line  interpolation  nonlinear
linear theorem j
766 453 972 961 841
633 324 775 754 701
486 207 830 612 607
567 319 624 618 563
472 261 550 541 469
380 205 563 424 395
1920 631 2211 2131 1954
1858 758 2133 2064 1914
1949 1090 2227 2172 2004
412 293 420 418 421
397 553 529 303 413
337 436 598 304 377

Starr-Dyke soil

linear

1106
968
816

735
649
617

2048
1907
2184

617
601
507

two-line
linear

544
557
409

325
230
281

1129
571
829

316
298
269

1409
1197
1063

778
749
704

2259
2213
2316

733
722
631

interpolation
theorem

1214
1190
1060

776
665
669

2354
2273
2421

660
719
617

nonlinear

1249
1057
918

746
667
613

2025
2152
2279

650
646
532

+ T, is the proposed adsorption maximum of thr Langmuir equation, expressed in pg g™
1 An extrapolation of a graph of K vs. I to cut [-axis leads directly to an estimate of By, which equal to the ', (Sposito, 1982).
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Table 2.11. Comparison of Cu adsorption maxima for Bertie and Starr-Dyke soils with
or without applied pig manure using various background electrolyte concentrations.

Cu “I'y”" calculated by different approaches
Background Soil linear two-line linear interpolation nonlinear
electrolytes theorem §

Bertie 904 386 944 932 864
<= Bertie + 1320 524 1371 1319 1263
S g pig manure
o
g3 Starr-Dyke 1836 622 1955 1990 1717
()
- +
Starr-Dyke 2462 551 2623 2527 2442
pig manure
Bertie 825 326 891 883 810
AR Bertie + 1144 435 1199 1156 1105
S 3 pig manure
S £
g9 Starr-Dyke 1675 520 1806 1872 1616
()
- +
Starr-Dyke 2262 778 2446 2565 2260
pig manure
Bertie 736 297 862 824 779
<= Bertie + 963 282 1053 1040 975
S g pig manure
g g
g8 Starr-Dyke 1377 490 1521 1431 1364
(e}
- +
Starr-Dyke 2099 811 2526 2155 2130
pig manure

+ T is the proposed adsorption maximum of thr Langmuir equation, expressed in pg g
1 An extrapolation of a graph of K, vs. I to cut I'-axis leads directly to an estimate of 3y, which equal to the I',,
(Sposito, 1982).
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Fig. 2.17. Effect of initial concentration on percent of Cd unsorbed by Bertie and Starr-
Dyke soils in the presence of different background electrolytes.

* Numbers within each zone represent the estimated concentration (mg L'l) of Cd in soil solution.
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Fig. 2.18. Effect of initial concentration on percent of Cu unsorbed by Bertie soil with
or without applied pig manure in the presence of different background electrolytes.

* Numbers within each zone represent the estimated concentration (mg L'l) of Cu in soil solution.
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* Numbers within each zone represent the estimated concentration (mg L) of Cu in soil solution.
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* Numbers within each zone represent the estimated concentration (mg L) of Pb in soil solution.
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Fig. 2.21. Effect of initial concentration on percent of Zn unsorbed by Bertie and Starr-
Dyke soils in the presence of different background electrolytes.

* Numbers within each zone represent the estimated concentration (mg L'l) of Zn in soil solution.
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isolines indicate levels of metal concentration remaining in soil solutions. For example,
to attain Cd concentrations in soil solution of less than 10 mg L™, initial treatments
should be approximately 0.6, 0.3, 0.21, 0.15, and 0.1 mmolar of Cd for 0.02 mol, NaClO4
L', 0.01, 0.02, 0.05 mol. Ca(ClOs), L', respectively, and 0.02 mol. AI(ClO,);
background solution with Bertie soil.  For Starr-Dyke soil, desirable solution
concentrations are achievable at greater initial Cd concentration than with Bertie soil.
Initial treatment of 0.8, 0.6, 0.5, 0.35, and 0.12 mmolar of Cd resulted in soil solution
concentrations less than 10 mg L' for each of the respective background electrolytes
(Fig. 2.17). For all metals in Starr-Dyke soils, soil solution concentrations were less than
10 mg L in the presence of 0.02 mol. NaClO4 L' when initial concentration was 1
mmolar or less. In addition, pig manure application decreased Cu concentrations in soil

solution for both soils except in the presence of Al’*

, and the effect was greater with
Starr-Dyke than with Bertie soil. Only low Pb concentrations were measured in soil
solution in both soil types and under most background conditions. Even in the presence
of AP’ in background electrolyte, Pb concentrations in soil solution were less than 40 mg
L' when initial Pb concentrations were approximately 0.5 and 0.9 mmole L™ with Bertie
and Starr-Dyke soil, respectively. Starr-Dyke soils had much greater effect on Zn
remaining in soil solution than Bertie soil, especially in the presence of Ca(ClOy),.

The pH at which significant metal adsorption begins depends upon the strength of
interaction of the metal and surface adsorption sites, and the concentration of S:OH" sites
(Schindler, 1981). The increase in adsorption capacity with increasing pH presumably is
due to the conversion of positively charged S:OH," sites to S:OH" sites and these in turn
are converted to negatively charged S:O sites. Metals adsorption by the Bertie and Starr-
Dyke soils was not influenced by ionic strengths of NaClO4 background solutions from
pH 3 to pH 7 (Figs. 2.22 and 2.23). Jenne (1998) also reported that metals compete more
effectively for pH-dependent sites than for pH-independent, fixed charge adsorption sites,
as indicated by the minimal effect of electrolytes on adsorption. When pH is raised from
an initially low value, the aqueous concentration of AI(OH),™ becomes significant

relative to AI*" in clay systems. With 1 mM treatment of Cd, Cu, Pb, and Zn, the
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solution concentration of these metals was <10 mg L™ in soil solution at pH values above
5.25,4.5,4.25, and 5.3, respectively, for Bertie soil, and 5, 4.5, 4, and 5, respectively, for
Starr-Dyke soil. The replacement of a surface proton by metal or ligand exchange for a
hydroxyl is considered to be equivalent to the formation of an inner-sphere complex
(Schindler et al., 1976). An inner-sphere surface complex being one, which contains no
water molecule between the surface site and adsorbed cation (Sposito, 1984). Davis
(1977) also found that background electrolyte ions are involved in the development of
surface charge. He interpreted the indifference in calculated acidity constants with
varying ionic strength as inner-sphere formation between a surface site and background
electrolyte cation. However, decreased adsorbate adsorption due to increases in the
concentration of a background electrolyte are typically attributed to ionic strength effects
and interpreted as evidence of nonspecific adsorption, i.e., formation of outer-sphere
complexes as occurs on pH-independent charge sites (Hayes and Leckie, 1987; Zachara
and McKinley, 1993). One difficulty in applying surface complexation models to a
whole soil system is that soil parameters (e.g., surface acidity constants (K,), adsorbent
site concentration, etc.) are rarely reported. The K, and pK, are normally measured for
individual minerals or amorphic solids rather than mixtures such as soils. Indeed, a given
surface complex may change from predominantly an inner-sphere to predominantly an
outer-sphere surface complex with pH or concentration of background electrolytes,
because the data fitting includes identifying the number of the adsorption reactions
(aqueous adsorbate and competing cation species) needed to adequately quantify the

adsorption reaction (Ong and Leckie, 1998).

