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ABSTRACT

Several factors which affect the transport of pyridine, quinoline and acridine

(aza-arenes) in saturated porous media were investigated in laboratory experiments

in order to provide data for input into coupled models that may be applied to

predicting the fate of these compounds in groundwater. The effect of pH and ligand

type and concentration on acridine solubility was studied in a series of batch and

pH-stat experiments. There was a decrease in acridine solubility below the

compound's pKa due to acridine/ligand precipitate formation.

The reaction stoichiometry and solute/sorbent interactions of aza-arene

adsorbed to porous silica were determined from batch adsorption and Raman

spectroscopy experiments. The neutral aza-arene was hydrogen bonded to surface

sites above the compound's pKa and there was a cation/C104- complex interacting

with surface sites through dipole-dipole interactions below the pKa of the

compound.

The effect of pH, temperature, ligand type, average linear velocity and initial

aqueous phase solute concentration on the adsorption of aza-arenes to porous silica

was investigated in a series of column experiments. The extent of adsorption

followed the trend pyridine < quinoline < acridine due to greater overlap of the

molecule with adsorption sites as the number of rings increases. The extent of

adsorption was greater below the compound's pKa than above because the complex

was able to optimize its orientation with the surface. The extent of adsorption of

neutral acridine was enhanced when carbonate was used as a buffer relative to

phosphate due to carbonate's more exothermic hydration enthalpy. The isotherms

were non-linear above and below the pKa of acridine. The enthalpy of the
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adsorption reaction was less exothermic below the compound's pKa than above due

to the stronger hydrogen bonds formed between the surface and the neutral

molecule compared to the dipole-dipole interactions that bond the complex to the

surface below the pKa .

Non-equilibrium effects on the adsorption reaction were minor. Adsorption-

desorption was on the order of seconds to minutes. Kinetic effects became more

important as temperature decreased.
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CHAP 1ER 1

INTRODUCTION

1.1 Motivation for Research

Pyridine, quinoline and acridine (Table 1.1) belong to a broader class of

compounds called aza-arenes. Aza-arenes are of concern because of their

carcinogenic and mutagenic properties.7,22,38,53,73,74,77,84 Aza-arenes are found

in tobacco smoke, 25 ' 26 automobile exhaust," air pollution source effluents, 71 shale

oil,93 coal tar,48 high-boiling point petroleum distillates,51 coal liquefaction

products, 1 recent lake sediments, 101 wood preservative wastewater, 2 wastewater

treatment plant biosludge 85 and contaminated groundwater.49,60,61,66,68,69,86

The numerous sources and carcinogenic and mutagenic properties of aza-arenes

makes the prediction of their transport in groundwater a compelling area for

research.

1.2 Acridine Solubility
1	 11The solubility of the neutral acridine species is reported to be 214 ±25 .1m

and 320 plv1. 5 Otherwise, there is a dearth of information concerning the

importance of complexation and precipitation on the aqueous equilibria of acridine.

1.3 Adsorption of Aza-arenes

Research about aza-arene adsorption in liquid systems may be divided

according to whether or not the bulk solution is flowing (column experiment) or

static (batch experiment). The batch experiments can be further categorized

according to the nature of the sorbent (soils and sediments, metal oxides and metal

electrodes). Gas-phase adsorption is also well documented.
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Table 1.1. Selected properties of pyridine,quinoline and acridine.

H20

Compound Structure MW mp, °C bp, °C solubility, mM
	

KOW
	 pKa

79.1 -41.6 115.2 miscible _5a 5.2b

129.2 -15 238 49.6c 111a 4.92b

179.2 107-110 346 0.320d,0.214e 25 b00 ,42 e00 56b

aReference 50.

bReference 6.

cReference 17.

dReference 5.

eReference 11.
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1.3.1 Soils and Sediments

There are often inconsistencies when comparing adsorption studies to natural

soils and sediments because of the widely varying physical and chemical properties

of the sorbent. However, several trends are apparent. The extent of acridine

adsorption, as the neutral species, increases as the organic carbon content of the

sorbent increases because of the low solubility of acridine and its greater affinity

for nonpolar materials. 11 The adsorption of the cation (methylacridinium,

acridinium, quinolinium and pyridinium) is by cation exchange and the extent is a

function of the sorbent cation exchange capacity and the ability of other cations

(Ca2+
, K+ , Na, etc.) to compete with the aza-arene cation for exchange sites. 14,108

The extent of adsorption follows the trend pyridine < quinoline < acridine, with the

extent of adsorption greater for the ionized species and the isotherms for all three

compounds non-linear. 107,109 Quinoline adsorption is more exothermic for the

cation than the neutral species, and there is a greater loss of entropy for the cation

than the neutral species. 108 The adsorption of quinoline increased as the pH neared

the compound's pKa and the extent of adsorption is far in excess of that indicated

by the ionization fraction.4 The neutral molecule adsorbs by hydrophobic forces 107

and/or hydrogen bonding. 108

1.3.2 Metal Oxides

The extent of adsorption of quinoline to porous silica is largest near the

compound's pKa . 106 The enthalpy of the adsorption reaction is independent of pH

(pH 3-8). The isotherm is non-linear and the isotherms at different temperatures

(10-25°C and 25-40°C) are parallel. A slight enhancement of the adsorption

maximum is observed at 10°C.
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1.3.3 Metal Electrodes

Acridine, quinoline and pyridine adsorption to copper electrodes produce non-

linear isotherms with the extent of adsorption increasing from pyridine < quinoline

< acridine. 19 Pyridine adsorption to silver electrodes in an aqueous NaCl solution

was studied with Raman spectroscopy showing the neutral molecule hydrogen

bonded to a layer of water on the electrode surface at potentials negative to the

electrode point of zero charge (PZC) and the molecule adsorbed to both the

electrode surface and surface adsorbed water above the PZC of the electrode. 30

The adsorption maximum occurred at the PZC. The surface spectra becomes more

like the bulk solution spectra away from the PZC indicating the adsorbed pyridine

is in equilibrium with surface adsorbed water. Surface enhanced Raman scattering

(SERS) studies of pyridine adsorption to silver electrodes31 in aqueous alkali

halide solutions identify a chemisorbed and pysisorbed molecule. The chemisorbed

pyridine is stabilized by co-adsorbed anions. There is exchange of adsorbed water

for physisorbed pyridine as the electrolyte concentration is decreased indicating

that the physisorbed pyridine is in a dynamic equilibrium with the bulk solution and

is hydrogen bonded to adsorbed water. The chemisorbed species binds to the silver

electrode through the pyridine nitrogen atom and to halide anions through aromatic

hydrogen atoms. SERS investigations of quinoline adsorption on copper and silver

electrodes in aqueous K2SO4 and H2SO4 solutions indicates that quinoline adsorbs

as an ion pair below the compound's pKa , with Cl- more so than with SO42- .32

1.3.4 Column Experiments

Liquid chromatography studies of aza-arenes indicates that when the nitrogen

atom is not in a crowded environment, the nitrogen atom serves as the binding site

to the surface effectively localizing the interaction through the nitrogen atom and
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transfer of the non-bonding electrons to the adsorption site on the alumina

surface. 82 The localization of the bond at the nitrogen atom weakens the interaction

of the rest of the sorbate with the surface. When there is no strongly adsorbing

group, the extent of adsorption is due to the interaction of the individual weakly

adsorbing groups with the surface. The molecule is adsorbing to the surface in a

flat orientation.

1.3.5 Gas Phase Adsorption

The vapor deposition of pyridine onto silica has been studied extensively with

Raman spectroscopy. 27,36,43 -45,104 The region of the pyridine spectra that is most

important is that containing the pyridine symmetric ring-breathing vibrational

modes. These vibrational modes are sensitive to the strength of the interaction of

the lone pair of electrons of the pyridine nitrogen atom. The stronger the

interaction with the pyridine-nitrogen lone pair the larger the positive shift in the

pyridine symmetric ring-breathing vibrational-mode frequency. Physisorbed

pyridine, hydrogen-bonded pyridine and Bransted-acid interactions have been

identified.

The bonding and mobility of nitrogen heterocycles that were vapor deposited on

silica and alumina surfaces as determined by luminescence, delayed fluorescence

and transient absorption spectroscopy55 ' 56 ' 94 revealed that acridine was adsorbed

as the cation on alumina and hydrogen-bonded acridine on the silica. The lateral

mobility on alumina surfaces was minimal whereas that on silica is relatively strong

because of the weak hydrogen bonds.
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1.4 Scope and Objectives

The prediction of aza-arene transport in groundwater requires knowledge of the

compound's aqueous-phase chemical equilibria, the distribution of the solute

between the aqueous and solid phase, the effect of dispersion/diffusion and

advection, kinetic effects on adsorption, the effect of colloid-assisted transport,

cosolute effects and effects from biodegradation. The work to date has focused

primarily on the distribution of the solute between the aqueous and solid phase in

batch experiments, which do not take into account dispersion/diffusion and

advection. These experiments have not explored the effect of commonly found

anions in groundwater systems on adsorption, nor have they explored kinetic effects

on adsorption. Also, there is no work on the aqueous phase equilibria and the effect

of pH and ligand type and concentration on the system. Finally, although reaction

mechanisms and adsorbed species stoichiometry have been proposed for adsorption

to aquifer materials in aqueous systems, the only direct evidence for this

information has come from Raman spectroscopy studies of aza-arene adsorption on

metal electrodes and gas phase adsorption to silica and alumina.

Silica was chosen as the sorbent due to its well-defined surface properties and

because it is a major constituent of soil and aquifer materials. The use of silica also

provides a model from which more complex sorbents may be studied with the

knowledge that any changes in the results would be due to the additional

components of the sorbent.

The factors that effect aza-arene transport examined by this research were:

1. What effects do variations in ligand type, ligand concentration and pH have

on the aqueous solubility of acridine? If there is an effect, will it influence
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acridine transport in natural systems?

2. What are the effects of advective velocity, ligand type and input solute

concentration on the adsorption of acridine?

3. What are the effects of pH and temperature on the adsorption of acridine,

quinoline and pyridine to silica?

4. Is the adsorption and desorption of acridine to silica kinetically limited at

groundwater velocities?

5. What is the stoichiometry of the adsorption reaction as a function of pH?

6. What are the solute/sorbent interactions as a function of pH?
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CHAPTER 2

EXPERIMENTAL

A total of 73 experiments were run to determine the effect of pH, ligand type

and ligand concentration on acridine solubility. These included 65 batch

experiments and eight pH-stat experiments. The isotherm for acridine at 30°C at

pH 7 and 4 was found using 56 short-pulse column experiments. The effect of

ligand type and average linear velocity (u e ) on acridine sorption at pH 7 and 4 was

investigated with nine continuous-feed column experiments. Temperature and pH

were varied to determine their effect on acridine sorption. Twenty-six continuous-

feed column experiments were run for this purpose. The effect of temperature and

pH on acridine, quinoline and pyridine was determined with 109 short-pulse

experiments. The stoichiometry and adsorbate/adsorbent interactions for acridine,

quinoline and pyridine were determined from the spectra of ca. 400 Raman

spectroscopy experiments.

2.1 Experimental Methods

2.1.1 Solubility Experiments

The solubility of acridine was determined as a function pH, buffer type and

buffer concentration. The pH was varied from 2 to 8, above and below the

compound's pKa . The buffers were chosen so as to represent common anions found

in natural systems. These included phosphate, phosphate-acetate and phthalate.

Phthalate is a compound which represents carboxylic acid dominated natural

organic matter. The buffers represent a transition from a phosphate-dominated

system to a carboxylate-dominated system.
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2.1.1.1 Batch Experiments

Solutions containing the desired buffer concentration were prepared in 5-mL

glass vials with distilled-deionized water and then saturated by adding solid

acridine (at least 1.5 times that necessary for saturation) (except exps. 1-3, 29-30

and 52-54, which were not saturated initially). The pH of each buffer solution was

set with HC1 and NaOH prior to saturation with acridine. Triplicates of each

saturated solution were made. Experiments were run at ambient temperature (ca.

25°C). Using a rotating rack, the solutions were agitated for a minimum of 24 hr,

or until equilibration was reached. After equilibration, the pH of each vial was

measured and the vials were centrifuged (Beckman JR-21) for 15-25 min at ca.

2400 RCF and the supernatant removed. Dilutions of the supernatant were made

and then analyzed using high-performance liquid chromatography (HPLC).

2.1.1.2 pH-Stat Experiments

The solubility of acridine at pH 4 was measured using a pH-stat. The batch

method did not maintain a constant pH during equilibration when the buffer

concentration was less than 0.01 M. The pH-stat method also provided information

on formation and/or solubility constants for possible acridine/ligand complexes

and/or precipitates. The solution for the experiments was prepared by saturating

distilled-deionized water with acridine (1.3 times that necessary for saturation) at

pH 4.0 and 25°C. The solution pH was controlled with NaOH and HC104. Three

aliquots were taken from the beaker at the same time after equilibration (as

determined by a constant pH, usually 24 hours), centrifuged, the supernatant diluted

and the aqueous acridine concentration determined with HPLC. An aliquot of

buffer (Na2HPO4) was then added and the same procedure was followed as for the

buffer-free solution. The addition of buffer aliquots was repeated until the desired
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concentration was achieved. The total volume of liquid in the reaction vial was

calculated at each buffer addition based on buffer aliquots and sample removal and

did not vary from the original amount by more than ±3 percent. There was solid

acridine in the reaction vial prior to and after equilibration except for the last buffer

addition, which had no solid acridine after equilibration

Constant-pH experiments were carried out in a 250-mL jacketed beaker with a

circulating temperature bath (Haake G ) for maintaining a constant solution

temperature. The solutions were agitated slowly using a magnetic stir bar and an

N2 atmosphere maintained. The pH was controlled by a pH stat operating two

Gilmont 2.5-mL digital micrometer syringes (Figure 2.1). The syringes were driven

by Slo-Syn M061-FCO2 stepping motors (Superior Electric Company) controlled by

a R2D23 dual axis stepper motor driver board (Rogers Labs). The syringes were

interfaced with an Apple II+ microcomputer with a 79-295 parallel interface board

(John Bell Engineering). An Applied Engineering Serial Pro card with a real-time

clock was used to interface the pH meter with the Apple II+. The pH measurement

interval was controlled with the pH meter print interval, which could be as short as

2 seconds. A previously written basic program was adapted to the system which

continuously recorded time, pH and the volume of acid or base added and

controlled the volume of each addition (Appendix A).

2.1.2 Column Experiments

The column experiments were designed to provide information concerning the

effects of several environmental variables on the transport of aza-arenes in a

simulated silica-dominated saturated-groundwater system. The variables

investigated were pH, temperature, average interstitial velocity (us ), anion type and

solute concentration. Continuous-flow column experiments were run to determine
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Figure 2.1. Apparatus used for pH-stat solubility experiments.
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if the processes controlling acridine transport were kinetically limited. Short-pulse

column experiments were used in order to extend the number of experimental

variables and aza-arenes that were investigated after it was determined that

acridine transport was not kinetically limited. A reproducible experimental

procedure was developed under one set of conditions prior to changing the

experimental variables. All experiments were run two or more times at each set of

experimental conditions.

2.1.2.1 Continuous -Feed Experiments

The effect of pH (4, 5.6, 7), anion type (Na2HPO4 , NaHCO3 , KC104 , NaC1),

temperature (40, 30, 27, 20, 16, 10, 5°C) and ue (0.12, 0.057cm s-1) on acridine

transport were investigated with the continuous-flow column experiments. The

acridine-free solution (1 mM Na 2HPO4 or NaHCO3 , 10 mM KC104, NaC104 or

NaC1) was pumped through the column until a stable conductivity reading was

achieved. The acridine-containing solution (5.58 nM or 16.7 nM acridine, 1 mM

Na2HPO4 or NaHCO3 , 20 mM KC104 or NaC1) was then pumped at a constant flow

rate through the column until the detector response equaled that of the influent

solution. The column was then flushed with the acridine-free solution until the

initial baseline of the solute detector was achieved. The solutions and column were

equilibrated at the experimental temperature at least one day prior to the

experiment. The solutions were degassed with N2 prior to and during the

experiments. The effluent flow rate was measured continuously during the

experiment.

One set of experiments were run to determine the effect of ue on longitudinal

dispersion (D ) . Five experiments with the acridine-free solution were run over a ue

of 0.059 to 0.152 cm s-1.
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The column apparatus (Figure 2.2) consisted of a packed stainless-steel column

(0.46-cm I.D. by 5-cm length), glass solution reservoirs and an HPLC injection

valve (Valco CV-6-UHPa-N60) located within a thermostated chamber. Beckman

110A HPLC pumps were used to deliver the solutions. Teflon tubing (1/8 inch 0.D)

was used between the solution reservoirs and the pumps; otherwise stainless-steel

tubing (1/16 inch 0.D.) was used. A flow-through conductivity meter (Wescan

213505) , fluorometer (Schoeffel Instruments FS970) or UV-VIS spectrophotometer

(Schoeffel Instruments SF770) and pH-electrode cell were used to continuously

monitor the conservative tracer, solute and H+ concentrations, respectively. Linseis

L6512 and Esterline-Angus MS401BB strip-chart recorders were used to record the

analog signal of the solute and conservative tracer. The digital pH signal was

recorded with a Hewlet Packard 85 microcomputer interfaced with the RS232 port

of the pH meter.

2.1.2.2 Short-Pulse Experiments

The adsorption of acridine to porous silica was measured at concentrations of

1.62, 3.24, 8.1, 16.2, 32.4, 162, 324, 810 and 1620 gM and a temperature of 30°C at

pHs 4 and 7 using the short-pulse procedure. The effect of temperature and pH on

acridine (45-11°C, pH 7 and 4), quinoline (45-11°C, pH 7 and 4) and pyridine (35-

9°C, pH 6.7 and 3.7) transport was also determined. The solute-free solution was

continuously pumped through the column and 700 p,L pulses of the solute-

containing solution were introduced into the flow using the injection valve. The

experiment was ended when the original baseline reading was achieved.

The experimental apparatus (Figure 2.3) was similar to that used for the

continuous-feed experiments except that a 16-channel, 12-bit AID converter (Daisi

Electronics AI-13) was interfaced with an Apple II+ microcomputer which
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provided a continuous record of the solute and conservative-tracer signal as a

function of time and pore volume. The signal from the solute detector was

amplified prior to the AID conversion. A basic program was written to determine

the sampling interval for the solute and conservative tracer separately, average the

signal over this time period, convert time to pore volumes and store the results

(Appendix B). The sampling intervals chosen depended on the experimental

conditions, but were ca. 100 samples averaged over 0.1 minutes (0.074 pore

volumes) for the conservative tracer and 400 samples averaged over 0.4 minutes

(0.30 pore volumes) for the solute.

2.1.3 Raman Spectroscopy

The Raman spectroscopy experiments were designed to determine the

stoichiometry of the adsorbed aza-arene and provide a qualitative description of the

adsorption mechanism as a function of pH under conditions similar to those used in

the column experiments. The procedure was to compare the adsorbed-species

spectra to the spectra from model environments. The sample compositions for the

Raman spectroscopy experiments are presented in Table 2.1.

Batch experiments were used to adsorb the aza-arene to the sorbent. The aza-

arene concentrations used were 1.00 M for pyridine (pH 6.7, 3.6), 0.0392 and

0.0765 M for quinoline (pH 7.0, 4.0) and 0.279 and 2.98 mM for acridine (pH 7.0,

4.0). The anion concentrations were 0.01 M Na2HPO4 and 0.02 M NaC104 for

experiments with the sorbent and with the sorbate (e12-e53). The pH of the

solutions were adjusted with HC104 and NaOH. The solutions were added to 5-ml

glass vials with teflon-lined caps to which the sorbent was then added. The solid to

solution ratio was ca. 1 to 13. The vials were equilibrated for 24 hr by agitation on

a rotating rack. The bulk solution was removed from the sorbent by vacuum
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Table 2.1. Raman spectroscopy sample composition.

Experiment	 pH	 Sample Composition

el	 sorbent

e2	 acridine, solid

e3	 5.6	 water

e4	 3.4	 Na2HPO4 (1.0 M)

e5	 7.2	 Exp. e4

e6	 4.1	 NaC104(1.0 M)

e7	 7.0	 Exp. e6

e8	 HC104, liquid

e9	 pyridine, liquid

e 10	 quinoline, liquid

e 11	 6.7	 pyridine(1.0 M)

e12	 6.7	 PYridine(1.0 M), NaC104(0.02 M)

e13	 6.7	 PYridine(1.0 M), NaC104 (0.02 M), Na2HPO4 (0.01 M)

el4a-c	 6.6	 sorbent/Exp. ell

el5a-c	 6.7	 sorbent/Exp. el2

el6a-c	 6.7	 sorbent/Exp. e13

e17	 3.6	 Exp. ell

e18	 3.6	 Exp. e12

e19	 3.6	 Exp. e13

e20	 3.6	 sorbent/Exp. el7

e21	 3.6	 sorbent/Exp. el8

e22	 3.6	 sorbent/Exp. el9
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Table 2.1. (continued)

Experiment	 pH	 Sample Composition

e23
	

7.1	 quinoline(39.2 mM)

e24
	

7.0	 quinoline(39.2 mM), Na2HPO4 (0.01 M)

e25
	

7.1	 quinoline(39.2 mM), Na2HPO4(0.01 M), NaC104(0.02 M)

e26
	

4.0	 Exp. e23, quinoline(76.5 mM)

e27
	

4.0	 Exp. e24, quinoline(76.5 mM)

e28
	

4.0	 Exp. e25, quinoline(76.5 mM)

e29
	

7.1	 sorbent/Exp. e23

e30
	

7.0	 sorbent/Exp. e24

e31
	

7.1	 sorbent/Exp. e25

e32
	

4.0	 sorbent/Exp. e26

e33
	

4.0	 sorbent/Exp. e27

e34
	

4.0	 sorbent/Exp. e28

e35
	

7.0	 sorbent

e36
	

7.0	 sorbent/NaC104 (0.02 M)

e37
	

7.0	 sorbent/NaC104(0.02 M), Na2HPO4(0.01 M)

e38
	

4.0	 Exp. e35

e39
	

3.9	 Exp. e36

e40
	

3.8	 Exp. e37

e41
	

5.6	 Exp. e35

e42
	

7.0	 acridine(0.279 mM)

e43
	

7.0	 acridine(0.279 mM), NaC104(0.02 M)

e44
	

7.0	 acridine(0.279 mM), NaC104 (0.02 M), Na2HPO4 (0.01 M)
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Table 2.1. (continued)

Experiment	 pH	 Sample Composition

e45
	

3.9	 Exp. e42, acridine(2.98 mM)

e46
	

3.9	 Exp. e43, acridine(2.98 mM)

e47
	

4.0	 Exp. e44, acridine(2.98 mM)

e48
	

7.0	 sorbent/Exp. e42

e49
	

7.0	 sorbent/Exp. e43

e50
	

7.0	 sorbent/Exp. e44

e51
	

3.9	 sorbent/Exp. e45

e52
	

3.9	 sorbent/Exp. e46

e53
	

4.0	 sorbent/Exp. e47

e54
	

NaC104, solid

e55
	

Na2HPO4, solid
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filtration for ca. five minutes through a 0.45-p.m filter. The sorbent was then packed

into glass capillary tubes (1.5 mm OD) and the ends sealed by heating with a flame.

The spectrum of each sample was taken in eight regions that were ca. 350 cm-1

wide (Table 2.2). The sample peaks were determined by calibrating the region with

the peaks from a standard and making a template for that region. The standard was

run initially to make the template and then rerun each time a sample was run in that

region and any differences adjusted for when determining the sample peaks. A

sloping background was exhibited by many of the raw spectra which was adjusted

using an automatic baseline correction program.

The spectra were obtained with laser excitation at 600 nm provided by Ar+ laser

(Coherent Radiation Innova 90-5) pumping of a dye laser (Coherent CR-599)

containing a Rhodamine 6G/ethylene glycol solution (Figure 2.4). Plasma and

fluorescent lines of the laser excitation beam were removed with a bandpass filter

(Pomfret Research Optics, Inc.) with an ca. 3 nm bandpass. The monochromater

used was a Spex 1877 Triplemate (Figure 2.5) with gratings in the filter stage of

600 grooves mm-1 (G i and G2) and that in the spectrographic stage of 1200
-1grooves nun (G3). A Nikon f/1.4 camera lens (50 mm focal length) was used to

collect the scattered radiation at 90° to the sample which was then focused onto the

entrance slits of the monochromater. The light incident on the sample was

perpendicular polarized and at 90° to the camera lens. The bin number used was 10

for all experiments. The positioning of the sample was accomplished by an x-y-z

translation stage with micrometer adjustments. The slit widths for S 1 , S2 and S 3

were 0.5 mm, 2.7 mm and 0.4 mm. A Photometrics, Ltd. PM512 CCD consisting of

512 columns by 512 rows of pixels, each 20 p.m on a side, was used for detection.

The CCD was housed in a model CH210 camera head from Photometrics, Ltd.
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Table 2.2. Spectral regions and standards used for Raman experiments.

Template region(cm-1 ) standard peaks(cm-1)

Ti 303-666 indene 381.2,392.6,420.0,533.8,551.0,591.7

T2 611-963 imidazole 624.7,660.8,746.0,830.3,901.5,930.5

T3 947-1286 imidazole 1062.7,1100.1,1148.6,1188.7,1265.1

T4 1232-1553 imidazole 1265.1,1325.9,1449.6,1481.1,1542.4

T5 1431-1740 indene 1457.1,1552.3,1587.8,1609.4

T6 2863-3113 toluene 2919.6,2981.6,3002.5,3055.2

T7 2875-3175 toluene 2919.6,2981.6,3002.5,3055.2

T8 823-1160 indene 830.3,861.2,947.2,1018.7,1067.5,1108.5
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which allows operation at 4 10°C. The CCD images were processed with a

Photometrics RDS200 system equipped with a custom version of SpectraCalc.

