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ABSTRACT

The triple layer surface complexation model has been used to model

the adsorption behavior of copper(ll), lead(ll), and zinc(ll) onto

goethite as function of pH, total dissolved metal concentration, the

surface area of goethite, and ionic strength. A single reaction

involving adsorption of Me^"^ onto negative surface site (SOH + Me^"^
= SOMe* + H"^) as an inner-sphere complex proved successful in

describing adsorption of copper, lead, and zinc under the

experimental conditions. The estimated values of the weighted
average equilibrium constant of above the reactions are 10^ ®®,

and 10°-^^ for copper, lead, and zinc, respectively. The
adsorption equilibrium constants were related to the first

hydrolysis constant by a linear free-energy relationship.
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CHAPTER 1

INTRODUCTION

1.A INTRODUCTION

The fate of hazardous wastes, including metals, in groundwater is

becoming an increasingly important issue in the United States and

other countries. Metals are known to migrate much further from a

buried disposal site than expected (Means et al. 1978). Aqueous

transport is the main process by which buried waste can migrate

from its site. The natural environment contains a wide variety of

mineral surfaces that, through interactions at the mineral/solute

interface, are capable of removing metals from aqueous solutions

in a variety of systems, including seawater, streams, soils, and

groundwater. Such interactions can be classified as adsorption, ion

exchange, precipitation and coprecipitation. The adsorption of
metals by solid surfaces is an important mechanism that controls

trace metal concentration in aqueous systems (Hem 1972, 1976;

and Schindler 1967) and is widely recognized as the most

important phenomenon in retarding metal migration in aqueous

systems (Dudley et al. 1988; Fuller and Davis 1987; James and

Leckie 1974; McCarthy and Zachara 1989; Parks 1975; and Zachara

et al. 1989). An understanding of the adsorption process forms the

basis for burial site selection, design of landfills and remedial
action at certain waste facilities.

Iron oxides, common constituents of soils, sediments, and aquifers,

have high surface areas and are capable of adsorbing a significant

quantity of metals. They are dominant adsorbents in the

environment because they are finely dispersed and tend to coat

other particles. Thus, they are believed to play a role in controlling
the transport* of metals in aqueous systems. Goethite (a-FeOOH),



was selected for this study because it can be reproducibiy

synthesized in the laboratory within a short time. Further, the
surface-chemical characteristics of goethite sample that was

synthesized by a nearly identical procedure are available in the

literature (Hayes 1987).

The mobility of metals in the aqueous phase can be characterized

by a distribution coefficient (Kd), defined as the ratio of the

amount of metal adsorbed onto the solid phase to the amount of

metal in the aqueous phase at equilibrium. Distribution

coefficients act as an indicator of the tendency of the metal to be

mobile in the aqueous medium. A high distribution coefficient

indicates that most of the metal is retained by the adsorbent by
sorption processes. Distribution coefficients were used in

previous studies (Kooner 1992, 1993) to describe the adsorption of
copper, lead, and zinc at the goethite/water interface.

Although empirical approaches, like Kd, have been successful in

describing adsorption data, they do not give any insight into the
mechanism of adsorption, and cannot be used to predict the metal
behavior outside the experimental conditions under which the data

were taken. Metals in aqueous systems generally exist in the form
of several aquometal species whose concentrations depend upon
ionic strength, pH, temperature and the total amount of the metal.

Distribution coefficients, Kd, are calculated based on the total

metal concentration instead of the concentration of free metal ion

and adsorbing metal complex, if any.

Adsorption behavior of a free metal ion might differ from its
various metal complexes. Any one of these species might be able to
take part in surface adsorption. It is equally possible that more
than one species might take part in the adsorption reaction. The Kd

approach does not account for the chemical processes which are

responsible for the partitioning of the metal between the solid and



liquid phase, nor does it take into consideration possible changes in

the oxidation state of metals during (e.g. cobalt) adsorption (Murray

and Dillard 1979). A more rational approach may facilitate
prediction of adsorption behavior under various conditions and

provide a useful tool for scientists and engineers involved in fate

and transport, risk assessment, and site remediation techniques.

1.B OBJECTIVES

Surface complexation models (SCM) based on electrical double layer
(EDL) theory describe adsorption in terms of the chemical and

physical interactions between ions and the surface. They may be
preferable to the Kd approach in that data representing a wider
range of experimental conditions can be represented using a single
set of parameters and a more fundamental understanding of the
phenomena is possible.

The purpose of this study is to model the previously collected data
(Keener 1992, 1993) using a surface complexation model with the
following objectives:

•  to investigate whether the data could be described by a SCM
•  to determine the equilibrium constants for metal adsorption
•  to determine the metal species which control solution-

surface partitioning



CHAPTER 2

LITERATURE REVIEW

2.A INTRODUCTION

A model is a simplified representation of a system that considers

only the characteristics of the system important to the problem. If

a model describes data without any theoretical background, it is

referred to as an empirical model. If the model describes data

consistent with the chemical properties of the system based on

theoretical considerations, it is called a chemical model. Use of

distribution coefficients, Kd, to explain adsorption phenomenon is a

typical example of an empirical model. Unfortunately, it has a

limited range of applicability because it is a parameter which is

conditional upon the chemical conditions under which it has been

measured.

Unlike empirical models, surface complexation models are chemical

models that are based on general molecular description of
adsorption phenomenon using a equilibrium approach and are based

on thermodynamic properties of the system and may be used under

different conditions. These models are based on the well known

electrical double layer (EDL) theory proposed by Gouy (1910) and
Chapman (1913) later extended by Stern (1924) and Grahame
(1947).

Several models have been developed based on EDL theories but they
differ from each other because of slightly different assumptions
made in the development of each model. As a result, the fitted

parameters of one model cannot be compared with those of another,
but the ability of the models to fit the data can be compared. The
major difference between the models lies in the description of the



EDL. Though the surface complexation models of the EDL may vary

from one another, they all share a common fundamental framework,

as follows:

•  oxides have specific site at which the sorption takes place

•  mass law equations can be used to quantitatively describe the

sorption onto the oxide

•  sorption reactions at the surface result in surface charge

•  EDL theory can be used to account for the effect of surface

charge

The model selected for the present work, the triple layer model

(TLM), was originally developed by Davis and coworkers (Davis et

al. 1978; and Davis and Leckie 1978b, 1980) and is an extension of

site the binding-model developed by Yates et al. (1974). Later, the

model was modified by Hayes and Leckie (1987) to better represent

the effects of ionic strength on adsorption.