CONCLUSIONS
Cadmium, Cu, Pb and Zn adsorptions were affected by concentration of
background electrolytes [NaClOs, Ca(ClO4),, and Al(ClO4);] with the degree of
adsorption dependent upon metal species and soil type. Also, the parameters of
adsorption isotherms varied with ionic strength and composition of the background

solution. Therefore, background electrolytes used in laboratory analysis should be
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considered when attempting to simulate real situations. Copper adsorption changed little
with increasing ionic strength of Na' for Bertie sandy or Starr-Dyke clayey soils. Starr-
Dyke soil, which contains a large amount of Fe,O3; and MnO,, had minimal effect on Cu
adsorption even with increasing ionic strength of Ca®" in background solutions. In the
presence of Na', Cd and Zn adsorption decreased with increasing ionic strength, while Pb
adsorption was unaffected by ionic strength in any of the soils. Fewer differences in
metals adsorption at different ionic strengths existed in Starr-Dyke soil than in Bertie
soil. Soils with Cu-rich pig manure treatments had less difference in metals adsorption
than control soils at different background ionic strengths. Enhanced adsorption of metals
in those soils was attributed to preferential bonding of these metals by organic material.
Adsorption isotherms often were dependent upon the concentration range over
which the experiments were conducted and a sufficiently large concentration range was
not likely to have a C-curve characteristic (linear form). Jenne (1998) also concluded
that the apparent success of Freundlich or Langmuir equations might depend on the
concentration range of adsorbent, the adsorption capacity of the adsorbent, and the
Cgeomedia (solid concentration). However, in most cases, Langmuir and Freundlich
equations can successfully explain the adsorption of metals with various background
electrolytes.  Despite the good fits obtained between the experimental data and
adsorption plots, some parameters in the model equations may not be reliable because of
their dependency on other parameters. Numerous researchers have used the Langmuir
equation to determine adsorption maxima for soil systems. Even though using the same
set of experimental data, the equation values are often variable and dependent upon the
methods of fitting the regression model equation. Klotz (1982) also pointed out dangers
in estimating sorption maxima that do not approach maximum. Regardless of these
limitations, the prime reason for trying to determine adsorption maxima is to estimate
maximum levels of metals that soil systems can retain with no harmful effects on the
environment.  One approach to understanding the potential for environmental
contamination is to determine the metal concentration in soil solution provided a given

set of environmental factors. Initial treatments of Cd, Cu, Pb, and Zn should be 0.21, 0.7,
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0.78, and 0.27 mM, respectively for Bertie soil in the presence of 0.02 mol, Ca Ltif
metal concentrations remaining in soil solution are to be less than 10 mg L based on
concentration isolines. With 1 mM treatment of each metal, Cd, Cu, Pb, and Zn remained
within 10 mg L in soil solution at pH of approximately 5.25, 4.5, 4.25, and 5.3
respectively for Bertie soil, and 5.0, 4.5, 4.0, and 5.0 respectively for Starr-Dyke soil.
Using isolines, metal-loading rates could be estimated with desirable metal concentration
in soil solution dependent upon background electrolytes, soil type, pH, and possibly other

factors.
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CHAPTER III
COPPER SORPTION AS INFLUENCED BY pH AND SELECTED
SOIL COMPONENTS

ABSTRACT

The effect of pH on Cu sorption by Bertie sandy and Starr-Dyke clay loam soils
was investigated. Copper-rich pig manure was applied to each soil for 16 years. Most
added Cu was adsorbed at low concentrations regardless of pH, but at high
concentrations Cu sorption was strongly related to solution pH. Increases in pH resulted
in greater Cu sorption due to pH-dependent negative charges and precipitation. The
USEPA suggested that soil pH be maintained above 6.5 where high concentrations of
metals are land applied because of the impact of soil pH on metal sorption. However, pig
manure applications to Bertie soil resulted in greater Cu in soil solution than in control
(no manure) soil at pH > 6.5 due to soluble organic matter. Adsorption isotherms
indicated that in Bertie soil sorption of Cu changed from L-curve type to L-subgroup 4
curve type at pH > 5.5 while most of the Cu adsorption isotherms from Starr-Dyke soil
were L-type curve except at pH 7.0. The subsequent rise in Cu sorption in Bertie soil
likely represented the development of a second layer. These curves could be due to
soluble organic matter, precipitation with inorganic ions or both.  Therefore,
determination of adsorption maxima for Bertie soil at pH > 5.5 was not possible because
the adsorption curves did not follow the L-type. In both soils, the best fit across all
models (Langmuir, extended Langmuir, two-site Langmuir, and Freundlich) was
observed at pH 5.0. With increasing concentration, Cu sorption was more linear when
pH was maintained at 5.5 than when pH was not controlled. When pH was not
controlled, increased Cu concentration reduced solution pH, resulting in decreased Cu
sorption. Organic matter, manganese oxide, and free iron oxide were removed with
H,0,, NH,OH-HCI, and DCB (Dithionite-Citrate-Bicarbonate) respectively. In contrast

with reports of other researchers, negligible effect on Cu sorption was observed after
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removal of free Mn oxides with NH,OH-HCI treatment. This conflicting result comes
from differences between sequential extraction procedures and soil separates after
removal of free Mn oxides with NH,OH-HCI treatment. Further research needs to be

conducted to elucidate the effects of chemical reagents on soil components.

70



INTRODUCTION

Copper is widely distributed in nature, interacting with soil minerals and organic
components. The distribution of Cu among various soil phases determines its mobility,
availability and toxicity to organisms. Secondary mineral forms of Cu*" include oxides,
carbonates, silicates, sulfates, and chlorides. However, these minerals do not persist at
low pH and under strong leaching conditions (McBride, 1981). At low pH, adsorbed
Cu”" on layer silicates may tumble freely as hexaquo Cu(H,O)s>" species in interlayers or
external surface positions and the ions are readily exchanged from surfaces by other ions
(McBride, 1976). Cupric carbonate (CuCO3") has been suggested as the major inorganic
form of complexed Cu in neutral and alkaline soil solution (Mattigod and Sposito, 1977,
Sanders and Bloomfield, 1980), but a number of studies have shown that at high pH,
natural Cu®" in soil solutions is largely complexed with soluble organic compounds
(Hodgson et al., 1965; 1966).

Control of Cu solubility in soil-water systems 1is characterized by
precipitation/dissolution reactions, or by surface chemical control. With precipitation
and dissolution of the discrete solid phase, metal ions dominate the variation of metal
concentration as a function of solution parameters and time, while with surface chemical
control, insoluble phases provide sites for adsorption or interfacial reactions (James and
MaNaughton, 1977). The reactions between metals and soil constituents are influenced
by several factors. Numerous studies have shown the importance of pH as a factor
controlling the extent of cation adsorption by soils. Anderson and Christensen (1988)
reported that pH was more influential than any other soil property in determining
distribution coefficients of Cd, Co, Ni, and Zn in 38 Danish soils. As pH increases,
adsorbed Cu becomes much less exchangeable. An increase in pH makes the surface
electrostatically more suitable for adsorption (Mckenzie, 1980). Parfitt (1980) reported
that divalent metal ions can also be adsorbed as MOH™ or M(OH)," , depending on the
pH of the equilibrium solution. Less adsorption of Cu by clay minerals and gibbsite was
observed at lower pH due to competition of protons, Mg”'(aq), Fe*'(aq), and Al*"(aq) (Kishk

and Hassan, 1973). The increase of Cu sorption may be explained by the precipitation of
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Cu(OH); at high pH. The precipitation of Cu(OH), and Zn(OH), can result in excess
retention of Cu and Zn by bentonite (Bingham et al., 1964). Since co-precipitation of Cu®"
in Al- and Fe hydroxides occurs readily, non-diffusible Cu in soils may reside within oxide
structures (McBride, 1978). This non-diffusible form exists largely in the residual Cu form.
A portion of the residual Cu released by HF treatment may originate from crystalline silicate
clays, because Cu”" undergoes isomorphous substitution in octahedral positions of layer
silicate clays.

