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ABSTRACT

As new and revised regulations drive trace-metal effluent limits to part-
per-billion and lower levels, the ability to predict the speciation and mobility of trace
metals in aqueous systems becomes vitally important. Only a handful of studies have
combined molecular- and macroscopic-scale investigations with surface complexation
model (SCM) development to predict trace-metal speciation and partitioning in
aqueous systems over a wide range of conditions. Even fewer studies have addressed
error propagation through SCMs to assess uncertainty or have demonstrated the
practical application of these models in helping to solve industrial trace-metal
emissions problems.

In this research, an extensive collection of new macroscopic and
spectroscopic data was used to assess the ability of the modified triple-layer model
(TLM) to predict single-solute lead (Pb) and zinc (Zn) sorption onto 2-line ferrihydrite
in NaNOj solutions as a function of pH, ionic strength, and concentration. Multistage
ferrihydrite sorption systems were also evaluated for their effectiveness in reducing
single-solute Pb and Zn concentrations in contaminated water streams to very low
levels. Finally, a methodology was demonstrated not only for quantifying the impact
of model input-parameter uncertainties on output-parameter uncertainty, but also for
identifying the input parameters which have the most impact on output uncertainty.

Regression of constant-pH isotherm data, together with potentiometric
titration and pH edge data, was found to be a much more rigorous test of a SCM than

fitting pH edge data alone. When combined with spectroscopic data, the choices of



feasible surface species/site types were limited to a few. In agreement with
spectroscopic data, very good fits of the Pb isotherm data were obtained with a two-
species, one-site model using the bidentate/monodentate species pairs
(=Fe0),Pb/=FeOHPb>* and (=Fe0),Pb/=FeOPb*-NO5". For Zn, a one-species, one-
Zn-sorption-site model using the bidentate surface complex, (=FeO).Zn, provided
excellent fits of the data. There was no evidence for surface precipitation at high
loadings over the pH range 4.5 to 7.5 in either case. Regressing edge data in the
absence of isotherm and spectroscopic data resulted in a fair number of surface-
species/site-type combinations that provided acceptable fits of the edge data, but
unacceptable fits of the isotherm data. Surprisingly, best-fit equilibrium *“constants”
for the Pb and Zn surface complexes required adjustment with pH in order to fit the
isotherm data. For Zn, the density of Zn sorption sites also had to be varied with pH to
fit the data. A surface activity coefficient term was also introduced in the TLM for
both metals to reduce the ionic-strength dependence of sorption.

Experimental data and modeling results showed that a multistage sorption
system can significantly reduce Pb and Zn effluent concentrations for the same total
amount of sorbent or, alternatively, dramatically lower total sorbent consumption for
the same effluent concentration. Model predictions were made using a steady-state,
multistage, equilibrium adsorber model that was developed for and integrated into the
OLI Software’s Environmental Simulation Program (OLI Systems, Inc., Morris Plains,
NJ). The modified TLM was used to simulate Pb or Zn surface-liquid equilibria
within the adsorber model. Engineering screening evaluations indicated that a 2- to 3-
stage sorption process can provide significant economic savings when compared to a

1-stage process operating with the same target effluent metal concentration.
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Additional equilibrium stages beyond 2 or 3 provide diminishing economic returns.
The major economic driver for multiple contacting stages was found to be reduced
capital investment and operating costs for sludge handling. dewatering, and disposal.

Finally, using a novel uncertainty analysis module in the OLI Software,
error propagation through the modified TLM was studied using the isotherm, pH edge,
and multistage treatment data for both metals. When coupled with the nonlinear
equation solver’s gain matrix, the linearized local extrapolation and error propagation
models in the OLI ElectroChem code provided a satisfactory alternative to a more
rigorous, time-consuming Monte Carlo simulation.

In summary, this research has shown that existing SCMs appear unable to
predict single-solute metal sorption onto 2-line ferrihydrite over a wide range of
conditions using a single set of best-fit thermodynamic equilibrium constants. Still,
the SCMs are valuable tools, for example, in predicting trace metal speciation and
removal in multistage ferrihydrite treatment systems. While many advances have been
made over the past decade, much work still needs to be done in fine-tuning the

thermodynamic framework and databases for the SCMs.
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Chapter 1
INTRODUCTION

1.1 Rationale and Scope of Research

Over the past decade, the fate, transport, bioavailability, and toxicity of
trace metals in the environment have received increasing attention in the research,
regulatory, and industrial communities. As a result, trace-metal discharges from
industrial manufacturing processes are being increasingly scrutinized and regulated. In
the past, many metals were not regulated in industrial wastewater discharges, and even
when they were regulated, the effluent limits were relatively high, i.e., on the order of
parts per million (ppm) by weight. For example, Clean Water Act industry guidelines
for the Organic Chemicals, Plastics, and Synthetic Fibers (OCPSF) industry limit the
effluent concentrations of five metals (zinc, copper, nickel, lead, and total chromium)
in direct-discharge point sources using end-of-pipe biological treatment to a maximum
daily limit of 2.61 ppm , 3.38 ppm, 3.98 ppm, 0.69 ppm, and 2.77 ppm by weight,
respectively (U.S. EPA, 1996). However, new or revised regulations are now pushing
metal effluent limits to part-per-billion (ppb) and, in some cases, part-per-trillion (ppt)
levels. Examples include the revised maximum contaminant level (MCL) for arsenic
in drinking water (lowered from 50 ppb to 10 ppb) and proposed Total Maximum
Daily Load (TMDL) regulations that will establish point and nonpoint source load

restrictions to meet very stringent federal water quality standards.



In addition, proposed RCRA and Sediment Management regulations are
seeking to significantly reduce ongoing and future contamination of groundwater and
surface water as the result of trace-metal leaching from solid waste and sediments.
Examples include more severe restrictions on land-based wastewater treatment and
nonhazardous waste disposal (including biosolids), increased regulation of mineral
processing waste, and the development of a contaminated sediment management
strategy that will guide the regulation of contaminated sediment cleanup and establish
permit limits to prevent future contamination of rivers, lakes, and other waterbodies.
In short, these new and proposed regulations create a significant compliance challenge
for industry.