2. B TRIPLE LAYER MODEL

A simplified diagram of the original triple layer model, along with

associated charge and potential is shown in Figure 2.1. It is
assumed that all ions except H+, when adsorbed, remain at a
distance p from the surface, whereas H+ can approach the surface

to almost zero distance. This concept was modified by Hayes and
Leckie (1987) in that metal ions were assumed to be able to form
either inner-sphere or outer-sphere complexes, depending on the
affinity of the metal for the surface. Metals that form inner-

sphere complexes are assigned to the surface plane, while metals
that form outer-sphere complexes are assigned to the p plane. This

modification was invoked to explain the effect of ionic strength on
metal adsorption. The modified version of TLM is successful in

explaining the ionic strength effect on both weakly and strongly
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bonding surface complexes (Hayes and Leckie, 1987; and Hayes et

al. 1988). Other SCMs treat only either inner-sphere complex
(Stumm et al. 1970, 1976) or outer sphere complexes (Davis and
Leckie 1978) but not both.

Oxide surface in aqueous solution are assumed to have acidic,

basic, and neutral sites depending upon the pH of the solution. At

values of pH less than point of zero charge (PZC), the surface

acquires a positive (acidic) charge, where as at pH values higher
than PZC, the surface acquires a negative (basic) charge. PZC is

defined as the pH at which the surface does not have any net charge.
These positive or negative surfaces are created by the adsorption
or desorption of protons at the neutral surface. These reactions

can be represented as follows:

S0H2^ = SCH + (2.1)

SCH = SO- + (2.2)

Where SOHg"^, SOH, and SO" represents the positively charged,

neutral and negatively charged oxide surface sites. Apparent
equilibrium constant for the above reaction may be written as
follows:

Kg, = (S0H)[H1/(S0H2^) (2.3)
K32 = (S0-)[H1/(S0H) (2.4)

where ( ) represent molar concentrations, and [ ] represent
activities. and are called apparent equilibrium constants

because term [H*^] used in above equations refers to the bulk
solution and not the adsorption surface, the site of the reaction.

The work required to transport an ion from the bulk solution across
a potential gradient to the surface, causes a change in the activity
of the ion. Assuming H^"^ is the activity of the hydrogen ion at the



surface, the intrinsic equilibrium constants of reaction 2.1 and 2.2

can be represented as follows:

=  (S0H)[H^^]/(S0H2^) (2.5)

=  (SO-)[H^^]/(SOH) (2.6)

where and K'"* , are independent of surface charge and ionic
ci 1 32

strength and is related to the bulk hydrogen activity as follows:

[H/] = [H"]exp(-FV^/RT) (2.7)

where represents the surface potential at the surface (zero)

plane (Fig. 2.1) compared to the reference potential in the bulk
solution, and F, R, and T are Faraday constant, gas constant and

absolute temperature, respectively. Taking into account the above

electrostatic interactions, the intrinsic equilibrium constants for

reaction 2.1 and 2.2 can be rewritten as follows:

=  (S0H)[H^]exp(-FV^/RT)/(S0H2^) (2.8)
/int =  (SO")[H^]exp(-FV„/RT)/(SOH) (2.9)

A similar scheme can be used to represent reactions for the

adsorption of metals onto the oxide. One of the reactions which

might take place during adsorption is as follows:

SCH + = SOMe^ + H"- (2.10)

where Me^"^ represents a divalent metal ion and SOMe"^ represents
an inner-sphere complex of the metal with the surface. Some other

possible reaction combinations will be discussed in Chapter 4. The

intrinsic equilibrium constant of reactions 2.10 is given by the
following equation:



=  (S0Me^)IH^]exp(-FVQ/RT)/(S0H)[Me2^] (2.11)

Another important surface reaction is the interaction of the
background electrolyte (e. g. NaNOg in this study) with the surface,

which can be represented by the following reactions:

SCH + Na^ = SO"-Na^ + (2.12)
SCH + NO3" + = SOHg^-NOg- (2.13)

where SO'-Na"^ and SOHg'^-NOg' represent outer-sphere complexes

and the corresponding equilibrium constants for reactions 2.12 and

2.13 may be written as follows:

= (SO--Na^)[H^]exp(-F¥^/RT)/(SOH)[Na*]exp(-FVp/RT) (2.14)

=  (SOH%-N03-)/(SOH)[Hn[N03-]exp(-FVa/RT)exp(+FVp/RT) (2.15)

where represents the surface potential at the p plane (Fig. 2.1)

compared to the reference potential in the bulk solution.

Assuming Na"^, NOg", and Me^"^ are the only adsorbing ions, it is now
possible to an write equation for surface charge at the surface
(zero) plane (Og), beta plane (Op), and at the diffuse layer {a^) as
follows:

. B([S0H^2] + [SOH^-NOg-] + [SOMe^l - [SO"] - [SO"-Na^]) (2.16)
Op = B([SO"-Na^] - [SGH^g-NOa'D (2-17)

where B is a conversion factor calculated as 10®F/A with A as the

surface area available per liter of solution. Further, the solution

must be electrically neutral:

Oq + = ° (2.18)



and Cg are inner and outer capacitance (Fig. 2.1) and are assumed

tc be constant between the layers and relate the EDL potentials and

charges tc one another as follows:

%  ■ Vp = (2.19)

Vp - ¥d = (2.20)
=  -{8ceRT)"'^25jnf,(2F\i/^/ZRT) (2.21)

where c is the electrolyte concentration and e is the permitivity of
water.

The surface species are distributed among the total number of

sites (N) described by the following equation:

N - B([SOH%] + [SOH] + [SO-] + [SG'-Nal + [SOH^g-NOg-] + [SOMe^]) (2.22)

The parameters of TLM are obtained by fitting the model to
experimental data. For example, N, and

Cg are obtained by fitting surface titration data at various
electrolyte concentrations. Parameters to describe metal sorption
are defined in a similar manner. FITEQL (Westall, 1982), a
nonlinear least-square optimization program based on the Newton-
Raphson method is designed to extract estimates of chemical
equilibrium model parameters from experimental data.

The TLM implemented by Davis et al. (1978) has been used to
successfully model the adsorption behavior of metal ions, ligands
and metal-ligand complexes at oxide/aqueous interface (Davis et
al. 1978; and Davis and Leckie 1978a, 1978b, 1979, 1980).
Balistrieri and Murray (1979, 1981, 1982a, 1982b) have found that
the TLM is adequate in modeling adsorption of ions onto oxides
suspended in seawater. James et al. (1978) have been successful in

1 0



modeling the conductometric and potentiometric titration data of

ionizable latices with the TLM.

The triple layer model has also been used for modeling adsorption

of ions onto other types of soil constituents. A two-site version of

the TLM was used by James and Parks (1982) to model the clay ion-

exchange data of Marshall and coworkers (Marshall and Bergman
1942; Marshall and Krinbill 1942). Kleijn (1981) has developed a

two-site SCM for clay and oxide minerals based on TLM and the

addition of isomorphic substitution charge.