As the behavior of heavy metals is controlled to some extent by surface reactions
(Sposito and Page, 1984), clay and organic colloids can be major soil factors in metal
retention. McLaren and Crawford (1973) reported a fractionation scheme that revealed
an association between Cu and MnQO;. This possibly represents occlusion of the ion, but
much of the labile Cu was associated with organic matter. Organic matter can have
important effects on the behavior of heavy metal release or retention in soils due to its
decomposition rate. In addition, organic matter has quite different effects on heavy metal
uptake by plants, depending upon whether it is soluble (fulvic acid) or insoluble (humic
acid). Research to date has resulted in the development of two contradictory theories
about application of metal-enriched organic wastes to soil systems (McBride, 1995). The
biosolid protection theory has been supported by evidence that metal adsorption capacity
due to added biosolid persists as long as the heavy metals of concern persist in the soil
(Chaney and Ryan, 1993). Short-term field experiments have shown that the adsorptive
properties of biosolids often prevent excessive crop uptake of many of the constituent
heavy metals, a protection attributable largely to the added organic matter except in the
first year. Availability of metals to plants generally is the highest immediately following
application of biosolid to soil and then diminished (Bidwell and Dowdy, 1987; Chang et
al., 1987). Mullins et al. (1982) also reported that a portion of Cu in soil amended either
with CuSO4 or Cu-rich pig manure reverted to unavailable forms with time. Others
found that extractable Cu decreased with time in Cu-amended histosols (Levesque and
Mather, 1986).

A contrasting theory is made based on the fact that added organic matter
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eventually decomposes (Kononova, 1966). According to the theory, following cessation
of waste product application, soil organic matter concentrations over the very long-term
should return to a value not greater than that in the original soil (Bell et al., 1991; Terry
et al., 1979). The theory is often termed the biosolid time bomb hypothesis because the
slow mineralization of organic matter in biosolids could release metals in soluble forms.
Long-term field observations often show that biosolid-applied metals can remain
sufficiently available even in nonacid soils (Campbell and Beckett, 1988; Alloway,
1990). Reports of a high degree of EDTA-extractable Cd, Cu, Pb, and Zn in old biosolid
application sites suggest that a large proportion of these metals are probably associated
with organic matter in the biosolid (McGrath and Cegarra, 1992; Baldwin et al., 1983).
The results also imply that many heavy metals added to soils through biosolid application
have limited ability to diffuse or coprecipitate into soil minerals over time. Thus, a large
fraction of certain heavy metals from biosolids remain in potentially plant-accessible
forms.

Application of Cu-rich manure significantly increased Cu content of the upper 10 cm
of soil each year, and plowing after the first year increased Cu levels in the 10-20 cm depth
with a small increase in the 20-30 cm depth (Kornegay et al., 1974). Cabrera et al. (1989)
reported that adding 14 tons of urban compost ha” yr™' to a soil caused a noticeable increase
in total and available soil Cu and Zn. Organic matter supplied to soil by biosolid
application over a number of years probably enters into the humification-mineralization
processes that tend to mitigate, with time, the direct effect of immediate partial
incorporation into native soil humic acid. Organic matter binds Cu®", forming an inner
sphere complex that is pH dependent (McBride, 1978). Effects of pH on Cu sorption by
soil organic substances are due to both metal hydrolysis and the weak acid nature of
exchange sites (Cavallaro and McBride, 1984). With any concentration of soluble metal in
the system, the pH value had a more significant effect on systems containing soluble organic
ligands (Sposito and Page, 1984).

This research was designed to evaluate Cu sorption in soil systems. Soils with or

without applied pig manure were used to determine Cu sorption across a range of pH
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levels. Specific soil constituents were removed by chemical treatment to assess their

impact on Cu sorption.

MATERIALS AND METHODS

Soils

In 1978, field plots were established to determine the long-term effect of Cu-rich
pig manure application to agricultural soils. The soils used for this study were Bertie fine
sandy loam (fine-loamy, mixed, thermic Aquic Hapludults) from the Virginia Coastal
Plain, and Starr-Dyke clay loam (fine-loamy, mixed, thermic Fluventic Dystochrept and
clayey, mixed, mesic Typic Rhodudults) from the Virginia Piedmont. @The Cu
concentration of the pig manure collected for field experiments averaged 1320 mg kg
(dry weight basis). At both sites, soil samples were obtained from control plots and plots
receiving applications of Cu-rich pig manure. The Cu-rich pig manure was applied
annually to the plots for 16 years at the cumulative rate of 1300 mt ha™', and treatments
supplied 384 and 379 kg Cu ha™ to the Bertie and Starr-Dyke soils, respectively. Soil pH
levels in the Ap horizon of each soil were maintained above pH 6.5 with dolomitic
limestone. Soils were sampled from the upper 15 cm of the exposed surface, air-dried,
and passed through a 1-mm sieve. Soil properties, determined by standard methods
(Page et al., 1982), are listed in Table 2.1 and Table 2.2.
Sorption Experiments

For each soil series, three grams of air-dried soil were sieved and placed in Teflon
Erlenmeyer flasks with 30 ml of 0.02 mol, NaClO4 L' solution. Sodium perchlorate was
used as the background solution because perchlorate is a weak ligand that does not form
complexes with metal ions (Sposito and Holtzclaw, 1979; Sposito et al., 1983). The
NaClOy stock solutions were passed through a column containing Sephadex 100, a 1%
cross-linked polystyrene matrix with methyl iminodiacetic acid residues on aromatic
rings. Sephadex 100 preferentially binds divalent metal ions over monovalent ions at an
approximate ratio of 5000 to 1. All laboratory wares were soaked with acid solution and

rinsed with distilled deionized water. The background concentration of 0.02 mol, L was
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chosen because the electrical conductivity of the saturated soil solutions was similar to
that of the 0.02 mol, L™ of NaClOy solution (Appendix, Table A.1).

In each series of experiments, Cu(ClO4), was added to the NaClO4 solution and
concentrations ranged from 0.1 mM to 6 mM. Five replicates of soil suspensions were
adjusted using either HCIO4 or NaOH to achieve desired pH levels from 3 to 7.
Suspensions were allowed to equilibrate for 24 hrs in an oscillating chamber at 120 rpm
and 25°C and pH was readjusted as needed and the procedure was repeated until solution
pH was stable. The total volume of suspension was limited to less than 1% change due to
addition of acid or base. After equilibration, the supernatants were analyzed for each
metal by flame absorption spectrophotometry on a Perkin-Elmer model 3300 Atomic
Absorption Spectrophotometer.

Soil Separates

Bertie and Starr-Dyke soils were treated to remove organic matter, and Fe and Mn
oxides. The organic matter was removed by repeated treatment with H,O, at 70 °C
(Douglas and Fiessinger, 1971; Kunze and Dixon, 1982). The Mn oxides were removed
by NH,OH-HCI (Chao, 1972). Free iron oxides were separated from soil with dithionite-
citrate-bicarbonate (DCB), which removes free Fe,O3; with minimum destructive action
to the clay minerals (Mehra and Jackson, 1960). After chemical treatments, all soil
separate samples were washed with 0.01 mol. NaClO4 L™ solution before use for sorption
studies. The chemical properties of soil separates are listed in Table 3.1.

Kaolinite (Kga-2) also was used as adsorbent for the adsorption studies. The poorly
crystallized kaolinite was purchased from the Source Clay Minerals Repository, Clay
Minerals Society, Department of Geology, University of Missouri. The kaolinite sample,
from Warren County, Georgia, has a N, gas surface area of 23.6 m” g and a CEC of 3.3

cmol kg™ (van Olphen and Fripiat, 1979).
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Table 3.1. The chemical properties of Bertie and Starr-Dyke soils and their separates with H,O,, NH,OH-HCI, and DCB for
removing organic matter, free MnQO,, and free Fe,Os.