In the chemical industry, trace metals often originate as catalysts, raw
material impurities, and corrosion products within the manufacturing process. In
developing biochemical manufacturing processes, trace amounts of metals are added
as essential nutrients for bacterial growth; these nutrients usually end up in the waste
biomass that is generated by the process. Typical metals and metalloids of concern
include copper, nickel, zinc, lead, chromium, cadmium, cobalt, mercury, and arsenic.
In addition, metals have been and, in some cases, still are integral to the products
themselves. Examples include titanium dioxide, colored pigments, inorganic
pesticides, and metal-coated parts. A key purge point for metals in an industrial
process is the wastewater treatment plant. The metals are discharged in the treated
wastewater effluent and the biological solids. This greatly influences a manufacturing
plant’s ability to beneficially reuse biosolids (e.g., through land application) and to
comply with part-per-billion Water Quality Criteria limits for metals in receiving

waters.
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In recent years, contaminated sediment management has surfaced as one of
the top environmental issues for the chemical industry. The actions proposed by the
U.S. EPA in their Contaminated Sediment Strategy will potentially lower the
manufacturing industry’s NPDES (National Pollutant Discharge Elimination System)
permit limits for metals and increase the likelihood of investigations and remediation
of sediments. A conservative estimate of the potential impact of proposed U.S. EPA
Water Sediment Quality Criteria on a large chemical company is hundreds of millions
of dollars in remediation costs and new investment to comply with more stringent
wastewater discharge permits.

The chemical industry, therefore, has a substantial business incentive to
better understand and predict the speciation, fate, and transport of trace metals in
aqueous systems. For example, corporations need to help lead regulators in
developing technically sound water- and sediment-quality regulations. In addition,
chemical industry customers are showing increased concern about trace metals in the
products they purchase. Demands for zero-mercury sulfuric acid and low-arsenic
titanium dioxide are becoming commonplace. Finally, where end-of-pipe control or
remediation is required, scientific tools and engineering models will be needed to
conceptualize and design cost-effective treatment strategies, including natural recovery
where appropriate.

Because metals are often present in wastewater effluents, groundwater,
and surface water at concentrations well below their respective solubility limits, large
fractions of the discharged metals are often complexed with dissolved organic matter
(such as humic and fulvic acids) and/or sorbed onto biological and inorganic

suspended solids, including hydrous iron, aluminum, and manganese oxides.



Moreover, in soils and sediments, clay minerals and mineral oxides, such as goethite
and ferrihydrite, play a major role in controlling the fate and mobility of trace metals in
the environment.

One of the keys in understanding and predicting the mobility and
bioavailability of trace metals in the environment, and in identifying a cost-effective
control strategy, is the aqueous geochemistry of the system under consideration. A
number of commercial (Environmental Simulation Program, OLI Systems, Inc.,
Morris Plains, New Jersey; The Geochemist’s Workbench®, Rockware, Inc., Golden,
Colorado) and public-domain (MINTEQAZ2, U.S. EPA, Athens, Georgia; MINEQL+,
Environmental Research Software, Hallowell, Maine; PHREEQC, USGS, Denver,
Colorado) geochemical speciation codes exist for simulating the behavior of metals in
aqueous systems. However, the existing sorption (i.e., surface complexation) models
in these codes are often inadequate for modeling sorption reactions in complex
industrial systems involving multiple (i.e., competing) metals. In fact, in a recent
publication, Sarkar et al. (1999) noted that “if the objective of modeling is to develop
an approach for predicting multi-element adsorption from basic data, such as that
describing the adsorption of a single element, then another approach must be
developed.” In addition, many of the thermodynamic equilibrium constants for surface
complexes published in the peer-reviewed literature are based on fitting a limited set
of pH sorption edges covering a narrow range of environmental conditions (e.g., metal
concentration, ionic strength, background electrolyte, temperature, and so on) without
the aid of state-of-the-art spectroscopic techniques to confirm surface speciation. This
includes the frequently used generalized two-layer model (GTLM) database for
hydrous ferric oxide (Dzombak and Morel, 1990). Finally, many existing surface



complexation modeling codes are limited to simulating reactions in a single, batch-
equilibrium stage. The capability to simulate steady- and unsteady-state metal
sorption in a multistage, flow system is absent in most commercial and public-domain
chemical equilibrium software packages. This severely limits an engineer’s ability to
predict the speciation, fate, and transport of trace metals in complex aqueous systems
containing sorptive surfaces.

The DuPont Company has been actively funding laboratory research at the
University of Delaware aimed at better understanding single- and multi-solute metal

sorption onto iron oxides. The objectives of this funded research are four-fold:

1. To generate a consistent database of macroscopic pH sorption
edge and constant-pH isotherm data.

2. To model this data using advanced surface complexation
modeling approaches.

3. To validate the modeled-predicted surface speciation using
state-of-the-art x-ray spectroscopic techniques.

4. To demonstrate the practical application of this scientific
information in solving real industrial problems.

Research activities have focused on lead, zinc, and nickel sorption onto 2-line
ferrihydrite (48-hour-aged hydrous ferric oxide). This sorbent represents one of the
more important and ubiquitous sorbents for metals in the environment. Ferric iron
oxyhydroxides are prevalent as coatings on mineral surfaces and as suspended,
colloidal material in oxic groundwater systems as the result of the oxidation and
precipitation of soluble ferrous iron. In addition, the DuPont Company’s titanium
dioxide business has a substantial stake in supporting customers in using coproduct
FeCls in wastewater treatment applications. The precipitated amorphous ferric

hydroxide in this application is an important sink for trace metals.