2.2 Materials

2.2.1 Sorbent

The sorbent used for all the column experiments and batch experiments for the

Raman spectroscopy was porous silica (PQ XG-20, PQ Corp.). The average

particle diameter was 125 tim, the average pore diameter was 20 nm and the

specific surface area was 240 m2 g-1 (N2, PQ Corp.). The silica was washed

successively with methanol, pentane, methanol, 1.0 M HC1 and distilled-deionized

water and dried at 105°C. The porosity of the packed columns was ca. 0.84 with a

pore volume of 0.70 ± 0.01 cm3 (average of nine columns) and an average bulk

density of 0.38 ± 0.02 g cm-3 determined by weighing the column with and without

the silica. The column pore volume was also estimated by measuring the

conservative tracer breakthrough curve. The pore volume value from this

measurement was 0.78 ± 0.08 cm3. As is apparent, these two estimates are not

statistically different. The sodium, iron and sulfate content was 45, 55 and <25

ppm, respectively (PQ Corp.) before cleaning.

2.2.2 Reagents

The acridine (Kodak Reagent Grade), quinoline (Kodak Reagent Grade),

pyridine (Aldrich HPLC Grade), dichloromethane (EM Science HPLC Grade) and

pentane (Fisher HPLC Grade) were used as received. The methanol (EM Science

GR Grade) was distilled before use. Water used in all experiments was deionized

and distilled over potassium permaganate and vacuum filtered through 0.45-1.tm

membrane filter (Millipore Corp.). The mobile-phase solvents for the acridine
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HPLC assay were also vacuum filtered through 0.45-gm membrane filter. Sodium

hydroxide (J.T. Baker 'Baker Analyzed' Reagent), perchloric acid (Fisher Certified

ACS) and hydrochloric acid (J.T. Baker 'Baker Analyzed' Reagent) were used to

control the pH. The conservative tracers used for the column experiments were

sodium chloride (Fisher Certified ACS) and anhydrous sodium perchlorate

(Aldrich). Phthalic anhydride (Fisher Certified ACS), diabasic sodium phosphate

(EM Science GR Grade), sodium bicarbonate (Fisher Certified ACS) and sodium

acetate (EM Science GR Grade) were used as buffers. The nitrogen gas was

bubbled through 2M sodium hydroxide solution and deionized distilled water prior

to use.

2.3 Analytical Methods

2.3.1 Cleaning Glassware

The glassware used for all experiments was soaked in a 3:1 solution of chromic

acid and deionized distilled water for at least 24 hr. The glassware was then rinsed

three times with deionized distilled water and dryed at 105°C.

2.3.2 Solution Preparation

All solutions were prepared by weight using a Mettler AE 160 analytical

balance with four digits after the decimal place. When the reagent weight was less

than 0.0050 grams, a higher concentration solution was made and then diluted.

2.3.3 pH Measurement

A Fisher Accumet 925 pH meter with a Radiometer GK53301 combination pH

electrode was used for all pH measurements. The pH meter was calibrated with pH

7 and 4 Hydrion buffer capsules made up in acid washed polypropylene 100 ml

bottles maintained at the experimental temperature. The buffers were remade when
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the millivolt readings varied by more than five percent over successive calibrations.

2.3.4 HPLC Assay

The HPLC assay for acridine consisted of injecting 20 pi of the diluted

supernatant onto a stainless-steel column (15 cm length x 0.46 cm I.D.) packed with

a C 1 -bonded phase (Separlyte,40-gm diameter,Analytichem International). The

mobile phase, a 95-percent methanol, 5-percent dichloromethane mixture, was

pumped through the column at a rate of 1.2 m1 min. A Schoeffel Instruments

model FS970 spectrofluorometer was used for detection, and was set at an

excitation wavelength of 250 nm. Each dilution was injected five times and the

average was used for the total acridine concentration. Five acridine standards were

run to develop the calibration curve each day. Standard solutions and the stock

solution from which they were made were prepared fresh when the correlation of

the calibration curve began to drop significantly.
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CHAFFER 3

RESULTS

3.1 Solubility

3.1.1 Solubility of Acridine as a Function of pH

The neutral acridine species solubility was determined by averaging the final

measured acridine concentration (A.) (that determined from the HPLC assay)

(Tables 3.1-3.4) for pH values of 7.48 or greater for acridine saturated solutions (18

values). The concentration of the neutral species is calculated to be at least 98.7

percent of the total acridine at these pH values, based on a pK. of 5.6. 5 The neutral

species value calculated was 331 ± 45 p,M, which is similar to the value determined

by Albert 5 of 320 i.tM in 0.01 N KOH at 24 ± 2°C, but larger than the value

determined by Hasset et al. 11 of 214 ± 25 p.M.

The effect of pH on acridine solubility (Figure 3.1) is described by the

reactions:

and the mass-law expressions:

As = Aaq 	(1)

AH = Aaq -I- H	 (2)

= (A.q)	 (3)

(Aaq)(H+)
=  	 (4)

(AH)
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Table 3.1. Results from acridine/phosphate aqueous solubility batch experimentsa.

exp.

total

phos. conc. equil. pH

acridine

added

measured

aqueous acridine CF conc.

lb 100 1.73 6.01 1.58 250

2b 100 1.72 6.01 1.65 250

3b 100 1.73 6.20 1.53 250

4 1 5.63 1.50 0.653 2.12

5 1 5.55 1.37 0.567 2.12

6 1 5.50 1.51 0.625 2.12

7 10 5.24 1.50 0.890 20.2

8 10 5.25 1.48 0.923 20.2

9 10 5.23 1.35 0.929 20.2

10 1 5.54 1.09 0.479 1.93

11 1 6.07 1.09 0.385 1.93

12 1 6.12 1.10 0.403 1.93

13 10 5.65 1.10 0.416 18.9

14 10 5.83 1.08 0.486 18.9

15 10 5.82 1.21 0.487 18.9

16 100 5.64 1.07 0.484 180

17 100 5.64 1.19 0.477 180

18 100 5.61 1.07 0.486 180

19 1 7.60 1.08 0.336 1.11

20 1 7.59 1.09 0.356 1.11

21 1 7.61 1.10 0.332 1.11
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Table 3.1. (continued)

exp.

total

phos. conc. equil. pH

acridine

added

measured

aqueous acridine Cl- conc.

22 10 7.76 1.08 0.324 10.7

23 10 7.76 1.04 0.326 10.7

24 10 7.60 1.07 0.326 10.7

25 100 7.86 1.21 0.278 103

26 100 7.66 1.04 0.300 103

27 100 7.8 1.06 0.276 103

aAll concentrations are x 10-3 M.

bExperiments which contained a solid other than acridine after equilibration.
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Table 3.2. Results from acridine/phosphate/acetate aqueous solubility batch
experiments a .

exp.

total phos./

acet. conc. equil. pH

acridine

added

measured

aqueous acridine C1	 conc.

28b 100 1.99 5.97 1.01 350

29b 100 2.00 5.58 0.892 350

30b 100 2.00 6.25 0.940 350

31 1 5.02 1.67 1.26 2.96

32 1 5.00 1.81 1.12 2.96

33 1 4.46 2.06 1.03 2.96

34 1 6.09 1.67 0.396 1.97

35 1 6.04 1.53 0.448 1.97

36 1 6.05 1.40 0.452 1.97

37 10 5.99 1.95 0.409 19.2

38 10 5.99 1.67 0.408 19.2

39 10 5.99 1.95 0.438 19.2

40 100 6.00 1.68 0.396 180

41 100 5.91 1.52 0.353 180

42 100 5.90 1.81 0.362 180

43 1 7.48 1.39 0.303 1.11

44 1 7.51 1.53 0.431 1.11

45 1 7.49 1.53 0.306 1.11

46 10 7.96 1.53 0.335 10.7

47 10 7.97 1.53 0.297 10.7
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Table 3.2. (continued)

total phos./	 acridine	 measured

exp.	 acet. conc.	 equil. pH	 added	 aqueous acridine	 CF conc.

48 10 7.95 1.66 0.287 10.7

49 100 7.94 1.67 0.431 103

50 100 7.94 1.82 0.370 103

51 100 8.12 1.40 0.360 103

aAll concentrations are x 10-3 M.
bExperiments which contained a solid other than acridine after equilibration.
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Table 3.3. Results from acridine/phthalate aqueous solubility batch experiments a .

exp.

total

phth. conc. equil. pH

acridine

added

measured

aqueous acridine

52b 10 3.44 39.4 41.9

53b 10 3.49 38.1 37.1

54b 10 3.42 42.1 38.9

55 1 5.12 2.39 1.25

56 1 5.11 2.21 1.20

57 10 4.68 4.33 3.09

58 10 4.67 8.00 3.04

59 10 4.67 5.71 3.15

60 1 5.90 1.61 0.490

61 1 5.76 1.59 0.485

62 1 5.78 1.86 0.497

63 10 5.71 1.64 0.692

64 10 5.89 2.02 0.485

65 10 5.88 2.24 0.487

cr conc.

28.6

28.6

28.6

1.13

1.13

10.2

10.2

10.2

0.175

0.175

0.175

1.25

1.25

1.25

aAll concentrations are x 10-3 M.
bExperiments which contained a solid other than acridine after equilibration.
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Table 3.4. Results from acridine/phosphate aqueous solubility pH stat experimenta .

exp.

total

phos. conc. equil. pH

acridne

added

measured

aqueous acridine C104- conc.

66 0.00 4.00 16.9 10.7 27.3

67 0.01 4.00 16.9 11.2 27.3

68 0.05 4.00 16.9 11.2 27.3

69 0.10 4.00 16.9 11.0 27.3

70 0.60 4.00 16.9 11.6 27.3

71 1.00 4.00 16.9 9.94 27.3

72 5.00 4.00 16.9 8.10 30.0

73 55.8 4.00 16.9 2.42 106

aAll concentrations are x 1(13 M; all experiments contained a solid

other than acridine after equilibration.



5

pH

10 5

pH

10

47

5
	

10

pH

5
	

10

pH

a.

*

b.

Figure 3.1 Variation of acridine solubility as a function of pH and ligand type and
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where parentheses denote activities. The mass balance equation for aqueous

acridine is:

	A T = [A] + [AH] 	(5)

where brackets denote concentrations. Experiments that did not follow the above

paradigm had a solid other than acridine present after equilibration. These included

experiments 1-3, 28-30, 52-54 and 66-73.

The activity for AH+ was calculated using a chemical equilibrium model

(MINEQL) 103 based on the initial amounts added to the reaction vials, the ionic

strength of the solutions, the equilibrium pH, the experimentally determined neutral

acridine species solubility and assuming no complex or precipitate formation

(Tables 3.5-3.8). The Davies equation was used to find the activity coefficients.

The activity coefficient for the neutral aciidine species is assumed one because it is

not charged. The final acridine (that determined from the HPLC assay) activity

coefficient was assumed to be one because of the sample dilution prior to analysis.

Activity corrections were applied to H+, AH, H2PO4- , HPO42-, PO43-, C2H402- ,

C8HSO4-, C8H4042-, Cr and C104-.

3.1.2 Acridine-Ligand Aqueous Complex

When AH+ forms a 1:1 aqueous complex with a ligand:

	

AH+ + L- = AH+L- 	(6)

the mass law equation is:
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Table 3.5. Activities for acridine/phosphate aqueous solubility batch experiments a .

exp. /b H2PO4- HPO4 2- Cl- AH+ Tc

1 251 42.5 0.000544 179 6.01 -4.43

2 251 42.5 0.000544 179 6.01 -4.36

3 251 42.5 0.000544 179 6.20 -4.67

4 2.75 0.967 0.0328 2.00 0.275 0.013

5 2.77 0.972 0.0274 2.00 0.331 -0.136

6 2.79 0.975 0.0245 2.00 0.371 -0.078

7 25.6 9.79 0.200 17.2 0.556 -0.200

8 25.6 9.79 0.205 17.2 0.543 -0.149

9 25.6 9.80 0.196 17.2 0.569 -0.178

10 2.69 0.973 0.0268 1.82 0.339 -0.232

11 2.62 0.915 0.0850 1.82 0.100 -0.058

12 2.63 0.906 0.0944 1.82 0.0893 -0.028

13 25.0 9.50 0.496 16.1 0.217 -0.210

14 25.2 9.27 0.733 16.1 0.143 -0.040

15 25.1 9.28 0.718 16.1 0.147 -0.044

16 244 90.6 9.36 129 0.156 -0.149

17 244 90.6 9.36 129 0.156 -0.156

18 244 91.2 8.79 129 0.167 -0.169

19 3.13 0.238 0.763 1.04 0.00293 0.0017

20 3.12 0.242 0.758 1.04 0.00300 0.0216

21 3.14 0.233 0.758 1.04 0.00300 -0.00224
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Table 3.5. (continued)

exp. lb
H2PO4- HPO42- Cl- AH+ AATc

22 32.1 1.22 8.78 8.95 0.00163 -0.00929

23 32.1 1.22 8.78 8.95 0.00163 -0.00729

24 31.1 1.69 8.31 8.97 0.00237 -0.0083

25 325 5.13 94.8 72.4 0.000905 -0.0548

26 313 7.96 92.0 72.6 0.00144 -0.0338

27 321 5.86 94.1 72.5 0.00104 -0.0571

aAll activities are x 10-3 M; activities calculated assuming no complex formation.
bx 10-3 .

cCalculated from Eq (9); x 10-3 M.
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Table 3.6. Activities for acridine/phosphate/acetate aqueous solubility batch
experiments a .

exp. /
b LT non,1-1.2.r .....4 - HPO4 2- C2 H4 02- Cl- AH+ AA Tc

28 354 58.4 0.00149 0.344 245 5.97 -5.00

29 354 59.0 0.00153 0.352 245 5.58 -4.69

30 354 59.0 0.00153 0.352 245 6.25 -5.31

31 4.40 0.990 0.00872 0.677 2.75 1.09 -0.331

32 4.43 0.990 0.00121 0.677 2.75 1.14 -0.531

33 4.46 0.991 0.00779 0.652 2.75 1.22 -0.651

34 3.62 0.908 0.0917 0.961 1.84 0.0940 -0.042

35 3.61 0.917 0.0825 0.956 1.84 0.105 -0.003

36 3.62 0.917 0.0843 0.957 1.84 0.103 -0.003

37 35.3 8.89 1.11 9.60 15.9 0.0947 -0.057

38 35.3 8.89 1.11 9.60 15.9 0.0947 -0.588

39 35.3 8.89 1.11 9.60 15.9 0.0947 -0.028

40 346 79.4 11.3 96.1 126 0.0928 -0.067

41 344 82.6 17.4 96.1 126 0.0801 -0.141

42 344 83.0 17.0 96.5 126 0.0820 -0.135

43 4.04 0.285 0.715 0.998 1.04 0.00380 -0.323

44 4.06 0.271 0.729 0.999 1.03 0.00355 -0.959

45 4.05 0.280 0.720 0.998 1.04 0.00372 -0.029

46 43.3 0.686 9.25 1.00 8.74 0.000985 0.003

47 43.3 0.686 9.27 1.00 8.74 0.000963 -0.035

48 43.1 0.764 9.25 1.00 8.74 0.000986 -0.045
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Table 3.6. (continued)

exp.	 /b H2 PO4 - HPO4 2- C2 H4 02- Cl- 	AH+	 AATc

49 428 4.08 9.62 10.0 71.4 0.000683 -0.099

50 428 4.08 9.59 10.0 71.4 0.000732 0.038

51 435 2.73 9.72 10.0 71.4 0.000483 0.028

aAll activities are x 10-3 M; activities calculated assuming no complex formation.

bx 10-3 .

cCakulated using Eq (9); x 10-3 M.
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Table 3.7. Activities for acridine/phthalate aqueous solubility batch experiments a .

exp. /b C8HSO4- C8H4042- Cl- AH+ AATc

52 38.0 8.02 0.178 23.6 39.0 2.21

53 37.4 8.19 0.208 23.6 37.7 -1.29

54 39.3 7.96 0.171 23.5 41.7 -3.45

55 2.04 0.612 0.384 1.07 0.905 -0.081

56 2.04 0.618 0.378 1.07 0.926 -0.151

57 13.7 7.60 2.29 9.02 2.17 0.009

58 13.7 7.64 2.24 9.02 2.22 -0.111

59 13.6 7.64 2.24 9.02 2.22 -0.001

60 1.80 0.207 0.792 0.166 0.148 -0.007

61 1.73 0.271 0.729 0.166 0.209 -0.075

62 1.74 0.261 0.738 0.167 0.199 -0.053

63 15.7 2.32 7.68 1.10 0.199 0.104

64 17.0 1.64 8.36 1.09 0.131 -0.016

65 16.9 1.67 8.33 1.09 0.134 -0.180

aAll activities are x 10-3 M; activities calculated assuming no complex formation.

bx

cCalculated using Eq (9); x 10-3 M.



54

Table 3.8. Acitivities for acridine/phosphate aqueous solubility pH stat experimenta .

P(IAP)
d

exp. /b H2PO4- HPO4 2- C104- AH+ AATC C104- H2PO4-

66 19.8 0.00 0.00 23.6 9.97 -2.83 3.63

67 19.9 0.00988 0.0000109 23.6 9.96 -2.33 3.63 4.50

68 19.9 0.04942 0.0000545 23.6 9.96 -2.33 3.63 4.16

69 20.0 0.0988 0.000109 23.6 9.96 -2.53 3.63 4.01

70 20.8 0.593 0.000662 23.6 9.91 -1.93 3.63 3.62

71 21.4 0.988 0.00111 23.5 9.88 -3.59 3.63 3.51

72 28.8 4.94 0.00600 25.6 9.51 -5.43 3.61 3.17

73 142 55.3 0.110 79.1 7.42 -11.1 3.23 2.76

aAll activities are x 10-3 M; activities calculated assuming no complex formation.

bx 10-3 .
cCalculated using Eq (9); x 10-3 M.

he negative log of the product of the AH+ activity and counterion activity

with a stoichiometry as determined by Eq (12).



(AH+L-)
K
f - (m0 (1,-)

and the mass balance equation is:

AT = [A] + [AH] + [AH+L ]	 (8)

A quantitative measure of the aqueous complex, MT , was calculated (Tables 3.5-

3.8):

MT = A. - [A] - [AH]	 (9)

where [A] and [AH] were calculated using equation 4 without ionic strength

corrections. The sign of MT depends on if the solution is oversaturated or

undersaturated and if there is aqueous complex formation (Table 3.9). The average

negative MT for all the batch experiments was - 680 ± 1500 11M and that for the

positive error was 26 ± 32 ii.M. The batch experiments which had MT in excess of

the average plus variance were 1-3, 28-30 and 54 for negative values and 52 and 63

for positive values. The MT values for experiments 52 and 63 are not significant

because two experiments run under similar conditions did not have positive MT

values (exps. 53-54 and 64-65). The positive MT values for experiments 52 and 63

may be due to incomplete separation of solids from the aqueous phase in the

reaction vials prior to dilution and analysis with the HPLC assay.

The AAT for the pH stat experiment was calculated independently from the

batch experiments because the experimental techniques were different and thus the

causes of experimental error would not be the same. The average negative MT

was -4000 ± 30001.1M. The only experiment which exceeded the average error plus

variance was 73. The MT values indicate that the prescence of an acridine-ligand

55

(7)
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Table 3.9. Solubility data for proposed AH+ precipitates a .

exps.	 p(IAP)b 	pK 	-A-H°hyd (1-- )C 	PSd

72-73	 3.23	 3.91	 C104-	 54.6	 1.96

1-3	 3.58	 H2PO4-	 76.1	 1.79

28-30	 3.43	 H2 PO(	 76.1	 1.72

52-54	 3.01	 Cl-	 89.0	 1.51

aAll precipitates have a 1:1 stoichiometry.

bMaximum value for the series of experiments of the negative log of the

product of the (AH) and (1,- ).

ckcal mo1-1 .

he negative log of the precipitate solubility as calculated from the Ksp

for exps. 72-73 and the IAP for the other exps. using Eq (14).
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aqueous complex is unlikely since there are only negative MT values that are

significant. Therefore, the measured acridine concentration is less than that

predicted by equation 5, when it is assumed that there has been no complex or

precipitate formation.

3.1.3 Acridine-Ligand Precipitate

The reaction describing the formation of a 1:1 precipitate is:

AHLs = AH+ + L- 	(10)

with the mass law expression:

K sp = (AH+)(L-)	 (11)

assuming the activity of AHLs is one.

The K sp for the possible complexes of the pH-stat experiments (Table 3.8) were

calculated using equation 11, which can be rewritten as:

log (AH+) = log Ksp - b log (1,-)	 (12)

The negative of the slope of this plot (b) gives the complex stoichiometry if the

cation stoichiometry is assumed to be one and the y-intercept gives log K sp (Figure

3.2). The solubility of the complex can be obtained from the K sp . For a one to one

complex:

S = (K sp ) 112 	(13)

The use of equation 12 to find Ksp is only possible if the ligand being added is the

only variable. This was true only for the pH-stat experiments and hence they were

the only ones analyzed with this method. The ligands that were of sufficient initial
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Figure 3.2. Effect of ligand type and concentration on acridine solubility at pH 4:
(a) H2PO4-; (b) C104-.
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activity to effect the decrease in the final total acridine activity were C104- and

H2PO4- (Table 3.8), and these were analyzed using equation 12.

The K of the C104- complex was determined using experiments 72-73. Thesp

pl‘sp was 3.91 with a stoichiometry of one AH+ to 1.07 C104-. The Ksp of the

H2PO4- complex was based on experiments 72-73. The pK  3.25 with a

stoichiometry of one AH+ to 0.5 H2PO4- .

The ion activity product (IAP) was calculated for experiments in which ligands

had a high enough activity to result in the decreases in the measured acridine

activity (Table 3.9):

IAP = (AH) (L-) (14)

When the IAP is less than the Ksp the solution is undersaturated, no precipitate will

form and the precipitate present will dissolve. The solution is oversaturated when

the IAP is greater than the Ksp . Precipitate will form under these conditions and

precipitate present will not dissolve. There is no precipitate formation when the

TAP equals the Ksp and precipitate present will not dissolve.

The results of the pH-stat experiments indicate that the TAP for the C104-

complex is larger than the calculated Ksp , meaning that precipitate formation is

favored for all the pH-stat experiments. This is in agreement with the visual

evidence of a precipitate throughout the pH-stat experiments. The Ksp is greater

than the TAP for H2PO4- for all but the last two experiments (72 and 73), indicating

that the system is undersaturated with respect to this complex for most of the

experiments. However, a precipitate was observed to form. The fact that there is

no increase in the measured acridine, relative to that predicted for the case of no
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complex or precipitate formation (equation 5), for the pH-stat experiments

indicates that the only possible effect of the prescence of the ligands on the acridine

activity is a decrease, and therefore it is believed that no aqueous complex is

formed with H2PO4- .

3.2 Adsorption to Silica

3.2.1 Isotherm for Acridine

Retention volumes (VR 's) at different acridine concentrations were determined

from short-pulse column experiments (Table 3.10 and Appendix C) by moment

analysis of breakthrough curves. The retention volume is the volume of mobile

phase required for the breakthrough of the average moving solute molecule.