Soil fraction Organic Exchangeable Free Mn in Free Fe in .
pH EC . . Moisture
C K Ca Mg MnO,  solution Fe,Os;  solution
(1:5) (mSem™) pgg' - mgL" - mgL'  mgl' pgg' mgl' pgg’
Whole Bertie Soil 5.84 0.044 12.1 117 419 80 46.23 - 2.68 - 4.9
Whole Bertie Soil + 597 0076 146 164 698 93 5629 - 2.63 - 5.1
pig manure
Bertie Separates*
H,0, 7.12 1.152 2.1 34 233 9 9.05 0.553 5.02 19.31 4.9
NH,OH-HCI 4.74 0.174 10.8 17 30 9 1.39 0.101 2.46 3.04 1.3
DCB 6.58 4.770 16.0 86 03 24 1.02 0.712 0.05 25.06 15.2
Whole Starr-Dyke Soil ~ 6.58 0.081 12.1 403 946 368 3900.36 - 6.369 - 20.1
Whole Starr-Dyke Soil
6.51 0.167 18.8 591 1516 421 3601.77 - 6.803 - 20.5
+ pig manure
Starr-Dyke Separates*
H,0, 7.98 1.420 40 182 238 28 1311.97 1.692  6.845 1.22 6354
NH,OH-HCI 4.75 0.638 11.4 90 202 82 337.70 50.721  6.729 0.49 549.5
DCB 9.72 4.765 12.0 384 18 8 47.39 0.618 0.248 28.32 420.1

* The chemical reagents, H,O, H,0,, NH,OH-HCI, and DCB, are used for removal of soluble organic matter, organic matter, free MnO,, and free Fe,O;.

76



RESULTS AND DISCUSSION

Copper in soil solution decreased with increasing pH for both soils (Fig. 3.1).
The effect of pH on Cu sorption by soils is likely due to edge charges or precipitation
with hydroxyl groups. Adsorbed Cu has been observed as CuOH" rather than the aquo
species Cu(H,0)¢”" at pH 5 (Koppleman and Dillard, 1977). The addition of OH to the
copper aquo ion (Cu(H,0)s)*" (aq) to increase pH causes successive displacement of
water molecules from the hydration sheath and stepwise formation of Cu complexes.
Harter (1983) reported that the amount of Cu, Pb, Ni, and Zn retained was dependent
upon pH of the soil sample, with retention dramatically increasing at pH > 7.0 to 7.5.
However, Kuo and Baker (1980) reported that in an acidic sandy soil Cu adsorption
increased as suspension pH increased up to pH 6. In this study, most Cu was sorbed at
pH 6.5, even when 6 mM of Cu was added to the soils.

At pH values above 6.5, Cu in soil solution increased with increasing pH in the
Bertie sandy soil with applied pig manure (Fig. 3.2). Solution pH had less effect on the
Starr-Dyke clay soil, however, and remaining Cu in soil solution was decreased with
increasing pH from 6.5 to 7.5. This may be due to the association of Cu ions with
organic matter-clay mineral interactions, so fewer soluble organics are available to
complex Cu®". It is possible that the formation of soluble organic complexes increased
the equilibrium concentration in Bertie sandy soil, especially at high pH. With increasing
pH, the stability constant of metal-fulvic complexes increases due to the dissociation of
functional -COOH and —OH groups in the fulvic acid molecules (Stevenson and
Ardakani, 1972). Both soils treated with pig manure had more Cu in equilibrium solution
than soils without applied pig manure at pH > 6.5 (Fig. 3.3). The Bertie soil solution was
yellowish brown at high pH, and Stevenson (1991) reported that a large part of heavy
metals present in soil solution and in surface waters appears to be linked in a yellowish
compound with fulvic acid. In a soil leachate, Kiekens (1983) observed that 93% of
soluble Cu was bound with fulvic acid. Stevenson and Fitch (1985) reported that the
metal-organic ligand complex might remain soluble at pH values at which the

uncomplexed metals would normally precipitate. LeClair (1984) reported that the Cu-
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Cu in soil solution (mg L'l)

Cu in soil solution (mg L‘l)

Fig. 3.1. Effect of pH on Cu sorption for Bertie sandy (a) and Starr-Dyke clay (b) soils.
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fulvate complex was not sorbed by the soil surface, and much of the “labile” Cu was
associated with organic matter. USEPA Regulations (1993) suggested that soil pH be
maintained at pH 6.5 or higher when applying biosolids or animal manures to soil
systems, but no guidelines were given regarding other soil characteristics. In light of
these data the USEPA Regulations should be reconsidered. The chemical properties of
soil and characteristics of the inorganic and organic fractions need to be better described
before predictions about the long-term fate of heavy metals can be made.

Copper equilibrium concentration in soil at various pH levels is presented in Fig.
3.4. AtpH 6.5, most Cu added was sorbed in both Bertie and Starr-Dyke soils. Although
not measured, it is likely that Cu precipitated primarily with hydroxyl groups from NaOH
that was added to the solution to adjust pH. Without soils, precipitates were not observed
at pH below 5.5, while Cu started to precipitate at pH 6.5. When 5.0 mM of Cu was
added to the solution, final Cu concentration after precipitation was 1 mM. LeClair
(1985) reported that hydrolysis reactions occur which change the equilibrium speciation
of Cu, such that Cu(HZO)n2+(aq) is no longer the dominant species in aqueous solution
above pH 5.5. However, adsorption by soil surface and precipitation cannot be
distinguished due to the mixed and heterogeneous nature of these kinetic processes.

Copper sorption was very dependent on pH (Figs. 3.5 and 3.6), but the increase in
sorption occurred over a wider range of pH than often reported. For example, Davis
(1977) reported that in the critical range, a change of about 1 pH unit resulted in abrupt
increases in the percentage of metal sorbed, with increases from near 0 to nearly 100 %
in hydrous metal oxide-aqueous systems. However, more complex systems such as soil-
solution would be expected to have a wider pH range in which the percentage sorbed
shows dramatic pH-dependence (Elliott, 1983). To obtain less than 1 mg Cu L in soil
solution when 0.1, 0.2, 0.3, and 0.5 mM of Cu were added to Bertie soil, pH values
should be raised above 4.24, 4.64, 4.71, and 5.77, respectively. When 0.75 mM of Cu
was added to Bertie soil, concentrations of soil solution were less than 1 mg Cu L™ in the
pH range between 6.60 and 7.19. Kuo and Baker (1980) also found that Cu sorption by

some acid soils reached a maximum near pH 6. However, regardless of pH, no Bertie soil
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solution had Cu concentration < 1 mg Cu L™ when 1.0 mM of Cu was added. Similar
responses were observed with Starr-Dyke clay soil though at slightly lower pH values
than for the Bertie sandy soil. This same interpretation applies when greater
concentrations of Cu were added to the soil systems.

Adjusting the pH of Bertie and Starr-Dyke soils had a major impact on their
ability to retain Cu (Fig. 3.7). At the higher pHs, Cu sorption was similar between the
two soils, but as pH decreased Cu sorption by Bertie soil was less than that of Starr-Dyke
soil. Kishk and Hassan (1973) concluded that reduced sorption at lower pH values is due
to the competition from H' and other cations for adsorption sites. As pH increases, the
hydrogen ion activity decreases and pH-dependent negative charge on mineral surfaces
increases, thus increasing sorption. However, Farrah et al. (1976, 1980) proposed that
the pH dependence of Cu resulted from a surface-induced precipitation of a polynuclear
complex, (CuOH"),. Both mechanisms certainly cannot be determined by macroscopic
experiments of this nature (Sposito, 1981; 1984). In these studies Cu sorption exhibited
adsorbate characteristics at lower pH levels, while precipitation effects were observed at
higher pH levels and at higher pH levels differences of Cu sorption between Bertie sandy
soil and Starr-Dyke clay soil were less pronounced.