Charlet (1986) has modeled the adsorption of major cations onto an
oxisol using the modified version of the TLM of Hayes and Leckie

(1987). The modified version of the TLM was used by Hayes and

Leckie (1987) for the adsorption of lead and cadmium onto goethite

to explain the effect of ionic strength and by Hayes et al. (1988)
for the adsorption of selenite and selenate onto goethite. Cox and

Ghosh (1994) used a two-site version of the TLM to model the

adsorption behavior of methylated arsenates onto hydrous oxide as

inner-sphere complexes. Ghosh et al. (1994) used the TLM to model
selenium adsorption: inner- and outer-sphere complexes were

proposed for selenite and selenate, respectively.

2.C PREVIOUS WORK

This section summarizes work previously reported in the literature
(Kooner 1992, 1993) and is included here for the convenience of the

reader. The adsorption behavior of copper, lead, and zinc (Kooner
1992, 1993) was found to be similar to that of other hydrolyzable
metal ions as reported by Anderson and Christensen (1988);
Balistrieri and Murray (1982a); Benjamin and Leckie (1981); Davis
and Leckie (1978a); Forbes et al. (1976), and Padmanabham (1983).

1 1



Adsorption isotherms

Adsorption edges of all three metals onto goethlte (surface area =

30 m^/l ) at various metal concentrations were dependent on initial
metal concentration. With an Increase In the concentration of

metal, the adsorption edge moved to a higher pH (I.e. at constant

surface area of goethlte, a higher pH Is required to achieve the

same fractional adsorption as that observed at lower metal

concentrations). At high goethlte concentration (280 m2/|) the

adsorption edge was Independent of Initial copper concentration.

At low surface area, the number of binding sites per copper Ion

decreases with the Increase In the copper concentration, and copper
Ion has to compete with other copper Ions for the available binding

sites. As a result, the percentage of copper adsorbed decreases.

However, as the copper concentration Is Increased at high surface

area, the number of binding sites per copper Ion decreases, but the

total number of binding sites Is sufficiently large that copper Ions

do not have to compete for available sites. The adsorption edge

moved to a lower pH with an Increase In the goethlte surface area

at constant metal concentration. At constant pH with an Increase
In surface area, more goethlte Is present In the suspension to

remove metal. As a result, the percentage of metal adsorbed

Increases, which results in the shift of adsorption edge to a lower
pH. A decrease In Ionic strength did not have any significant effect

on the adsorption of copper, lead, and zinc. This Is not unusual,

considering that nitrate does not significantly complex with any of
these metals and sodium and nitrate do not strongly Interact with
the goethlte surface. Hayes and Leckie (1987) reported similar

results In a study In which the concentration of lead was almost

100 times higher than that reported here.

The adsorption edges of the three metals—lead, copper, and zinc—
are compared In Figure 2.2. The adsorption edges of copper and lead

are similar, and adsorption Increases sharply from pH 4 to 7.

1 2
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However, zinc shows a different adsorption edge shifted by almost

one and half pH units toward higher pH. The copper and lead
adsorption curves reach almost 100%, whereas zinc barely reaches

60% adsorption by neutral pH. As a result, 40% of the zinc will

remain available for transport in an aqueous environment around

neutral pH, whereas copper and lead will be completely bound to

goethite. Although copper is not adsorbed below pH 4, lead shows

slight adsorption under these conditions. The relative position of

the adsorption curves for these three metals is related to the

ability of the metals to hydrolyze in aqueous solution. Fifty
percent adsorption of copper, lead, and zinc (Figure 2.2) occurs at
pH 5.5, 5.7, and 7.0, respectively, which shows the same trend as
the first hydrolysis constant (pK^) of these metals (Table 2.1).

Distribution coefficients

The distribution coefficient for an aqueous system may be

defined by the following equation:

K^(ml/g) = [S0-Me]/[Me2^] (2.23)

where SO-Me is moles of metal adsorbed per gram of goethite, and
Me2+is equilibrium metal concentration in moles per milliliter and,
can be calculated as follow:

[SO-Me] - %Meg^Me.p/100[S] (2.24)
[Me^^j = 1000(100-%Meg^)Me.^/100 (2.25)

where %Me3^ is percentage of metal adsorbed by goethite, Me^ is the
total metal added to the suspension, and S is goethite
concentration in suspension in grams per liter. Substituting
equations 2.24 and 2.25 in equation 2.23 will result in the

following equation:

1 4



Table 2.1

Comparison of the properties of metals

Metal pK^{l»0) pH
50

Copper^ 7.7 to 8.0 5.5
Lead2 7.7 5.7

Zinc^ 9.0 7.0

pK^ - first hydrolysis constant.
pHso n pH at which 50% of the metal is adsorbed.

^Allison (1991), Lindsay (1979), Stumm and Morgan (1981)
^Lindsay (1979)
^Lindsay (1979)
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K^(ml/g) = 1000%Me3y[(100 - %Me3j)S] (2.26)

Equation 2.26 was used to calculate the distribution coefficients of

several sets of data of copper, lead, and zinc.

Distribution coefficients became larger with higher pH depending

on the pH, goethite surface area, and metal concentration but were

independent of a tenfold decrease in the ionic strength of the
medium. Lower means little metal is bound to the goethite,

which leaves most of the metal in the solution where it is

available for geochemical reactions and may also be transported

with aqueous solution. As a result, metal will be more mobile at
low rather than neutral pH values.

Although an increase in surface area has a significant effect on the

adsorption edge, it does not affect the magnitude of distribution
coefficients. by definition (equation 2.23), is the ratio of metal

concentration in the solid phase to that in the solution at

equilibrium. At constant pH and constant metal concentration, as

the amount of goethite increases, metal distribution in solid and
solution phase is adjusted so that the [%Meg^/S] term in equation

2.26 remains constant. It follows that with an increase in goethite

concentration at constant metal concentration, the total amount of

metal adsorbed per gram of goethite decreases. The calculated

amount of metal adsorbed per gram of goethite showed a

systematic decrease with the increase in goethite surface area. As

long as the total amount of goethite in the suspension remains in

excess, the magnitude of distribution coefficient should not be

affected by the decrease in goethite concentration. In this study a

tenfold decrease in the amount of goethite did not effect the
magnitude of K^.

The distribution coefficients of the three metals—lead, copper, and

zinc—are compared in Figure 2.3. The three data sets form straight
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lines, with lines for lead and copper superimposed and the linear

data set of zinc displaced to higher pH values. At pH 6, the

distribution coefficients of copper and lead are 60 and 40 times
larger than zinc, respectively. Comparing the value of for the

three metals (between pH 4 to 7) and their relative magnitude as a
function of pH, it was concluded that under similar conditions,

more zinc is available in solution than lead or copper. In

comparison with copper or lead, a higher pH is required to remove

the same percentage of zinc from the solution via adsorption onto

goethite surface.