Numerical integration was used to calculate the normalized first moment (Ill ):

00

ST C i dT
o

(15)
00

C
where C 1 is the dimensionless solute concentration (C 1 = —), C is the aqueous-

C o

phase solute concentration at the column outlet (M); C o is the influent solute

t Ue
concentration (M); T is dimensionless time (T = 	 ), L is the column length and

L

1. i e is the average interstitial velocity (cm s -1). The retention volume of the solute

(VR ) for a general pulse input is:95
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Table 3.10. Experimental conditions and moment analysis results for breakthrough
curves used for determination of acridine isotherms.a

Exp. pH

ue

-cm s 1

influent

solute conc.b

Mass

balancee VR d re fC

al 7 0.0617 0.169 1.07 12.9 15.2 13.1

a2 tItI MI 1.04 12.7 15.2 13.3

a3 ,, ,,,, ,,,, 1.20 13.5 15.2 12.5

a4 11 1111 1111 1.08 12.4 15.1 13.6

a5 ,, 0.0619 0.809 1.07 13.1 71.9 61.8

a6 II 1111 IIII 1.05 13.1 71.9 61.8

a7 11 1111 MI 0.96 10.6 70.5 76.4

a8 ,, ,,,, ,,,, 0.94 10.0 70.0 81.0

a9 It 1111 1.62 1.05 11.5 142 141

al() ,, 1111 MI 0.99 10.3 141 157

all 1111 1111 0.92 10.9 141 149

a 1 2 11 1111 3.24 1.14 8.8 276 368

a 1 3 ,, 1111 MI 1.07 7.7 271 421

al4 1111 8.09 1.09 8.4 685 964

a 1 5 Il MI MI 1.07 7.7 668 1141

al6 ,,,, 16.2 0.98 7.1 1336 2282

a 1 7 0.0623 32.4 1.03 7.4 2592 4378

al8 III1 1111 1.03 7.3 2586 4438

a 1 9 11 Mt 1111 1.02 7.1 2578 4563

a20 11 1111 1111 1.0 6.7 2550 4835
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Table 3.10. (continued)

Exp. pH

ue

cm s-1

influent

solute conc. b

Mass

balance e VR d Fe fC

a21 7 0.0623 80.9 0.99 6.1 6264 13278

a22

a23

,,,,

1111

,,,,

1111

0.99

0.98

6.1

6.0

6264

6244

13278

13499

a24 1111 1111 0.96 5.8 6201 13964

a25

a26 /1

,,,,

1111

162

1111

1.00

1.00

5.5

5.5

12260

12260

29452

29452

a27 11 1111 1111 0.98 6.1 12528 26555

a28 11 1111 Mt 0.98 6.1 12528 26555

a29 4 11t1 0.162 1.03 28.3 14.5 5.70

a30 It 11tt 1111 0.91 29.1 14.5 5.60

a31 11 Mt 1111 1.16 32.5 14.5 5.00

a32 If 1111 WI 1.03 31.1 14.5 5.20

a33

a34

,,

11

,,,,

1111

0.809

Mt

1.03

0.96

23.2

21.8

71.7

71.5

34.9

27.2

a35 It 1111 11/1 1.03 24.4 71.9 33.2

a36 II 1111 1.62 1.07 19.5 142 83.1

a37 11 1111 MI 1.00 19.7 142 82.2

a38 11 1111 1111 1.08 20.6 143 78.6

a39 " 0.0620 3.24 0.97 22.7 293 143

a40 1111 1111 1.08 27.7 295 117

a41 1111 11/1 1.06 24.8 294 131
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Table 3.10. (continued)

Exp. pH

ue

cm s-1
influent

solute conc.b

Mass

balance' VRd re Cf

a42 4 0.0620 8.09 0.92 20.1 727 403

a43 III1 III1 0.96 20.1 727 403

a44 11 MI 1111 0.97 19.3 726 420

a45 1111 16.2 0.96 16.5 1438 982

a46 ,, 1111 111I 0.98 16.1 1436 1007

a47 It 1111 1111 0.97 15.6 1433 1038

a48 1111 32 4 1.03 13.3 2837 2436

a49 11 1111 1111 1.02 12 4 2815 2613

a50 ,, 1111 111/ 1.01 11.9 2805 2722

a51 It 1111 80.9 1.10 9.9 6882 8181

a52 ,, un 1111 1.05 93 6866 8350

a53 11 1111 1111 1.01 10A 6919 7788

a54 11 1111 162 1.16 8.91 13590 18201

a55 11 Mt 1111 1.05 8.70 13551 18619

a56 II 1111 1111 1.05 8.60 13530 18835

aNa2HPO4 concentration = 1.0 mM for solute and solute-free solutions;

NaC104 concentration = 0.01 M in solute-free solution and 0.02 M in solute

solution; temperature = 30°C; influent solute volume = 0.7 mL.

bx 10-9 M.
cZeroth moment of the solute breakthrough curve.
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Table 3.10. (continued)

he solute retention volume (L) as determined from Eq (16).
eThe solute surface excess (X 10-17 mol cm-2 ) as determined from Eq (17).
fThe aqueous phase solute concentration ( x 10-9 M) as determined from Eq (18).
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VR = (p— m 1 ) VI,	 (16)

where m 1 is the first moment of the input function and V, is the void volume in the

column. The surface excess (mol cm-2) of the solute is: 16

(VR -Vm )
r _  	 (17)

s W VR

where Ts is the total moles of solute injected onto the column; s is the specific

surface area of the sorbent (cm2 g-1); W is the weight of sorbent in the column (g);

VR is the retention volume of the solute (L); Vm is the column void volume (L).

The molar solute concentration in the aqueous phase is:

Ts

C =	 (18)
VR

The isotherms (I' vs C) were nonlinear at pH's 7 and 4 (Figure 3.3a). The

nonlinearity was more pronounced at pH 4 than at pH 7 and at higher

concentrations. A log-log plot was linear for both pH's (Figure 3.3b). The slope at

pH 7 was 0.866±0.002 (r=0.999) and at pH 4 was 0.839 ± 0.003 (r=0.998),

indicating the decrease in adsorption with increasing aqueous concentration.

3.2.2 Effect of Ligands

Continuous-feed column experiments with acridine were performed at pH's 7

and 4 with phosphate and bicarbonate as ligands. Two conservative tracers, NaC1

and KC104, were used to investigate the effect of Cl- and C104- on acridine

sorption. Acridine sorption was less at pH 7 than at pH 4. The results for all 9

column experiments are listed in Table 3.11.
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Figure 3.3. Acridine isotherms, pH 4 (solid line), pH 7 (dashed line), short-pulse
column experiments (al-a56,+;d20-d22,d74-d76,X), continuous-feed
column experiments (c3-c4,c15-c16,0): (a) linear; (b) log-log.
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Table 3.11. Experimental conditions and mass-balance results for continuous-feed
breakthrough curves used for the determination of ligand effect on
acridine sorption .a

Exp. pH Buffer

ue

cm s-1

Mass

balance b

Keic, cm3 g-1

PulsedSorption Desorption Average

bl 7 Na2HPO4 0.136 1.08 46.4 44.3 45 81.2

b2 4 Na2HPO4 0.131 0.90 69.0 75.2 72 142

b3 7 NaHCO3 0.122 0.96 67.5 70.5 69 117

b4 4 NaHCO3 0.121 1.01 74.1 74.7 74 144

b5 7 NaHCO3 0.120 0.93 75.7 73.6 75 98.1

b6 4 NaHCO3 0.123 1.09 83.8 85.1 85 131

b7 7 NaHCO3 0.125 0.86 58.7 60.8 60 106

b8 7 Na2HPO4 0.057 0.94 43.8 46.7 45 74.6

b9 4 Na2HPO4 0.058 0.93 79.9 76.0 78 77.5

aAcridine concentration = 5.58 nM in all experiments; KC104 used to fix ionic

strength in exp. b6-b7, NaC1 in other exp.

bRatio of the solute mass desorbed to the solute mass sorbed.
cKd from Eq (21).
dPore volumes of solute fed into the column.
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The retardation factors (R 's) for the continuous-feed column experiments were

calculated by measuring the area over the adsorption limb of the breakthrough

curve: 98

1

R = f T dC 1
 (19)

0

Experiments b 1 and b8 (Figure 3.4. a-b) were done at pH 7 with a Na2HPO4

buffer and NaC1 salt tracer. Experiment b9 was run at about one-half the ue of

experiment b 1 to investigate the possibility of kinetic effects on acridine sorption.

The average Kd for experiments b 1 and b8 was 45 ± 0.2 cm3 g-1 indicating the

change in ue had an insignificant effect on acridine sorption. The close agreement

of the Kd values and the good mass balances (1.01 ± 0.09) indicate the

reproducibility of the experimental procedure.

Acridine sorption at pH 4 in phosphate buffer was investigated in experiments

b2 and b9 (Figure 3.4. c-d). ue was reduced by ca. one-half for experiment b9. The

Kd for experiment b9 was 79 cm3 g-1 compared to 72 cm3 g-1 for experiment b2.

The initial breakthrough of experiments b2 and b9 was identical, but as they

approached equilibrium the curve for experiment b9 showed considerably more

tailing. However the desorption tailing for the two experiments was identical

suggesting that the desorption rates at the two ue 's were the same. The average Kd

for experiments b2 and b9 was 75 ± 4 cm3 g-1 and the average mass balance was

0.92 ± 0.02. There is apparently no significant effect on acridine sorption as a result

of the change in ue . Also, the reproducibility of the experiments was good.
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Figure 3.4. Breakthrough curves for conservative tracer (NaCl, +) and acridine (*)
and model fits (local equilibrium model, dashed line; one-site kinetic
model, solid line) as a function of pH and ue: (a) and (b) pH 7,
Na2HPO4 buffer, experiment bl (a), ue = 0.136 cm s-1 , experiment b8
(b), ue = 0.057 cm s- ; (c) and (d) pH 4, Na2HPO4 buffer, experiment b2
(c), ue = 0.131 cm s-1 , experiment b9 (d), ue = 0.058 cm s-1 .
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The ligand was changed for experiments b3, b5 and b7 (Figure 3.5. a-c), also

done at pH 7. Experiments b3 and b5 were run under the same conditions, using

NaHCO3 instead of Na2HPO4. The average Kd 's were 69 and 75 cm3 g-1 ,

respectively. The breakthrough curves have similar shapes, but experiment b6

shows slightly less retardation. The average Kd and mass balance for experiments

b3 and b5 was 72 ± 4 cm3 g-1 and 0.94 ± 0.02, respectively. The reproducibility of

these experiments was good. Experiment b7 was run with a KC104 tracer instead

of NaCl. The average Kd for experiment b8 was lower, 60 cm3 g-1 , ca. half way

between the carbonate-buffered and the phosphate-buffered experiments.

Experiments b4 and b6 investigated the effect of different ligands at pH 4

(Figure 3.6. a-b). The average Kd for experiment b4 (74 cm3 g-1 ) was similar to

that when phosphate was used (73 ± 5 cm3 ( 1 ). However, in experiment b6, when

both bicarbonate and KC104 were used instead of phosphate and NaC1, the Kd was

larger, 85 vs 74 ± 5 cm3 g-1 .

Comparison of the sorption and desorption limbs for each experiment indicate

that the breakthrough curves are not mirror images. In experiment bl (pH 7), 54.6

pore volumes were required during solute desorption to reduce the dimensionless

concentration (C/C 0) from 0.5 to < 0.01. By comparison, only 37.6 pore volumes

were required during solute sorption to increase C /C 0 from 0.5 to > 0.99. This

trend of more pore volumes required for desorption than sorption was also observed

in the other pH 7 experiments (experiments 3, 5, 7 and 8). In direct contrast to the

pH 7 results, the breakthrough data for experiment b2 (pH 4) show that only 39.3

pore volumes were required during desorption to reduce C/C o from 0.5 to < 0.01

compared to 64.3 pore volumes required during sorption to increase C/C 0 from 0.5

to > 0.99. Experiment b9 (pH 4) displayed similar behavior.
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Figure 3.5. Breakthrough curves for conservative tracer (+) and acridine (*) and
model fits (local equilibrium model, dashed line; one-site kinetic model,
solid line) as a function of ligand at pH 7: (a) and (b), NaHCO3 buffer,
NaCl conservative tracer, experiments b3 (a) and b5 (b); (c), NaHCO3
buffer, KC104 conservative tracer, experiment b7.
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Figure 3.6. Breakthrough curves for conservative tracer (+) and acridine (*) and
model fits (local equilibrium model, dashed line; one-site kinetic model,
solid line) as a function of ligand at pH 4: (a), NaHCO3 buffer, NaCl
conservative tracer, experiment b4; (b), NaHCO3 buffer, KC104
conservative tracer, experiment b6.
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Sorption and desorption partition coefficients for each of the 9 experiments

agreed well (Table 3.11). The average Kd value for acridine sorption in all 5

experiments at pH 7 was 58 ± 14 cm3 g-1 compared to the average desorption Kd of

59 ± 13 cm3 g-1 . At pH 4, the average sorption Kd in all four experiments (77 ± 7

CM
3 g-1 ) was similar to the average desorption value (78 ± 5 cm3 g-1 ).

The conservative tracer and solute data for each breakthrough curve were

modeled using the one-dimensional advection-dispersion equation with a

Fruendlich isotherm (Appendix D) modified from van Genuchten and Wierenga. 97

When local equilibrium is assumed, the equations are:

2acDC	 DC
R — . D — - u

at	 az 2 	e az
(20)

Pb Kd NCN-1

	R = 1+	 	 (21)
A

where Pb is the dry bulk density of the sorbent (g cm-3); 0 is the total porosity of

the sorbent and N is the exponent in the Fruendlich isotherm. For the case of

kinetically limited sorption and desorption:

	DC Pb s DT	 a2c	 ac
— + — — = D -u
at	 0 at	 az 2

	
e a

DT
= k

b
 (Kd CN 

— SF)
at 

and kb is the desorption rate coefficient ( -1). Equation (23) assumes that the

adsorption reaction is single step and that the stoichiometry is the same as that

predicted by the acridine isotherm results.

(22)

(23)
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Both the conservative tracer and solute data were first fit assuming local

equilibrium (kb large). The solute data were also fit to the one-site kinetic model.

A nonlinear least-squares method was used for parameter estimation. 96

The average Kd 's (Table 3.11) agreed well with the equilibrium model values.

The average difference for all 9 experiments was 5.1 percent. The pulse value was

fitted by the equilibrium model instead of being fixed. This resulted in an average

difference of 1.8 percent from the experimental values. The good equilibrium-

model fits (Table 3.12) to the conservative-tracer data with R near 1.0 suggests that

most of the pore space is accessible to transport. The sum of squared errors (ssq)

was less than three percent in all cases. Allowing the pulse to be fit rather than

fixed improved the overall model fits significantly; the difference between observed

and fitted pulse values was less than 0.5 pore volumes, and is most likely due to

small fluctuations in flow velocity during an experiment.

In order to further substantiate that most of the pore volume was sampled by the

solute and conservative tracer, the characteristic time required for intraparticle

diffusion was calculated based on a spherical particle with a diameter of 0.0125 cm

and assuming spherically-symmetrical diffusion. The mass balance equation is:

aC i a2
Ci 2 aC i 1

+ (24)— - D i
at	 - ar 2 r	 ar

where Ci is the concentration of the solute in the particle (M) and D i is the

diffusion coefficient of the solute in the particle (cm2 s-1). The boundary conditions

are:
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Table 3.12. Equilibrium-model fits to continuous-feed breakthrough curves used
for the determination of ligand effect on acridine sorptiona .

Exp. R

Salt tracer

D, cm2 s-1 ssqb Pulse R

Acridine

Kd, cm3 C 1 D, cm2 s-1 ssqb

Sodium-phosphate buffer

b 1 0.96 0.019 0.014 81.7 19.8 49 0.049 0.004

b2 1.01 0.023 0.020 145 29.9 76 0.056 0.065

b8 1.00 0.009 0.011 74.6 13.3 45 0.013 0.028

b9 0.99 0.008 0.016 79.9 26.7 67 0.023 0.041

Sodium-bicarbonate buffer

b3 1.02 0.012 0.023 118 27.5 68 0.040 0.031

b4 1.00 0.012 0.002 147 29.9 76 0.038 0.037

b5 1.02 0.012 0.011 95.3 31.7 79 0.033 0.035

b6 0.99 0.013 0.004 134 24.9 80 0.039 0.048

b7 1.01 0.013 0.013 107 19.7 62 0.041 0.029

aPulse, Kd and D values fitted by the model.
bSum of squared errors.
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=0	 r =0,t > 0	 (25)
ar

C i = Cs r =R t >0
P'

(26)

where R is the particle radius (cm) and Cs is the solute concentration at theP

particle surface (M). The initial condition is:

Ci = 0
	

0 <r <R 
P
	 (27)

The second boundary condition and the initial condition are consistent with the

experimental procedure. The column was equilibrated with the solute-free solution

initially and then the solute-solution was feed into the column until the effluent

concentration was equal to the influent concentration and a pseudo-equilibrium was

achieved. D i may be approximated by:

D i =Do t 	(28)

where 'C is a tortuosity factor (0.66) and Do is the diffusion coefficient for the solute

in the mobile liquid (cm2 s-1). Using the method of separation of variables the

solution is:75

C i (r ,t)	 R 2-	 -n 2
TC

2
D i tP	 l

	-1+	 E (-1)n 	sin {
ni 

	exp [ 	 2	 I
Cs 	r	 nn	 R	 Rn =1	 P	 P

(29)

A plot of rIRp vs. Ci /Cs for the conservative tracer at 28°C is shown in figure 3.7

for different values of t (0.4, 0.6, 0.8, 1.2, 1.6, 2.0, 3.0, and 4.5 secs.). A sensitivity

analysis indicated that convergence occurred for n less than 1000, the value of n

used in equation 29 for figure 3.7.
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Figure 3.7. The dimensionless conservative tracer concentration in the stagnant
pore volume for different times (seconds) at 28°C calculated from
equation 29.
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The characteristic time for diffusion into the particle is obtained from the first

term in the exponential in (29):75

2

tc	
n2D.
	 (30)

A plot of te vs. temperature is shown in figure 3.8 for acridine and the conservative

tracer.

The time that the solute is in contact with the solid may be approximated by the

length of time the solute solution is feed into the column (1400-7400 sec) and by

the time that it takes the solute to diffuse into and out of a particle of diameter

0.0125 cm; that time is ca. 3.0 seconds for acridine and 1.4 seconds for NaC104 at

25°C. The solute should thus have sufficient time to sample the intraparticle pore

volume considering the characteristic diffusion time and the pulse time.

Because of the limited range of velocities in the experiments, ten additional

conservative tracer breakthrough curves were run to determine the effect of ue on

D (0.050 cm s-1 to 0.296 cm s-1 ). The slope of the line was 1.43 ± 0.05 when DID°

(Do is the molecular diffusion coefficient in the mobile liquid) was plotted against

Ue dp IDo (dp is the particle diameter). Experimental data35,59 from conservative

tracer transport in aggregated materials (those with stagnant liquid) had a slope of

1.56 when D /Do was plotted against ue dp IDo • Values for the slope based on

experimental data from solid particles range from 1.0 to 1.22.67 Theoretical

developments show that the slope should be in the range 1 to 1.2 when ue dp ID0 has

a value between 5 and 1000.67 The ue d IDo values for my system ranged betweenp 

70 and 450, and the slope was 1.43 ±0.05 for the conservative tracer. The slope
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Figure 3.8. The characteristic diffusion time for the conservative tracer (o) and
acridine (x) as a function of temperature (°C) calculated from equation
30.
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was thus nearer that for aggregates than for solid particles, but still between the

two. Therefore, there appears to be contributions to dispersion from processes in

the stagnant fluid pore volume as well as in the mobile fluid pore volume.

D 's estimated from the equilibrium model for acridine (Table 3.12) were ca.

three times greater than the D values for NaC1, suggesting that intraaggregate

diffusion and/or slow sorption and desorption contribute to the apparent dispersion.

In the absence of slow sorption and desorption, the fitted D 's for the salt tracer and

acridine should differ only due to their different molecular sizes.

In order to separate slow sorption and desorption from dispersion, an

independent estimate of acridine dispersion was made,89 which is based on:40 ' 41

	Xu d	 CO2 
9i (lie d p )513	

2 2
	e p 	 ko ue dp

D = Do + 	  + 	  + 	 (31)
7[ 1 + (.0(ue dp Do-)1/3 1	 9 yD02/3 (1 + k0 )2 	30cD0 (1 + ko )

where co (averaging 2.75), y (0.6) and X (1.0) are structural parameters of the

column packing; O i is the intraparticle porosity (0.42); 0, is the interparticle

porosity (0.42); ko is a porosity factor (O i (1-0e )/Oe =1.15) and (I) is the pore volume

accessible to solute molecules (1.0). This equation was used to calculate

approximate dispersion coefficients for the conservative tracer (DcT ) and acridine

(D5 ).

The development of equation 31 is based on a column of porous spherical

particles that have significant stagnant liquid pore volume. The mass balance

equation for the solute in the interstitial space (mobile liquid pore volume):41
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	+ 	 (c.-cs)=D, 	 -ue

	ac.	 c (l-9)a	 a2
Cm	 ac.

	

at	 ee Vp	 az 2	 az
	 (32)

where Cm is the solute concentration in the mobile liquid (M); C is the external

surface area of the porous particles (cm2); Vp is the volume of porous particles

(cm3); D i is the longitudinal dispersion coefficient for the solute in the interstitial

space (cm2 S-1) and a is the mass transfer coefficient at the particle boundary
-(cm s 1 ). D I is defined as:40

D I =Do +

1 + WV
-1/3

where V = dp ue IDo . The denominator of the second term of (33) is a factor that

depends on the interstitial space occupied by the mobile liquid. The mass transfer

coefficient ( a) is:

eDo V-113

cc - (34) 
d 

P

where e is a function of the interparticle porosity. This definition of the mass

transfer coefficient is based on a "free surface" model developed by Pfeffer63 for

steady-state mass transfer in packed beds at low Reynolds numbers (< 70). The

initial and boundary conditions for (32) are:

Cs = 0 	r=0 	(35)

Xdp Ue
(33)

Cm = C o 	z = 0	 (36)



82

Cm = 0	 z > 0, t = 0	 (37)

A transfer function is developed from the above equations and those for diffusion in

a particle (equations 24-28) which is used to evaluate the moments of the solute

concentration distribution after passing through the column. Equation 31 is the

second central moment normalized to the first moment. The first term is the

contribution to solute dispersion from diffusion of the solute in the mobile liquid.

The second term represents the contribution to solute dispersion from the physical

properties of the solid when the solute is in the mobile liquid. The third term

approximates contributions to solute dispersion from mass transfer limitations at the

interface between the mobile liquid and a stagnant liquid layer that encircles the

particle. The last term represents the contribution to solute dispersion from

diffusion of the solute in the stagnant liquid inside the particle. The non-linear

dependence of ue for dispersion in aggregated materials has been suggested by

Passioura. 58 The model is based on similarities between flow in a tube and flow in

aggregated media in terms of lateral variations in solute concentration. The

dispersion coefficient in a tube has a term with a square dependence on ue .8,90

Estimates of the diffusion coefficient for acridine in water as a function of

temperature were calculated from the Wilke-Chang equation:

5.062 x 10-7 T
Do (38)

V
0.6

a

where D, is the molecular diffusion coefficient, T is temperature (°K), and Va is

the molar volume at normal boiling point. The values range from 4.0-10 x 10-6

CM
2 

S-1. The diffusion coefficient for the conservative tracer as a function of

temperature were calculated from the Nernst-Haskell equation:
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RT
D

0 -

F 2
(39)  

where R is the universal gas constant (1.98 cal K-1 
M01

1
); T is the temperature

(°K); F is Faraday's constant (96,488 coloumb equivalents-1) n, n_ are the

valences of the cation and anion, respectively and X°+ , 2L,°_ are the limiting ionic

conductances (amperes volts equivalents cm-6) at T, of the cation and anion,

respectively. The values ranged from 8.9-23 X 10-6 
CM

2 
S-1. The ratio of the

calculated acridine dispersion coefficient to that of the conservative tracer ranged

from 1.6-1.8, increasing as temperature decreased, suggesting that slow kinetics

and physical dispersion accounts for the greater dispersion of the solute

breakthrough curve. The difference in the dispersion between acridine and the

conservative tracer was mainly due to greater intraparticle diffusion for acridine.

A D value that was 1.6 times that estimated from the NaC1 breakthrough curves

was then used to fix D for a first-order model fit of the acridine breakthrough

curves. The difference in apparent dispersion, or tailing is then reflected in the

fitted kb value. Transport parameters obtained from the one-site kinetic model fits

are listed in Table 3.13. The Kd values from the kinetic model were an average of

12 percent smaller than the average Kd values (Table 3.11) and those from the

equilibrium model. The fitted pulse values were on average 2.4 percent larger than

the experimental values and 1.4 percent larger than the equilibrium model values.

Overall, the kinetic model provided a better fit to the data than the equilibrium

model. In the kinetic model, the desorption rate coefficient kb is a measure of how
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Table 3.13. One-site kinetic model fits to continuous-feed breakthrough curves used
for the determination of ligand effect on acridine sorptiona .

Exp.	 Pulse	 Kd, cm3 C 1 D	 2, cm 5
-1 b kb, s- 1- ssq

Sodium-phosphate buffer

bl 82.6 43 0.030 0.041 0.005

b2 148 65 0.038 0.015 0.079

b8 75.9 40 0.015 0.057 0.029

b9 78.5 59 0.013 0.009 0.038

Sodium-bicarbonate buffer

b3 120 60 0.019 0.020 0.030

b4 149 66 0.020 0.015 0.048

b5 96.4 70 0.019 0.023 0.001

b6 135 70 0.020 0.014 0.051

b7 108 54 0.020 0.022 0.027

aPulse, Kd and kb values fitted by the model.

bDispersion value fixed at 1.60 x the salt tracer value.
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close the system is to equilibrium. The average kb values observed at pH 7 (0.030

± 0.015 s-1 and pH 4 (0.014 ± 0.001 s-1 ) were not significantly different, indicating

that sorption reactions between acridine and the silica surface were equally fast at

both pH values.

The physical model that equation 31 approximates may or may not accurately

represent my experimental system. The solids used are porous as in the physical

model for equation 31. The degree to which the physical processes approximated

by equation 31 each contribute to the longitudinal dispersion in the experimental

system can't be determined from my data or experimental system. In order to

estimate the effect of errors in equation 31 on modeling results, a sensitivity

analysis of equation 31 was done. Initially, the effects of errors in equation 31 on

model parameter estimates were determined by varying the value(s) of the same

term(s) in the equation for the solute and conservative tracer. The term values were

multiplied by 100 (Table 3.14) or divided by 100 (results not shown). The
-experimental conditions were 25°C, ue equals 0.135 cm s 1, Do for the

conservative tracer equals 1.5 x i0  and D
0
 for the solute was 7.3 x 10-6 .