The ultimate goal is to be better able to predict the speciation and mobility
of trace metals in heterogeneous solid-water systems, such as soils and sediments. The
research summarized in this dissertation seeks to develop and demonstrate an
improved methodology for predicting metal sorption onto hydrous ferric oxides over a
wide range of conditions as well as to show the practical application of this

information in single-stage and multistage aqueous sorption systems.
1.2 Literature Review

1.2.1 Single-Metal Sorption Onto Hydrous Ferric Oxide (HFO)

Extensive studies of metal cation and anion sorption onto HFO have been
conducted over the years. Dzombak and Morel (1990) critically reviewed most of the
single-solute HFO sorption data generated prior to 1990; this data has been regressed
to obtain best-fit intrinsic equilibrium constants, which have been nicely compiled in
the generalized two-layer model (GTLM). Interestingly, a review of Dzombak and
Morel (1990) shows that out of 184 cation and anion data sets included in their
evaluation, 83% were pH sorption edges and only 17% were equilibrium isotherms.
For metal cations alone, 84% were pH edges and 16% were isotherms. This suggests
that the equilibrium constants for each metal will have limited applicability over a
wide range of metal concentration if the pH sorption edges used to generate the K-
values did not cover a wide enough range of metal/HFO concentration ratios.
Equilibrium isotherms usually cover 5 to 8 orders of magnitude in metal concentration.
If done at multiple pH values and ionic strengths (if necessary), regression of
equilibrium isotherm data will be a much more rigorous test of any surface

complexation model. The focus of this research project was on lead (Pb) and zinc



(Zn) sorption onto ferrihydrite; therefore, the single-solute literature review below will
focus on these metals only.

Sources of single-solute Pb sorption data found in the literature include
Gadde and Laitinen (1973), Gadde and Laitinen (1974), Kinniburgh et al. (1976),
Swallow (1978), Benjamin (1979), Leckie et al. (1980), Swallow et al. (1980), and
Scheinost et al. (2001). Duplicate sources were not included in this list (e.g.,
Benjamin and Leckie, 1981). All sources contain pH sorption edge data, except for
Scheinost et al. (2001), which contains kinetic data for Pb sorption onto 2-line
ferrihydrite at pH 5 (sorption vs. time), and Benjamin (1979), which presents the only
published Pb sorption isotherm for HFO (pH 4.5). Despite the fact that Pb is a fairly
common constituent found in contaminated soils, sediments, and some groundwater
streams, the number of sorption studies on HFO is somewhat limited. In fact,
Dzombak and Morel (1990) used only the 0.1 and 1 ppm pH sorption edge data of
Benjamin (1979) and Leckie et al. (1980) in their regression analysis. The isotherm
data of Benjamin (1979) was not used to obtain their best-fit equilibrium constant for
Type 1 sites (high-affinity sites). In addition, the Pb sorption equilibrium constant for
Type 2 sites in the GTLM is estimated based on linear free-energy relationships.

A much more extensive set of data exists for zinc sorption onto HFO.
Gadde and Laitinen (1974), Kinniburgh et al. (1976), Leckie et al. (1980), Benjamin
and Bloom (1981), Benjamin (1983), Schultz et al. (1987), Crawford et al. (1993), and
Misak et al. (1996) present Zn sorption edge data only. Meanwhile, Kinniburgh et al.
(1977), Benjamin (1979), Dempsey and Singer (1980), Kinniburgh and Jackson
(1982), Harvey and Linton (1984), Kanungo (1994), and Trivedi and Axe (2000)

present both pH sorption edge and equilibrium isotherm data. Trivedi and Axe (2000)



report isotherms for pH 6, 7, and 8 over 3 to 4 orders of magnitude in Zn
concentration. Harvey and Linton (1984) present isotherms for pH 6.25, 6.5, 6.75, 7.0,
and 7.25 covering 3 to 3.5 orders of magnitude in Zn concentration. Kinniburgh and
Jackson (1982) cover 4 orders of magnitude in Zn concentration at pH 5.5 and 6.5,
while Benjamin (1979) provides a pH-6.4 isotherm spanning 3 log units in Zn
concentration. The other isotherm data sets are limited to 1 to 2 orders of magnitude
in Zn concentration. Dzombak and Morel (1990) used a blend of Zn edges and
isotherms to determine the best-fit equilibrium constants for both Type 1 and Type 2
sites. Their preferred data sets included Kinniburgh et al. (1977), Benjamin (1979),
Dempsey and Singer (1980), Leckie et al. (1980), and Kinniburgh and Jackson (1982).

A review of published single-solute sorption data for Pb and Zn on HFO
shows that it is dominated by pH sorption edges, especially for Pb. In fact, there is
only one isotherm for Pb (pH 4.5) that covers at least 3 orders of magnitude in metal
concentration. For Zn, on the other hand, a blend of isotherms and edges exists. In
particular, there are at least four sources of isotherm data for Zn that cover multiple pH
values and more than 3 orders of magnitude in metal concentration. This suggests that
GTLM predictions for Pb onto HFO may be questionable, even for single-solute
applications that fall outside the range of conditions covered by the regressed data sets.
Model predictions for Zn, on the other hand, offer greater potential for broader

application.

1.2.2 Evolution of Surface Complexation Models for Predicting Metal-Cation
Sorption

The sorption of metal cations onto mineral oxide surfaces has been shown

over many years to depend not only on solutions conditions, but also on the chemical



and physical properties of both the sorbent(s) and sorbates (Dzombak and Morel,
1990; Stumm, 1992; Hayes and Katz, 1996; Koretsky, 2000). Solution conditions
impacting metal cation sorption include pH, ionic strength, temperature, metal and
sorbent concentrations, the presence/absence of competing metals, and the nature and
concentration of the background electrolyte(s), such as nitrate, perchlorate, carbonate,
and chloride. In general, metal cation sorption is a strong function of pH. Plots of
percent metal sorbed vs. pH, referred to as pH sorption edges, are the most common
means of conveying the pH dependence of sorption in the peer-reviewed literature.
Sorbent properties of importance include sorbent type, surface area, and
crystallographic formation history, which all determine the number of available
binding sites (i.e., the site density). Sorbate properties that impact sorption include
metal ion type, oxidation state of the metal, ion charge, and hydrolysis characteristics.
Sorption behavior for a specific metal-solute/sorbent system over a range
of conditions is frequently represented using a constant-pH isotherm (Hayes and Katz,
1996), which relates the amount of metal sorbed to the solid (e.g., moles metal/gram
sorbent) to its equilibrium concentration in solution (e.g., moles metal/L). The shape
of the isotherm varies, and depends on the range of metal concentration studied (i.e.,
surface coverage), pH, and a host of other system conditions as outlined above. In
general, however, the extent of sorption increases with increasing solute concentration.
This relationship often becomes highly nonlinear at relatively high metal
concentrations due to site saturation and/or changes in the sorption mechanism (e.g.,
surface precipitation). Several empirical and semi-empirical equilibrium isotherm
models have been used over the years to describe this relationship (Koretsky, 2000).