In most cases, simple L-type curves were observed in Bertie and Starr-Dyke soils
(Figs. 3.8 and 3.9; Appendix, Figs. E.1. and E.2.). More complex isotherms were
observed above pH 5.5 in Bertie soil. With increases of solution concentration greater
than 0.026 pmole Cu ml™ at pH 6.5, and 0.018 umole Cu ml™ at pH 7.0, additional Cu
was sorbed by Bertie soil as a second layer. It is likely that soluble organic matter is the
primary factor for explaining differences in sorption curves between pH levels above and
below 5.5. LeClair (1985) reported the same features of Cu sorption in clay, silt, and
sandy loam soils at pH 5.5. He described the isotherms as sigmoid shaped curves. When
soluble organic matter was removed from the soils, L-curve isotherms were observed for
Cu. His interpretation of this phenomenon was that soluble ligands in aqueous phase
were effectively competing with the surface functional groups for the metal cation until

the complexation capacity of that component was exceeded and at which point the slope
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of the isotherm increased. Isotherms for Starr-Dyke soil began to display sigmoid
character at pH 6.5 and higher, though this shape was less distinguishable than with the
Bertie soil. Takahashi and Imai (1983) also presented adsorption isotherms for Cu at pH
4 through 7. Their adsorption curve at pH 6 showed an inflection point at concentration
of 0.11 pmole ml™”, but L-type curves were observed at pH values below 5. In both soils
the best fit across all models (Langmuir, extended Langmuir, two-site Langmuir, and
Freundlich) was observed at pH 5.0. The extended Langmuir equation can fit a sigmoid-
type curve to the data, which is suitable for Bertie soil at pH 6.5.

Copper sorption isotherm parameters with varying pH and ranges from 0.1 mM to
6.0 mM of initial concentrations in Bertie and Starr-Dyke soils are presented in Table
3.2. Though the parameter values are possibly imprecise due to dependency of one
parameter on another, important information can be obtained from the relative values of
the calculated adsorption capacities. In most cases, Cu adsorption was successfully
explained by Freundlich equations across the range of pH, while the Langmuir equation
fit better below pH 5.5. In contrast, the extended Langmuir equation was more suitable
at higher pH levels. The “b” term of the Langmuir was much less affected by differences
in pH than by varying ionic strength and composition of the background solution (Table
2.6). With the Langmuir equation, increasing pH resulted in increased “b” and “T'y,”.
The “T'y,” values of the extended Langmuir equation were less affected by pH. With the
Freundlich equation, “k” values were increased with increasing pH while “n” values
generally decreased. It was not possible to determine adsorption maxima for Bertie soil
at pH > 5.5 because the adsorption isotherm curve did not follow an L-type curve.
Others have pointed out that using the Langmuir equation to describe the soil systems is
not appropriate because the equation cannot differentiate between adsorption and
secondary precipitation (Veith and Sposito, 1977).

Sorption isotherm patterns were similar for both soils when they were treated with
pig manure at pH 6.5 (Fig. 3.10). The Bertie soil that received pig manure sorbed less Cu
than soil without pig manure across all equilibrium concentrations. The Starr-Dyke soil

followed a similar pattern until 2.0 mM of initial Cu concentration was added to the soil,
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Table 3.2. Comparison of different Cu sorption isotherm parameters for Bertie and Starr-Dyke soils at various pH levels.

Sorption Isotherms+
A. Bertie soil --- Langmuir --- --- Freundlich --- - Two-site Langmuir --------- --- Extended Langmuir ---
b T, k n b, Tt b, oo b T, d 1
4.0 0.022™" 675" 5957 2357 0.19™ 243" 0.01™ 31508 0.007" 8417 0.557""
4.5 0.028™  1249™ 122,66 2.34™ 0.32 380" 0.01™ 2121 0.019" 5994ns 0.524™"
- 5.0 0.030""  2949™ 21207 1.90™ 0.56™ 486"  0.01™ 4576" 0.009™  24318™ 0.447"
PR 55 0.041% 12448 497.9™  1.13™ 0.04 924% (.04 11518 0.074" 3529 -1.058™
6.5 0.027% 26327 564.07°  0.87" 21.23% 68  0.01™ 115424% 0.104™" 39517 -1.336"
7.0 0.012% 90180 870.0°"  0.77" 0.48" 71 0.01 117873 0.025" 3152 -12.280™
B. Starr-Dyke soil --- Langmuir --- - Freundlich - Two-site Langmuir --------- --- Extended Langmuir ---
b Fm k n b[ le bz sz b Fm d
4.0 0.0117"  1050™ 424" 1867 0.17% 2067 0.01™ 30310 0.004™  10360™ 0.4417"
4.5 0.024™  1716™ 125.1°" 2,07 0.21% 492" 0.01™ 415388 0.012" 9963 0.478™"
- 5.0 0.044™" 2978 276.97  1.98" 1.16™ 403" 0.02 3712 0.027 9510™ 0.415™
PR 55 0.164™ 4137 751.8™  1.99™ 0.15% 1307  0.02™ 28248 0.1617" 3943 .0.073™
6.5 0217 6023™"  1089.9™ 1.50" 0.37%  2686™  0.06™ 57788 0.261° 50557 -0.136™
7.0 0.493™ 7400 23632 1.34™ 0.50™  3715%  0.49™ 3685MS 1.685" 4105™  -0.596™

f  Treatment concentrations for adsorption isotherms ranged from 0.1 mM to 6.0 mM of Cu(ClOy),.
1 Units of parameters are as follows: b, ml pg™'; T, ug g”; k, ml g, and d, n are dimensionless.
*** Significant at the 0.01 level, ** Significant at the 0.05 level, * Significant at the 0.1 level of probability.
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but when initial concentration was greater than 2.0 mM, pig manure-treated soil had a
much greater reduction in Cu sorption than the control soil. For Bertie soil with or
without pig manure, the extended Langmuir and Freundlich equations fit well with high
correlation coefficients, while the Langmuir equation fit results for Starr-Dyke soils. The
adsorption isotherm parameters for both soils treated with Cu-rich pig manure were
compared in Table 3.3. Most parameters of model equations except Freundlich were not
significant for the Bertie soil. Pig manure application reduced the adsorption maximum
in Starr-Dyke soil.

Numerous investigators have reported that Cu sorption patterns were L-type
(McLaren and Crawford, 1973b; Harter, 1979; McKenzie, 1980; Dhillon et al., 1981;
Petruzzelli et al., 1985) or linear (Jarvis, 1981; McLaren et al., 1981) depending on the
initial metal concentration. Copper adsorption isotherms had different shaped curves
regardless of whether pH was held constant or was not controlled (Fig. 3.11). Without
pH control, adsorption isotherms had a greater degree of plateau (L-type) than when pH
was controlled. As initial Cu concentration increased, soil pH decreased (Appendix,
Table C.1), and had less sorption when pH was not controlled.