The resulting ratios for the solute and conservative tracer dispersion values ranged

from 1.1 to 2.1 (the dissertation value was 1.6). Also, all the parameters in equation

31 were varied and the effect on the solute and conservative tracer ratio was

calculated (Table 3.15). The changes were based on errors associated with

parameter estimation and/or theoretical estimates for the range of values for each

parameter. The adjusted ratio was then used to set the dispersion value in the

kinetic model for experiments bl-b9. The resulting ratios for solute and

conservative tracer dispersion values ranged from 1.1 to 2.0. The results (Table

3.16) show that the dispersion value has essentially no effect on the estimated Kd
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Table 3.14. Error analysis of equation 31, term perturbations.

term l b term 2 term 3 term 4 Ds/DcT

Solute 0.0073 1.9 0.57 3.8 1.6

C.T•c 0.015 1.8 0.35 1.8

Solute 0.73 1.9 0.57 3.8 1.3

C.T. 1.5 1.8 0.35 1.8

Solute 0.0073 190 0.57 3.8 1.1

C.T. 0.015 180 0.35 1.8

Solute 0.0073 1.9 57 3.8 1.6

C.T. 0.015 1.8 35 1.8

Solute 0.0073 1.9 0.57 380 2.1

C.T. 0.015 1.8 0.35 180

Solute 0.73 190 0.57 3.8 1.1

C.T. 1.5 180 0.35 1.8

Solute 0.73 1.9 57 3.8 1.6

C.T. 1.5 1.8 35. 1.8

Solute 0.73 1.9 0.57 380 2.1

C.T. 1.5 1.8 0.35 180

Solute 0.0073 190 57 3.8 1.2

C.T. 0.015 180 35 1.8

perturbation a

none

term 1

term 2

term 3

term 4

terms 1, 2

terms 1, 3

terms 1, 4

terms 2, 3



term lb term 2 term 3 term 4 Ds/DcT

Solute 0.0073 1.9 0.57 3.8 1.6

C.T•c 0.015 1.8 0.35 1.8

Solute 0.0073 190 0.57 380 1.6

C.T. 0.015 180 0.35 180

Solute 0.0073 1.9 57. 380 2.0

C.T. 0.015 1.8 35. 180

Solute 0.73 190 57 3.8 1.2

C.T. 1.5 180 35 1.8

Solute 0.73 190 0.57 380 1.6

C.T. 1.5 180 0.35 180

Solute 0.0073 190 57 380 1.6

C.T. 0.015 180 35 180

perturbation a

none

terms 2, 4

terms 3, 4

terms 1,2,3

terms 1,2,4

terms 2,3,4
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Table 3.14. (continued).

aAll perturbations are increases of two orders of magnitude in the indicated term(s).
bAll values for the equation terms are x 10-3 cm2 s-1 .
cConservative tracer.



term 1 a term 2 term 3 term 4 Ds/DcT

Solute 0.0073 1.9 0.57 3.8 1.6

C.T.b 0.015 1.8 0.35 1.8

Solute 0.0088 1.9 0.50 3.2 1.5

C.T. 0.018 1.7 0.31 1.5

Solute 0.0058 2.0 0.66 4.8 1.6

C.T. 0.0122 1.8 0.41 2.3

Solute 0.0073 1.9 0.57 3.8 1.8

C.T. 0.018 1.7 0.31 1.5

Solute 0.0073 1.9 0.57 3.8 1.4

C.T. 0.0122 1.8 0.41 2.3

Solute 0.0088 1.9 0.50 3.2 1.4

C.T. 0.015 1.8 0.35 1.8

Solute 0.0058 2.0 0.66 4.8 1.9

C.T. 0.015 1.8 0.35 1.8

Solute 0.0073 2.3 0.72 5.0 1.6

C.T. 0.015 2.1 0.44 2.4

Solute 0.0073 1.6 0.44 2.8 1.6

C.T. 0.015 1.5 0.27 1.3

perturbation

none

none

Do 20% inc• c

Do 20% inc.

Do 20% dec.

Do 20% dec.

none

Do 20% inc.

none

Do 20% dec.

Do 20% inc.

none

Do 20% dec.

none

ue 15% inc.d

ue 15% dec.
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Table 3.15. Error analysis of equation 31, parameter perturbations.
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Table 3.15. (continued).

perturbation term 1 a term 2 term 3 term 4 Ds/DcT

none Solute 0.0073 1.9 0.57 3.8 1.6

none C.T.b 0.015 1.8 0.35 1.8

d	 100% inc.eP Solute 0.0073 4.1 1.8 15 1.7

C.T. 0.015 3.9 1.1 7.3

dp 50% dec. Solute 0.0073 0.90 0.18 0.95 1.5

C.T. 0.015 0.82 0.11 0.46

y= 0.7f Solute 0.0073 1.7 0.49 3.3 1.6

C.T. 0.015 1.5 0.30 1.6

t = 1.0g Solute 0.0073 1.9 0.57 2.5 1.5

C.T. 0.015 1.8 0.35 1.2

't = 0.066 Solute 0.0073 1.9 0.57 38 2.0

C.T. 0.015 1.8 0.35 18

0 = 0. 1 h Solute 0.0073 1.9 0.057 3.8 1.6

C.T. 0.015 1.8 0.035 1.8

0 = 0.5 Solute 0.0073 1.9 0.29 3.8 1.6

C.T. 0.015 1.8 0.18 1.8

0 = 0.9 Solute 0.0073 1.9 0.51 3.8 1.6

C.T. 0.015 1.8 0.32 1.8
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Table 3.15. (continued).

perturbation term l a term 2 term 3 term 4 DACT

none Solute 0.0073 1.9 0.57 3.8 1.6

none C.T. 0.015 1.8 0.35 1.8

= 2.9' Solute 0.0073 1.9 0.60 3.8 1.6

C.T. 0.015 1.8 0.37 1.8

co = 2.6 Solute 0.0073 2.0 0.54 3.8 1.6

C.T. 0.015 1.8 0.33 1.8

Oe = 0.80i Solute 0.0073 1.9 0.013 0.16 1.1

C.T. 0.015 1.8 0.0078 0.077

Oe = 0.65 Solute 0.0073 1.9 0.24 1.4 1.4

C.T. 0.015 1.8 0.15 0.66

Oe = 0.50 Solute 0.0073 1.9 0.52 3.1 1.5

C.T. 0.015 1.8 0.32 1.5

= 104k Solute 0.0073 19000 0.57 3.8 1.1

C.T. 0.015 18000 0.35 1.8

= io3 Solute 0.0073 1900 0.57 3.8 1.1

C.T. 0.015 1800 0.35 1.8

2. = 102 Solute 0.0073 190 0.57 3.8 1.1

C.T. 0.015 180 0.35 1.8
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Table 3.15. (continued).

perturbation term l a term 2 term 3 term 4 Ds/Dcr.

none Solute 0.0073 1.9 0.57 3.8 1.6

none C.T. 0.015 1.8 0.35 1.8

= 10 Solute 0.0073 19 0.57 3.8 1.2

C.T. 0.015 18 0.35 1.8

X = 0.1 Solute 0.0073 0.19 0.57 3.8 1.9

C.T. 0.015 0.18 0.35 1.8

aAll terms are x 10-3 cm2 s-1 .
bConservative tracer.

'Value used in dissertation = 0.6.

gValue used in dissertation = 0.66.
hValue used in dissertation = 1.0.

'Value used in dissertation = 2.75.

Value used in dissertation = 0.42.
kValue used in dissertation = 1.0.



92

Table 3.16. Modeling results from equation 31 error analysisa .

Ds/DcT=1.0b
Ds/DcT=1.6 DsIDcT=2.0

Exp. Kd
c

kb
d ssqe ,

A.d kb ssq Kd kb ssq

bl 42 0.028 0.006 42 0.041 0.005 43 0.044 0.006

b2 66 0.015 0.064 65 0.015 0.079 66 0.018 0.087

b3 60 0.016 0.030 60 0.020 0.030 60 0.023 0.030

b4 66 0.015 0.042 66 0.015 0.048 67 0.015 0.054

b5 70 0.017 0.037 70 0.023 0.023 70 0.027 0.038

b6 71 0.014 0.048 70 0.014 0.051 71 0.016 0.052

b7 54 0.018 0.027 54 0.022 0.027 54 0.027 0.027

b8 39 0.021 0.028 39 0.057 0.029 40 0.057 0.034

b9 59 0.007 0.038 59 0.009 0.038 59 0.011 0.038

aPulse, Kd and kb fitted by the model.
bThe value the conservative tracer dispersion was multiplied by.
ccm3 g1.

d
8
- i

.

eSum of squared errors.
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values. The estimated kb values are greater with higher Ds /DcT ratios, illustrating

the sensitivity of kb to D. The sum of squared error values and the fitted pulse

values are within five percent for all dispersion values. The conclusions based on

the model results that would be affected by errors in equation 31 would be those

related to the kb (and kf ) values. Recall that:

o k1
Kd -

Pb kb

(40)

where k1 is the adsorption rate constant (s-1 ) and kb is the desorption rate constant
-(s 1). Thus, more dispersion means less of the spreading in breakthrough curves

should be attributed to slow kinetics. These small changes in kb when the

unadjusted conservative tracer dispersion value is used in the model compared to

one twice as large would not affect the conclusion that kinetic effects are relatively

small. The kinetic effects would certainly be insignificant at groundwater flow

velocities.

3.2.3 Effect of Temperature

Continuous-feed column experiments were run in order to determine the effect

of temperature on acridine sorption (Table 3.17 and Appendix E ). The data

analysis was the same as for the previous continuous-feed column experiments.

The average Kd values (Table 3.17) were 5.4 percent smaller than the Kd values

found from the local-equilibrium model. The Kd values determined from the

local-equilibrium model and from the kinetic model were within thirteen percent of

each other (Tables 3.18-3.19). The pulse was fitted by the local-equilibrium model

and the kinetic model, which resulted in differences of 3.2 and 0.5 percent,

respectively, from the experimental values. There was a similar increase in kb with
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Table 3.17. Experimental conditions and mass-balance results for continuous-feed
breakthrough curves used for acridine van't Hoff plot.a

Exp. pH temp, °C

ue

cm s-1

Mass

balance b

Kdb , cm3 g-1

PulsedSorption Desorption Average

cl 7 40 0.141 0.96 23.6 22.6 23 39.3

c2 7 40 0.141 0.96 18.0 17.2 18 52.3

c3 7 30 0.141 0.79 45.2 36.9 41 141

c4 7 30 0.145 1.05 32.7 34.4 34 73.4

c5 7 20 0.130 0.98 49.0 48.1 48 155

c6 7 20 0.141 1.14 46.3 52.8 49 106

c7 7 16 0.134 1.13 53.5 60.5 56 71.0

c8 7 16 0.135 1.03 70.0 72.4 71 93.0

c9 7 10 0.135 .99 156 116 135 168

c10 7 10 0.134 .98 147 130 139 158

c 1 1 7 5 0.134 .85 197 167 182 200

c12 7 5 0.135 .90 175 157 166 193

c13 4 40 0.127 0.858 58.1 49.6 54 129

c14 4 40 0.138 0.765 55.4 41.9 50 110

c15 4 30 0.140 0.842 66.6 55.9 61 90.3

c16 4 30 0.151 0.941 56.7 53.2 55 84.2

c17 4 20 0.151 0.877 87.5 76.5 82 128

c18 4 20 0.155 0.841 92.4 77.3 85 190

c19 4 16 0.135 1.11 88.3 98.7 94 93.4
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Table 3.17. (continued)

Exp. pH temp, °C

ue

cm s-1

Mass

balance b

KdC , cm3 C 1

PulsedSorption Desorption Average

c20 4 16 0.134 1.10 93.8 103 99 70.0

c21 4 10 0.125 1.10 142 157 149 146

c22 4 10 0.128 1.02 149 152 150 165

c23 4 5 0.128 1.04 169 176 173 176

c24 4 5 0.127 1.06 158 168 163 148

c25 5.6 30 0.139 0.833 92.9 77.2 85 130

c26 5.6 30 0.139 0.840 80.7 67.4 74 91.6

aAcridine concentration = 16.7 x 10-9 M; NaC104 = 0.01 M and 0.02 M in

solute-free and solute solutions, respectively; Na2HPO4 concentration = 1.0

mM for solute-free and solute solutions.

bRatio of the solute mass desorbed to the solute mass sorbed.

clCd using Eq (21).

dPore volumes of solute fed into the column.
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Table 3.18. Equilibrium-model fits to continuous-feed breakthrough curves used for
acridine van' t Hoff plota .

Salt tracer Acridine

Exp. R D, cm2 s-1 ssqb Pulse R Kd, cm3 g-1 D, cm2 s- 1 ssqb

c l 1.0 0.008 0.011 37.3 9.23 22 0.023 0.007

c2 1.0 0.008 0.011 51.9 9.00 22 0.026 0.007

c3 1.0 0.012 0.003 139 13.3 40 0.055 0.068

c4 1.0 0.010 0.011 72.9 13.6 36 0.036 0.014

c5 1.0 0.013 0.013 154 19.8 52 0.050 0.012

c6 1.0 0.011 0.007 107 18.9 50 0.054 0.022

c7 1.0 0.010 0.039 70.3 25.2 66 0.040 0.015

c8 1.0 0.010 0.019 94.5 27.4 72 0.054 0.012

c9 1.0 0.011 0.011 152 56.3 147 0.042 0.008

c 10 1.0 0.011 0.008 148 55.9 146 0.052 0.007

c 1 1 1.0 0.014 0.010 184 64.2 168 0.053 0.009

c12 1.0 0.014 0.021 177 61.5 161 0.0589 0.010

c13 1.0 0.009 0.006 131 19.5 51 0.067 0.046

c14 1.0 0.011 0.004 109 17.4 46 0.060 0.076

c15 1.0 0.012 0.025 84.2 21.7 57 0.049 0.039

c16 1.0 0.014 0.011 84.2 21.6 57 0.052 0.038

c17 1.0 0.013 0.005 128 32.0 86 0.072 0.038

c18 1.0 0.016 0.010 188 33.3 89 0.102 0.084

c19 1.0 0.014 0.063 94.7 37.1 100 0.063 0.010

c20 1.0 0.013 0.018 72.5 35.9 96 0.047 0.016
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Table 3.18. (continued)

Exp. R

Salt tracer

D, cm2 s-1
assq Puise ' R

Acridine

Kd,cm3 g -1 D, cm2 s-1 ssqa

c21 1.0 0.012 0.012 148 59.9 159 0.038 0.019

c22 1.0 0.012 0.010 165 55.1 146 0.057 0.018

c23 1.0 0.014 0.004 178 65.9 175 0.064 0.020

c24 1.0 0.013 0.009 151 61.0 162 0.038 0.025

c25 1.0 0.011 0.001 126 32.9 87 0.048 0.036

c26 1.0 0.012 0.005 88.7 29.9 79 0.041 0.032

aPulse, Kd and D values fitted by the model.

bSum of squared errors.
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Table 3.19. One-site kinetic model fits to continuous-feed breakthrough curves
used for acridine van't Hoff plota .

Exp. Pulse Kd, cm3 g-1 D, c m2 s-1 kb, s-1 ssq

cl 37.5 20 0.014 0.014 0.004

c2 52.1 19 0.013 0.086 0.010

c3 140 34 0.019 0.043 0.085

c4 72.4 31 0.016 0.059 0.015

c5 154 45 0.021 0.023 0.022

c6 106 43 0.019 0.029 0.027

c7 70.4 58 0.017 0.027 0.025

c8 94.3 63 0.017 0.019 0.025

c9 152 130 0.017 0.011 0.013

c10 148 128 0.019 0.009 0.014

c 11 185 147 0.026 0.010 0.014

c12 178 137 0.025 0.009 0.017

c13 131 44 0.015 0.019 0.059

c14 109 40 0.018 0.022 0.064

c15 84.0 50 0.019 0.027 0.032

c16 84.1 50 0.022 0.027 0.033

c17 128 74 0.021 0.015 0.040

c18 188 76 0.027 0.012 0.071

c19 94.6 85 0.025 0.012 0.007

c20 73.9 84 0.023 0.013 0.016

c21 149 143 0.020 0.007 0.047
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Table 3.19. (continued)

Exp. Pulse Kd, cm3 C1 D, cm2 s-1 kb, s-1 ssq

c22 166 127 0.020 0.007 0.010

c23 179 152 0.026 0.007 0.009

c24 155 138 0.023 0.009 0.043

c25 126 76 0.018 0.013 0.036

c26 89.4 69 0.018 0.018 0.029

a
Pulse, Kd and kb values fitted by the model.

bDispersion value fixed at 1.6-1.8 x the salt tracer value.
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increasing temperature at pH 4 and 7, excluding the pH 4, 40°C value (Figure 3.9a).

There was an inverse correlation between In kb and ln Kd with increasing

temperature (Figure 3.9b), the former increasing and the latter decreasing.

One set of continuous-feed column experiments was run at pH 5.6, the pKa of

acridine and at 30°C. The results indicated that the adsorption maximum occurred

at this pH. The Kd values were 55 ± 4, 78 ± 7 and 36 ± 4 cm3 g-1 at pH's 4, 5.6 and

7, respectively.

The van't Hoff plots were linear in the temperature range of 40 - 16°C at pH 7

and 30 - 16°C at pH 4, indicating that the heat capacity of the adsorption reaction

was independent of temperature (Figure 3.10).9 The corresponding enthalpy values

were -7.97 ± 0.03 and -6.62±0.02 kcal mor l at pH's 7 and 4, respectively (Table

3.20). Kd was a factor of 2.2 higher at 10 vs. 16°C for pH 7, and 65 percent higher

at pH 4, resulting in a sharp jump in the van't Hoff plot. The change from 10 to 5°C
-resulted in enthalpy values at pH 7 and 4 of -4.62 and -3.06 kcal mol 1 (Table 3.20),

respectively. The van't Hoff plots at pH's 7 and 4 converge as the temperature

decreases.

Short-pulse column experiments, analyzed as before, were run for acridine,

quinoline and pyridine at several temperatures and pH values (Table 3.21 and

Appendix F). The Kd values were normalized to the continuous-feed column

experiments (series c) equilibrium aqueous solute concentration (C). This was

necessary due to the non-linear isotherm. For the Fruendlich isotherm:

s F = Kd C
N	 (41)

If we assume the same Kd value at two different C values:
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Figure 3.9. Dependence of Ln kb on temperature (a) and Ln Kd (b) at pH 4 (solid
line) and pH 7 (dashed line) with error bars.
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Figure 3.10. van't Hoff plot for acridine short-pulse experiments (*) and
continuous-feed experiments (+) at pH 4 (solid line) and pH 7 (dashed
line).
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Table 3.20. Results from van't Hoff plots for acridine, quinoline and pyridine.

solute pH temp. range, (°C) AH°, (kcal mo1-1 ) T AS°, (kcal mol-1 ) a

acridineb 4 30-16 -6.62±0.02 -3.25±0.01

II	 It 7 40-16 -7.97±0.03 -4.98±0.01

4 10-5 -3.06 0.542

7 10-5 -4.62 -1.04

acridinec 4 45-11 -6.95±0.01 -3.50±0.01

It	 tt 7 45-11 -8.05±0.01 -5.09±0.01

quinolined 4 45-11 -5.81±0.01 -2.83±0.01

7 45-11 -5.41±0.01 -2.83±0.01

pyridine 3.7 35-10 -3.82±0.01 -1.12±0.01

,,	 II 6.7 35-10 -5.21±0.02 -2.57±0.01

aTemperature is the median value of the temperature range; the variance is

that calculated for AS°.

bResults from continuous-feed column experiments; the K values used are the

average of the local-equilibrium model, kinetic model and the average K.

cResults from short-pulse column experiments.
dExcluding data at pH 7, 30°C.
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Table 3.21. Experimental conditions and moment analysis results for short-pulse
breakthrough curves used for van't Hoff plot. a

Exp. pH solute Temp.

Mass

balanceb
KdC Cd

normalized

Kde

dl 7 quinolinef 35 0.99 7.6 3881 15.8

d2

d3 It

tilt

IM

0.96

0.99

7.6

7.7

3871

3883

15.9

16.1

d4 MI It 0.98 7.6 3871 15.9

d5 Mt 24 0.91 10.7 2932 21.5

d6 Vitt It 0.90 10.9 2878 21.9

d7 ,,,, ,, 0.91 10.9 2889 21.8

d8 Ittl 45 1.03 5.12 5196 11.2

d9 Mt It 1.05 4.97 5339 10.8

d10

dl 1

d12

tt

,,

It

Mt

,,,,

IIII

Il

30
Il

1.06

0.94

0.90

4.99

7.64

7.86

5321

3861

3777

10.9

15.9

16.3

d13 Mt II 0.98 7.78 3804 16.2

d14 It MI 16 1.01 13.3 2439 26.0

d15

d16

It Mt

Mt

Il

II

1.01

1.07

13.6

14.0

2382

2325

26.7

27.3

d17

d18

MI

IIII

11

II

0.94

1.03

16.8

15.4

1996

2138

31.8

29.7

d19 1111 Il 1.06 16.5 2019 31.4

d20 acridineg 30 1.06 17.2 1753 32.2
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Table 3.21. (continued)

Exp. pH solute Temp.

Mass

balanceb Kdc Cd

normalized

Kde

d21 7 acridine 30 1.05 17.4 1753 32.6

d22 MI ff 1.03 17.0 1766 31.9

d23 nu 35 0.98 12.8 2276 24.8

d24

d25

d26

d27

d28

,,

,,

,,,,

,,,,

lilt

1111

MI

,,

45

It

II

0.99

0.99

0.93

0.93

0.94

12.9

13.0

8.60

8.46

8.39

2250

2236

3164

3207

3230

25.0

25.2

17.5

17.2

17.1

d29 ,,,, 25 1.07 9.64 1447 383

d30 1111 It 1.06 21.0 1461 38.4

d31 IIII If 1.07 21.1 1452 38.6

d32 If 1111 20 1.06 24.7 1257 44.3

d33 ,, ,,,, ,, 1.06 25.7 1213 45.8

d34 WI 11 1.09 26.7 1172 47.3

d35

d36

d37

II

,,

1111

lilt

1111

16

If

1.02

1.06

1.09

34.4

38.2

37.5

924

835

851

59.1

64.9

63.8

d38

d39

,,,,

1111

11
11

1.13

1.09

49.3

47.4

655

681

80.9

78.2

d40 ,,,, ,, 1.14 50.0 646 82.0

d41 6.7 pyridineb 35 1.01 4.89 34843 13.7
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Table 3.21. (continued)

Exp. pH solute Temp.

Mass

balanceb Kde Cd

normalized

Kde

d42 6.7 pyridine 35 1.05 4.92 34722 13.8

d43 11 1111 1.06 4.92 34130 14.1

d44 11 1111 30 1.05 7.04 26596 19.0

d45 1111 0.97 6.60 27933 18.0

d46 ,,,, ,, 1.01 6.60 27933 18.0

d47 11 11t1 24 1.03 8.51 22883 22.6

d48 ,, ,,,, 1.05 8.68 22523 23.0

d49 ,,,, ,, 1.04 8.34 23256 22.2

d50 11 1111 17 0.96 9.13 21598 24.0

d51 1111 It 0.91 9.38 21142 24.6

d52 1111 11 0.92 9.23 21413 24.3

d53 ,, ,,,, 10 0.97 12.2 16892 31.2

d54 1111 II 0.91 12.4 16722 31.5

d55 ,, 1111 0.94 12.7 16420 32.1

d56 4 quinoline 35 0.83 11.3 2805 28.7

d57 ,,,, ,, 0.87 11.5 2765 29.1

d58 11 1111 11 0.86 11.5 2765 29.1

d59

d60

11 1111

1111

11

24

0.84

0.81

11.4

16.8

2775

1988

29.0

40.3

d61 ,, 1111 11 0.74 17.0 1956 40.7

d62 ,,,, ,, 0.72 17.1 1948 41.1
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Table 3.21. (continued)

Exp. pH solute Temp.

Mass

balanceb
Kdc

dC

normalized

Kde

d63 4 quinoline 45 0.88 8.00 3732 21.2

d64 0.90 8.02 3714 21.3

d65

d66

MI

tilt 30

0.91

0.97

8.10

14.3

3687

2287

21.5

35.1

d67 1111 0.97 14.8 2225 36.1

d68 IIII 0.99 15.0 2197 36.6

d69 16 0.75 26.1 1327 58.8

d70 It 0.68 25.2 1370 57.1

d71 II MI 11 0.89 27.6 1259 61.7

d72 MI It 0.78 28.1 1239 62.6

d73 It WI 0.73 27.9 1249 62.2

d74 acridine 30 1.13 36.3 876 76.5

d75 II MI tf 1.12 36.3 875 76.5

d76 It Mt II 1.12 36.8 864 77.4

d77 MI 35 1.10 27.6 1134 60.7

d78

d79

d80

d81

d82

It

It

,,

,,,,

1111

Mt

MI

,,

45

1.10

1.11

1.10

1.11

1.11

27.6

27.4

18.0

17.6

17.5

1134

1144

1677

1710

1722

60.7

60.3

42.2

41.4

41.1

d83 It MI 25 1.07 45.5 708 92.7
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Table 3.21. (continued)

Mass	 normalized

Exp.	 pH	 solute	 Temp.	 balance b Kde	 Cd	Kde

d84	 4	 acridine	 25	 1.1	 47.6	 684	 96.5

d85
	

MI	 If
	

1.12	 47.1	 677	 95.4

d86
	

MI
	

20	 1.12	 53.7	 604	 107

d87
	

WI
	

1.08	 52.5	 617	 105

d88
	

If
	

MI
	

ff
	

1.07	 51.5	 628	 103

d89
	

If tf
	

16	 1.10	 74.4	 440	 141

d90
	

lift
	

1.08	 68.6	 476	 131

d91
	

MI
	

1.05	 65.7	 497	 127

d92
	

11	 1.06	 81.9	 400	 152

d93	 ,,	 MI	 If	 1.14	 85.9	 382	 159

d94	 ,,,,	 n 1.09	 83.3	 394	 155

d95	 3.7	 pyridine	 35	 1.01	 4.65	 36101	 17.8

d96	 It	 Ulf	 ,,	 0.94	 4.60	 36363	 17.6

d97	 If If	 II	 0.94	 4.63	 36231	 17.7

d98	 If	 IIII	30	 0.97	 5.47	 32154	 20.5

d99	 1111	 11	 0.96	 5.40	 32467	 20.3

d100	 ,,,,	 ,,	 0.97	 5.52	 31949	 20.7

d101	 ,,	 ,,,,

	

24	 0.97	 6.61	 27933	 24.2

d102	 1111	 ft 0.95	 6.27	 29070	 23.1

d103	 ff	 lItt	 ,, 0.99	 6.77	 27397	 24.8

d104	 ,,,,

	

17	 0.96	 7.23	 26042	 26.2
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Table 3.21. (continued)

Exp. pH solute Temp.