1 8



CHAPTER 3

MATERIALS AND METHODS

3.A INTRODUCTION

The purpose of this thesis is to reinterpret the data collected in an
earlier study (Keener 1992, 1993) for the adsorption of copper,

lead, and zinc on goethite in terms of surface complexation

modeling. The analytical methods, experimental techniques,

materials used and experimental work performed are presented

here as an aid to the reader in understanding how the data was

collected.

3.B MATERIALS

Reagents

Ferric nitrate, GR crystal (> 98 percent), and cupric oxide, GR

reagent (> 99 percent), were supplied by EM Science. Sodium

nitrate, as crystal (99.6 percent), was supplied by J. T. Baker Inc. A

10 N certified sodium hydroxide solution and a 0.1 N certified

nitric acid solution, supplied by Fisher Scientific, were used.

Copper, lead, and zinc reference solution (certified 1000 ppm;
suitable for atomic absorption spectroscopy) were also supplied by
Fisher Scientific. Deionized water, prepared by a Milli-Q system,
was used for all of the experiments. Aqueous solution of copper,

lead and zinc were prepared by diluting the 1000 ppm reference
solution.

1 9



Synthesis of Goethite

Goethite (a-FeOOH) was prepared by hydrolysis and aging of a ferric

nitrate solution according to the method described by Atkinson et

al. (1967) and later used by other researchers (Balistrieri and

Murray 1982a: Hayes and et al. 1987; and Tripathi 1983). The

method consists of the following steps:

•  50.53 g of ferric nitrate was dissolved in 225 ml of deionized

water in polypropylene container.

•  2.5 M NaOH solution was added rapidly while stirring to bring

the final pH between 11.8 and 12.0.
•  The suspension was aged at 63° C in a water bath for four to

five days.
•  The precipitate was washed with deionized water by repeated

centrifugation and decantation until the pH of the suspension

was between 7.5 and 8.0 (close to the point of zero charge of

goethite).

Following this procedure, goethite was stored as a suspension (not

dried) in a polypropylene container. X-ray diffraction analysis of
the synthesized goethite (as paste) showed evidence of the

presence of goethite and no other iron oxide. Goethite used for

experiments was always less than two weeks old.

3.C EXPERIMENTAL METHODS

Metal analysis

Metal concentrations in the solutions were analyzed by a Perkin
Elmer Atomic Absorption Spectrophotometer (model 560). The
spectrophotometer was calibrated by standard solutions for each

20



run. The error on the adsorption measurement for samples was

estimated to be within ± 2 percent .

pH measurement

The pH of the suspension was measured with an Orion Research pH
meter (EA 950) using a Fisher glass electrode. VWR Scientific

buffers (pH 4, 7, and 10) were used for calibration.

Determination of Surface Area in Suspensions of Goethite

Aqueous goethite suspensions of known volumes were dried in an

oven at 80° C for 4 h to evaporate moisture. The weight of the dry

goethite was plotted against the volume of the aqueous goethite
suspension to obtain a volume vs weight calibration curve. A

calibration curve was obtained for each batch of goethite.

Balistrieri and Murray (1982a), Hayes et al. (1987), and Tripathi

(1983) found the specific surface area of goethite synthesized in
the same way to be 51.8, 52, and 50.0 m^/g, respectively. Based on
their work, a specific surface area of 50 m^/g was used for further
calculations. The surface area of goethite in the adsorption
experiment was calculated from the volume vs weight calibration
curve and the specific surface area of 50 m^/g.

Adsorption procedure

A known amount of goethite suspension was added to a
polypropylene bottle (125 ml). The ionic strength was adjusted to
the desired value by adding a known amount of 0.25 M NaNOa. The
required amount of 100 ppm metal solution was added to adjust the
copper concentration in the bottle to the desired level. The total

volume of the suspension was made to 100 ml by adding deionized
water. The pH was adjusted by the addition of 0.1 M NaOH or 0.1 M
HNO3. The amount of sodium hydroxide or nitric acid used did not

2 1



significantly change the ionic strength of the suspension. The
suspension was shaken in a water bath at 25.0° C for a
predetermined length of time. The final pH of the suspension was

measured, after which the suspension was centrifuged and decanted

and the supernatant transferred to another bottle. The pH of the

supernatant was immediately adjusted to approximately 3 by

adding nitric acid to prevent loss of copper to the container wall.

A standard solution (pH ~ 3) containing no goethite was prepared in

the same way. The total volume of the standard solution was also

adjusted to 100 ml. This solution was used to calibrate the atomic

absorption spectrophotometer. A new standard solution was

prepared for each series of measurements.

Adsorption of Metal on Container Walls

Metal adsorption on container walls (polypropylene) was

investigated for aqueous solutions at the ionic strength of 0.1 M
NaNOa. The suspensions were prepared as described earlier, except

that no goethite was added; the only adsorbent was the container

surface. No metal loss from adsorption on container walls was

detected within analytical precision.

Calculation of Percent Metal(ll) Adsorbed onto Goethite

Total metal (Me^,) present in the experimental system is

distributed, within experimental error, in three reservoirs: metal
in solution (MOgq), metal adsorbed on goethite and metal lost
as a result of adsorption on container walls (Mecn)- Because loss of
metal on the container walls (me^^) was found to be negligible,

metal adsorbed onto goethite can be calculated as

MSgd = '^®aq
%Me^, = lOOMe^yMe,

22



Establishing the Time Required for Equiiibration

To determine the time required to attain equilibrium, a large
number (~30) of adsorption experiments were conducted at reaction

times ranging from 30 min to 30 h, with [Cu] = 5.0 ppm (7.87 X 10"®
M) and goethite surface area = 30 m^/l. The results are given in
Appendix A.I and are plotted in Figure 3.1. The adsorption process

was fast, and equilibrium was established within 1 h. There are

several reports in the literature (Balistrieri and Murray 1982a:

Forbes et al. 1976; and Hayes and Leckie 1987) that show that the

equilibrium time for adsorption reaction is a few hours. An

equilibration time of 16 to 20 h was used for all subsequent

experiments to ensure equilibrium and for operational convenience.