Soil individual components or soil minerals (McLaren et al, 1981; Gerritse and
van Driel, 1984; Backes, 1995), soil separates following removal of soil fractions
(Zachara et al., 1992; Cavallaro and McBride, 1984; Bibak, 1997), or sequential
extraction procedures (Miller et al., 1986; Narwal e al., 1999; McLaren and Crawford,
1973a) have been used to evaluate the effects of soil components on metals sorption. In
this study, Cu adsorption of Bertie sandy and Starr-Dyke clay soils was compared with
kaolinite (KGa-2; Fig. 3.12). Whole soils had much greater adsorption capacity than
kaolinite mineral because soil contains organic matter, amorphous oxides of Al-, Fe-, and
Mn oxides, and other clay minerals. Both soils treated with NH,OH-HCI had greater
sorption capacity than with any other treatment (Fig. 3.13). Organic matter and free
MnO; have been reported as main factors for Cu adsorption (McLaren and Crawford,
1973a; Ma and Rao, 1997). However, those results were derived using the sequential

extraction technique. Bibak (1997) observed a negligible effect on Cu sorption after
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Table 3.3. Copper adsorption isotherm parameters of Bertie and Starr-Dyke soils at pH 6.5 and treated without or with Cu-

enriched pig manure (PM).
ISSO(;II;I; E(T):;T --- Langmuir --- --- Freundlich --- --- Two-site Langmuir --- --- Extended Langmuir ---
iy b T, k n b, ot b, oo b T, d

Soils
Bertie 0.027% 26327 564.0°7°  0.87" 21.23% 68" 0.01 115424 0.104™ 39517  -1.336"
Bertie+PM 0.002% 321401 344777 0.56™ 0.02% 19161 0.02 191617 0.038™ 70628 -1.429™
Starr-Dyke 0217 6023 1089.9™" 1.50"" 0.37% 2686 0.06™ 5778 0.261° 5055 -0.136™
StaI'I‘- HEE kKK EEEY EEEY * *%k
Dyke-PM 0.200 4485 788.5 1.68 1.44%s 2828 0.15™ 45397 0.185 4877 0.064

+  Treatment concentrations for adsorption isotherms ranged from 0.1 mM to 6.0 mM of Cu(ClO,),.
1 Units of parameters are as follows: b, ml pg™'; T, ug g”; k, ml g, and d, n are dimensionless.
*** Significant at the 0.01 level, ** Significant at the 0.05 level, * Significant at the 0.1 level of probability.
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removal of Mn oxides with NH,OH-HCI treatment and suggested that this was due to
their low concentration in his soils. However, Cu sorption also was less affected by
NH,OH-HCI treatment in Starr-Dyke soil, which has large amounts of MnO, (3900 mg
L'; Table 2.1). In sequential extraction procedure, acid oxalate has been used for
extraction of free oxides, which was correlated significantly with free iron suggesting
that this constituent is the dominant factor affecting this fraction (McLaren and
Crawford, 1973a). However, oxalate-extracted Cu is related to MnO, by general
agreement since the soil oxide fraction is described by; Cu-Ox (ug g") = 0.93 + 0.62%Fe
+ 24.8%Mn (Le Reiche and Weir, 1963; Crawford, 1969). Therefore, they concluded
that the MnO, has a significant effect on Cu sorption. Copper sorption was highly
depressed in the DCB-treated Bertie soil, while sorption in Starr-Dyke soil samples
treated with DCB were less affected than those of Bertie soil. However, the large amount
of DCB required removing Fe,Os in Starr-Dyke soil resulted in increased pH (9.72) and
as a consequence masked the effect of Fe;O; removal. The sorption isotherms of soil
samples treated with NH,OH-HCI had L-type curve characteristics (Fig. 3.14). However,
Cu sorption isotherms of H,O,-, and DCB-treated sample were linear. These chemical
treatments could change the percentage of clay and surface area but with less destruction

of clay minerals (Zelazny and Quresh, 1973).

CONCLUSIONS

Copper is bound tightly with soil materials, so added Cu primarily sorbed at low
concentrations regardless of pH, but at high concentrations Cu sorption was strongly
related to solution pH. Increases in pH resulted in greater Cu sorption due to the pH-
dependent negative charges and precipitation. Also, the addition of OH™ causes
successive displacement of water molecules from the hydration sheath and stepwise
formation of Cu complexes. The USEPA suggested that soil pH be maintained above 6.5
where high concentrations of metals are land applied because of the impact of soil pH on
metal sorption. However, pig manure applications to Bertie soil resulted in greater Cu in

soil solution than in control (no manure) soil at pH > 6.5 due to soluble organic matter.
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The Bertie soil solution was yellowish brown at high pH, and Stevenson (1991) reported
that a large part of heavy metals present in soil solution and in surface waters appears to
be linked in a yellowish compound with fulvic acid. In the laboratory, pH was adjusted
with NaOH, which might increase the solubility of alkaline soluble organic matter such
as fulvic and humic acids.

Copper sorption was dependent on pH. To obtain less than 1 mg L in soil
solution when 0.1 mM, 0.2 mM, 0.3 mM, and 0.5 mM of Cu were added to Bertie soil,
pH values should be raised above 4.24, 4.64, 4.71, and 5.77. When 0.75 mM of Cu were
added to Bertie soil, concentrations of soil solution were less than 1 mg Cu L™ in the pH
range between 6.60 and 7.19. Regardless of pH, no Bertie soil solution had Cu
concentration < 1 mg Cu L' when 1.0 mM of Cu was added. However, in Starr-Dyke
soil the same solution concentrations can be attained at lower pH levels. Sigmoid shaped
curves were observed in the Bertie soil at the pH > 5.5 and at pH > 6.5 in the Starr-Dyke
soil. These curves could be due to soluble organic matter, precipitation with inorganic
ions or both. Therefore, determination of adsorption maxima for Bertie soil at pH > 5.5
was not possible because the adsorption curves did not follow the L-type. In both soils
the best fit across all models (Langmuir, extended Langmuir, two-site Langmuir, and
Freundlich) was observed at pH 5.0. This research found that soils are not a factor for
fitting model equations but that soil conditions such as pH have strong influence on the
goodness of fit of the models. With increasing concentration, Cu sorption was more
linear when pH was maintained at 5.5 than when pH was not controlled. When pH was
not controlled, increased Cu concentration reduced solution pH, resulting in decreased
Cu sorption. This is important to note because of how results are affected by pH
management in experiments. The free MnO, effect on Cu sorption had a contradictory
result between sequential extraction procedure and soil separates after removal of free
Mn oxides with NH,OH-HCI treatment. Further research needs to be conducted to

elucidate the effects of chemical reagents on soil components.
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CHAPTER 1V
SUMMARY

Adsorption of Cd, Cu, Pb and Zn was affected by concentration of background
electrolytes [NaClO4, Ca(ClO4),, and AI(ClO4);]. The degree of adsorption depended
upon metal species and soil type. Also, the adsorption isotherm parameters varied with
ionic strength and composition of the background solution. Therefore, background
electrolytes used in laboratory analysis should be considered when making simulations of
real situations.

Copper adsorption changed little with increasing ionic strength of Na" for Bertie
sandy and Starr-Dyke clayey soils. Increasing ionic strength of Ca®" in background
solutions had minimal effect on Cu adsorption in Starr-Dyke soil, which contains a large
amount of Fe,O3 and MnQO,. In the presence of Na', Cd and Zn adsorption decreased
with increasing ionic strength, while Pb adsorption was unaffected by ionic strength in
any of the soils. Fewer differences in metals adsorption existed at different ionic
strengths in Starr-Dyke soil than in Bertie soil. Soils with applied Cu-rich pig manure
exhibited less difference in metals adsorption than the control soils at different
background ionic strengths. Enhanced adsorption of metals in those soils was attributed
to preferential bonding of the metals by organic material.

Adsorption isotherms often were dependent upon the concentration range over
which the experiments were conducted and a sufficiently large concentration range was
not likely to have a C-curve characteristic (linear form). Apparent success of Freundlich
or Langmuir equations might depend on the concentration range of adsorbent, the

adsorption capacity of the adsorbent, and the Cgeomedia (s0lid concentration) (Jenne, 1998).