Mass

balance b Kdc d

normalized

Kde

d105 3.7 pyridine 17 0.97 7.25 25974 26.3

d106 „„ 0.98 7.35 25707 26.6

d107 Il WI 10 0.96 8.82 22222 31.2

d108 II 1111 0.94 8.94 21978 31.6

d109 II MI II 0.95 8.92 22026 31.5

aNa2HPO4 concentration = 1.0 mM for solute and solute-free solutions;

NaC104 concentration = 0.01 M in solute-free solution and 0.02 M in solute

solution; influent solute volume = 0.7 mL; ue = 0.0610 cm s-1 .

b roth moment of the solute breakthrough curve.
cThe distribution coefficient (cm3 g-1 ) as determined from Eq (21).
dAqueous phase solute concentration (x 10-9 M) as determined from Eq (18).
e
Kd normalized to the continuous feed exps. (c-series) C value (16.7 x 10-9

M) using Eq (43).

fInfluent solute concentration = 15.5 x lem for all exps..

gInfluent solute concentration = 14.0 x lem for all exps..
hInfluent solute concentration = 100 x 10-9 M for all exps..
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sF 1 1 1 N

= (42)
sr2

{C

C2 i

Substituting the above equation into the linear isotherm equation which is now

valid since the Kd values are the same:

s Fi
N-1

Kd 1 Sr2 C1
- = (43)

Kd 2 C 1 C2

C 2

The continuous-feed and short-pulse acridine Kd values are similar at pH 7, but at

pH 4, the short-pulse Kd values are ca. 1.2 times the continuous-feed Kd values

(Figure 3.10). This may be a result of experimental error in the Kd values and the

Fruendlich coefficient (N) at pH 4. The assumption was made that the isotherms for

quinoline and pyridine were similar to the acridine isotherms when correcting for

different C values.

The van't Hoff plots (Figure 3.11) are approximately linear for all compounds.

The enthalpy values for the neutral species calculated from the van't Hoff plots

(Table 3.20) are greatest for acridine (-8.05 ± 0.01 kcal moi'), then quinoline (-

5.41 ± 0.01 kcal mor i ) and smallest for pyridine (-5.21 ± 0.01 kcal moi'). The

enthalpy values are smaller for the ionized species for acridine (-6.95 ± 0.01

kcal mo1-1 ) and pyridine (-3.82 ± 0.01 kcal moi') but approximately the same for

quinoline (-5.81 ± 0.01 kcal mol-1). The Kd values were larger below the pKa than

above for acridine (2.3 times) and quinoline (2.0 times) and smaller for pyridine

(0.91 times).
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Figure 3.11. van't Hoff plot for acridine (*), quinoline (0) and pyridine (X) short-
pulse experiments and acridine continuous-feed experiments (+), at pH
4 (solid line) and pH 7 (dashed line).
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3.2.4 Effect of Isotherm Non-Linearity

The continuous-feed column experiments were modeled using linear and non-

linear local equilibrium and one-site kinetic models. The difference in the Kd

values for experiments bl-b9 was ca. five percent and the difference for

experiments cl -c26 was ca. 21 percent, the Kd values being greater for the non-

linear local equilibrium model. The Kd values for experiments bl-b9 were ca. nine

percent smaller for the linear one-site kinetic model compared to the non-linear

kinetic model and for experiments cl-c26, the non-linear kinetic model Kd values

were ca. seven percent larger than the linear kinetic model values. The pulse

values determined from both models, for the linear and non-linear cases, were

within five percent of the experimental values. The dispersion values determined

from the linear and non-linear local equilibrium models were within five percent of

each other. The dispersion values were fixed for the kinetic models. The kb values

were ca. 22 percent smaller for the non-linear kinetic model fits compared to the

linear model. The average sum of squared residuals (ssq) for experiments bl-b9

were 0.019 ± 0.022 and 0.035 ± 0.016 for the linear and non-linear models,

respectively, and for the one-site kinetic model the respective values were 0.011

±0.028 and 0.03 ±0.026. The average ssq values for experiments cl -c26 were

0.026 ± 0.022 and 0.064 ± 0.032 for the non-linear and linear models, respectively,

and the same values for the one-site kinetic model were 0.074 ± 0.032 and 0.030 ±

0.021.

3.3 Raman Spectroscopy

3.3.1 Accuracy and Reproducibility

Experiments e 1 4 a-c, e 1 5 a-c and el6 a-c were run using templates T2 (611-963

-1 icm') and T3 (947-1286 cm ) n order to determine the reproducibility of the
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Raman experiments. The pyridine peak averages and standard deviations in these
-1regions were 617.6 ± 1.0 cm-1 , 650.3 ± 0.4 cm-1 , 1001.0 ± 0.2 cm 1 , 1032.9 + 0.4

-1	 - 1cm and 1219.0 ± 0.0 cm . These results indicate that the procedure used to

obtain the spectra, including the batch experiments and the spectra collection, is

reproducible. The accuracy of the procedure used to assign wavenumber values to

the peaks was ± 2 cm-1 based on the above results. Therefore, any difference of

greater than ± 2 cm-1 was considered as significant in comparing peak shifts for the

Raman spectra.

3.3.2 Peak Assignments

The stoichiometry of the adsorbed species was determined by identifying the

peaks in the spectra. This was possible since spectra of all the individual reactants

used in the experiments were also run. The spectra of the adsorbed species above

and below the pKa of the compound for pyridine, quinoline and acridine contained

only the compound peaks, C104- and peaks at ca. 800 cm-1 and 980 cm-1 . The

-1peaks at 800 cm-1 and 980 cm were only in spectra from samples with the sorbent

and were not peaks associated with any of the reactants. The spectra from

experiments with the sorbent but without liquid did not have the 980 cm-1 peak but

did have the 800 cm-1 peak (Figures 3.12-3.14). The C104- anion was also found

in the spectra when the solute was not present. Phosphate was observed in the

spectra without the solute, but not in the spectra with the solute.

3.3.3 Peak Shifts

Solute/sorbent interactions were determined by comparing the adsorbed species

spectra to the spectra from model environments. The model environments were

neat liquid (pyridine and quinoline) and acridine solid (simulating physisorption),

aqueous solution above the compound's pKa (a model for hydrogen bonding) and
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700	 800	 900

Wavenumbers (cm -1 )

Figure 3.12. Raman spectra of pyridine in the region 611-963 cm-1 at pH 6.7 and
260 mw laser power showing the Si-O-Si stretch of silica (798 cm-1 ):
(a) the adsorbed species (936 cm-1 is C104-) (exp. e 1 6), integration
time 400 seconds; (b) the model environment (936 cm-1 is C104-) (exp.
el3), integration time 900 seconds and (c) neat pyridine, integration
time 30 seconds (exp. e9).
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Figure 3.13. Raman spectra of quinoline in the region 823-1160 cm-1 at pH 7.1 and

160 mw laser power showing the surface silanol stretch (980 cm-1 ): (a)
the adsorbed species (938 cm-1 is C104-) (exp. e30), integration time
720 seconds; (b) the model environment (exp. e24) (934 cm-1 is
C104-), integration time 720 seconds and (c) neat quinoline, integration
time 240 seconds (exp. e9).
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Figure 3.14. Raman spectra of acridine in the region 823-1160 cm-1 at pH 4.0 and
160 mw laser power showing the surface silanol stretch (982 cm-1): (a)
the adsorbed species (935 cm-1 is C104-) (exp. e53), integration time
90 seconds; (b) the model environment (936 cm-1 is C104-) (exp. e47),
integration time 240 seconds and (c) neat acridine, integration time 4
seconds (exp. e2).
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aqueous solution of the cation (corresponding to the solute adsorbed through a

Briinsted-acid interaction). The peak shifts of the model environments and

adsorbed species spectra were compared, and if similar, the interactions in the two

systems were assumed to be alike.

3.3.3.1 Pyridine

The peak shifts for the pyridine spectra (Table 3.22) indicated that there was a

different solute/sorbent interaction above the pKa than below (Figures 3.15-3.16).

This was true for all the regions studied. The interaction below the pKa was similar

to the interaction as represented by the Brtinsted-acid model environment. The

interaction above the pKa was similar to the model environment for hydrogen

bonding. There were significant differences between the model environment

spectra and the adsorbed species spectra at both pH values. The changes at pH 6.72

were in the C-H stretch vibration region (3056 cm-1 ) and at pH 3.52 (Figure 3.17)

were in the C-C in-plane (IP) bend vibration region (603 and 650 cm-1), ring

breathing vibration region (1027 cm-1), the C-H IP bend vibration region (1219
-cm-1 ) and the C-H stretch region (1066 and 3056 cm 1 ).

3.3.3.2 Quinoline

There were significant differences between the quinoline spectra peak shifts

(Table 3.23) (Figure 3.18) above and below the compounds pKa in the C-C IP bend

vibration region (520 and 757 cm-1), the ring breathing vibration region (1029
-cm-1 ) and the C-C stretch vibration region (1371, 1393, 1501 and 1570 cm 1 ). The

adsorbed species spectra above the compounds pKa was similar to the hydrogen

bonding interaction model environment and below the pKa , the solute/sorbent

interaction was similar to the Brtinsted-acid model environment. The model

environment spectra were significantly different from the adsorbed species spectra
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Table 3.22. Peak shifts for pyridne Raman experiments (cm-1 ) a .

neat

pyridine

pH = 6.7

w/o sorbent	 with sorbent

pH = 3.5

w/o sorbent	 with sorbent vibrationb

603 15 16 10 8 C-C IP bend

650 -1 0 -14 -21 C-C IP bend

989 11 12 18 18 ring breathing

1027 3 3 -7 -4 ring breathing

1066 -2 -3 -8 -11 C-H stretch

1219 -2 -3 -14 -18 C-H IP bend

1482 5 6 12 12 C-C stretch

1578 -2 -1 42 40 C-C stretch

3056 18 24 62 60 C-H stretch

aExperiments had 1.0 M pyridine, 0.01 M Na2HPO4 and 0.02 M

NaC104.

bReferences 21 and 47; IP is an in-plane vibrational mode.
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Figure 3.15. Raman spectra of adsorbed pyridine species in the region 823-1160
cm-1 with 160 mw laser power and 240 second integration time at (a)
pH 3.6, below the compound's pKa (934 cm-1 is C104-) (exp. e22) and
(b) pH 6.7, above the compound's pKa (exp. el6).
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Figure 3.16. Raman spectra of adsorbed pyridine species in the region 1431-1740
cm-1 with 260 mw laser power and 400 second integration time at (a)
pH 3.6, below the compound's pKa (exp. e22) and (b) pH 6.7, above the
compound's pKa (exp. el6).
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Figure 3.17. Raman spectra of pyridine in the region 1431-1740 cm-1 at pH 3.6 and
260 mw laser power for (a) the adsorbed species (exp. e22), integration
time 400 seconds; (b) the model environment (exp. el9), integration
time 900 seconds and (c) neat pyridine, integration time 80 seconds
(exp. e9).
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Table 3.23. Peak shifts for quinoline Raman experiments (cm-1 ) a .

neat

quinoline

pH = 7.1

w/o sorbent	 with sorbent

pH = 4.0

w/o sorbent	 with sorbent vibrationb

520 1 2 -1 -1 C-C IP bend

757 5 7 10 11 C-C IP bend

1009 1 1 1 3 C-H IP bend

1029 7 6 21 22 ring breathing

1371 4 2 13 12 C-C stretch

1393 5 1 2 3 C-C stretch

1432 5 4 6 6 C-H IP bend

1501 7 NI3c -5 -7 C-C stretch

1570 9 12 35 34 central C-C stretch

aExperiments at pH 7.1 and 4.0 had 0.0392 M and 0.0765 M quinoline,

respectively; all experiments had 0.01 M Na2HPO4 and 0.02 M NaC104.

bReference 100; IP is an in-plane vibrational mode.
cNo peak detected.
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Figure 3.18. Raman spectra of adsorbed quinoline species in the region 1232-1553
cm-1 with 260 mw laser power and 360 second integration time at (a)
pH 4.0, below the compound's pKa (exp. e34) and (b) pH 7.1, above the
compound's pKa (exp. e31).
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above the pKa of the compound. The differences occurred at pH 7.13 (Figure 3.13)

in the C-C IP bend vibrational region (757 cm-1 ) and the C-C stretch region (1393

and 1570 cm-1). The C104- peak of the adsorbed species spectra was shifted

relative to the model environment spectra above and below the pKa of quinoline.

The C-C stretch at 1501 cm-1 was significantly different for the model environment

and adsorbed species spectra below the pKa of quinoline.

3.3.3.3 Acridine

The results of the acridine experiments were somewhat limited because acridine

is a weak raman scatterer compared to pyridine and quinoline and because of the

low solubility of acridine which is at or below the detection limits of the raman

spectrometer used in this study (ca. 1.0 mM). The peak shifts (Table 3.24) (Figure

3.19) indicated that the solute/sorbent interactions were different above and below

the compounds pKa based on the C-C IP stretch vibrational region (1400, 1478 and

1556 cm-1). The model environments which were similar to the adsorbed species

spectra were the same as those for pyridine and quinoline. The spectra for the

model environments were also significantly different at pH 7.00 in the C-C stretch

region (1478 cm-1) and at pH 4.01 in the C-C IP bend vibrational region (401
-cm') and the C-C stretch vibrational region (1478 and 1556 cm-1 ) (Figure 3.20).



Table 3.24. Peak shifts for acridine Raman experiments (cm-1 ) a .

solid

acridine

pH = 7.0

w/o sorbent	 with sorbent

pH = 4.0

w/o sorbent	 with sorbent vibrationb

401 NPc NP 0 -2 C-C IP bend

742 NP NP 12 13 C-C IP bend

1400 5 6 8 9 C-C stretch

1478 22 19 13 16 C-C stretch

1556 53 NP 39 36 C-C stretch

aExperiments at pH 7.0 and pH 4.0 had 0.279 mM and 2.98 mM acridine,

respectively; all experiments had 0.01 M Na2HPO4 and 0.02 M NaC104.

bReference 92; IP is an in-plane vibrational mode.
cNo peak detected.
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Figure 3.19. R9man spectra of adsorbed acridine species in the region 1232-1553
cm with 225 mw laser power and 400 second integration time at (a)
pH 4.0, below the compound's pKa (exp. e53) and (b) pH 7.0, above the
compound's pKa (exp. e50).
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Figure 3.20. Raman spectra of acridine in the region 1431-1740 cm-1 at pH 4.0 and
160 mw laser power for (a) the adsorbed species (exp. e53), integration
time 90 seconds; (b) the model environment (exp. e47), integration time
5100 seconds and (c) solid acridine, integration time 3 seconds (exp.
e2).
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CHAPTER 4

DISCUSSION

4.1 Dependence of Acridine Solubility on Ligand

The relative solubilities of the possible ligand/AH precipitates were examined

in terms of the differences in the hydration enthalpies OR °hyd ) of the ligands

(Table 4.1). The AH'hyd (1.,-) is the enthalpy of the reaction:

	L (g)
	 L-(aq)
	 (44)

and is a measure of the strength of interaction between the anion and the adjacent
-water molecules. The AH°hyd (kcal mol 1) was calculated from the Born-Haber

cycle:

ML
(s) M+ + L- • AH	 (45)(g)	 (g) •	 lat

ML(s) M+ + L- 	AH °	 (46)

	

(aq)	 (aq) •	 sol

M+(g	 )".4 M+(aq) + 1:".(aq) : AH °hyd 	(47)

-where AHlat is the lattice enthalpy (kcal mol 1 ) and AH°sol is the solution enthalpy
-(kcal mol 1 ). The AH °hyd for the anion is:

AH °hyd (C) = AH Osoi (ML) - Alfiat (ML) - AH 'hyd (M+)

= AH °hyd (ML) AH °hyd (M+)

	

(48)

The AH °hyd (M+) , AH °so/ (ML)' AHtat (ML) and AH°hyd (ML) values were derived

from thermochemical data 12,79,102 except the AHlat (ML) values for the salts of
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Table 4.1. -6,1-Phyd (kcal mo1-1 ) and log Kf values for the experimental counterions
and their Cu2+ salts.

PO4 3 HPO42- H2PO4- C104 - C1 C2H4 02 C8HSO4- C8H4 04 2-

-Al °hyd 696	 216	 76.1	 54.6 89.0	 90.0a 	113b	 187b

log Kf
	

4.15	 1.75	 --	 1.70	 2.29	 4.00

aAcetate ion.
bPhthlate ion.
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H2PO4- and HPO4
2—

. These were calculated from: 46,99

A H (MiL) AH rat (M2L) AH (M 1 ) (g) AH Of (M2+) (g)

[AH ° f (MiL) (s) AH f (M2L) (s)]
	

(49)

(En )Ne 2zc z a

r + + r[ 1 	L2

(En )aNe 
2zc za 1

[

1. —  P 1(50)
r + r2 r	 + r 1,-m2	 1-

where /n is the stoichiometric number of ions in the molecule, N is the Avagadro

constant, zc and za are the charge numbers on the cation and anion, respectively, e

is the electron charge, rm., rm2+ and ru are the radii of the cations and anion

respectively (A), p is a constant which characterizes repulsion forces between

electronic shells of ions (0.345 A) and a is the Madelung constant divided by

(En /2) which equals 1.745 for a rock-salt lattice. Therefore, the ligand AH'hyd can

be calculated from equation (48) with available thermochemical data and cation

radii65 once equations (49) and (50) are used to find ru. The necessary

thermochemical data were not available for phthalic acid to use either of the above

mentioned methods to calculate AN°hyd • The AH °hyd values for the two phthalic

acid anions were estimated by correlating known AH °hyd values with known Kf

values (Table 4.1)78 ' 80 (Figure 4.1) for the same anions with Cu2+. The ligands

used included CO32- (log Kt. = 6.7; -AH'hyd = 294) as well as those in Table 4.1.

The correlation coefficient was 0.988.
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Figure 4.1. Relationship between log Kf and ligand AlPhyd (kcal mo1-1 ) for Cu2+

complexes.
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The AI-I°hyd is a measure of the strength of interaction of the anion with the

surrounding water molecules. The experimental results indicated that the

AH+C104- precipitate had a lower solubility than AH+ alone. This means that the

ability of 1-120 to solvate AH+ was reduced by precipitate formation with C104- .

The inability of water to solvate C104- is partly due to its large radius and small

charge resulting in a small charge density. The small charge density of C104- is

also why it is effective in the extraction of substituted quaternary ammonia salts

into an organic phase.34 The order of extraction was C104- > Cr with no extraction

of the acetate ion and divalent anions. The extraction of acids into organic

solvents24 followed the order HC104 > HC1 > H3PO4' This order was attributed to

the acid strength, molecular size and the extent of the anion hydration.

The batch experiments were examined in terms of the AH°hyd (1,—) values. The

AI/ c'hyd (1,—) indicated that the order of AH+ precipitate solubility would follow

H2PO4- <cl- -- C211402- < C8HSO4- < C8114042- < HPO42- < PO43-. The pS

(negative log of the complex solubility) (Table 3.9) for the AH+H2PO4- complex is

ca. 1.79, well below the solubility of AH+ at the experimental pH (pS =-0.389), for

the acridine/phosphate/chloride experiments (exps. 1-3). The experimental

evidence indicated a very heavy precipitate for these experiments. The pS for the

AH+H2PO4- complex was 1.72 for the acridine/phosphate/acetate/chloride (exps.

28-30) experiments and the pS for AH+ was -0.120. There was also a precipitate

observed for the acridine/phthalate/chloride experiments (52-54) even though there

was no significant negative AH+ error. The proposed precipitate for these

experiments was AH+Cl- with a pS of 1.51, greater than the AH+ pS of 1.30.



133

The pS values for the batch experiments were based on the p(IAP) values and

not the prfsp values as with the pH-stat experiments. This makes these values only

approximate. The correlation of pS values and AH'hyd (1,-) values (Figure 4.2)

indicated a trend of increasing solubility with more exothermic hydration

enthalpies(correlation coefficient = 0.960). Therefore, the AH'hyd (L-) was of

primary importance in determining the solubility of the proposed complexes.

4.2 Sampling the Interfacial Region

The peaks at 800 cm-1 and 980 cm 	direct evidence that the spectroscopy

performed sampled the interfacial region between the bulk liquid and the silica
-1surface. The 980 cm peak is the stretching vibration of a hydroxyl group against

-1the surface silicon atom to which it is bonded. 52 The 800 cm peak is the

vibrational mode for the Si-O-Si stretch of the bulk silica. 13 ' 57 The shifts in the

peaks of the adsorbed species spectra relative to the model environment spectra

also are evidence that the Raman spectroscopy sampled the interfacial region.

4.3 Adsorption Reaction Stoichiometry

The results of the Raman spectroscopy indicated that the cation was adsorbed

below the compound's pKa and and the neutral molecule was adsorbed above the

pfCa of the compound. The cation may interact with C104- anions already in the

interfacial region or adsorb as a cation/004- complex. The adsorption of the

neutral molecule was not unexpected since it was the dominant species at the pH

values studied (pyridine, pH 6.7, 96.8%; quinoline, pH 7, 99.3%; acridine, pH 7,

96.2%). Previous Raman spectroscopy studies of gas phase adsorption of pyridine

to silica20 ' 37 ' 45 ' 1 04 indicated that the neutral species adsorbed to the surface. The

neutral species was adsorbed at surface hydroxyl sites through a hydrogen bond

formed between the nitrogen lone pair of the pyridine molecule and the hydrogen
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Figure 4.2. Relationship between the proposed acridine/ligand precipitate
solubility and the ligand AH°hyd (kcal mo1-1).
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atom of the surface OH group. The adsorption of pyridine to silver electrodes 30 as

a function of potential indicated that the neutral molecule adsorbed to water

molecules on the surface at potentials greater than the point of zero charge. There

was no shift for the C-N stretch when 4-cyanopyridine was adsorbed onto a

rhodium electrode compared to the solution-phase frequency indicating that it was

not bonded to the electrode surface through the cyanide end of the molecule. The

molecule was adsorbed normal to the surface through the nitrogen atom in the

pyridine ring. 76 Peak widths for physisorbed pyridine were broader than

chemisorbed pyridine to silver electrodes because the chemisorbed species behaved

like the solid phase whereas physisorbed pyridine was in dynamic equilibrium with

the solution. 31 The adsorption of quinoline on silver and copper electrodes in 0.2 M

H2SO4 using surfaced enhanced Raman scattering (SERS), showed the adsorption

of complexes of quinolinium/SO42- at the surface. When Cl- was added to the

solutions, the Cr displaced SO42- on the surface and formed complexes with

quinolinium that adsorbed to the surface. The neutral molecule adsorbed above the

pKa .32 The adsorption of acridine to silica in vacuum showed that the neutral

species bonded to the surface by hydrogen bonding between the nitrogen atom and

surface silanol groups. 56 The adsorbed molecules experienced a mobility similar to

that on the surface of a liquid because of the weak hydrogen bonds.

The surface speciation of silica as a function of pH was estimated using

SURFEQL 103 from:87 ' 105

>SiOH = >Si0- + H+ pKa = 6.8	 (51)

Na+ + >SiOH = >SiO-Na+ + H+ pK = 7.0	 (52)

using a constant-capacitance model (capacitance= 1.25 F m-2)87,105 of the
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electrical double layer (Figure 4.3), where >SiOH represents the hydroxylated

silica surface. The second reaction describes the exchange of sodium cations for

hydrogen ions, which was observed during the continuous-feed column experiments

when the higher-concentration (0.02 M NaC104) conservative-tracer solute solution

was initially sent through the column. There was a drop in pH at this point

(0.2± 0.1) and a similar increase in pH when the lower-concentration (0.01 M

NaC104) solute-free solution was used to desorb the solute. The fraction of total

>SiOH that are >SiOH sites varies from 85% at pH 7 to 99.9% at pH 4. The

fraction of >Si0- sites reaches a maximum of 10% at pH 4 with >SiO-Na+

maximum at 5%.

A silica surface that is fully hydroxylated and immersed in water shows no

hydrophobic characteristics.42 Hydrophillic silica surfaces are those that bind water

molecules with energy greater than the heat of liquification, 10.5 kcal mo1-1 . 91 The

energy of a single hydrogen bond between a silanol group and water molecule is

only slightly larger than that of a single hydrogen bond in water, estimated to be

3.8-5.0 kcal mo1 1 . The adsorption of the aza-arene molecule directly to the surface

OH groups in aqueous systems implies the desorption of all the H2O molecules that

are interacting with that OH site. The adsorption reaction enthalpy is the net

change in enthalpy from adsorption of the solute to the surface and the removal of

the solute from the bulk solution. Therefore, it is not possible to assign an enthalpy

value to the bond formation upon solute adsorption alone and ascertain if this value

was more exothermic than that required to desorb H2O from the surface and bond

to a surface OH site. The question of direct adsorption to surface OH sites can not

be resolved with the available data and so adsorption sites will include surface OH

groups and H2O adsorbed to the silica surface. Therefore, the adsorption of the
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Figure 4.3. Predominance diagram for >SiOHT (solid), >SiOH (0), >SiO-T (dashs),
>Si0- (dot-dash) and >SiO-Na+ (dots) as a fraction of >SiOHT.
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aza-arenes studied was characterized by the following reaction for the neutral

species:

X-H20 + >Si0H-H20 = >Si0H-H20-X + H20	 (53)

and for the cation:

XH+C104--H20 + >Si0H-H20 = >Si0H-H20-X14±C104- + H20 (54)

XH+-H20 + >Si0H-H2O-C104- = >Si0H-H20-XH+C104- + H20 (55)

where X represents pyridine, quinoline or acridine. The first reaction is hydrogen

bonding of the hydrated neutral species to adsorbed H20 on the surface. The

second reaction shows the adsorption of the hydrated cation/C104- complex. The

third reaction represents interaction of the cation with C104- that is in the

interfacial region. The number of water molecules solvating the solute in solution

and at the surface is not known. The stoichiometry of the complex is assumed to be

1:1 based on the solubility results and electroneutrality considerations. The number

of water molecules displaced from the surface due to solute adsorption is not

known. The number of solute molecules at each adsorption site is not known.