Reversibility

The following experiments were designed to study the reversibility

of the adsorption reaction at a 5.0 ppm (7.87 X 10"® M) copper
concentration. The results of two duplicate sets of experiments

are shown in Appendix A.2 and are plotted in Figure 3.2. Points in

set A represent overnight adsorption equilibrium results for a 5.0
ppm (7.87 X 10"® M) copper concentration within a pH range of 4-6.
The suspensions in the set B (pH range of 4-6), prepared along with

set A, were kept for overnight shaking but, unlike set A, were not

removed and analyzed for copper adsorption. Instead, the pH of

suspensions of set B were readjusted by adding 0.1 M NaOH or 0.1 M
HNO3. Suspensions with a pH of 4-5 were readjusted to a pH of 5-6,

and suspensions with a pH of 5-6 were readjusted to a pH of 4-5.

Set B was kept for shaking for another 24 h and was analyzed for
copper adsorption. The results of both sets of experiments, shown

in Figure 3.2, confirms that the adsorption of copper onto goethite
is reversible. Based on the copper results, the adsorption of lead

and zinc onto goethite was also assumed to be reversible.
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Reproducibility

Figure 3.3 presents (data is shown in Appendix A.2) three replicate

sets of adsorption experiments at [Cu] = 0.5 ppm (7.87 X 10'® M) and
surface area = 30 m^/l to demonstrate the consistency of the

experimental procedure. Two sets of experiments utilized

identical batches of reagents and goethite but were obtained on

different days, whereas the third set utilized a different batch of

goethite. The proximity of the three data sets indicates excellent

reproducibility. Duplicate adsorption experiments for lead were

also performed at two concentrations and a goethite surface area

of 30 m2/L. The experimental results given in Appendix A.3 are

presented in Figure 3.4. The total lead concentration in Batch A and
Batch B was 2.0 ppm (9.64 x 10"® M), whereas Batch C and Batch D

had 15.0 ppm (7.26 x 10'® M) of lead. A different batch of goethite

was used in each experiment. Here again like copper, the proximity

between the two sets indicates excellent reproducibility. The

adsorption results at 5.0 ppm of lead were also in excellent

agreement with that of Balistrieri and Murray (1982a), and Forbes

et al. (1976) whose experimental conditions were similar. The

range of experimental variables for the adsorption isotherms is

shown in Table 3.1
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Table 3.1

Range of experimental variables

Metal Variable Range

Copper Temperature

PH

Initial concentration

Ionic Strength

Surface Area

25° 0

4 - 7

0.5 -10.0 ppm

0.01 - 0.10 M NaNOa

11.4 - 280 m2/|

Lead Temperature

pH

Initial concentration

Ionic Strength

Surface Area

25° 0

4 - 7

2.0 -15.0 ppm

0.01 - 0.50 M NaNOa

12 - 120 m2/|

Zinc Temperature

pH

Initial concentration

Ionic Strength

Surface Area

25° 0

4 - 7

5.0 ppm

0.10 M NaNOa

30 m2/|
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CHAPTER 4

RESULTS AND DISCUSSION

4.A INTRODUCTION

Experimental data is modeled for various reasons by different

investigators. Models can be used to test a hypothesis, replicate

some experimental observations or predict the behavior of a

system. Using a model to test a hypothesis might help in

understanding the working of the system. In this case a surface

complexation model is used to test whether the experimental

adsorption results can be used to predict a surface reaotion(s) and

to estimate the equilibrium constant(s) of the reaction(s). The

adsorption data used for modeling has been reported in Appendix B

(keener 1992, 1993).

4.B HYDROLYSIS OF METALS IN AQUEOUS SYSTEM

In aqueous solution, free metal ions are complexed with water

giving rise to several hydroxometal complexes or species. The

concentration of these complexes are strongly dependent on pH of

the system and the concentration of the free metal. For modeling

purposes it is important to know which aqueous species of any

metal are present in the system so that some of the species (which

are not present at certain pH and free metal concentration) can be

eliminated from consideration. The purpose of this is to identify
only those species which might be taking part in the surface

reaction(s). Speciation of copper, lead, and zinc, as calculated
from the thermodynamic data using MINEQL (Westall et al. 1976)

between pH range 4 to 7 at total metal concentrations of 5 ppm in

0.1 M NaNOa are shown in Figures 4.1 - 4.3. The concentration of
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these species is based on the thermodynamic equilibrium constants
of the various hydrolysis reactions given in Table 4.1. It is evident

from Figures 4.1-4.3 that in addition to Me^"^ the other major
species which might be able to take part in the surface reaction

between pH 4 to 7 is MeOH"*". For modeling purposes these were the

only two species which were considered for surface reactions.

4.C ADSORPTION MODELING

Modeling parameters

Goethite surface has been studied by many investigators and as a

result all the parameters required for modeling purposes are well

documented in the literature. Table 4.2 shows all the parameters

used for the model.

Strategy for modeling

The goals in attempting to model the metal adsorption were

threefold:

•  to investigate whether the data could be described by

electrical double layer theory
•  to determine the equilibrium constants for metal adsorption

if there is reasonable success in data modeling
•  to determine the metal species which take part in the

surface reaction.

Since only positively charged metal species were present in the
solution in the pH range of interest (i.e. Me^"^ and MeOH"^), only a
negative surface was tried. The following three reactions were
considered:
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Table 4.2

Parameters for modeling*

Parameter Value

Inner Helmholtz capacitance, Ci
Outer Helmholtz capacitance, C2
Number of sites, N

Specific surface area, 8

Equilibrium constant,

Equilibrium constant, K'"^g2
Equilibrium constant,

Equilibrium constant, .

1.1 F m-2

0.2 F m-2

7 sites/nm2

50 m2 g-i

5.80

.11.10

-8.8

7.7

Hayes (1987)
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SCH + = SOMe* + H* (4.1)

SCH + MeOH^ = SOMeOH + (4.2)
SCH + MeOH* = SO'-MeOH^ + (4.3)

Reactions 4.1 and 4.2 are inner-sphere complexes and 4.3 is an

outer-sphere complex. For an inner-sphere complex, the metal is

assigned to the 0 plane, making a stronger bond as compared to
outer-sphere complex where metal is assigned to the p plane.