They include the linear partition-coefficient model, the Langmuir isotherm model, and



the Freundlich isotherm model. The most simple is the linear partition-coefficient

model

Pme = Ka[Me] [1.1]
where [y, is the sorbed metal concentration in moles/g and [Me] is the equilibrium
metal concentration in solution in moles/L. This model typically applies over a narrow
concentration range only in dilute systems with low surface coverage and constant pH.
However, because of its simplicity, the linear partition-coefficient model is frequently
incorporated into advection-dispersion equations in fate and transport models to
describe metal sorption over a wide range of conditions (Koretsky, 2000).

The Langmuir isotherm model is given by

= SiK [Me]
© 7 1+K [Me]

[L.2]
where St is the total site density (moles per unit mass or unit area), and K is the
Langmuir constant (L/mole) for the equilibrium reaction

=S + Me = =SMe [L.3]
In the Langmuir model, all surface sites are assumed to be identical and have equal
adsorption energies, and adsorption is assumed to occur until a monolayer of sorbate
forms at the mineral surface (Langmuir, 1918). For this reason, the Langmuir model
limits sorption to a finite number of surface sites as given by St. A two-site Langmuir
model is also available to represent data where sorption is thought to occur on two

distinct sites with different adsorption energies.

The Freundlich isotherm equation, given by

Ime = Ke[Me] '™ [1.4]
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is used to model sorption onto solids with multiple types of surface sites or onto
heterogeneous solids, such as soils (Sposito, 1984). The model simulates the
sequential filling of surface sites with progressively decreasing adsorption energies.
The adsorption constants in all three of these isotherm models, however, are system
dependent. For example, they do not specifically account for the strong pH
dependency of metal ion sorption. Almost always, the constants are limited to
constant-pH conditions (Hayes and Katz, 1996). In addition, they do not account
explicitly for the development of electrical charge on the sorbent surface with the
addition or removal of surface species (Koretsky, 2000). Additional reaction
processes that can occur during sorption at higher metal concentrations include bulk
precipitation of the sorbing metal as well as the formation of surface polymers and
precipitates. These mechanisms are not specifically taken into account in the isotherm
model; therefore, adherence of experimental sorption data to any of these isotherms
does not imply that the reaction mechanism is adsorption alone (Sposito, 1984).
Surface complexation models (SCMs), on the other hand, attempt to
explicitly account for the reaction processes actually occurring at the solid-water
interface. These models assume that metal ions form complexes with surface
functional groups in a manner similar to metal-ligand complexation reactions in
solution (Katz and Hayes, 1995a). SCMs are thermodynamic models that differ in
their physical description of the solid-water interfacial region (i.e., the location of
sorbed species with respect to the surface as well as the description of surface charge-
potential relationships across the interfacial region) and in their assumptions regarding
number of site types and the structure and composition of the sorbed species. SCMs,

therefore, represent an attempt to move toward mechanistically based sorption models.
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In theory, the thermodynamic or intrinsic equilibrium constants (K™ derived from
SCMs should be much less system-dependent than the equilibrium constants derived
from the empirical/semi-empirical isotherm models described above (Koretsky, 2000).
The K™ values, therefore, should be independent of pH and ionic strength, and depend
only on the sorbent type and sorbing metal. This does not always hold true, however,
in real systems. The major SCMs in use today include the nonelectrostatic model
(NEM), the constant-capacitance model (CCM), the diffuse-layer model (DLM) or
generalized two-layer model (GTLM), the modified triple-layer model (TLM), and the
CD MUSIC model. As emphasized by Dzombak and Morel (1990), SCMs share four
common characteristics. First, the mineral surfaces are assumed to be flat planes of
surface hydroxyl sites and equations are written that describe the reactions at these
specific sites. Second, mass-law equations describe the equilibrium reactions at the
mineral surfaces. Third, variable charge at the mineral surface is the direct result of
chemical reactions at the surface. Fourth, the effect of surface charge on the measured
equilibrium constants (K*P) can be calculated using an electrostatic or Coulombic
correction factor, enabling the K™ values to be extracted from experimental data sets.
The discussion below will not focus on describing the different surface complexation
models, but instead will highlight the evolution of surface complexation models in
terms of their ability to model metal-cation sorption over a wide range of aqueous

solution conditions.

1.2.2.1 Early Evolution of SCMs
Much of the early work with SCMs was focused on the development of
the models themselves and the application of the models to fit limited sets of

potentiometric titration and metal sorption data. In particular, the metal sorption data



were often limited to pH sorption edges covering a limited range of conditions. Fits of
constant-pH sorption isotherms were limited. Schindler and Kamber (1968) and Hohl
and Stumm (1976) discuss the formulation of the CCM; Stumm et al. (1970), Huang
and Stumm (1973) and Dzombak and Morel (1990) outline the formulation behind the
DLM and GTLM; and Yates et al. (1974), Davis et al. (1978), and Davis and Leckie
(1978) present the framework for the original TLM. Hayes and Leckie (1986, 1987)
later modified the original TLM to allow inner-sphere metal complexes to form on the
innermost o-plane. In a highly referenced piece of work, Westall and Hohl (1980)
evaluated the ability of five different SCMs—CCM, DLM, original TLM, Basic Stern
(Agl) and Basic Stern (Hg)—to fit acid-base titration data for y-Al,O3 in 0.1 M
NaClO; and for TiO; (rutile) in 0.1, 0.01, and 0.001 M KNOs;. The authors found that
all five models could fit the titration data equally well. This led them to conclude that
the models were of the correct mathematical form to represent the data, but they were
not necessarily mechanistically correct.