4.4 Solute/Sorbent Interactions

A similarity between the model environment and the surface spectra would

indicate that there was little change in the polarizability of the molecule's Raman

active vibrational modes. The polarizability may change because of changes in the

molecule itself and/or the environment that it is in. The change in polarizability is

reflected in changes in the measured frequency for the vibrational modes affected.

The frequency is calculated from:



1 [k l 'A
- iVvib —

2n mr

where vvib is the vibrational frequency (s-1 ), k is the bond force constant (a

measure of the bond stiffness) and mr is the mass of the bonded atoms. A blue shift

in Vvib (a change to higher frequencies) may be caused by a reduction in mr or an

increase in k and a red shift (a change to lower frequencies) may result from an

increase in mr or a decrease in k.

4.4.1 Pyridine

The only peak shift for pyridine that was significantly different from the

hydrogen bonding model environment above the pKa (pH = 6.7) was the C-H

stretch at 3056 cm-1 , where there was a blue shift of 6 cm-1 . The neutral molecule

displaces H20 on adsorption but does not adsorb directly to surface silanol groups

and as a result the environment after adsorption was probably very similar to the

bulk environment. The adsorption of pyridine to silver electrodes showed that the

neutral species was weakly bound and in equilibrium with adsorbed water.31 The

principal binding was from the lone pair of electrons on the pyridine nitrogen atom

to hydrogen atoms of H20 on the surface by hydrogen bonding. The blue shift of

the ring breathing vibration indicated an increase in the interaction energy of the

ring nitrogen lone pair of electrons which reduced its tendency to pull electrons

from the aromatic ring increasing the bond stiffness of the C-C bonds. This also

explains the blue shift of the C-H IP stretch vibrational mode because the increased

electron density also makes the C-H bond stiffer. Similar conclusions were made

for N-methyl derivatives of piperdine, pyrolodine and morpholine adsorbed to

silica."

139

(56)
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The significant peak shifts below the pKa between the model environment and

surface spectra occur for the C-C IP bend at 603 (2 cm-1 ) and 650 cm cm-1 ),

the ring breathing vibration at 1027 cm-1 (3 cm-1 ), the C-C IP bend at 1219 cm-1

(4 cm-1 ) and the C-H stretch at 3056 cm-1 (2 cm-1) and 1066 cm-1 (4 cm-1). The

addition of the ring vibrations at pH 3.7 to the significant vibrational spectra shifted

indicated the effect of C104- on the surface species. In all cases there was a red

shift except for the ring breathing vibration. There is no change in the surface

C104- peak vs the model environment. The red shifted vibrations indicated the loss

of double bond character in the ring and/or a much more restricted environment.

The delocalized TC electrons of the ring may be interacting thru dipole-dipole forces

with the hydrogen atoms of adsorbed water reducing the electron density of the ring

and the bond strength. Similar interactions have been suggested for other aromatic

compounds (benzene and thiophene).54 ' 72 Hydrogen bonding of benzene to water

has also been shown88 in which the electrons of the benzene ring act as a hydrogen

bond acceptor and the hydrogen atom of water act as a hydrogen bond donor. The

binding energy was estimated to be 1.78 kcal mol-1 .

4.4.2 Quinoline

The significant peak shifts between the model environment and surface species
-1	 -for quinoline above the pKa (pH 7) occurred at 757 cm (C-C IP bend,2 cm 1 ),

-1-1393 cm (C-C stretch,4 cm-1 ), 1570 cm-1 (central C-C stretch,3 cm 1 ) and a

change in the C104- peak (4 cm-1 ). Below the pK, (pH 4) there were a change in
_the C-C stretch vibration at 1501 cm-1 (2 cm-1 ) and a change in the C104 peak at

934 cm-1 (3 cm-1). The shifts for quinoline above the compound's pKa were an

increase in the vibrational frequency for the central C-C stretch, C-C IP bend and

the C104- peak and a decrease in the frequency for the C-C stretch. The C104-
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peak and the C-C stretch of quinoline were both red shifted below the pKa . The

blue shift at pH 7 indicated that there was an increase in interaction between the

ring nitrogen and adsorption sites, similar to that with pyridine. The red shift

indicated a loss of bond strength due to inductive effects from the other ring or it-

electron interactions with the surface water hydrogen atoms. The C104- shift at pH

4 may due to the fact that the cation is binding to C104- in the interfacial region.

The red shift of the ring vibration below the pKa may indicate interactions of the it

electrons of the ring with adsorption sites, similar to those with pyridine.

4.4.3 Acridine

For acridine above the pKa (pH 7), the 1478 cm-1 C-C stretch vibrational mode
-was red shifted by 3 cm-1 . The 401 cm C-C IP bend was red shifted by 2 cm 1 ,

the 1478 cm-1 was blue shifted by 3 cm-1 and the C-C stretch at 1556 cm red

shifted by 3 cm-1 below the pKa . The neutral molecule still was hydrogen bonded

through the nitrogen atom lone pair of electrons, but because of the greater overlap

of the acridine molecule with the surface, there was also some interaction of the IC-

electron system with the surface resulting in the red shift of the C-C IP stretch

vibrational mode. The red shifts of the ring vibrations below the pKa are consistent

with those for pyridine and quinoline, indicating interactions of adsorption sites

with the IC electrons of the acridine rings.

4.5 Free Energy of Adsorption

4.5.1 Aza-arene Dependence

The extent of adsorption is quantitated by the Kd values. The free energy of

adsorption is directly related to Kd by:
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AG ° = -RTLnK (57)

where AG ° is the free energy of adsorption, R is the gas constant (1.987

cal K-1 mol-1), T is the reaction temperature (°K) and K is the dimensionless

(M/M) thermodynamic equilibrium constant:

K = K d s -i f3-1 (58)

where 13 is an estimate of the thickness of the adsorbed water layer. Estimation of

the "surface phase" volume by using the solid specific surface area (s, cm2 g-1 ) and

thickness of the adsorbed solvent has been suggested previously. 18,33,83 The

adsorbed water layer thickness is strongly dependent on the surface and estimates

vary between 5-20 A. 15'23'42 The estimate used for this work was 10 A.

The extent of adsorption increased in the order pyridine < quinoline < acridine

at a constant temperature and pH above or below the piCa of the compound.

Similar results were observed for adsorption to copper and nickel electrodes 19 and

to montmorillonite and smectite clays. 109 The trend shown may be correlated with

the compound solubility, the overlap of the compound with the surface and the

charge delocalization due to the size of the compound. The compound solubility

does not appear to have a significant effect on Kd (Figure 4.4). The overlap of the

compound with the surface was shown to be related to the free energy of adsorption

of arenes and aza-arenes to alumina.81 ' 83 The compound reacted with the surface

at several sites and this caused an increased adsorption of the molecule. Charge

delocalization due to the size of the molecule is also directly related to the

bascicity of the compound. 29 If charge delocalization was the controlling factor,

the Kd trend would mimmick the pKa trend for pyridine, quinoline and acridine

(5.2,4.92,5.6), which is not the case. Therefore, it appears that the extent of the
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overlap of the compound with the surface was the most important factor in

determining extent of adsorption as a function of aza-arene at comparable

experimental conditions.

4.5.2 pH Dependence

The Kd for the aza-arene below the pKa was larger than that above the pKa at a

constant temperature for all aza-arenes studied. The increase in Kd was less for

pyridine in going from adsorption of the neutral molecule to adsorption of the

cation species than the increase observed for quinoline and acridine. The

adsorption of the neutral molecule was indicated by the Raman spectroscopy.

Adsorption of a cation/C104- complex or the cation to surface adsorbed C104- was

suggested below the pK.. The Raman spectroscopy showed that there were

significant red shifts of the ring carbons for the adsorbed aza-arene below the pKa

where as there were fewer or none for the spectra above the plça . The localized

nature of the hydrogen bond above the pKa caused orientational restrictions on the

adsorbed solute limiting its ability to maximize interactions with other adsorption

sites on the surface. The dipole-dipole interactions of the adsorbed species with the

surface below the pK. , although weaker, allowed the adsorbed molecule to

orientate itself so as to maximize interaction with the surface thus increasing the

amount adsorbed. The interfacial C104- may also have enhanced adsorption of the

aza-arene below the pKa , whereas above the pKa , it may have decreased

adsorption by blocking potential adsorption sites. The Kd values above the pKa for

quinoline were similar to those for pyridine above and below the pKa . This

reflected the weaker bascicity of quinoline compared to pyridine. The electron

sharing ability of quinoline was less than pyridine, which had a significant effect on

the formation of hydrogen bonds with surface adsorbed water, thus reducing the
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extent of adsorption of the neutral quinoline molecule. The fact that the Kd values

above and below the pKa for pyridine were less different than for quinoline and

acridine reflected a greater similarity of the adsorption interactions for the cation

species and neutral species because of only one aromatic ring. The adsorbed

pyridine species, whether above or below the pKa , had a similar orientation with

the surface, resulting in similar Kd values.

The maximum adsorption for acridine was found to be at the compound's pKa .

The amount of neutral and ionized acridine in solution are equal at the prfa . In

order to have a maximum Kd at the plça , the sum of the adsorbed species must be at

a maximum. The peak in Kd at the plfa may be due to the change in the number of

SiO-Na+ sites with pH, which enhanced both cation species adsorption as the pH

increased and hydrogen bonding of the neutral molecule as the pH dropped. The

enhancement of hydrogen bonding occurred because as the pH dropped the number

of SiO-Na+ sites decreased, which resulted in more hydrogen binding sites for free

acridine adsorption. Similar results were reported for the adsorption of other

hydrogen bonding molecules.42 The adsorption of the cation species was enhanced

by the increase in the number of SiO-Na+ sites because they provided stronger sites

for dipole-dipole interactions. An increase in the charge at one dipole will

strengthen the interaction between the two charges and this may be true for the

cation species and the SiO-Na+ sites. Toluene and other methyl-substituted

benzenes adsorbed on montmorillonite did so at copper(II) sites through interaction

of it electrons with copper(II) ions. 64

4.5.3 Ligand Dependence

The extent of adsorption of acridine was shown to be independent of ligand at

pH 4. The adsorption at pH 7 was greatest for the carbonate/NaC1 solution. The
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complex's extent of adsorption was independent of ligand type because of its much

greater solubility compared to free acridine, which would diminish the salting out

effect. The fact that the ligands are interacting with the cation also diminishes the

salting out effect because it only applies to neutral salts, ie. those that do not form

complexes with acridine. The fact that the adsorption of phosphate or C104- was

observed in the Raman experiments to be insignificant at pH 7, it is unlikely that

there was any change in Kd due to the adsorption of the ligand. The adsorption of

free acridine due to hydrogen bonding at pH 7 precludes any change in Kd from

adsorption of a carbonate/acridine complex. For phosphate/C104- from the

continuous-feed experiments used for studying the temperature dependence of

adsorption (c-series), accounting for the non linear isotherm, the Kd at pH 4

extrapolating to 27°C was 76 cm3 g-1 and at pH 7 was 46 cm3 g-1. The pH 4 value

is within the error range of the other pH 4 ligand experiments (Figure 4.5). The pH

7 value was close to the phosphate/C1- data indicating that it is the carbonate which

is the controlling factor in the increase in Kd . The increase in Kd in carbonate/C1

and carbonate/C104- was the result of salting out of the free acridine. The effect of

salts that do not complex with neutral organic compounds increases as the charge

density of the salt increases. 3 The hydration enthalpy is a measure of the charge

density of anions. The greater the charge density, the greater the interaction with

water, the more exothermic the hydration enthalpy. The hydration enthalpies of the

ligands become more exothermic in the order C104- (-54.61 kcal mo1 1 ) < H2P04 

-

(-76.14 kcal mo1-1 ) < Cl- (-89.03 kcal mo1-1 ) < HCO3- (-89.48 kcal mol-1) (Table

4.1). Therefore HCO 3- is more effective than H2PO4- in salting out acridine.
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4.5.4 Aqueous Solute Concentration Dependence

The adsorption isotherms at pH's 7 and 4 for acridine were non-linear even at

very low concentrations. The non-linearity of a linear plot of r vs C may be

attributed to the interaction of molecules on the surface and/or heterogeneous

adsorption sites. The second reason was favored because of the low coverage of

the surface. The surface coverage of acridine per >SiOH is:

(molecules acridine) (gram sorbent) -1 

(>SiOH sites) (gram sorbent)-1

(59)

The numerator is the surface excess (F), the denominator is the number of surface
-1 ).42OH per gram of sorbent, calculated assuming 4.6 sites nm-2 (1.1 x 1021 sites g

The maximum surface coverage for the isotherm experiments was 0.055% of

monolayer coverage. A monolayer coverage of 2.4 x 10-1 0 mol cm-2 for acridine

on the sorbent was calculated based on an estimate of 65 A 19 for acridine's surface

area and a flat surface orientation. The more energetic sites were filled first and the

adsorption then occurs at less favorable sites. However, the fact that the surface

was covered by water, and the number of surface hydroxyl sites were essentially

constant at either pH, does not favor the idea of heterogeneous adsorption sites. It

has been suggested that acridine adsorbed on silica has significant lateral

translational motion because of the weak hydrogen bonds formed with adsorbed

H20.56 This could result in significant interaction of adsorbed molecules. The fact

that the enthalpy of adsorption was less exothermic as coverage increased may also

indicate non-uniform adsorption site energies. The greater non-linearity at pH 4

indicated easier translational movement of the molecules on the surface compared

to pH 7 because of the weaker dipole-dipole bonds. The increased non-linearity

could also be due to aggregation of complexes at the surface. This would be more
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likely for the complex because of its greater polarity compared to the free acridine.

4.6 Enthalpy and Entropy of Adsorption

The heat of adsorption (AH °) is a measure of the heat released or gained as a

result of the processes involved in the adsorption reaction (Equations 40-41). This

includes solvent-solvent, solute-solute, solvent-sorbent, solute-solvent and solute-

sorbent interactions. The heat of adsorption may be determined from equating

equation (43) with:

	AG° = AH°-TAS°	 (60)

to give:

AH0 As 0
lnK - -	 +
	

(61)
RT	 R

where AS ° is the entropy of the reaction (cal1C 1 mol-1). When AH ° is negative

there is heat released as a result of the adsorption reaction (exothermic) and when it

is positive, heat is consumed during the adsorption reaction (endothermic). Bond

formation is an exothermic process and bond breaking is an endothermic process.

The entropy is a measure of the disorder of the reaction. When there is an increase

in the order as a result of the adsorption reaction, the entropy is negative

(decreases) and when there is a decrease in order, the entropy increases and is

positive. When the solute is expelled from the bulk solution there is a gain in

entropy because of the collapse of the cavity the solute was in. When the solute

adsorbs to the surface there is a loss of entropy because a cavity must form to

accept the solute molecule. The adsorption process will be favored when AG ° is

negative and desorption when AG ° is positive. The more negative AG °, the greater

the extent of the adsorption reaction.
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4.6.1 Compound Dependence

The results show that the general trend was for AH° to become more

exothermic as pyridine < quinoline < acridine and AS ° to become smaller (more

order) from pyridine < quinoline < acridine (Table 3.17). The adsorption reaction

was enthalpy driven for all aza-arenes and all conditions studied. The entropy loss

for the adsorption reaction was ascribed to the two processes, gain of order when

the solute adsorbs and loss of order due to the breakdown of the cavity in the bulk

from loss of solute. The fact that there was a net loss of entropy, then the gain of

order when the solute adsorbs to the surface must be dominant. The enthalpy

change for the adsorption reaction is the sum of the negative enthalpy change

(exothermic) for the bond formation when the solute adsorbed to the surface and

the positive enthalpy change (endothermic) when the bonds were broken in solution

between the solute and the solvent. The exothermic values for AH° indicate that

the heat given off during bond formation at the surface was greater than the heat

consumed to break the solute-solvent bonds.

The change in enthalpy and entropy for acridine at 10-5°C was interesting in

that there is an increase in the enthalpy and entropy as compared to the higher

temperature range. There was less loss of order and a smaller heat released as a

result of the adsorption reaction. The smaller enthalpy loss was most likely a result

of differences in the effect of temperature on the structure of the surface-adsorbed

water and bulk water. The bulk water was more structured compared to the

surface-adsorbed water at the lower temperatures thus reducing the net loss in

entropy when the molecule adsorbs. The heat capacity of surface adsorbed water'

was found to be greater than the bulk,28 which resulted in a less significant change

in the structure of the surface-adsorbed water compared to the bulk as temperature
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was changed. Heat capacity is the thermal energy that must be added to the system

per unit temperature rise under specified conditions. Due to nearness to the

surface, the hydrogen bonding between water molecules is enhanced causing more

structure and hence more energy is required to change structure. Therefore, when

the temperature was changed in the bulk, less energy was needed compared to the

adsorbed water, so the change at the surface was less compared to the bulk. Hence,

the heat needed to break the solute-solvent bonds was greater and the heat released

when the solute adsorbs to the surface less and the increase in entropy indicated a

smaller difference in the entropy loss during adsorption and entropy gain during

cavity loss. The enthalpy was less exothermic since the bonding in the two phases

is more similar at lower temperatures and the net heat released is less.

Because the AH° and AS° values were the result of both changes in the surface

layer and the bulk solution it is not possible to make conclusions about the strength

(MI °) of the adsorption of the solute to the surface and hence make any

conclusions about the nature of the solute-sorbent interactions from the

thermodynamic data alone. The general trend for pyridine < quinoline < acridine

for AH° was similar to that for the extent of adsorption. The overlap of the

molecule with the surface and adsorption sites was greater for the larger molecule,

making A/-1° more exothermic. The base strength was also a factor as indicated by

the similar enthalpy values at pH 7 for quinoline and pyridine. The fact that there

was an increase in order for the reaction as the aza-arene increased in size

indicated that the number of water molecules displaced from the surface was

greater than the number that had hydrated the molecule in solution. Alternatively,

the change in entropy could reflect the greater structure of the surface and in order

to make a cavity of equivalent size than what was in solution, more order was
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gained.

4.6.2 pH Dependence

The changes in AH ° and AS ° as a function of pH for pyridine and acridine

showed more order and more heat released for the adsorption reaction above the

pKa than below, and for quinoline there was no AS ° change, but a slight increase in

AH° for the neutral species compared to the cation species. The effect of

temperature on the pKa for the aza-arenes studied was an increase of ten percent

from 45 to 5°C.62 The only enthalpy value that did not fit the trend was the pH 7

value for quinoline. The reason it had a less exothermic enthalpy than expected

was because it is a weaker base than pyridine. The pKa of quinoline is 4.92, that of

pyridine is 5.2 and acridine's is 5.6. The enthalpy and entropy of the adsorption

reaction was essentially the same for quinoline and pyridine above the pKa . This

was because the adsorption of the aza-arenes above the pKa was due to hydrogen

bonding to the surface. The strength of the hydrogen bond was related to how

strongly the lone pair of electrons was held to the nitrogen atom of the aza-arene.

The unshared electrons of quinoline were held more tightly than for pyridine

weakening the hydrogen bond.

The more exothermic enthalpy above the pKa indicated that the net change in

enthalpy for adsorption to the surface and removal from the bulk solution was

greater than below the pK.. The enthalpy was more exothermic above the pKa

because the hydrogen bonds between the free aza-arene and the surface were more

exothermic than the dipole-dipole forces holding the cation species to the surface.

There was greater entropy loss above the pKa than below. The greater entropy

loss was due to the more localized and stronger hydrogen bonds between the
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surface and neutral molecule, which prevents the adsorbed molecule from

optimizing its orientation with the surface. The cation species, because of the

weaker dipole-dipole surface interactions, oriented itself with the surface to

maximize the entropy.

4.7 Non-Equilibrium Effects on the Extent of Adsorption

The adsorption reaction was relatively fast based on the kb values from the

kinetic model. There was also a small effect due to interaggregate diffusion which

was estimated by using equation (31). This diffusion was due to the difference in

molecular volume of the conservative tracer and acridine. There was a correlation

between kb and temperature, the kb decreasing with temperature. This indicates

that the kinetic effects become more important as temperature decreases. This

seems logical since most reactions are faster at higher temperature. There was also

a correlation between the extent of adsorption, kb and temperature, the extent of

adsorption decreasing as kb increases. This reflects the decrease in Kd as

temperature increases due to the exothermic adsorption reaction and the faster

kinetics at higher temperature.

An approximation of the ratio of the residence time of the solute in the column

to the adsorption reaction time (ED )
 when the adsorption reaction is kinetically

limited is: 1°

PD -

where C 1 is evaluated at 0.5. The local equilibrium assumption is applicable when

PD is ca. 100 or greater. The P D values ranged from 33 to 230 with an average
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value of 55 ± 33. The local equilibrium assumption would be valid for average ue

values encountered for groundwater (ca. le cm s-1) for all the experimental

conditions studied. The smallest experimental P D value (33) would be 4400 at a ue

-of le cm s 1 
. The largest ue which would give a PD of 100 for the experimental

data is 0.044 cm s-1 , ca. 44 times larger than average groundwater velocities.

Therefore, the adsorption reaction would not be kinetically limited for most

groundwater flow conditions.
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CHAPTER 5

CONCLUSIONS

There is no effect on acridine solubility above the compound's pKa from

acridine/ligand complexes or precipitates of phosphate, chloride, phthlate, acetate

or perchlorate. There is a decrease in acridine solubility below the compound's

pKa due to cation/ligand precipitate formation with perchlorate, phosphate,

chloride and phthlate. The solubility of the precipitate is related to the hydration

enthalpy of the ligand, the solubility deceasing as the hydration enthalpy became

less exothermic. The effect of the precipitate formation on acridine transport in

groundwater would be to reduce the movement of the acridine/ligand precipitate

compared to aqueous acridine, especially if the acridine/ligand precipitate was

physically entrapped in the aquifer material. The reaction stoichiometry and K4,

values as a function of ligand type, ligand concentration and pH provide parameters

needed for predicting aza-arene transport.

The neutral aza-arene is hydrogen bonded to silica surface sites above the

compound's pKa (Figure 5.1); there is a cation/C104- complex interacting with

surface sites through dipole-dipole interactions below the pKa of the compound

(Figure 5.2). The definition of adsorption sites for this research includes both

surface adsorbed water and surface OH groups. This was necessary because it was

not possible to determine the free energy, enthalpy and entropy of adsorption but

only these values for the adsorption reaction. This includes not only solute-sorbent

interactions but also solute-solvent, solvent-sorbent, solute-solute and solvent-

solvent interactions.
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The extent of adsorption follows the trend pyridine < quinoline < acridine due

to greater overlap of the molecule with adsorption sites as the the number of rings

increases. The extent of adsorption is greater below the compound's pKa than

above because the complex interacts with the surface at several sites and is able to

optimize its orientation with the surface so as to optimize the free energy of

adsorption. The neutral molecule interacts with the surface principally at the aza-

arene nitrogen atom, weakening interactions of the remainder of the molecule with

surface sites. Consequently the molecule does not optimize its orientation with the

surface and hence does not optimize the free energy of adsorption. The extent of

adsorption is greatest for acridine at its pKa probably due to the change in the

fraction >SiO-Na+ with pH. The fraction of >SiO-Na+ sites decreases as pH drops

providing more hydrogen bonding sites for the neutral molecule; as the pH

increased more >SiO-Na+ sites are available for dipole-dipole interactions with the

complex. Adsorption of the neutral acridine molecule was enhanced when

carbonate vs. phosphate was used as a buffer because HCO 3- is more effective in

salting out acridine than H2PO4- due to its more exothermic hydration enthalpy.

The extent of adsorption below the pKa was independent of ligand type because of

the formation of cation/ligand complexes. The complexes have a much greater

solubility compared to the neutral species, diminishing the salting-out effect. The

extent of adsorption as a function of aqueous solute concentration (isotherms) was

non-linear above and below the pKa of acridine. The isotherm non-linearity is

attributed to the interaction of the adsorbed molecules and/or the non-uniformity of

adsorption sites.

The enthalpy of the adsorption reaction became more exothermic according to

pyridine < quinoline < acridine due to the greater overlap of the adsorbed
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molecule with the surface as ring number increases. The entropy of the adsorption

reaction became smaller in the order pyridine > quinoline > acridine as a result of

the greater structure of the adsorbed water compared to the bulk water, resulting in

a greater loss of entropy as the size of the adsorbed molecule increased. The

reaction enthalpy became less exothermic and the entropy increased over the

temperature range 10-5°C compared to the 45-16°C range because the change in

the order of the surface adsorbed water is less as temperature drops compared to the

bulk solution. The enthalpy of the adsorption reaction as a function of pH was less

exothermic below the compound's pKa than above. This is due to the stronger

bonds formed between the surface and the adsorbed molecule (hydrogen bonds)

above the pK, compared to the dipole-dipole interactions that bond the

cation/C104- complex to the surface below the pKa • The enthalpy of the adsorption

reaction was the same above the pKa for quinoline and pyridine because pyridine is

a stronger base than quinoline causing the hydrogen bonds formed with the surface

to be stronger compared to those formed by quinoline. The entropy of the

adsorption reaction was greater below the pKa than above because the complex is

better able orientate itself on the surface than the neutral molecule which may be

attributed to the localized nature of the hydrogen bond and multiple adsorption sites

of the complex.

The effect of the non-linear isotherm on the extent of adsorption of acridine as

determined by the local equilibrium model was insignificant for experiments with

an equilibrium aqueous phase solute concentration of 5.56 nM (bl-b9), but was

important for experiments with an equilibrium aqueous phase solute concentration

of 16.7 nM (cl -c26). The non-linear effect for experiments bl-b9 may be less than

for experiments cl -c26 because of the lower equilibrium aqueous phase solute
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concentration (5.56 nM vs. 16.7 nM) and/or because the N value of the isotherm is

temperature dependent.