Modeling

The adsorption edge for copper at a concentration of 5 ppm and
goethite surface area of 30 m2/| was used for initial model

calibration. Both reactions 4.1 and 4.2 were able to fit the

adsorption data, but the fit for reaction 4.1 was almost 8 times

better than the fit for reaction 4.2 as quantified by the overall
variance. The overall variance is defined as the ratio of the sum of

squares of the residuals divided by the degrees of freedom.
Comparison of the model calculations with experimental data for
both reactions are shown in Figures 4.4 - 4.5. Reaction 4.1 was
able to fit the data for most of the pH range except in the lower
range (pH 4-4.5), whereas, modeling using reaction 4.2 either

underestimated or overestimated the data. As evident from Figure,
4.1, most of the copper metal is presented as Cu^"*" in the aqueous
system. Therefore, it is not surprising that reaction using Cu^"^
instead CuOH"^ was better suited to fit the data. The discrepancy
between the model fit and the data in the lower pH range (4-4.5) of
Figure 4.4 may be due to the fact that either a different reaction or

a combination of reaction 4.1 with another reaction is taking place
in this region. Some of the parameters used in modeling (e.g
number of sites, and surface area) are best estimates and are
assumed to be constant over the whole pH range. There is no study
which confirms that surface area and number of sites on the

adsorbing surface are independent of pH. Surface area is generally
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measured around neutral pH and not In the lower pH range. It is

possible that both or one of these parameters are pH dependent
which might results in the discrepancy between the experimental

and modeled results. EDL theory is really a surface complex

activity coefficient theory, and short comings in the theory may
result in deviations in the model. Reactions 4.3, depicting outer-

sphere complex was also tried which resulted in a very poor fits
(Fig. 4.6) showing that outer-sphere reaction is not suitable for

this model. Therefore, reaction 4.1 was selected because it gave

the best fit. Combination of either reaction 4.2 or 4.3 with

reaction 4.1 did not improve the fit. Similar results were obtained

for the adsorption data of lead and zinc with metal concentration

of 5 ppm and goethite surface area of 30 m2/|. Based on the above

observations, only reaction 4.1 was considered for modeling all the
remaining adsorption data. The results indicate that adsorption of

all three metals are best modeled as an inner-sphere complex with
goethite. Similar results have already been reported by Leckie and
coworkers (Hayes and Leckie, 1987; and Hayes et al., 1988). The
intrinsic equilibrium constants (i.e. and

all three metal was found to be independent of ionic strength which
is a further indication of relatively strong bonding affinities of
copper, lead, and zinc, hence inner-sphere complex formation. If
the metals were making a outer-sphere complex, then K'"*^q2^,
should have been ionic strength dependent (Hayes and Leckie 1987)
and reaction 4.3 would be expected to fit the data better.

Each data set was modeled independently using reaction 4.1 and a
intrinsic equilibrium constant was determined for each set. The

intrinsic equilibrium constants determined by this method along
with the standard deviation in the equilibrium constants are shown
in Table 4.3. It is desirable to have a single value of the intrinsic
equilibrium constant for each metal even at the cost of some

additional errors in the equilibrium constant.
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Following Dzombak and Morel (1990), the best estimate of intrinsic

equilibrium constant was determined by a weighted average of
optimum log values. The weighing factor used is

Wl = (l/Oiog Kint^^2.)i/S(1/a,og (4.4)

where a|og is the estimated standard deviation calculated by

the FITEQL for the ith data set. The best estimate for log is

given by

=  KWidog (4.5)

The values of weighted-average log K'"*h^q2+ calculated by this
method are 1.95, 1.19, and 0.34 for adsorption of copper, lead, and

zinc respectively. Experimental data is compared with the model
output using the individual log K'"^^q2+ (Table 4.3) for that data set
and the weighted-average log K'"^^g2+ for each metal in Figures C.1-
C.20 (appendix C). The solid line in each graph represents the model
output using the optimum log K'"^^q2+ for that data set, whereas the
broken line represents the model output using the weighted-
average log This enables easy evaluation of the quality of

optimum fits and the general validity of the best estimate log
values. As can be seen from the graphs, the model gave a

reasonable fit to the experimental data except in some cases where
model output is not as good (Figs. C.2, C.3, C.I2, and 0.13). The

possible reason for this discrepancy may be the fact that a
different reaction or a combination of some reactions are taking
place and are not accounted for in the model used.

The sensitivity of the model to a change in one of the experimental
conditions is illustrated in figures 4.7-4.9. In each case the model

output shows a similar trend as demonstrated by the experimental
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data. Figure 4.7 shows the effect of an increase in goethite surface

area on lead adsorption. The experimental data show that the
adsorption edge has moved to lower pH with the increase in

surface area. The change in the adsorption edge is almost 1 pH unit

with a surface area increase from 30 m^/l to 120 m^/l. The model

was able to predict the change in the adsorption edge to lower pH

as well as the magnitude of the change (i.e. 1 pH unit).

The effect of lead concentration on the adsorption edge is shown in

Figure 4.8. As the concentration of lead is increased from 2 ppm to

15 ppm, the adsorption edge has moved toward higher pH. The

model was able to show a similar trend except for 15 ppm lead

concentration where model output does not show any change in the

adsorption edge from that at 10 ppm lead.

As discussed earlier, intrinsic equilibrium constant of the inner-

sphere complexes should be independent of ionic strength. This is
shown in Figure 4.9 where ionic strength is changed from 0.01 M to

0.5 M and there is virtually no change in the model output for 0.01 M

and 0.1 M data but the data for 0.5 M show slight dependence on the

ionic strength. The activity of the hydrogen is estimated using
Davies equation which is true only at low concentration and may
not hold at 0.5 M NaNOa. Therefore, the model output at 0.5 M
concentration may show greater deviations from observed results

when compared to the model output at lower concentrations.

As pointed out in Chapter 1, it is important to be able to make

predictions based on the experimental data and extrapolate the
results to different experimental conditions. One of the tools

which provides a quantitative basis for comparing related classes

of reactions is the linear free-energy relationships (LFERs) where
log of metal adsorption is plotted against the log of the

first hydrolysis constant of the metal. The results of this study
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are presented in Figure 4.10 along with some literature values. The

plot shows a positive correlation between the hydrolysis constant
of the metal and equilibrium constant of the adsorption reaction

except in the case of lead adsorption which deviates from the

relationship. A similar relationship has been observed by Dzombak

and Morel (1990) for the adsorption of several metals onto hydrous

ferric oxide. This relationship can be used to obtain a first

estimate of the equilibrium constant of metal adsorption based on

its hydrolysis constant if no adsorption data is available.

Assuming the model is correct, it can be concluded from the

modeling results that only Me^"^ and not any other species is taking
part in the adsorption reaction. However, it should be cautioned

that other SCMs may lead to different conclusions in that regard.
The approach cannot be used to make such predictions because it

is not dependent upon the species taking part in the adsorption
reaction. Moreover, unlike K^, the intrinsic equilibrium constant is

independent of ionic strength and pH, and can be used to make

predictions outside the experimental conditions for which the data

are taken. By using the LFER plot, the first hydrolysis constant for
a selected metal can be used to obtain an estimate of log

without obtaining any adsorption isotherms.
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CHAPTER 5

CONCLUSIONS

5.A SUMMARY

Transport of metals in aqueous solutions Is an important aspect of
many geological and environmental processes. Transport of metals

is facilitated by a decrease in aqueous pH and by the adsorption of
metals onto suspended matter. In contrast, an increase in pH
and/or adsorption of metals onto surface of fixed materials such as

rock, soil, and sediments, retards the transport of metals.