Before the advent of in situ spectroscopic and microscopic techniques in
the late 1980s, researchers were very limited in their ability to probe the surface of
mineral oxides to determine the surface speciation. As a result, assumptions about
surface speciation in the early applications of SCMs were largely based on
macroscopic observations, such as the shift (or lack thereof) in pH sorption edges with
ionic strength. Examples of early applications of SCMs to fit metal sorption edge data
without the aid of microscopic/spectroscopic techniques, include the single-solute
sorption of Pb, Cd, Cu, Zn, and Ag onto y-Al,03, HFO, -Si0», a-FeOOH, and TiO,
(Davis and Leckie, 1978); Cu, Pb, Zn, and Cd sorption onto goethite in major ion

seawater and 0.1 M NaNO; (Balistrieri and Murray, 1982); uranyl sorption onto HFO,
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goethite, and hematite in 0.1 M NaNOj; solutions containing up to 0.01 M NaHCO;
(Hsi and Langmuir, 1985); Pb, Cu, and Zn sorption onto 8-MnO» in the
presence/absence of Ca (Catts and Langmuir, 1986); single-solute Pb, Cd, and Ba
sorption onto goethite in NalNO3 solutions of varying ionic strength (Hayes, 1987);
thorium sorption onto goethite in major ion seawater and 0.4 M NaCl solutions
(Hunter et al., 1988); and Cd sorption onto HFO in the presence of alkaline earth
metals (Cowan et al., 1991). Table 1.1 summarizes these studies and describes the
SCM and types of surface complexes used to obtain best fits of the pH sorption edge
data.

The work of Dzombak and Morel (1990) represented one of the first
attempts to use a single SCM to regress a wide cross-section of metal cation and anion
sorption data for a single sorbent—hydrous ferric oxide. After critically reviewing
most of the single-solute sorption data for HFO generated before 1990, they regressed
the “‘acceptable” surface titration and metal sorption data to determine best-fit intrinsic
equilibrium constants for each metal. In most (but not all) cases, the data was
regressed using two site types—0.005 moles high-energy Type-1 sites/mole Fe and 0.2
moles low-energy Type-2 sites/mole Fe. These best-fit equilibrium constants are
included as part of the GTLM. As mentioned above, out of 184 cation and anion data
sets included in their evaluation, 83% were pH sorption edges and only 17% were
constant-pH equilibrium isotherms. In most cases, good fits to the metal cation
sorption data were obtained using the =FeOMe" surface complex for both site types.
Exceptions are Cr(IIl), where =FeOCrOH" was used, and Sr(Il), where =FeOSrOH
was used in addition to =FeOSr" for Type 2 sites. Smith and Jenne (1988) made an

early attempt to compile, evaluate, and predict “recommended” parameters for the
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Table 1.1

Summary of surface complexation modeling studies using pH
sorption edges alone.

Reference  Sorbents Metals  Study SCM Electrolytes Surface Complexes Used
Type
Davis & ¥-AlLO;, Pb, Single-  Original Various =SO"-Me* and/or
Leckie HFO, Cd, solute TLM =SO'-MeOH*
( 1978) OL-SiO», Cu,
N Zn, Ag
a-FeOOH,
TiO»
Balistrieri a-FeOOH Cu,Pb, Single-  Original Major ion =FeO-Me** and/or
& Murray Zn,Cd  solute TLM seawater or =FeQ"-MeOH"
(1982) w/ 0.l M
compe- NaNO;
tition
from
seawater
ions
Hsi & HFO, U(VI)  Single- Original 0.l M =FeO™-UO,OH",
Langmuir a-FeOOH, solute TLM NaNQO; with =FeO™-(UQ,)3(OH)s",
(1985) Hematite up 0 0.0l  =FeOH,"™-UOLCO;3),*.
MNaHCO;  =FeOH,*-UOyCO;)5*
Catts & 5-MnO, Pb,Cu, Single- Original 001 M =MnO-Me**,
Langmuir Zn,Ca  solute TLM NaNO;, =MnO"-MeOH",
(1986) and 107 M =MnO—Me(OH)s, and
bisolute CaSO, =MnQO-MeNO;"
with Ca for Cu and Zn;
=MnO-Pb** and
=MnO™-PbOH" for Pb.
Hayes o-FeOOH Pb, Single- Modified Various =FeOMe" for Pb and Cd;
(1987 Cd,Ba  solute TLM molalities of =FeO-Ba** and
NaNO; =FeO™—BaOH" for Ba
Hunteret  o-FeOOH Th Single- Original  Majorion =FeO-Th*,
al. (1988) solute TLM seawater or =FeO-ThOH>",
w/ 0.4 M NaCl =FeO-Th(OH).*",
compe- =FeQ™-Th(OH);",
ution =FeO™—Th(OH),,
from =FeO"-ThSO,*,
electro-
lyte ions

15



Table 1.1 Continued.
Reference  Sorbents Metals  Study SCM Electrolytes Surface Complexes Used
Type
Cowan et HFO Cd.Ca Bisolute NEM 0.l M =FeOMe" for NEM;
al. (1991) and NaNO, =FeOCd"*, =FeOCa", and
Moadified =(Fe0),"-Ca®* for TLM
TLM
Kanungo HFO Mn, Single- Modified  Major ion =Fe0Zn", sFe0™-Co™,
(1994) Co. solute TLM seawater.  =FeOQ-Ni**, =FeOMnOH.
Zn, Ni with 0.1-05M and (FeO);MnOH"
compe- NaCl &
tition 0.l M
from KNO;.
electro-
lyte ions
Gunner- a-FeOOH  Cd Single- CCM  0.IMNaCl, =FeOHCd*, =FeOCd*,
fusson solute 0.1 M =FeOCdOH,
(1994) NaNOs;, &  =FeOHCdCI*, =FeOCdCl
1:1 mixture
Gunner- «-FeOOH Pb Single- CcCM 0.LMNaCl,  =FeOHPb*, =FeOPb*,
iusson et solute 0.1 M =FeOPbOH,
al. (1994) NaNO;, &  =FeOHPbCI*, =FeOPbhCl,
1:1 mixture =FeOPbOHCI
Kooneret «a-FeOOH Cu,Pb, Single- Moaodified 0.1 M =FeOMe"
al. (1995) Zn solute TLM NaNO,
Marmier Magnetite Yb(III)  Single- NEM, 0.l M =FeOYb?*, =FeOYbOH",
etal. and Ni solute DLM, NaNO; and =FeONi(OH),»
(1999) CCM
Palmqvist a-FeOOH Pb.Cu, Single- ccM 0.1 M =FeOHMe®", =FeOMe",
etal. Zn and NaNO; =FeOMeOH for Cu and
(1999) bisolute Pb; =FeOZn",
=(FeOH),Zn™,
=FeOQZn(OH),™ for Zn
Christl & Hematite Pband  Single- 2-pK 0.IM =SOPb*, =SO-Pb™*,
Kretz- Cu and basic NaNO; =SOCu*, =SO-Cu®,
schmar bisolute Stern & =SO-CuQH",
(1999) Modified
TIM
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original TLM for both cation and anion sorption onto hydrous oxides of iron (goethite
and HFO) and manganese (8-MnQO,). Almost all of the data sets used in the
compilation were pH sorption edges. For divalent metal cation sorption onto hydrous
iron oxides, Smith and Jenne (1988) provide recommended equilibrium constants for
the surface complexes =SO-Me>* and =SO—MeOH" for each metal.