Non-equilibrium effects on adsorption are due to intraaggregate diffusion and

kinetics. The intraaggregate diffusion is because of the larger size of the acridine

molecule compared to the conservative tracer. The kinetic effects are relatively

small, adsorption-desorption on the order of seconds to minutes. Adsorption

kinetics would be important at ue values of 0.044 cm s-1 or greater, which is ca. 44

times larger than the average value for most groundwater flow conditions (10-3

-1cm s 1 ). The kinetic effects became more important as temperature decreased.

The transport of the aza-arenes studied in groundwater would be enhanced if

the pH of the groundwater was above the pKa of the compounds. The transport

would be enhanced as the temperature of the groundwater increased. Pyridine

transport would be greater than quinoline and quinoline greater than acridine at

comparable groundwater conditions. The transport of acridine would be greater for

a groundwater with phosphate anions than one with carbonate anions. The

transport of acridine could be effectively modeled assuming local equilibrium for

silica dominated aquifers. The development of mass law expressions for modeling

aqueous phase and solid phase equilibria would be based on the adsorption of the

neutral molecule above the compound's pKa and adsorption of a cation/C104-

complex below the pKa . The use of models (SURFEQL) to predict aza-arene

adsorption to silica should include water adsorbed to the surface as potential

adsorption sites.
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CHAPTER 6

RECOMMENDATIONS

The recommendations may follow two veins. Initially, one can try to "plug"

holes in the experimental data to better understand what has already been done.

Secondly, one can take that which has been done as complete and branch out into

different problems that need addressed. In the first vein, I would suggest:

1. More pH-stat experiments for finding Ksp and/or Kf values for more ligands

commonly found in groundwater systems. Determine enthalpy and entropy of

solution for system used to find enthalpy and entropy of the adsorption

reaction so that effects from solute/solvent and solute/solute interactions

could be subtracted and the solute/sorbent enthalpy and entropy could be

found, preferably with a calorimeter.

2. Run a titration of the sorbent to find the pKa .

3. Run short-pulse column experiments to find isotherms for pyridine, quinoline

and acridine at all the temperatures examined in the research. This would

provide N values for the modeling and eliminate variations in N as a reason

for why the N values for the kinetic model did not agree with that determined

from the acridine isotherm at 30°C. Also run isotherms at the pKa to see if

this provides more information on why the extent of adsorption is greatest at

the pKa .

4. Run continuous-feed column experiments to get an idea of the importance of

non-equilibrium processes for quinoline and pyridine.
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5. Use a flow-thru calorimeter for any future temperature experiments.

In the second vein, one can address any of the other factors that are important in

predicting aza-arene transport:

1. The effect of colloids on aza-arene transport.

2. The effect of cosolutes on aza-arene transport.

3. The effect of biodegradation on aza-arene transport.

4. The effect of different sorbents on aza-arene transport.

5. Conduct a field experiment to test the effects of dispersion/diffusion and

advection on aza-arene transport.

6. Develop a reactive-transport model or use an existing one to test lab data and

field data for predicting aza-arene transport.



APPENDIX A: PROGRAM USED FOR pH-STAT CONTROL

163



1 REM APPLE BASIC PROGRAM FOR PH-STAT CONTROL
2 HOME::F1=0:F3=0:DAY=0
3 M=10:Z9=-16384
4 PB=-15360
5 AB=0
10 TL=0.01
20 INPUT "ENTER EXPERIMENT ID .>";ID$
30 INPUT "ENTER PH SET POIN'T=>";SPH
40 INPUT "ENTER PRINT INTERVAL IN MINUTES=>";PI
41 INPUT "ALIQUOT SIZE FOR ACID.>";M1
42 INPUT "STRENGTH OF ACID IN (M)=>";C1
43 INPUT "ALIQUOT SIZE FOR BASE.>";M2
44 INPUT "STRENGTH OF BASE IN (M)=>";C2
45 INPUT "PH TOLERANCE=>";TL
46 AL=M1*0.00025*C1/1000.
47 BAS=M2*0.00025*C2/1000.
50 D$=CHR$(4)
55 WS=CHR$(23)
60 PRINT D$; "PR#1"
61 PRINT "EXPERIMENT ID=";ID$
62 PRINT "MOLE OF ACID/ADD=";AL
63 PRINT "MOLE OF BASE/ADD=";BA
64 PRINT "PH TOLERANCE=";TL
65 SET POINT PH=";SPH
66 PRINT: PRINT: PRINT: PRINT
67 PRINT "TIME(SEC) #ACID #BASE PH"
68" 	
69 PRINT D$;"PR#0"
140 GOSUB 2000
150 GOSUB 3000
160 TO=MIN+SEC/60+HR*60
170 GOSUB 6000
180 HOME
190 GOSUB 5000
191 POKE -16368,0
192 K=PEEK(Z9)
194 IF K > 127 THEN GOSUB 8000
196 IF F1=0 GOTO 140
197 GOSUB 2000
198 DF=ABS(SPH-PH)
210 IF (PH-SPH) > = TL THEN GOSUB 4000
215 IF (SPH-PH) > = al, THEN GOSUB 10000
220 GOSUB 3000
235 TIME=MIN+SEC/60+HR*60
240 IF (TIME-TO) <PI GOTO 280
260 GOSUB 6000
270 TO=TIME
280 GOSUB 5000
290 GOTO 192
300 REM SUBROUTINE TO CHECK PH

2000 PRINT D$;"1N#3"
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2005 VTAB 24: HTAB 1
2010 INPUT PH$
2015 HOME
2020 PRINT D$;"IN#0"
2030 PH=VAL ( LEFT$ (PHS,7))
2035 PH=INT (PH* 1000+0.5)/1000
2040 RETURN
2050 REM SUBROUTINE TO READ THE CLOCK
3000 CALL 49399+3*256,":,T$
3045 HR=VAL (M1D$(T$,12,2))
3060 MIN=VAL (MID$(T$,15,2))
3070 SEC=VAL (M1D$(T$,18,2))
3072 IF Fl < > 0 GOTO 3078
3074 IHR=HR:IMIN=MIN
3075 ISEC=SEC
3076 F1=1
3078 IF SEC> = ISEC GO TO 3082
3080 MIN=MIN-1:SEC=60+SEC-ISEC
3081 GOTO 3084
3082 SEC=SEC-ISEC
3084 IF MIN> = IMIN GOTO 3088
3086 HR=HR-1:MIN=60+MIN-IMIN
3087 GOTO 3090
3088 MIN=MIN-IMIN
3090 GOSUB 9100
3095 D$=RIGHT$ (TS,8):D7$=LEFT$ (T$,11)
3100 RETURN
3110 REM SUBROUTINE FOR OPERATING MICROMETER SYRINGES
4000 POKE DDRB,255
4005 FOR I=1 TO M1
4010 POKE PB,1
4020 JJ=0
4030 POKE PB 4O
4040 NEXT I
4045 AC=AC+1
4050 RETURN
4060 REM SUBROUTINE FOR PRINTING TO SCREEN
5000 HOME
5005 PRINT D7$
5010 VTAB 10
5020 PRINT" PH ELPSD.T. TIME #ADD
5030 PRINT
5035 TS=TIME*60
5040 PRINT PH; TAB( 10);HR;":";MIN;":";SEC;TAB( 21);D$
5050 VTAB 12: HTAB 33: PRINT AC;"/";AB
5060 RETURN
5070 REM SUBROUTINE TO PRINT TO PAPER
6000 PRINT D$;'PR#1"
6003 IF Fl < > 0 GOTO 6010
6004 PRINT: PRINT: PRINT: PRINT DMPRINT : PRINT
6005 PRINT" PH ELPSD. T. TIME #ADD"
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6007 F1=1: PRINT
6010 PRINT TS; TAB( 15);AC; TAB( 25);AB; TAB( 35);PH
6020 PRINT D$;"PR#0"
6030 RETURN
7000 PRINT D$;"PR#1"
7010 PRINT: PRINT
7020 PRINT D7$
7030 PRINT: PRINT: PRINT D$;"PR#0"
7040 RETURN
7050 REM SUBROUTINE FOR CHANGING PARAMETERS DURING PROGRAM
8000 POKE - 16368,0: HOME
8010 PRINT "PARAMETER CHANGE MENU": PRINT: PRINT
8020 PRINT "1) SET POINT PH"
8030 PRINT "2) SET PRINT INTERVAL"
8040 PRINT "3) RESET ELAPSED TIME"
8050 PRINT "4) RESET ALIQUOT SIZE"
8060 PRINT "5) RETURN TO PROGRAM"
8070 PRINT "6) EXIT"
8075 PRINT "7) SET TOLERANCE"
8080 PRINT: INPUT "ENTER THE NUMBER OF YOUR CHOICE=>";K9
8083 HOME
8085 IF K9 =5 THEN RETURN
8090 ON K9 GOSUB 8130,8150,8170,8180,8120,8200,8220
8100 GOTO 8000
8120 RETURN
8130 INPUT "ENTER PH SET POINT=>;SPH
8140 RETURN
8150 INPUT "ENTER PRINT INTERVAL IN MINUTES=>;PI
8160 RETURN
8170 INPUT "ENTER NUMBER OF ELAPSED DAYS=>";DAY
8172 INPUT "ENTER INITIAL HR=>";IHR
8173 INPUT "ENTER INITIAL M1NS.=>;IMIN
8174 INPUT "ENTER INITIAL SECS.=>";ISEC
8175 RETURN
8180 INPUT "ENTER ALIQUOT ST7F,";M
8190 RETURN
8200 END
8220 INPUT "ENTER TOLERANCE IN PH UNITS=>";TL
8230 RETURN
8240 REM CALCULATE ELAPSED TIME
9100 IF RR > = IHR GOTO 9160
9110 IF F3 = 1 GOTO 9170
9120 DAY= DAY +1
9140 F3=1
9150 GOTO 9170
9160 F3=0
9170 HR=HR+DAY*24-IHR
9180 RETURN
9190 REM SUBROUTINE FOR OPERATING MICROMETER SYRINGES
10000 POKE DDRB,255
10010 FOR I=1 TO M2
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10015 JJ=0
10020 POKE PB,8
10030 JJ=0
10040 POKE PB 4O
10050 NEXT I
10060 AB=AB+1
10070 RETURN
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APPENDIX B: PROGRAMS USED FOR SHORT-PULSE COLUMN

EXPERIMENTS
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1 REM APPLE BASIC PROGRAM FOR AID CONVERSION
2 REM FOR SHORT-PULSE COLUMN EXPERIMENTS
3 PRINT D$;"BLOAD GETAI13,A$9600"
10 HOME :F1=0:F3=0:DAY=0
20 L=0: DIM C1(750):DIM J1(750)
30 INPUT "ENTER DATE=>";TRAP$: INPUT "ENTER EXP. NAME=>";ID#
35 INPUT "ENTER TEMP.=>";TEMP
40 INPUT "ENTER PH=>";PH
50 INPUT "ENTER PORE VOLUME VALUE.>";PV
60 INPUT "ENTER FLOW RATE=>";FR
70 PRINT D$;"PR#1: PRINT "DATE:";TRAP$: PRINT "EXP. NAME:";ID$
80 PRINT "ONE PORE VOLUME =";PV
90 PRINT "FLOW RATE =";FR: PRINT "TEMP.=";TEMP: PRINT "PH=";PH
100 PRINT: PRINT: PRINT
110 HTAB 5: PRINT "T(MIN) PV CON.T.0 # SOLUTE C"
1 1 I PRINT 	
112 PRINT DVPR#0"
120 PRINT D$;"BLOAD GETAI13,A$9600":DIM A%(1,1500):DIM B%(1,150)
130 A%(0,0)=5:B%(0,0)=5:DIM H1(750)
140 A%(1,0)= -1500:B%(1,0)= - 150:DIM 11(750)
150 FOR J=1 TO 1500:A%(0,J)=15+16*1:NEXT
160 FOR J=1 TO 150:B%(0,J)=0+16*2:NEXT
180 REM BEGIN SHORT SAMPLING LOOP
190 GOTO 310
200 POKE 8,2:CALL 38400
210 GOSUB 1001
220 T0=MIN+SEC/60+HR*60
230 FOR K=1 TO 150
240 W=B%(1,K)
250 W1=W+W1
260 IF PEEK (- 16384) > 127 THEN POKE - 16368,00: GOTO 600
270 NEXT
280 GOTO 400
290 REM BEGIN LONG SAMPLING LOOP
300 IF TO < 0.000 THEN GOTO 200
320 POKE 8,1: CALL 38400
330 GOSUB 1001
340 T0=MIN+SEC/60+HR*60
350 FOR I=1 TO 150
351 V=A%(1,I):V1=V+V1
360 IF PEEK (- 16384) > 127 THEN POKE - 16368,00: GOTO 600
370 NEXT
380 GOTO 200
390 REM CALCULATE PV AND C/CO AND SEND TO DISK
400 X=W1/75:G=T0*(FR/PV):N=X
410 C=(V1/150)
421 E=C:V1=0.0:W1=0.0
430 TO$=STR$ (T0):T1$=LEFTS (T0$,6)
440 G$=STRS (G):G1$=LEFT (G$,6)
450 N$=STR$ (N):N1$=LEFT (N$,6)
460 E$=STR$ (E):El$=LEFT (E$,6)
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461 IF TO < 2.1 THEN GOTO 468
462 IF TO = 2.1 THEN GOTO 468
464 LET Q7 = (CNT/5.0)-INT(CNT/5.0):GOSUB 5001
465 IF Q7 . 0.0 THEN GOTO 467
466 IF Q7 <> 0.0 THEN GOTO 470
467 GOSUB 6001: HOME : GOTO 470
468 GOSUB 6001: HOME: GOSUB 5001
470 Cl(L) = TO: J1(L) ..= G: Hl(L) = N
471 I1(L) = E
480 IF CNT = 120.0 THEN GOSUB 8008
500 L=L+1:CNT=CNT+1
510 GOTO 310
600 PRINT DVPR#1":PRINT "# DATA PTS =";L:PRINT "END OF RUN"
620 PRINT D$;"PR#0"
1000 REM SUBROUTINE TO READ THE CLOCK
1001 CALL 49399+2*256,":",T$
1010 HR=VAL (M1D$(T$,12,2))
1020 MIN=VAL (MID$(T$,15,2))
1030 SEC=VAL (MID$(T$,18,2))
1040 IF Fl < > 0 GOTO 1080
1050 IHR=HR:IMIN=MIN
1060 ISEC=SEC
1070 F1=1
1080 IF SEC > = ISEC GO TO 3082
1090 MIN=MIN-1:SEC=60+SEC-ISEC
1100 GOTO 1120
1110 SEC=SEC-ISEC
1120 IF MIN> = IMIN GOTO 1150
1130 HR=HR-1:MIN=60+MIN-IMIN
1140 GOTO 1160
1150 MIN=MIN-IMIN
1160 GOSUB 9100
1170 D$=RIGHT$ (T$,8):D7$=LEFT$ (T$,11)
1180 RETURN
5000 REM DISPLAY ON SCREEN
5001 HOME
5010 PRINT D7$
5020 VTAB 10
5030 PRINT "TIME(MIN)=";TO:PRINT "PORE VOLUME=";G
5040 PRINT "CONSER. TRACER C=";N:PRINT "SOLUTE C=";E
5060 RETURN
6000 REM DISPLAY ON PAPER
6001 PRINT D$;"PR#1"
6010 HTAB 5: PRINT T1$; TAB( 13);G 1 $; TAB( 21);N1$; TAB( 30);L
6011 TAB( 35);E1$
6020 PRINT D$;"PR#0"
6030 RETURN
8000 REM CONTROL PRINT INTERVAL TO DISK
8008 IF L=120 THEN PRINT D$;"OPEN";ID$
8010 PRINT DVAPPEND";1D$
8011 PRINT D$;"WRITE";1D$
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8012 FOR I=L-120 TO L
8020 PRINT C1(I)
8030 PRINT JI(I)
8040 PRINT H1(I)
8050 PRINT I1(I)
8070 NEXT I
8071 CNT = -1
8079 PRINT D$;"CLOSE";ID$
8080 PRINT D$;"BLOAD GETAI13,A$9600"
8090 RETURN
9000 REM CALCULATION OF ELAPSED TIME
9100 IF HR > = IHR GOTO 9160
9110 IF F3 = 1 GOTO 9170
9120 DAY= DAY +1
9140 F3=1
9150 GOTO 9170
9160 F3=0
9170 HR=HR+DAY*24-IHR
9180 RETURN

1 REM APPLE BASIC PROGRAM FOR CALCULATING THE
2 REM MOMENTS FOR THE SHORT-PULSE BREAKTHROUGH CURVES
10 DIM CP(750): DIM H(750): DIM J(750)
20 DIM 1(750): DIM T(750)
29 INPUT "ENTER EXP. NAME=>";ID$
30 INPUT "ENTER CORR. FACTOR FOR DEAD VOL.=>";CF
31 INPUT "ENTER START DATA PT. # FOR CON. TRA.=>";T1
32 INPUT "ENTER STOP DATA PT. # FOR CON. TRA.=>";T2
33 INPUT "ENTER START DATA PT. # FOR SOLUTE =>";T3
34 INPUT "ENTER STOP DATA PT. # FOR SOLUTE =>";T4
35 INPUT "ENTER # OF DATA PTS.=>";TM
36 INPUT "ENTER SOLUTE CO=>";CO
37 INPUT "ENTER CON. TR. CO.>";AO
38 INPUT "ENTER SOLUTE BASELINE=>";B2
39 INPUT "ENTER C.T. BASELINE=>";BA
48 D$=CHR$ (4)
49 PRINT D$;"PR#0"
50 PRINT "EXP. NAME:";ID$:
51 PRINT D$;"PR#0"
60 PRINT D$;"OPEN";ID$
61 PRINT D$;"READ";1D$
71 FOR L=0 TO TM: INPUT T(L): INPUT J(L): INPUT H(L): INPUT I(L): NEXT L
77 PRINT D$;"CLOSE";ID$
78 REM CALCULATE CON. TRACER MOMENTS
80 FOR L=T1 TO T2-1:C= ((H(L+1)-BA)+(H(L)-BA))/(2*A0):CP(L)=(J(L)-0.0)-CF
81 CP(L+1)-CP(L):T=(CP(L+1)+CP(L))/2:A=C*T*DT
100 B=C*DT:SA=A+SA:SB=B+SB
110 NEXT :MO=SB:M1=(SA/SB)-0.46
120 FOR L=T1 TO T2-1:C=((H(L+1)-BA)+(H(L)-BA))/(2*A0):CP(L)=(J(L)-0.0)-CF
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121 CP(L+1)=(J(L+1)-0.0)-CF
130 DT=CP(L+1)-CP(L):T=(CP(L+1)+CP(L))/2
140 Y=C*(T-M1) -2*DT:SY=Y+SY:X=C*(T-M1)"3*DT
150 SX = X+SX:NEXT:M2=(SY/SB)-.0705
160 M3=(SX)/SB
170 REM CALCULATE SOLUTE MOMENTS
180 FOR L=T3 TO T4-1:W=((I(L+1)-B2)+ (I(L)-B2))/(C0*2):CP(L)=(J(L)-0.0)-CF
181 CP(L+1)=(J(L+1)-0.0)-CF
182 PRINT DVPR#0":PRINT W
183 PRINT SR: PRINT CO: PRINT B2
184 PRINT DVPR#0"
190 V=CP(L+1)-CP(L):U=(CP(L+1)+CP(L))/2:S=W*U*V
200 SS=S+SS:R=W*V:SR=R+SR
210 NEXT:Q0=SR:Q1=(SS/SR)-0.46
220 FOR L=T3 TO T4 -1: W=((I(L+1)-B2)+(I(L)-B2))/(CO*2):CP(L).(J(L)-.0)-CF
221 CP(L+1)=(J(L+1)-0.0)-CF
230 V=CP(L+1)-CP(L):U=(CP(L+1)+CP(L))/2:P=W*(U-Q1)"2*V
240 SP=P+SP:O=W*V*(U-Q1)^3:SO=S0+0
250 NEXT:Q2=(SP/SR)-.0705:Q3=(S0)/SR
270 REM PRINT RESULTS
271 PRINT D$;"PR#0":HTAB 10
272 PRINT "CORR. PORE VOLUME": HTAB 10: PRINT" 	 It

273 FOR L=T3 TO T4: HTAB 10: PRINT CP(L):NEXT: HTAB 10
280 PRINT "C.T. OM=";MO:HTAB 10
290 PRINT "C.T. 1M=";Ml:HTAB 10
300 PRINT "C.T. 2M=";M2:HTAB 10
310 PRINT "C.T. 3M=";M3:HTAB 10
320 PRINT "SOLUTE OM=";Q0: HTAB 10
330 PRINT "SOLUTE 1M=";Ql: HTAB 10
340 PRINT "SOLUTE 2M=";Q2: HTAB 10
350 PRINT "SOLUTE 3M=";Q3:
360 PRINT DS;"PR#0"
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APPENDIX C: BREAKTHROUGH CURVES FOR SHORT-PULSE

COLUMN EXPERIMENTS A1-A56
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Figure C.1 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), pH 7, Na2HPO4 buffer, as a function of the initial
solute aqueous phase concentration (C o): (a) exps. al,a3,a4 C o = 30.3
nM; (b) exps. a5-a8, C o = 145 nM; (c) a9-all, C o = 290 nM; (d) exps.
a12-a13, C o = 580nM.
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Figure C.2 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), pH 7, Na2HPO4 buffer, as a function of the initial
solute aqueous phase concentration (C o): (a) exps. a14-a15, C o = 1450
nM; (b) exp. a 1 6, C o = 2900 nM; (c) a17-a20, C o = 5800 nM; (d) exps.
a21-a24, C o = 14500 nM.
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Figure C.3 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), Na2HPO4 buffer, as a function of the initial solute
aqueous phase concentration (C 0): (a) exps. a25-a28, C o = 29000 nM,
pH 7; (b) exps. a29-a32, C o = 29.0 nM, pH 4; (c) a33-a35, C o = 145
nM, pH 4; (d) exps. a36-a38, C o = 290 nM, pH 4.
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Figure C.4 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), Na2HPO4 buffer, pH 4, as a function of the initial
solute aqueous phase concentration (C o): (a) exps. a39-a41, C o = 580
nM; (b) exps. a42-a44, C o = 1450 nM, pH 4; (c) a45-a47, C o = 2900
nM; (d) exps. a48-a50, C o = 5800 nM.
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Figure C.5 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), Na2HPO4 buffer, pH 4, as a function of the initial
solute aqueous phase concentration (C 0): (a) exps. a51-a53, C o =
14500 nM; (b) exps. a54-a58, C o = 29000 nM.
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PROGRAM NCS
C CFITIM MODIFIED WITH NON-LINEAR ISOTHERM, WITH EQUIL AND 1-SITE
C KINETIC MODELS ,SHORT OUTPUT,12-92

******************************************************************

NON-LINEAR LEAST-SQUARES ANALYSIS 	 CFITIM *

******************************************************************

DIMENSION Y(90),X(90),F(90),R(90),DELZ(90,6),B(12),E(6),TH(12),
1P(6),PHI(6),Q(6),LSORT(90),TB(12),A(6,6),D(6,6),INDEX(6),B2(10)
2,N7(4)
CHARACTER TITLE*60,BI(10)*3,FILEIN*20,FILEOUT*20,PLOTOUT*20
DATA STOPCR/0.0005/

OPEN I/O FILES 	
WRITE(*,*)'INPUT FILENAME =?'
READ(*,19)FILEIN

19 FORMAT(A20)
OPEN(5,FILE=FILEIN,STATUS='OLD')
READ(5,21)FILEOUT

21 FORMAT(A20)
KP=6
OPEN(6,FILE=FILEOUT,STATUS='NEW')
READ(5,21)PLOTOUT
OPEN(7,FILE=PLOTOUT,STATUS='NEW')

READ NUMBER OF CASES
READ(5,1006) NCJCP
IF(CP.NE.6) ICP=1
DO 120 NCASE=1,NC
WRITE(ICP,1000)

	READ AND WRITE INPUT PARAMETERS
READ(5,2006) (N7(I),I=1,4)
READ(5,1006) MODE,NDATA,MIT,NOB
M=MODE
IF(M.EQ.1) WRITE(KP,1021)
IF(M.EQ .2) WRITE(ICP,1022)
IF(N7(3).GT.0) WRITE(KP,1025)
IF(MODE.EQ.1) NU=4
IF(MODE.EQ.2) NU=6
NU1=NU+1
NU2=2*NU
READ(5,1001) TITLE
WRITE(10,1002) TITLE
READ(5,2008) (B2(I),I=1,10)
WRITE(KP,2014) (N7(I),I=1,2),(B2(1),I=1,2),(B2(1),I=4,10)

READ COEFFICIENTS NAMES
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READ(5,1004) (BI(I),I=1,NU2)
C
C 	 READ INITIAL ESTIMATES

READ(5,1005) (B (I) ,I=NU1,NU2)
C
C 	 READ INDICES

READ(5,1006) (INDEX(I),I=1,NU)
WRITE(KP,1007)
D04 I=1,NU
J=2*I-1

4 WRITE(ICP,1008) I,BI(J),BI(J+1),B(I+NU)
C IF(NDATA.EQ.0) GO TO 10
C
C 	 READ AND WRITE EXPERIMENTAL DATA

DO 6 I=1,NOB
6 READ(5,1105) X(I),Y(I)

C 10 WRITE(KP,1009)
C DO 12 I=1,NOB
C 12 WRITE(ICP,1010) I,X(1),Y(I)
C
C 	

NP=0
DO 14 I=NU1,NU2
TB(I)=B(I)
IF(TNDEX(I-NU).EQ.0) GO TO 14
NP=NP+1
K=2*NP-1
J=2*(I-NU)-1
BI(K)=BI(J)
BI(K+1)=BI(J+1)
B(NP)=B(I)
TB (NP)=B (I)
TH(NP)=B(NP)