Adsorption of metals by solid surfaces is an important phenomenon
in retarding metal migration in the subsurface.

Empirical models based on distribution coeffioients (K^) although
simple to use, do not account for ongoing chemical processes
responsible for partitioning of metals between solid and solution
phases. In contrast to the approach, chemical models based on

the chemical and physical interactions between metal and the

adsorbent can be used to estimate the intrinsic equilibrium
constant for adsorption reactions and to identify the metal species
taking part in the reaction.

In this research, adsorption of divalent metals (copper, lead, and
zinc) onto synthetic goethite has been studied at room temperature
as a function of pH, total dissolved metal, ionic strength, and
adsorbate/adsorbent ratio. A surface complexation model based on
electrical double layer theory was successful in describing the
adsorption behavior under various laboratory conditions. The
intrinsic equilibrium constant for the adsorption of metals onto
goethite were estimated under different experimental conditions.
The results have been used to obtain a weighted-average intrinsic
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equilibrium constant for each metal. The weighted-average

constants were shown to be related to the first hydrolysis constant

of the metal, and as a result, the hydrolysis constant for other

metals can be helpful in predicting their behavior without obtaining
experimental adsorption data.

5.B RECOMMENDATIONS FOR FUTURE RESEARCH

Several areas for further research have been identified and are

discussed in this section:

The present research should be extended to include other metals

especially those which are harmful to human health and are found

in potable water sources.

It is also recommended that metal adsorption be studied at very
low ( < 1 ppm) total metal concentration to see if the reaction used

in this study can be used to describe adsorption under such

conditions. EPA Primary Drinking Water Standards (Table 5.1)
limits the presence of several metals in drinking water to only a
few ppb. Therefore, it is important to get more information about

these metals under low concentration conditions.

Co-contaminant associations of inorganic and organic waste can
significantly alter the adsorption and transport of metals relative
to the independent, singular adsorption processes of each metal.
Because many waters will have mixtures of inorganic and organic
contaminants, studies which investigate the kinetics and

thermodynamic controls on the release and transport of co-
contaminants are needed. The effect of systematic increases in
concentration of important contaminants (e.g. EDTA) on the
adsorption processes of metals is an important area which has not
been explored, and deserves attention.
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Table 5.1

EPA Primary Drinking Water Standards

Metal Limit (ppm)

Arsenic 0.05

Barium 1.0

Cadmium 0.005

Copper 1.3

Chromium o.1

Lead 0.015

Mercury 0.002

Selenium o.05

Silver 0.05
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Despite the recognition that adsorbents in natural systems are

complex mixtures of a variety of minerals and organic materials,

nearly all experimental studies to date have focused on pure

single-mineral adsorbents due to the ease with which such systems

can be characterized, monitored, and interpreted. Knowledge of

single-mineral systems, however, do not completely resolve and

quantify the complex adsorption processes and interactions

occuring in multimineralic soils and rocks. Many pressing technical

issues, such as hazardous and nuclear waste management and the

impact of acidic precipitation on watersheds, stand to benefit from

an improved understanding of adsorption of metals on naturally

occuring materials.

Mixtures of minerals provide one of the best analogs of soils and

rocks that can be carefully characterized and controlled during
laboratory studies of adsorption. A quantitative understanding of

adsorption of metals in mixtures could provide significant insight
into the adsorption processes on rocks and soils. An important
question in studying adsorption in adsorbent mixtures is whether

the adsorption behavior of mixtures can be modeled as sum of the

adsorption behavior of its components, and whether the behavior of

the mixture can be predicted from knowledge of the behavior of

constituent components.
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A.I

Adsorption of copper onto goethite as a function of time at 25.0 C

[Cu]

Goethite

Ionic strength

5.0 ppm

0.6 g/i

0.1 M NaNOa

Time/min % Adsorption

30 57.8

30 59.7

60 58.0

60 57.0

1 20 62.6

1 20 60.6

1 20 59.8

150 58.4

1 80 55.0

1 80 57.5

1 80 58.5

210 60.5

240 62.2

270 52.9

300 55.1

300 55.0

300 58.3

330 60.7

360 61.9

390 58.1
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A.1 (cont.)

Time/min % Adsorption

420 59.1

450 61.8

450 56.7

450 53.5

480 60.1

600 57.4

600 61.6

735 66.4

735 64.4

900 62.1

900 62.3

1200 63.0

1 200 61.0

1500 61.4

1500 60.5

1800 60.3
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A.2

Adsorption of copper onto goethite as a function of pH at 25.0 C

[Cu]

Goethite

Ionic strength

5.0 ppm

0.6 g/i

0.1 M NaNOa

Set A-adsorption

% Adsorption

Set B-desorptlon

pH % Adsorption

4.11

4.55

4.77

5.61

5.79

6.22

0.50

4.04

8.98

52.58

62.46

82.76

4.34

4.53

4.72

5.65

5.91

6.12

2.22

3.56

8.52

51.10

65.04

75.04
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A.3

Adsorption of copper onto goethite as a function of pH at 25.0 C

[Cu]

Goethite

Ionic strength

0.5 ppm

0.6 g/l

0.1 M NaNOa

Batch A Batch B-Day 1 Batch B-day 2

pH % Adsorption pH % Adsorption pH % Adsorption

4.31 0 3.97 0 4.04 0

4.75 1 2 3.98 0 4.11 0

4.85 1 8 4.60 6.4 4.79 12.4

5.09 28 4.64 5 4.82 1 2

5.27 33 5.35 51 5.40 48

5.58 69 5.33 47 5.46 54

5.85 86 6.09 91 6.04 89

6.46 95 6.19 94 6.09 90

6.58 95 6.59 97
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A.4

Adsorption of lead onto goethite as a function of pH at 25.0 C

Goethite

Ionic strength

0.6 g/l

0.1 M NaNOa

Batch A-2 ppm

pH % Adsorption

Batch B-2 ppm

% Adsorption

Batch C-15 ppm Batch D-15 ppm

pH % Adsorption pH % Adsorption

4.48 8.68 5.11 22.85 4.57 3.27 5.25 12.47

5.23 35.30 5.45 44.10 5.21 12.40 5.56 21.93

6.06 80.90 5.69 56.35 5.94 35.73 5.90 33.33

6.81 92.45 6.01 74.05 6.85 89.87 6.43 58.60

7.09 93.10 6.49 91.30 7.11 93.70 6.81 84.33
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B.1