Numerous researchers have used the Langmuir equation to determine adsorption
maxima for soil systems. In most cases the Langmuir and Freundlich equations can
successfully explain the adsorption of metals with various background electrolytes, but

despite the good fits obtained between experimental data and adsorption plots, some
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parameters in the model equations may not be reliable because of their dependency on
other parameters. Even when using the same set of experimental data, the equation
values are often variable and dependent upon the method of fitting the regression model
equation.

Researchers have tried to determine adsorption maxima primarily to estimate the
maximum levels of metals that soil systems can retain without harmful consequences for
the environment. One approach to understanding the potential for environmental
contamination is to determine the metal concentration in soil solution provided a given
set of environmental factors. Application of Cd, Cu, Pb, and Zn should be 0.21 mM, 0.7
mM, 0.78 mM, and 0.27 mM for Bertie soil in the presence of 0.02 mol, Ca L to obtain
metal concentrations of < 10 mg L™ based on concentration isolines. With 1 mM
treatment of each metal, Cd, Cu, Pb, and Zn remained below 10 mg L in soil solution at
pH values of 5.25, 4.5, 4.25, and 5.3 for Bertie soil, and 5.0, 4.5, 4.0, and 5.0 for Starr-
Dyke soil, respectively. Using isolines, metal-loading rates could be estimated to give
the desired metal concentration in soil solution dependent upon background electrolytes,
soil type, pH, and possibly other factors.

Soil conditions such as pH and composition and concentration of background
electrolytes had a strong influence on the goodness of fit to the models for Cu sorption
data. With increasing concentration, Cu sorption was more linear when pH was
maintained at 5.5 than when pH was not controlled. Without controlling pH, increased
Cu concentration reduced solution pH, resulting in decreased Cu sorption. This is
important to note because the impact of pH on Cu sorption in such experiments.

Sigmoid shaped curves were observed in the Bertie soil at the pH > 5.5 and at pH
> 6.5 in the Starr-Dyke soil. These curves could be due to soluble organic matter,
precipitation with inorganic ions or both. Determination of adsorption maxima for Bertie
soil at pH > 5.5 was not possible because the adsorption curves did not follow the L-type
curve. In both soils the best fit across all models (Langmuir, extended Langmuir, two-
site Langmuir, and Freundlich) was observed at pH 5.0.

Studies of pH the effects on Cu sorption indicate that added Cu was mostly
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sorbed at low concentrations regardless of pH, but at high concentrations Cu sorption was
strongly related to solution pH. Increases in pH resulted in greater Cu sorption due to the
pH-dependent negative charges and precipitation. Also, the addition of OH™ causes
successive displacement of water molecules from the hydration sheath and stepwise
formation of Cu complexes.

To obtain less than 1 mg L of Cu in soil solution, when 0.1 mM, 0.2 mM, 0.3
mM, and 0.5 mM of Cu were added to Bertie soil, pH values should be raised above 4.24,
4.64,4.71, and 5.77. When 0.75 mM of Cu was added to Bertie soil, Cu concentrations
in soil solution < 1 mg L' in the pH range between 6.60 and 7.19. Regardless of pH, no
Bertie soil solution had Cu concentration < 1 mg Cu L™ when 1.0 mM of Cu was added.
In Starr-Dyke soil, however, the same solution concentrations can be attained at lower
pH levels.

The USEPA suggested that soil pH be maintained above 6.5 where high
concentrations of metals are land applied because of the impact of soil pH on metal
sorption. However, pig manure applications to Bertie soil resulted in greater Cu in soil
solution than in control (no manure) soil at pH > 6.5 due to soluble organic matter. The
Bertie soil solution was yellowish brown at high pH, and Stevenson (1991) reported that
a large part of heavy metals present in soil solution and in surface waters appears to be
linked in a yellowish compound containing fulvic acid. In the laboratory, pH was
adjusted with NaOH, which might increase the solubility of alkaline soluble organic
matter such as fulvic and humic acids.

Sequential extraction procedure and soil separates, after removal of free Mn
oxides with NH,OH-HCI treatment, did not agree on the impact of free MnO, on Cu
sorption. Thus, further research is needed to elucidate the effects of chemical reagents on

soil components.
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Table A.1. Average macro- and micro-element concentrations in pig manure over a
13-year period.*

Elements Concentration
____________ 0 e
Ca 4.1
K 1.7
Mg 0.82
N 4.5
Na 0.45
P 2.3
_________ 11 Q- R—
B 20
Cu 1322
Fe 1184
Mn 288
Zn 420

* cited from Annual Report ICA project No 292(M) ( Martens et al., 1992).
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Table A.2. Comparison of concentration between saturated soil solution and sodium
perchlorate solution. Information used to select concentration of background solution.

Electrical Saturated soil solution
Soils conductivity concentration comparing as
(mS/cm) NaClO, concentration
Betie Control 0.97 0.009 M of NaClOg4
Receiving pig manure 2.04 0.0197 M of NaClO4
Starr- Control 1.79 0.017 M of NaClOg4

Dyke Receiving pig manure 3.04 0.033 M of NaClO4
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Table A.3. Solution pH after metal adsorption with different background electrolytes

(concentration = 0.02 mol. L™).

Bertie soil Bertie + pig manure
Metals
Species  NaClOs Ca(ClOy4),  Al(ClO4)s NaClOs Ca(ClOy4),  Al(ClOy)3
Cd 5.50 4.70 3.38 5.50 4.87 3.41
(0.045*  (0.041) (0.025) (0.008) (0.045) (0.000)
Cu 5.06 4.18 3.58 5.33 4.20 3.62
(0.029) (0.042) (0.021) (0.012) (0.014) (0.048)
Pb 5.05 4.68 3.43 5.44 4.73 3.35
(0.029) (0.070) (0.069) (0.053) (0.053) (0.024)
Zn 5.12 4.74 3.44 5.19 4.93 3.39
(0.014) (0.063) (0.064) (0.026) (0.057) (0.062)
Starr-Dyke soil Starr-Dyke + pig manure
Metals
Species NaClO4 Ca(ClO4)2 AI(C104)3 NaClO4 Ca(ClO4)2 Al(C104)3
Cd 5.81 5.09 3.55 5.96 5.78 3.58
(0.062) (0.071) (0.031) (0.073) (0.045) (0.037)
Cu 5.38 4.72 3.76 6.09 5.25 3.94
(0.014) (0.090) (0.024) (0.298) (0.194) (0.000)
Pb 5.89 4.82 3.51 6.25 5.73 3.50
(0.088) (0.090) (0.016) (0.090) (0.242) (0.026)
Zn 6.01 5.02 3.51 6.10 5.59 3.60
(0.102) (0.008) (0.041) (0.071) (0.019) (0.040)
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Table A.4. Electrical conductivity (mS cm™) after metal adsorption with different

background electrolytes (concentration = 0.02 mol, L™).

Metals Bertie soil Bertie + pig manure
Species  NaClO; Ca(ClOy4),  Al(ClO4); NaClO; Ca(ClOs4); Al(ClOq4);
Cd 0.233 0.234 0.227 0.235 0.239 0.232
Cu 0.235 0.307 0.187 0.237 0.312 0.187
Pb 0.232 0.237 0.232 0.234 0.239 0.238
Zn 0.229 0.240 0.232 0.232 0.241 0.236

Metals Starr-Dyke soil Starr-Dyke + pig manure
Species  NaClOs Ca(ClOy4)2  Al(ClO4)s NaClOs Ca(ClOy4),  Al(ClOy)3
Cd 0.235 0.237 0.228 0.243 0.245 0.239
Cu 0..237 0.309 0.184 0.245 0.317 0.194
Pb 0.234 0.237 0.232 0.241 0.244 0.244
Zn 0.233 0.241 0.232 0.239 0.250 0.241

* Standard deviation is from 0.000047 to 0.000602.
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Table B.1. Comparison Langmuir constant “b” using nonlinear regression least squares analyses and using linear regression

analyses with different ionic strengths and cations in background electrolytes on Bertie and Starr- Dyke soils.