14 TH(I)=B(I)
C
C

GA=0.02
NIT=0
NP2=2*NP
CALL MODEL(TH,F,NOB,X,INDEX,MODE,B2,N7)
SSQ=0.
DO 32 I=1,NOB
R(I)=Y(I)-F(I)

32 SSQ=SSQ+R(I)*R(I)
WRITE(KP,1011) (BI(J),BI(J+1),J=1,NP2,2)
WRITE(ICP,1012) NIT,SSQ,(B(I),I=1,NP)

C
C 	 BEGIN OF ITERATION

34 NIT=NIT+1
GA=0.1*GA
DO 38 J=1,NP
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TEMP=TH(J)
TH(J)=1.01*TH(J)

Q(J)=0
CALL MODEL(TH,DELZ(1,J),NOB,X,INDEX,MODE,B2,N7)
DO 36 I=1,NOB
DELZ(I,J)=DELZ(I,J)-F(I)

36 Q(J)=Q(J)+DELZ(I,J)*R(I)
Q(J)=100.*Q(J)/TH(J)

C
C 	 Q-XT*R (STEEPEST DESCENT)

38 TH(J)=TEMP
DO 44 I=1,NP
DO 42 J=1,I
SUM=0
DO 40 K=1,NOB

40 SUM=SUM+DELZ(K,I)*DELZ(K,J)
D(I,J)=10000.*SUM/(TH(I)*TH(J))

42 D(J,I)=D(I,J)
44 E(I)=SQRT(D(I,I))
50 DO 52 I=1,NP

DO 52 J=1,NP
52 A(I,J)=D(I,J)/(E(I)*E(J))

C
C 	 A IS THE SCALED MOMENT MATRIX

DO 54 I=1,NP
P(I)=Q(I)/E(I)
PHI(I)=P(I)

54 A(I,I)=A(I,I)+GA
CALL MATINV(A,NP,P)

C
C 	 P/E IS THE CORRECTION VECTOR

STEP=1.0
56 DO 58 I=1,NP
58 TB(I)=P(I)*STEP/E(I)+TH(I)

DO 62 I=I,NP
IF(TH(I)*TB(I))66,66,62

62 CONTINUE
SUMB=0
CALL MODEL(TB,F,NOB,X,INDEX,MODE,B2,N7)
DO 64 I=1,NOB
R(I)=Y(I)-F(I)

64 SUMB=SUMB+R(I)*R(I)
66 SUM1=0.0

SUM2=0.0
SUM3=0.0
DO 68 I=1,NP
SUM1=SUM1+P(I)*PHI(I)
SUM2=SUM2+P(I)*P(I)

68 SUM3=SUM3+PHI(I)*PHI(I)
ARG=SUM1/SQRT(SUM2*5UM3)

182



ARG I =O.
IF(NP.GT.1) ARG1=SQRT(1.-ARG*ARG)
ANGLE=57.29578*ATAN2(ARGI,ARG)

DO 72 I=1,NP
IF(TH(I)*TB(I))74,74,72

72 CONTINUE
IF((SUMB-SSQ).LT.LD-08)G0 TO 80

74 IF(ANGLE-30.0)76,76,78
76 STEP=0.5*STEP

GO TO 56
78 GA=10.*GA

GO TO 50

PRINT COEFFICIENTS Al- I ER EACH ITERATION
80 CONTINUE

DO 82 I=1,NP
82 TH(I)=TB(I)

WRITE(ICP,1012) NIT,SUMB,(TH(I),I=1,NP)
DO 86 I=1,NP
IF(ABS(P(I)*STEP/E(I))/(1.0E-6+ABS(TH(I)))-STOPCR) 86,86,94

86 CONTINUE
GO TO 96

94 SSQ=SUMB
IF(NIT.LE.MIT) GO TO 34

END OF ITERATION LOOP
96 CONTINUE

CALL MATINV(D,NP,P)

WRITE CORRELATION MATRIX
DO 98 I=1,NP

98 E(I)= S QRT(AMAX1(D(I,I) ,1.E-6))
WRITE(KP,1013) (1,1=1 ,NP)
DO 102 I=1,NP
DO 100 J=1,I

100 A(J,I)=D(J,I)/(E(I)*E(J))
102 WRITE(KP,1014) I,(A(J,I),J=1,I)

	CALCULATE 95% CONFIDENCE INTERVAL
Z= 1 ./FLOAT(NOB -NP)
SDEV=SQRT(Z*SUMB)
TVAR=1.96+Z*(2.3779+Z*(2.7135+Z*(3.187936+2.466666*Z**2)))
WRITE(KP,1015)
DO 108 I=1,NP
SECOEF=E(I)*SDEV
TVALUE=TH(I)/SECOEF
TSEC=TVAR*SECOEF
TMCOE=TH(I)-TSEC
TPCOE=TH(I)+TSEC
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J=2*I-1
108 WRITE(KP,1016) I,BI(J),BI(J+1),TH(I),SECOEF,TVALUE,TMCOE,TPCOE

C
C 	 PREPARE FINAL OUTPUT

LSORT(1)=1
DO 116 J=2,NOB
TEMP=R(J)
K=J-1
DO 111 L=1,K
LL=LSORT(L)
IF(TEMP-R(LL)) 112,112,111

111 CONTINUE
LSORT(J)=J
GO TO 116

112 KK=J
113 KK=KK-1

LS ORT(KK+1)=LS ORT(KK)
IF(KK-L) 115,115,113

115 LSORT(L)=J
116 CONTINUE

C WRITE(KP,1017)
DO 118 I=1,NOB
J=LSORT(N0B+14)

118 WRITE(7,2001) I,X(I),F(I),Y(I)
C 118 WRITE(KP,1018) I,X(I),Y(I),F(I),R(I),J,X(J),Y(J),F(J),R(J)

WRITE(KP,1020)
120 CONTINUE

C
C 	 END OF PROBLEM
1000 FORMAT(//5X,67(1H*),/5X,1H*,65X,1H*/5X,1H*,5X,'NONLINEAR LEAST SQU

lARES ANALYSIS ',28X,1H*/5X,1H*65X,1H*)
1001 FORMAT(A60)
1002 FORMAT(5X,111*,A60,5X,1H*/5X,1H*,65X,1H*/5X,67(1H*))
1004 FORMAT(7(2A3,4X))
1005 FORMAT(7F5.0)
1105 FORMAT(2F10.0)
1006 FORMAT(7I5)
1007 FORMAT(//5X,'INMAL VALUES OF COEFFICIENTS '/5X,30(1H=)/5X,'N0',

16X,'NAME',7X,'INITIAL VALUE')
1008 FORMAT(4X,I3,5X,2A3,4X,F12.3)

C1009 FORMAT(//5X,'OBSERVED DATA'/5X,13(1H=)/5X,'OBS. NO.',5X,'PORE VOLU
C 1ME' ,5X,' CONCENTRATION')
C1010 FORMAT(5X,I5,5X,F12.4,4X,F12.4)
1011 FORMAT(JPITER',3X,'SSQ',6(4X,2A3))
1012 FORMAT(1X,I2,1X,F7.5,6F10.4)
1013 FORMAT(//5X,'CORRELATION MATRIX'/5X,18(1H=)/8X,10(2X,I2,7X))
1014 FORMAT(3X,I3,10(2X,F7.4,2X))
1015 FORMAT(///5X,'NON-LINEAR LEAST SQUARES ANALYSIS, FINAL RESULTS'

1/5X,48(1H=)//54X,'95% CONFIDENCE LIMITS '/5X,' VAR ',2X,'NAME '
2,6X,' VALUE ' ,6X ,' S .E.COEFF.',3 X,' T-VALUE ',5X,' LOWER ' ,8X,' UPPER ' )

1016 FORMAT(5X,I2,2X,2A3,F12.5,3X,F9.4,4X,F8.2,2X,F9.4,4X,F9.4)
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C1017 FORMAT(//5X,4(1H-),'ORDERED BY COMPUTER INPUT',5(1H-), 3X,8(1H-
C 1),' ORDERED BY RESIDUALS ',6 (1H-)/11X ,' PORE ',3 X,' CONCENTR ATION',
C 23X,'RESI-',9X,'PORE',3X,'CONCENTRATION',3X,'RESI-V5X,'N0',2X,
C
C 4'OBS.',2X,'FI 1 -1ED',4X,'DUAL')
C1018 FORMAT(5X,I2,4F8 .3 ,3X,12,4F8.3)
1020 FORMAT(///5X,'THATS ALL FOLKS '/5X,14(1H=))
1021 FORMAT(5X,1H*,5X,'EQUILIBRIUM TRANSPORT (MODEL A)',29X,1H*)
1022 FORMAT(5X,1H*,5X,'NON-EQUILIBRrU14 TRANSPORT (MODEL B)',25X,1H*)

C1023 FORMAT(5X,1H*,5X,'ONE-SITE KINETIC ADSORPTION (MODEL D)',23X,1H*)
C1024 FORMAT(5X,IH*,5X;FIRST-TYPE BOUNDARY CONDMON',31X,1H*)
1025 FORMAT(5X,1H*,5X,'THIRD-TYPE BOUNDARY CONDITION',31X,1H*)
2001 FORMAT(2X,I4,3(2X,F8.3))

	 THATS ALL FOLKS 	
2006 FORMAT(416)
2008 FORMAT(8F6.3,F6.5,F6.3)
2014 FORMAT(5X,1H*,65X,IH*/5X,67(1H*)//5X,'INPlUT PARAMETERS 75X,16(11-1.)

1//5X,'NN= ',I11,10X,'NSTEPS =',I7,10X,' DELX=',F9.4/5 X ,' DELT= ',F9.4,
210X,'CI=',F11.4,10X,'CO=',F11.4/5X,'WC=',F11.4,10X,'V=',F12.4,
310X,'RH0=',F10.4/5X,'TOL=',F10.4,10X,'PV.',F10.4)

CLOSE FILES
CLOSE(5)
CLOSE(6)
CLOSE(7)
STOP
END

SUBROUTINE MAT1NV(A,NP,B)
DIMENSION A(6,6),B(12),INDEX(6,2)
DO 2 J=1,5

2 INDEX(J,1)=0
I=0

4 AMAX.-1.0
DO 11 J=1,NP
IF(INDEX(J,1)) 11,6,11

6 DO 10 K=1,NP
IF(INDEX(K,1)) 10,8,10

8 P=ABS(A(J,K))
IF(P.LE.AMAX) GO TO 10
IR=J
IC=K
AMAX=P

10 CONTINUE
11 CONTINUE

IF(AMAX) 30,30,14
14 INDEX(IC,1)=IR

IF(IR.EQ.IC) GO TO 18
DO 16 L=1,NP
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P=A(IR,L)
A(IR,L)=A(IC,L)

16 A(IC,L)=P
P=B(IR)
B(IR)=B(IC)
B(IC)=P
I=I+1
INDEX(I,2)=IC

18 P=1./A(IC,IC)
A(IC,IC)=1.0
DO 20 L=1,NP

20 A(IC,L)=A(IC,L)*P
B(IC)=B(IC)*P
DO 24 K=1,IsTP
IF(K.EQ.IC) GO TO 24
P=A(K,IC)
A(K,IC)=0.0
DO 22 L=1,NP

22 A(K,L)=A(K,L)-A(IC,L)*P
B(K)=B(K)-B(IC)*P

24 CONTINUE
GO TO 4

26 IC=INDEX(I,2)
IR=INDEX(IC,1)
DO 28 K=1,NP
P=A(K,IR)
A(K,IR)=A(K,IC)

28 A(K,IC)=P
I=I-1

30 IF(I) 26,32,26
32 RETURN

END
C
C

SUBROUTINE MODEL(B,Y,NOB,X,INDEX,MODE,B2,N7)
C
C PURPOSE: TO CALCULATE CONCENTRATIONS FOR GIVEN PORE VOLUME
C

DIMENSION B (12),Y(90),X(90),INDEX(6),B 2(10),N7 (4),
1C(110),CE(110),S(110),SE(110),T(110),F(110),
2PV1(175000),U(110)
K=0
IF(MODE.EQ.1) GO TO 42

C
C 	 SOLUTION FOR NON-EQUILIBRIUM TRANSPORT (MODEL B) 	

DO 11=7,12
IF(INDEX(I-6).EQ.0) GO TO 1
K=K+1
B(I)=B(K)

1 CONTINUE
WRITE(KP,*) 'hello'
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K=0
D=B (7)
AK=B (8)
EX=B (9)
TP=B (10)
ALPHA=B (11)
FREQ=B (12)
DELX=B 2(1)
DELT= B 2(2)
PRDEL=B2(3)
CI=B 2(4)
CO=B2(5)
WC=B 2(6)
V=B 2(7)
RHO=B2(8)
TOL=B 2(9)
TOL1=TOL*10
IF (AB S (EX-1 .).LE.0.05) TOL=100.
PV=B2(10)
NN=N7 (1)
NS TEPS=N7 (2)
KSURF=N7 (3)
KINIT=N7(4)
PI=3.141592654

C
C 	 BEGIN COMPUTING

NE=NN-1
NIT=0
NITT=0
IS TEP=1
WCM=WC

C FREQ1= 1 .-FREQ
B3=0.5*D*DELT/DELX**2
B 4=0.25* V*DELT/DELX
ALP=0.5*ALPHA*DELT
ALP1=ALPHA*DELT
A=B4 -B 3
B5=B3+B4
EX1=EX- 1.0
RHO1=EX*RHO*AK/WCM
RHO2=RHO* A1C/WC M
Z1=ALP1*AK
Z3= (1+ALP)
Z2=(1 -ALP)/Z3
Z6=ALP*RHO/WCM
Z7=ALP1*RHO/WCM
WI =(Z2)*Z6+Z6
W2= (ALP*RH02)
W3= (ALP*W2)/Z3
W4= (ALP1*RH02)
W5=(ALP*W4)/Z3
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W6=(W3-W2)
Z4=V*WC*PI*.23*.231PV
DO 4 I=1,NN

4 C(I)=CI
DO 8 I=1,NN
C(I)=AMAX1(C(I),1.E-06)
F(I)=AK*C(I)**EX
S(I)=C(I)
CE(I)=C(I)

8 SE(I)=S(I)
C
C 	

DO 40 II=1,NSTEPS
TIME=II*DELT
IF (TIME.LT.TP) GOTO 9
CO=0.0
IF (KSURF.LE.0) C(1)=C0
IF (KSURF.LE.0) CE(1)=C0

9 DO 10 I=1,NN
T(I)=CE(I)
S 1=AMAX1(0.5*(S(I)+SE(I)),I.E-06)

10 CONTINUE
C I =AMAX I (0.5*(C(1)+CE(1)),1.E-06)
RM1=1.
U(1)=RM1+B5
F(1)=Z7*S(1)+4.*B4*CO+C(1)*(RMI-B5)-(W4)*(ABS(C(1))**EX)
1 -A*C(2)
DO 12 I=2,NE
C1=AMAX1(0.5*(C(I)+CE(I)),1.E-06)
RM1=1.
F(I)=Z7*S(I)+B5*C(I-1)+C(I)*(RM1-2.*B3)-A*C(I+1)-(W4)
1*(ABS(C(I))**EX)

12 U(I)=RM1+2.*B3
IF(KSURF.GT.0) GOTO 13
U(1)=1.0
F(1)=C0

C
C 	 SOLVE FOR NEW VALUES 	

13 R=-B5/U(1)
F(2)=F(2)-R*F(1)
IF(KSURF.GT.0) U(2)=U(2)-R*A
DO 14 I=3,NE
R=-B5/U(I-1)
U(I)=U(I)-R*A

14 F(I)=F(I)-R*F(I-1)
CE(NN)=F(NE)/(U(NE)+A)
SE(NN)=(Z1)/(Z3)*(ABS((CE(NN)+C(NN))/2))**EX+S(NN)*Z2
DO 16 I=2,NN
K=NN+ I-I
CE(K)=(F(K)-A*CE(K+1))/U(K)

16 SE(K)=(Z1)/(Z3)*(ABS((CE(K)+C(K))/2))**EX+S(K)*Z2
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IF(KSURF.LE.0) CE(1)=CO
SE(1)=(Z1)/(Z3)*(AB S aCE(1)+C(1))/2))* *EX+ S (1)*Z2
NIT=NIT+ 1

C
C 	 CHECK FOR CONVERGENCE

DO 18 I=1,NN
TF(ABS(CE(I)-T(I))-TOL)18,20,20

18 CONTINUE
GOTO 22

20 IF(NIT.LT.8) GOTO 9
22 CONTINUE

NITT=NITT+NIT
C
C 	 OUTPUT	

PV1(II)=TIME*Z4
DO 25 I=1,NOB
IF (ABS(PV1(II)-X(I))-TOL1) 26,26,25

25 CONTINUE
GOTO 28

26 Y(I)=CE(NN)
C
C 	 PREPARE FOR NEW TIME STEP

28 NIT=0
IS TEP=ISTEP+1
DO 30 I=1,NN
SS=SE(I)-S(I)
S(I)=SE(I)
SE(I)=SE(I)+SS
CC=CE(I)-C(I)
C(I)=CE(I)

30 CE(I)=CE(I)+CC
40 CONTINUE

RETURN
C
C 	 SOLUTION FOR EQUILIBRIUM TRANSPORT (MODEL A)

42 DO 44 1=5,8
IF(INDEX(I-4).EQ.0) GO TO 44
K=K+1
B(I)=B(K)

44 CONTINUE
WRITE(KP,*) 'hello'
K=0
D=B(5)
AK=B(6)
EX=B(7)
TP=B(8)
DELX=B2(1)
DELT=B2(2)
PRDEL=B2(3)
CI=B2(4)
CO=B2(5)
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WC=B2(6)
V=B2(7)
RHO=B2(8)
TOL=B2(9)
TOL1=TOL*10
IF (AB S(EX-1.).LE.0.05) TOL=100.
PV=B2(10)
NN=N7(1)
NSTEPS=N7(2)
KSURF=N7(3)
KINIT=N7(4)
PI=3.141592654

	BEGIN COMPUTING	
NE=NN-1
NIT=0
NITT=0
ISTEP=1
WCM=WC
B3=0.5*WCM*D*DELT/DELX**2
B4=0.25*WCM*V*DELT/DELX
ALP=0.5*DELT
A=B4-B3
B5=B3+B4
EX1=EX-1.0
Z4=V*WCM*.23*.23*PI/PV
DO 64 I=1,NN

64 C(I)=CI
DO 68 I=1,NN
C(I)=AMAX1(C(I),1.E-06)
F(I)=AK*C(I)**EX

68 CE(I)=C(I)
RHO1=EX*RHO*AK

DO 98 II=1,NSTEPS
TIME=II*DELT
IF (TIME.LT.TP) GOTO 69
CO=0.0
IF (KSURF.LE.0) C(1)=C0
IF (KSURF.LE.0) CE(1)=C0

69 DO 70 I=1,NN
T(I)=CE(I)

70 CONTINUE
C1=AMAX1(0.5*(C(1)+CE(1)),LE-06)
RM1.(WCM+RHO1* C 1 **EX1)/2.
U(1)=RM1+B5
F(1)=4.*B4*C0+(RM1-B5)*C(1)-A*C(2)
DO 72 I=2,NE
C1=AMAX1(0.5* (C (I)+CE(I)),1.E-06)
RM1=WCM+RHO l*C1**EX1

190



W1=0.0
F(I)=B5*C(I-1)+(RM1-2.*B3)*C(I)-A*C(I+1)

72 U(I)=RM1+2.*B3
IF(KSURF.GT.0) GOTO 73
U(1)=1.0
F(1)=C0

	SOLVE FOR NEW VALUES 	
73 R=-B5/U(1)

F(2)=F(2)-R*F(1)
IF(KSURF.GT.0) U(2)=U(2)-R*A
DO 74 I=3,NE
R=-B5/U(I-1)
U(I)=U(I)-R*A

74 F(I)=F(D-R*F(1-1)
CE(NN)=F(NE)/(U(NE)+A)
DO 76 I=2,NN
K=NN+1-I

76 CE(K)=(F(K)-A*CE(K+1))/U(K)
IF(KSURF.LE.0) CE(1)=C0
NIT=NIT+1

	CHECK FOR CONVERGENCE
DO 78 I=1,NN
IF(ABS(CE(I)-T(0)-TOL)78,80,80

78 CONTINUE
GOTO 82

80 IF(NIT.LT.8) GOTO 69
82 CONTINUE

NITT=NITT+NIT

	OUTPUT	
PV1(II)=TIME*Z4
DO 85 I= I,NOB
IF (ABS(PV1(II)-X(I))-TOL1) 86,86,85

85 L=I
GOTO 88

86 Y(I)=CE(NN)

	PREPARE FOR NEW TIME STEP
88 NIT=0

ISTEP=ISTEP+1
DO 90 I=1,NN
CC=CE(I)-C(I)
C(I)=CE(I)

90 CE(I)=CE(I)+CC
98 CONTINUE

RETURN
END
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APPENDIX E: BREAKTHROUGH CURVES FOR CONTINUOUS-FEED

COLUMN EXPERIMENTS Cl-C26
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Figure E.1. Breakthrough curves for conservative tracer (NaC104,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
kinetic model, solid line), pH 7, Na2HPO4 buffer: (a) and (b), 40°C,
experiments cl (a) and c2 (b); (c) and (d), 30°C, experiments c3 (c) and
c4 (d).
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Figure E.2. Breakthrough curves for conservative tracer (NaC104,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
kinetic model, solid line), pH 7, Na2HPO4 buffer: (a) and (b), 20°C,
experiments c5 (a) and c6 (b); (c) and (d), 16°C, experiments c7 (c) and
c8 (d).
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Figure E.3. Breakthrough curves for conservative tracer (NaC104,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
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Figure E.4. Breakthrough curves for conservative tracer (NaC104,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
kinetic model, solid line), pH 4, Na2HPO4 buffer: (a) and (b), 40°C,
experiments c13 (a) and c14 (b); (c) and (d), 30°C, experiments c15 (c)
and c16 (d).
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Figure E.5. Breakthrough curves for conservative tracer (NaC104,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
kinetic model, solid line), pH 4, Na2HPO4 buffer: (a) and (b), 20°C,
experiments c17 (a) and c18 (b); (c) and (d), 16°C, experiments c19 (c)
and c20 (d).
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Figure E.6. Breakthrough curves for conservative tracer (NaC104 ,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
kinetic model, solid line), pH 4, Na2HPO4 buffer: (a) and (b), 10°C,
experiments c21 (a) and c22 (b); (c) and (d), 5°C, experiments c23 (c)
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Figure E.7. Breakthrough curves for conservative tracer (NaC104,+) and acridine
(*) and model fits (local equilibrium model, dashed line; one-site
kinetic model, solid line), pH 5.6, Na2HPO4 buffer: (a) and (b), 30°C,
experiments c25 (a) and c26 (b).



APPENDIX F: BREAKTHROUGH CURVES FOR SHORT-PULSE

COLUMN EXPERIMENTS D1-D109
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Figure F.1 Breakthrough curves for conservative tracer (NaC104, lines) and
quinoline (symbols), Na2HPO4 buffer, pH 7, as a function of
temperature (T): (a) exps. d2-d4, T = 35°C; (b) exps. d5-d7, T = 24°C;
(c) d8-d10, T = 45°C; (d) exps. dl 1-d13, T = 30°C.
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Figure F.2 Breakthrough curves for conservative tracer (NaC104 , lines) and solute
(symbols), Na2HPO4 buffer, pH 7, as a function of temperature (T): (a)
exps. d14-d16, T = 16°C, quinoline; (b) exps. d17-d19, T = 11°C,
quinoline; (c) exps. d20-d22, T = 30°C, acridine; (d) exps. d23-d25, T
= 35°C.
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Figure F.3 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), Na2HPO4 buffer, pH 7, as a function of temperature
(T): (a) exps. d26-d28, T = 45°C; (b) exps. d29-d31, T = 25°C; (c)
exps. d32-d34, T = 20°C; (d) exps. d35-d37, T = 16°C.
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Figure F.4 Breakthrough curves for conservative tracer (NaC104 , lines) and solute
(symbols), Na2HPO4 buffer, pH 7, as a function of temperature (T): (a)
exps. d38-d40, T = 11°C, acridine; (b) exps. d41-d43, T = 35°C,
pyridine; (c) exps. d44-d46, T = 30°C, pyridine; (d) exps. d47-d49, T =
24°C, pyridine.
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Figure F.5 Breakthrough curves for conservative tracer (NaC104 , lines) and solute
(symbols), Na2HPO4 buffer, as a function of temperature (T): (a) exps.
d50-d52, T = 17°C, pyridine, pH 7; (b) exps. d53-d55, T = 10°C,
pyridine, pH 7; (c) exps. d56-d59, T = 35°C, quinoline, pH 4; (d) exps.
d60-d62, T = 24°C, quinoline, pH 4.
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Figure F.6 Breakthrough curves for conservative tracer (NaC104, lines) and
quinoline (symbols), Na2HPO4 buffer, pH 4, as a function of
temperature (T): (a) exps. d63-d65, T = 45°C; (b) exps. d66-d68, T =
30°C; (c) exps. d69-d70, T = 16°C; (d) exps. d71-d73, T =11°C.
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Figure F.7 Breakthrough curves for conservative tracer (NaC104, lines) and
acridine (symbols), Na2HPO4 buffer, pH 4, as a function of temperature
(T): (a) exps. d74-d76, T = 30°C; (b) exps. d77-d79, T = 35°C; (c)
exps. d80-d82, T = 45°C; (d) exps. d83-d85, T = 25°C.
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35°C, pyridine.
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Figure F.9 Breakthrough curves for conservative tracer (NaC104, lines) and
pyridine (symbols), Na 2HPO4 buffer, pH 4, as a function of temperature
(T): (a) exps. d98-d100, T = 30°C; (b) exps. d101-d103, T = 24°C; (c)
exps. d104-d106, T = 17°C; (d) exps. d107-d109, T = 10°C.
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