Even in recent years, pH sorption edge data alone are still being used to
obtain best-fit model parameters for SCMs. For example, Kanungo (1994)
investigated Mn, Co, Zn, and Ni sorption onto HFO in major ion seawater, 0.1-0.5 M
NaCl, and 0.1 M KNOs;. Gunneriusson (1994) and Gunneriusson et al. (1994) studied
Cd and Pb sorption, respectively, onto goethite in the presence and absence of chloride
ion at 3-4 different metal/Fe ratios. Kooner et al. (1995) evaluated the sorption
behavior of Cu, Pb, and Zn with goethite in 0.1 M NaNO; solutions as a function of
pH, metal concentration, sorbent concentration, and ionic strength. Marmier et al.
(1999) investigated Yb(III) and Ni(IT) sorption onto magnetite in 0.1 M NaNO;
solutions, while Palmqyvist et al. (1999) evaluated single-solute, bisolute, and trisolute
Pb, Cu, and Zn sorption onto goethite in 0.1 M NaNOj solutions. Finally, Christl and
Kretzschmar (1999) studied single-solute and bisolute Pb and Cu sorption onto
hematite in 0.1 M NalNOj solutions. Table 1.1 summarizes these more recent studies,
and describes the SCM and types of surface complexes that were used to obtain the
best fits of the pH sorption edge data. Notice the wide array of surface complexes that

were employed to simply fit pH sorption edges over a limited range of conditions.

1.2.2.2 Using SCMs to Simulate Systems Over a Wide Range of Conditions
In the ideal world, the best-fit equilibrium constants and associated SCM

parameters for a particular metal/sorbent system would be based on both single-solute
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and multisolute sorption data (edges and isotherms) covering a wide range of
conditions (i.e., ionic strength, background electrolytes, surface coverage, and so on).
In addition, these data would be generated in the same lab, preferably using the same
experimentalist. However, this ideal type of study is nonexistent (and unrealistic) for
numerous reasons, such as the cost to complete such a study and the typical three- to
four-year duration for Ph.D. studies. Despite this, since around 1995, some research
scientists have attempted to evaluate the suitability of SCMs over a wider range of
conditions.

Katz and Hayes (1995a, 1995b) evaluated the use of the modified TLLM for
predicting Co(I) sorption onto <-Al,O3 over a wide range of conditions. Using pH
sorption edges, TLM parameters were calibrated using a moderate-coverage (0.1%)
data set; these values were then used to predict Co sorption over a wide range of
surface coverage (0.05% to 10%), pH (5 to 9), and ionic strength (0.001 to 0.1 M
NaNOs). A single-site model with one surface complex (=AlI0Co™) was used. The
analysis showed that a range of TLM parameter values could fit the calibration data set
equally well; however, when Co sorption data covering a range of conditions were
considered, an optimal set of TLM parameter values were identified (C; = 1.1, Ny = 2-
3 sites/nm>, ApK, = 4). For high surface-coverage data (> 10%), the model was shown
to underpredict sorption due to the hypothesized formation of muiltinuclear species.

To extend the model predictions, polymer and/or surface precipitation reactions were
added. Three different approaches for multinuclear surface complex formation were
considered—a surface solid solution model (Farley et al., 1985), a surface polymer
model, and a surface continuum model. The solid solution model of Farley et al.

(1985) invokes a coprecipitation surface reaction at higher coverage, whereby the

18



composition of the solid solution varies continuously between that of the original solid
[e.g., Fe(OH); ()] and a pure precipitate of the sorbing cation [e.g., Co(OH), ()]. The
activity of the surface precipitate is a function of the total mass of solid material in the
system [e.g., Fe(OH); (5) + Co(OH): (5)]. In the surface polymer approach, two
additional multinuclear inner-sphere complexes [=A10(Co),(OH)," and
EAIO(C0)4(OH)52“'] were included in the model. In the continuum model, the two
polymer reactions above plus one precipitation reaction were included. In contrast to
Farley et al. (1985), the activity of the surface precipitate depended on the total
concentration of mononuclear and multinuclear surface complex species, rather than
the total mass of solids in the system. Modeling results showed that all 3 approaches
worked reasonably well up to 100% surface coverage. However, the continuum model
was chosen as the preferred approach, because it was consistent with spectroscopic
data available at the time.

Tiffreau et al. (1995) used a modified, one-site GTLM to describe mercury
(I) (Hg(II)] sorption onto both HFO and «<-SiO,. Using previously published
constant-pH isotherm (pH 6—11) and pH sorption edge data in NaClO,, NaCl, and
NalNOj; solutions of various concentrations, the authors were able to reproduce the data
well from low to high surface coverage. For both oxides, best fits to the data were
obtained when the surface complexes =SOHg", =SOHgOH, and =SOHgCl were
included in the model. In addition, for HFO, a nonideal Hg(OH),-Fe(OH); solid
solution model was needed at high surface coverage to fit the isotherm data.