Langmuir constant “b”

A. Bertie soil
Background Cadmium Copper (low) + Copper (high) § Lead Zinc
Electrolytes§ Nonlinear  Linear Nonlinear Linear Nonlinear Linear Nonlinear Linear Nonlinear  Linear
NaClOy 0.02 0.210 0.264 0.993 0.970 0.538 0.451 1.612 1.697 0.164 0.189
Ca(ClOyg), 0.01 0.037 0.045 0.506 0.552 0.156 0.160 0.704 0.968 0.035 0.037
0.02 0.026 0.031 0.332 0.365 0.077 0.095 0.386 0.491 0.019 0.020
0.05 0.013 0.019 0.109 0.131 0.026 0.037 0.159 0.185 0.010 0.011
Al(CIOg);  0.02 0.017 0.020 0.054 0.061 0.019 0.024 0.028 0.035 0.001 -0.043
B. Starr-Dyke soil
Background Cadmium Copper (low) 1 Copper (high) § Lead Zinc
Electrolytes§ Nonlinear Linear Nonlinear Linear Nonlinear Linear Nonlinear Linear Nonlinear  Linear
NaClO, 0.02 0.345 0.468 7.626 8.123 0.880 0.853 6.104 22.955 0.582 0.778
Ca(ClO4), 0.01 0.103 0.134 3.055 3.538 0.383 0.430 10.780 12.608 0.261 0.316
0.02 0.077 0.093 1.968 2.582 0.223 0.301 3.609 7.253 0.157 0.195
0.05 0.047 0.060 0.831 0.940 0.108 0.157 1.733 2.115 0.135 0.165
Al(ClOg);  0.02 0.014 0.018 0.062 0.069 0.022 0.027 0.081 0.108 0.001 -0.046

1  The concentration range of adsorption isotherms ranges from 0.1mM to 1.0mM of Cu(CIO,),.
1 The concentration range of adsorption isotherms ranges from 0.1mM to 4.0mM of Cu(ClOy,),.

§

Unit of background electrolytes are mol, L™
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Table B.2. Comparison Langmuir constant “I'y,” using nonlinear regression least square analyses and using linear regression
analyses with different ionic strengths and cations in background electrolytes on Bertie and Starr- Dyke soils.

Langmuir constant “I"},,”
A. Bertie soil

Background Cadmium Copper (low) + Copper (high) § Lead Zinc
Electrolytes§ Nonlinear  Linear  Nonlinear Linear  Nonlinear Linear Nonlinear Linear Nonlinear  Linear
NaClO, 0.02 881 831 521 526 675 702 1926 1894 519 504
Ca(ClOy), 0.01 841 766 563 567 864 904 1954 1920 421 412
0.02 701 633 469 472 810 825 1914 1858 413 397
0.05 607 486 395 380 779 736 2004 1949 377 337
Al(C104);  0.02 108 100 256 247 444 425 1540 1439 1418 5

B. Starr-Dyke soil

Background Cadmium Copper (low) t Copper (high) § Lead Zinc
Electrolytes§ Nonlinear Linear Nonlinear Linear Nonlinear Linear Nonlinear Linear Nonlinear Linear
NaClO4 0.02 1184 1052 538 541 1300 1403 2910 1764 730 681
Ca(ClO4), 0.01 1249 1106 746 735 1717 1837 2025 2048 650 617
0.02 1057 968 667 649 1616 1675 2152 1907 646 601
0.05 918 816 613 617 1364 1377 2279 2184 532 507
Al(ClO4);  0.02 276 236 403 389 699 670 2023 1909 4404 17

+  The concentration range of adsorption isotherms ranges from 0.1mM to 1.0mM of Cu(ClOy),.
1 The concentration range of adsorption isotherms ranges from 0.1mM to 4.0mM of Cu(ClOy),.
§  Unit of background electrolytes are mol, L.
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Table C.1. Solution pH after Cu adsorption with increasing metal treatments for
Bertie and Starr-Dyke soils.

Treatment

(mM) Bertie soil Starr-Dyke soil
0.10 5.45 5.49
0.20 5.43 5.38
0.30 5.15 533
0.50 5.08 5.11
0.75 4.93 5.05

1.00 4.72 4.98
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Fig. B.3. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Cd
adsorbed by Bertie soil in presence of various background electrolytes. Intial concentration ranged from 0.1 mM to 1.0 mM of Cd(ClO,),.
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Fig. B.5. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Cu
adsorbed by Bertie soil in the presence of various background electrolytes . Initial concentration ranged from 0.1 mM to 1.0 mM of Cu (CIO,),.
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Fig. B.6. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Cu
adsorbed by Starr-Dyke soil in the presence of various background electrolytes. Initial concentration ranged from 0.1 mM to 1.0 mM of Cu (ClO,),.
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Fig. B.7. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Cu
adsorbed by Bertie soil in presence of various background electrolytes. Initial concentration ranged from 0.1 mM to 4.0 mM of Cu (ClO,),.
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Fig. B.8. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Cu
adsorbed by Starr-Dyke soil in presence of various background electrolytes. Initial concentration ranged from 0.1 mM to 4.0 mM of Cu (CIO,),.
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Fig. B.9. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Pb
adsorbed by Bertie soil in presence of various background electrolytes. Initial concentration ranged from 0.1 mM to 1.0 mM of Pb(CIO,),.
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Fig. B.10. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Pb

adsorbed by Starr-Dyke soil in presence of various background electrolytes. Initial concentration ranged from 0.1 mM to 1.0 mM of Pb(CIO,),.
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Fig. B.11. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Zn
adsorbed by Bertie soil in rpresence of various background electrolytes. Initial concentration ranged from 0.1 mM to 1.0 mM of Zn(ClO,),.
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Fig. B.12. Comparison of four different adsorption isotherm equations (Langmuir, Extended Langmuir, Two-site Langmuir, and Freundlich) for Zn
adsorbed by Starr-Dyke soil in presence of various background electrolytes. Initial concentration ranged from 0.1 mM to 1.0 mM of Zn(ClO,),.
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Fig. C.1. Comparison of fit of the nonlinear Langmuir equation using different initial
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* Equations in each plot show the general exponential form for fitting the curve, where y = ax”"b.
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Fig. C.5. Copper adsorption with linear transformation of the Langmuir equation in Bertie
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0.1 mM to 4.0 mM.

* Equations in each plot show the general exponential form for fitting the curve, where y = ax"b.
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Fig. C.6. Copper adsorption with linear transformation of the Langmuir equation in Starr-
Dyke soil with or without applied pig manure. Initial concentration of Cu(CIlO,), ranged

from 0.1 mM to 4.0 mM.

* Equations in each plot show the general exponential form for fitting the curve, where y = ax"b.
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Fig. C.7. Lead adsorption with linear transformation of the Langmuir equation in Bertie
and Starr-Dyke soils. Initial concentration of Pb(ClO,), ranged from 0.1 mM to 1.0 mM.

* Equations in each plot show the general exponential form for fitting the curve, where y = ax"b.
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Fig. C.8. Zinc adsorption with linear transformation of the Langmuir equation in Bertie
and Starr-Dyke soils. Initial concentration of Zn(ClO,), ranged from 0.1 mM to 1.0 mM.

* Equations in each plot show the general exponential form for fitting the curve, where y = ax”b.
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Fig. D.1. Point of zero net charge (PZNC) for Bertie (a) and Starr-Dyke (b) soils.
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