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

0.5 ppm

30 m2/|

0.1 M NaNOs

% Adsorption

3.97 0

3.98 0

4.04 0

4.11 0

4.31 0

4.6 6.4

4.64 5

4.75 1 2

4.79 12.4

4.82 1 2

4.85 1 8

5.09 28

5.27 33

5.33 47

5.35 51

5.4 48

5.46 54

5.58 69

5.85 86

6.04 89
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B.1 (cont.)

pH % Adsorption

6.09 91

6.09 90

6.19 94

6.46 95
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B.2

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

1.0 ppm

280 m2/|

0.1 M NaNOa

% Adsorption

4.12

4.37

4.72

4.74

4.94

5.07

5.19

5.34

5.48

5.84

5.98

0

1 2

39.3

32.4

60.5

62.7

74.9

83.1

88.7

94.1

96.8
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B.3

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

5.0 ppm

30 m2/|

0.1 M NaNOa

% Adsorption

4.50 3.6

4.58 5.2

4.68 8.2

4.94 14.8

5.04 14.4

5.12 22

5.2 30

5.42 39.6

5.42 41.2

5.67 58.8

5.85 68.8

6.21 88
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B.4

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

5.0 ppm

60 m2/|

0.1 M NaNOa

% Adsorption

4.03 2.08

4.58 3.24

4.87 13.68

5.14 32.88

5.31 47.10

5.47 55.90

5.72 73.50

5.98 86.50

6.49 97.26
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B.5

Adsorption of copper onto goethlte as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

5.0 ppm

145 m2/|

0.1 M NaNOa

% Adsorption

3.96 2.40

4.57 11.12

4.80 21.54

5.11 45.90

5.25 62.38

5.39 75.22

5.73 91.42

6.02 95.00

6.57 99.42
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B.6

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

5.0 ppm

280 m2/|

0.1 M NaNOs

% Adsorption

4.16 12.74

4.45 23.22

4.60 28.64

4.74 38.56

5.00 53.84

5.28 82.68

5.54 89.8

5.76 92.96

5.77 93.66

6.05 96.7

6.06 96.62
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B.7

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper = 10.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.1 M NaNOa

% Adsorption

3.95 0

4.04 0

4.1 0

4.22 0

4.26 0.2

4.28 0.4

4.37 1.6

4.6 3.2

4.64 3.6

4.69 3.4

4.73 5.6

4.82 5.4

4.83 6

4.99 8

5.2 17.6

5.2 13.6

5.24 17.2

5.29 25.6

5.31 21.6

79



B.7 (cont.)

pH % Adsorption

5.43 25.6

5.58 32

5.64 31.2

5.66 28

5.73 35.6
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B.8

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

10.0 ppm

280 m2/|

0.1 M NaNOa

% Adsorption

4.04

4.28

4.45

4.65

4.8

4.88

5.04

5.17

5.42

5.77

5.8

5.88

8.2

18.8

24.9

34.7

45.7

55.2

67.6

74.7

88.0

96.7

97.5

97.3
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B.9

Adsorption of copper onto goethite as a function of pH at 25.0 C

Copper

Surface Area

Ionic strength

5.0 ppm

30 m2/l

0.01 M NaNOa

% Adsorption

4.57 2.88

4.95 12.90

5.36 32.40

5.62 49.90

5.96 67.66

6.30 79.48

6.59 84.72
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B.10

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead

Surface Area

Ionic strength

2.0 ppm

12 m2/|

0.1 M NaNOs

% Adsorption

4.47 1.16

4.83 5.10

5.31 19.30

5.38 14.10

5.75 35.73

6.06 41.10

6.09 50.45

6.19 54.95

6.63 73.95

6.63 74.95
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B.11

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead

Surface Area

Ionic strength

2.0 ppm

30 m2/l

0.1 M NaNOs

M. % Adsorption

4.48

5.11

5.23

5.45

5.69

6.01

6.06

6.49

6.81

7.09

8.68

22.85

35.30

44.10

56.35

74.05

80.90

91.30

92.45

93.10
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B.12

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead = 5.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.01 M NaNOa

^  % Adsorption

4.06 2.56

4.51 5.16

4.87 11.68

5.23 21.56

5.52 37.90

5.85 62.54

6.29 80.62

6.62 90.88

6.82 93.50

6.96 93.80
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B.13

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead

Surface Area

Ionic strength

5.0 ppm

30 m2/|

0.1 M NaNOa

M. % Adsorption

3.90 2.10

4.37 5.46

4.63 9.78

4.75 10.26

5.06 20.10

5.25 26.16

5.50 41.54

5.78 49.82

5.86 60.22

6.14 68.82

6.21 69.70

6.47 82.62

6.79 90.42

6.86 90.24

6.87 94.54
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B.14

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead = 5.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.5 M NaNOs

pH % Adsorption

4.11 0.44

4.49 0.08

4.95 7.48

5.34 18.88

5.45 27.0

5.87 38.20

6.18 51.44

8.35 60.48
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B.15

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead = 5.0 ppm

Surface Area = 60 m2/l

ionic strength = 0.1 M NaNOa

_2H % Adsorption

4.60 14.08

5.22 44.52

5.80 75.32

6.19 87.52

6.67 92.14
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B.16

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead = 5.0 ppm

Surface Area = 120 m2/|

Ionic strength = 0.1 M NaNOa

.£H % Adsorption

4.64 22.88

5.34 68.46

5.64 85.64

6.38 98.56

6.76 99.12
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B.17

Adsorption of lead onto goethlte as a function of pH at 25.0 C

Lead = 10.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.1 M NaNOs

pH % Adsorption

4.41 3.60

5.21 14.20

5.58 24.50

5.76 35.50

5.99 46.90

6.01 56.70

6.28 60.90

6.70 83.10

6.70 83.90

7.40 92.70

90



B.18

Adsorption of lead onto goethite as a function of pH at 25.0 C

Lead = 15.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.1 M NaNOa

pH % Adsorption

4.57 3.27

5.21 12.40

5.25 12.47

5.56 21.93

5.90 33.33

5.94 35.73

6.43 58.60

6.81 84.33

6.85 89.87

7.11 93.70

9 1



B.19

Adsorption of zinc onto goethlte as a function of pH at 25.0 C

Zinc = 5.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.01 M NaNOa

% Adsorption

4.05 2.24

4.38 2.32

4.90 2.08

5.17 3.54

5.35 8.00

5.78 8.10

6.06 10.40

6.17 15.54

6.58 43.88

6.83 59.28
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B.20

Adsorption of zinc onto goethite as a function of pH at 25.0 C

Zinc = 5.0 ppm

Surface Area = 30 m2/|

Ionic strength = 0.1 M NaNOa

pH % Adsorption

3.99 0

4.48 0

4.80 0

5.06 0

5.54 0.58

5.94 5.16

6.15 9.0

6.54 30.84

6.75 38.86

7.04 63.32
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