Robertson and Leckie (1998) conducted experimental and modeling
studies that evaluated the ability of three SCMs (DLM, modified TLM, and Robertson-
modified TLM) to predict Cu sorption onto goethite for three pH values (4.07, 5.07,
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6.07), two ionic strengths (0.01 and 0.1 M NaClQ,), three orders of magnitude in Cu
surface coverage (0.00001-0.03 moles Cu/mole Fe), and six orders of magnitude in Cu
solution concentration (10"0-10“‘ M). The Robertson-modified TLM is identical to the
modified TLM (Hayes, 1987), except in the handling of the background electrolyte
interactions with the surface. In the former case, the background electrolyte ions
accumulate in the B-plane to screen surface charge, but they do not form outer-sphere
complexes with the surface OH-groups. The results showed that fits of the Cu
isotherms improved significantly with 2 to 3 types of Cu binding sites versus just one
type. Copper affinity for these sites differed substantially (A of 2-3 log units for each
Kicu). All three models provided good fits to the Cu sorption isotherms; however, the
two modified TLMs provided the best fits to the potentiometric titration data. For the
DLM, three site types and the surface complexes =FeOCu" and =FeOCuOH provided
the best fits to the three constant-pH Cu isotherms. For the modified TLM, several
combinations of surface complexes provided good fits—=FeOCuOH alone, =FeOCu*
plus =FeOCuOH, and =FeOCu" plus =FeOCu*-ClO,". For the Robertson-modified
TLM, the best fit was obtained with =FeOCu* plus =FeOCuOH.

Using a modified GTLM, Karthikeyan and Elliott (1999) simulated the
adsorption and coprecipitation of Cu by HFO and HAO over a range of pH (5-9.5) and
surface coverage (up to about 0.5 moles Cu/mole Fe). The GTLM parameters (N for
both site types, pKai, pKaz, pPKsme, PKuMe, PKspew, €tc.) for Cu were adjusted to provide
best fits for the two different sorbents and sorption mechanisms. As surface coverage
increased, the model had to incorporate different surface complexes (e.g., =FeOCuOH
for adsorption onto HFO; =(AlO),Cu for adsorption onto HAO) than traditionally used

in Dzombak and Morel’s version of the GTLM, in addition to surface precipitation.



The surface precipitation model was based on the Farley et al. (1985) approach
outlined in Dzombak and Morel (1990). Comparable, but different, modeling
parameters (site densities and mass-law constants) were obtained for the 4 different
cases (HFO and HAO, and adsorption vs. coprecipitation). According to the model
results, the solubility of the Cu surface precipitate decreased in the order HFO-Ads. >
HFO-Coppt. > HAO-Ads. > HAO-Coppt. This was verified by independent
spectroscopic studies.

Sarkar et al. (1999) used the modified TLM to simulate Hg(II) sorption
onto quartz and gibbsite as a function of pH, ionic strength, anionic ligands (NO5’, CI’,
SO,%, and PO4*), and competing metals (Ni and Pb). All pH sorption edge
experiments were conducted at the same Hg (0.6 uM) and sorbent concentrations (3.3
g/L). In NaNOs electrolyte solutions, the surface complexes =SO-HgOH" and
=SOHg(OH)," provided good fits to the edge data. When CI" was added to the system,
the edges shifted to higher pH, and the surface complex =SOHgOHCI" had to be added
to the model. Sulfate decreased Hg sorption on both sorbents due to the formation of
the Hg(OH),SO,* solution complex. Model parameters for =50 ~HgOH" and
=SOHg(OH)," had to be adjusted for gibbsite only. Phosphate decreased Hg sorption
on quartz due to the formation of Hg-PO, solution complexes; however, it increased
sorption on gibbsite, which was accounted for by the addition of the
5A10P03Hg(0H)22' surface complex to the model. In the presence of Pb or Ni at 23:1
and 80:1 Me:Hg molar ratios, respectively, Hg sorption decreased by more than two
fold. The modified TLM overpredicted Hg sorption in the bisolute systems using
equilibrium constants obtained from fits of the single-solute Hg, Pb, and Ni edges.

Improved fits were obtained when the equilibrium constants for =SO-HgOH" and



=SOHg(OH), were lowered in value. The authors concluded that the Hg sorption
constants derived from single-solute systems could not be employed to simulate

sorption in multisolute, competitive systems.

1.2.2.3 Moving Toward a Predictive Surface Complexation Model

The use of any surface complexation model requires definition of a large
number of parameters, including site densities and surface areas for the solid sorbents,
equilibrium constants for protonation, deprotonation, metal sorption, and background-
electrolyte sorption reactions, and, for the CCM and TLM, capacitance values. This is
in addition to making assumptions about the number of site types and the types of
surface species that can form (Koretsky, 2000). Over the past six years, Sverjensky
and colleagues at the Johns Hopkins University have developed techniques for
estimating the values of a number of SCM parameters based on the physical and
chemical properties of the solutes and sorbents themselves. The focus of this
development work has been primarily on a one-site “extended” TLM, despite some
early work with the CCM and the DLM. Koretsky et al. (1998) showed how site
densities could be estimated based on crystal chemical considerations when measured
values are not available. Sverjensky (2001) has developed a correlation between the
inner-layer TLM capacitance value (1/C,) and the crystallographic or hydrated radius
of the monovalent electrolyte cation, which enables prediction of C, for a variety of
aqueous electrolytes and oxides. High-dielectric-constant solids, such as rutile,
anatase, and magnetite, correlate with the crystallographic radius of the electrolyte
cation, while low-dielectric-constant solids, such as hematite, quartz, goethite,
alumina, and amorphous silica, correlate with the hydrated radius of the electrolyte

cation. Sverjensky and Sahai (1996) developed algorithms based on the inverse of the
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dielectric constant of the solid sorbent and the average Pauling bond strength in the
solid to predict surface protonation and deprotonation equilibrium constants for use
with the CCM, DLM, and extended TLM. Following this, Sahai and Sverjensky
(1997) developed an approach for predicting the electrolyte adsorption equilibrium
constants for the extended TLM. The predictions are based on the dielectric constant
of the solid, the charge of the electrolyte ion, the effective radius of the adsorbed
electrolyte, and the electrostatic radius of the electrolyte ion in aqueous solution. At
this time, the predictive methods and correlations are limited to single metals sorbing
on crystalline mineral oxides. Amorphous sorbents, such as HFO, do not fit in the
predictive thermodynamic framework.

Criscenti and Sverjensky (1999) further extended these predictive
approaches for TLM parameter estimation by investigating the role of electrolyte
anions (ClO4’, NOj3', and CI') in divalent metal sorption onto crystalline metal oxide
and hydroxide surfaces. A review of experimental pH sorption edge data for Cd, Pb,
Co, UO,, Zn, Cu, Ba, Sr, and Ca sorption onto quartz, silica, goethite, corundum, y-
alumina, anatase, bimessite, and magnetite, from nitrate, perchlorate, and chloride
electrolyte solutions over a wide range of ionic strengths (0.0001 to 1.0 M), showed
that metal sorption is a function of the background electrolyte. In NaNOs solutions,
metal sorption was minimally impacted by ionic strength. In NaCl solutions, on the
other hand, metal sorption decreased substantiaily with an increase in ionic strength.
In NaClO, solutions, metal sorption increased with increasing ionic strength in most
cases; however, no effect or a decrease in sorption with increasing ionic strength also
occurred. Analysis of the sorption edge data using the extended TLM revealed that

divalent metal sorption onto solids with high dielectric constants (e.g., goethite, y-



alumina, corundum, and anatase) was best described in nitrate solutions by surface
complexes of the form =SOHM>*-NO5’, in NaClO; solutions by =SOHMCIO,*, and
in NaCl solutions by =SOHMCI*. Metal sorption onto low-dielectric-constant solids,
such as quartz and silica, may be accompanied by the ClO4 ion in NaClO, solutions;
however, in NaNO3 and NaCl solutions, metal sorption is dominated by the surface
complexes =SOM" and =SOMOH.

A much different approach for developing a more predictive SCM has
been taken by Van Riemsdijk, Hiemstra, and coworkers over the past decade
(Hiemstra et al., 1989a, 1989b; Hiemstra and Van Riemsdijk, 1996; Venema et al.,
1996). The CD-MUSIC model (charge distribution, multisite, complexation model) is

based on the assumptions that

1. Various types of surface groups exist at the solid-water
interface, each of which possesses its own proton affinity
constant.

S\)

The charge of an adsorbing ion that forms an inner-sphere
surface complex is distributed over its ligands, which are
present in two different electrostatic planes.

The premise is that, in single-site models, the differences in surface hydroxyl site
reactivities are averaged into the equilibrium constants. In the CD MUSIC model,
these differences in site reactivity are more completely captured in six different site
types—singly, doubly, and triply coordinated surface oxygen atoms that bond to either
one or two surface protons (Koretsky, 2000). The CD approach treats the charge from
surface complexes as being spatially distributed across the interfacial region (i.e.,
Pauling concept of charge distribution), rather than treating surface complexes as point
charges as is done in the TLM, DLM, GTLM, and CCM. While this model may be

more mechanistically correct, it also requires more in-depth knowledge of the crystal



structure of the solid sorbent. The model also introduces its own adjustable
parameters (e.g., f, the fraction of the charge of the sorbing ion that is attributed to the

surface plane) that must be optimized to fit the sorption data.

1.2.2.4 Integration of Surface Complexation Models with X-Ray Spectroscopic
Techniques

One of the first studies to use X-ray absorption fine structure spectroscopy
(XAFS) to validate the surface speciation assumptions in a surface complexation
model was Hayes (1987). The newly developed modified TLM was used to simulate
selenate and selenite sorption onto goethite in NaNOjs solutions of varying ionic
strength. The best fits to the edge data were obtained using inner-sphere surface
complexes for selenite (little ionic-strength dependence) and outer-sphere surface
complexes for selenate (marked ionic-strength dependence). Extended XAFS
(EXAFS) results confirmed that selenite formed a bidentate, inner-sphere complex
with two surface Fe atoms, while selenate adsorbed as an outer-sphere complex,
retaining its waters of hydration (spectra identical to that of aqueous-phase selenate
ions).

Waite et al. (1994) used the results of EXAFS studies to optimize GTLM
fits for U(VI) sorption onto ferrihydrite over a wide range of U(VI) concentrations and
pH, and at two partial pressures of CO,. EXAFS results indicated that uranium
speciation in two ferrihydrite samples at 10% and 18% surface coverage was
dominated by an inner-sphere, mononuclear, bidentate complex of the type
(=Fe02)UO,. There was no evidence of polynuclear surface complex species at
circumneutral pH. Modeling results using this one species and two site types (strong

and weak) reproduced the pH sorption edge data well. In the presence of carbonate, an



additional surface species was added to the model for both site types—
(EFeOg)U02CO32'. Manipulation of the strong and weak site densities was required to
fit all the data. Compared to values recommended by Dzombak and Morel (1990),
decreasing the strong site density from 0.005 to 0.0018 moles sites/mole Fe and
increasing the weak site density from 0.2 to 0.8732 moles sites/mole Fe greatly
improved the model fits. When compared to the modeling results of Hsi and
Langmuir (1985) in Table 3, which were not validated by EXAFS, these findings
suggest a much simpler surface speciation involving only mononuclear surface
complexes.

Brown et al. (1998) used XAFS results to formulate a surface
complexation model for Co(I) sorption onto y-Al;Oj3 as a function of pH and surface
coverage. The authors were able to validate the work of Katz and Hayes (1995a,
1995b), who found that Co sorption from low to high surface coverage could be
modeled using the sorption sequence: mononuclear complexes, polynuclear
complexes, precipitation. Using a single-site, modified TLM supported by XAFS
data, good fits to pH sorption edge data were obtained using the inner-sphere,
bidentate, mononuclear complexes, =(AI0OH),CoOH" and =(AlIOH),Co(OH)s, the
inner-sphere dimer, E(AlOI‘DzAIOCOzOH2+, the inner-sphere nonamer,
=(AIOH)4(AlO); Cog9(OH),4, and the surface precipitate, Co(OH),. Values of N¢,
(average number of Co atoms among near neighbors of each sorbed Co) obtained from
XAFS showed an increasing trend from O to 4.5 as Co surface coverage increased from
0.1 to 12 umoles/m>. N, is equal to 6 for pure Co(OH),, suggesting that the surface

precipitate coexisted with mono- and/or low-N¢, multinuclear species.






