JOCSEPH RGOSSABI .
A Fl BER OPTI C SPECTROSCOPI C ANALYSI S OF DI URON

SORPTI OV DESORPTI ON PROCESSES | N SUBSURFACE MEDI A.
UNDER THE DI RECTI ON OF CASS T. M LLER

ABSTRACT

The quantitative assessnent of sorption and desorption
processes is vital to the conpl et e understandi ng of
contam nant fate and transport in the subsurface. The
sorption and desorption of a synthetic organic pesticide,
di uron, was studied by optical ultraviolet (UV) absorption
spectroscopy in two configurations. The first utilized the
"grab sanpl e" method and a conventional | aboratory benchtop
UV/ VI S spectrophotoneter, and the second enpl oyed a fi ber
opti c spectrophotoneter.

The "grab sanple" method is susceptible to systematic
errors related to the renpval of the sanple fromthe
subsurface system for analysis. Fiber optic

spectrophotonetry has the potential for noninvasive,
nondestructi ve neasurenents obtai ned within the subsurface

nmedi a.

The hypot hesis of this work was that fiber optic
spectrophotonetry can be used to deternm ne the fate and
transport of a pesticide in |aboratory systens of subsurface
medi a, using a one dinensional colunn configuration.

The results of this research denonstrate that fi ber
opti c spectroscopi c nmet hods can be used for one-di nensi onal
subsurface nedia colum sorption/desorption and tracer
experinents under the conditions used in this study. In
additi on, sorption Kinetic experinments indicate that
equi libriumconditions are not attained after 140 days of
equilibration. Data fromequilibriumdistribution
experi ments support this concl usion.
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I 1 NTRODUCTI ON

1.1 Overvi ew

Approxi mately one half of the population of the United
States uses ground water for drinking (Schiffrman, 1988). It
is therefore inportant to be able to discrimnate and
quantify the factors affecting the quality of this resource.

Over the past century, nuch progress has been nade in
the areas of chem cal synthesis and the use of these
chemcals in industry and agriculture. Unfortunately, this
has not been acconpani ed by equal progress in the know edge
of the relation between synthetic chem cals and the natural
environnent. As a result, some of these synthetic
chem cal s such as organic sol vents, pesticides, and
her bi ci des have cont am nated ot herwi se pristine subsurface
envi ronnent s because of i nproper disposal or application
practices. The health risks of some of these contam nants
are just beginning to be understood. Therefore, hunmans are
currently faced with environnental problens left to them by
their forbearers.

Under st andi ng the flow and transport of contam nants in

the subsurface is vital to a conplete know edge of ground
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water quality. Determ ning contanm nant concentration
requires chem cal analysis. Techniques for the chem ca
anal ysi s of subsurface contam nants have traditionally
relied on the "grab sanple"” method. |In this nethod, a
solid, liquid, or vapor phase sanple is obtained at a
particular point in the subsurface regi on and brought into
the | aboratory for analysis. This nethod induces nany
chances for systematic errors, including: the changi ng of
the environnment to physically obtain the sanple; renoval of
the sanple fromits original environnent; transportation of
the sanple in another environnment; and analysis in a
different environment. All of these may affect the sanple
or the assessnent of the contam nant concentration in that
sanple. The ideal neasurement would accurately assess the
cont am nant concentration w thout affecting the contam nant,

the sanple, or its environnent.

X. 2 Optical Spectroscopy

Since the advent of quantum nmechanics, the basic
principles of atom c and nol ecul ar spectra have not changed
(Patterson, 1987). Spectroscopy, the study of spectra, has
been used to identify atonms, nolecules, and their associ ated
structures and environnents. This is done by analyzing the
wavel ength and intensity of the radiation emtted, absorbed,

or scattered by these atons and nol ecul es under known
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known external el ectronmagnetic conditions often take the
formof a probe wave that is nmade to interact with the
structure of interest.

There are various types of spectroscopi c techni ques
commonly in use. These are categorized according to the
characteristics of the probe wave used and the type of
i nteracti on between the probe wave and the analyte. Optical
spectroscopy uses an el ectromagnetic wave in the region from
the low ultraviolet (less than 200 nn) to the far infrared
(greater than 10,000 nm) as the probe. The types of
interactions exploited with optical spectroscopy are of
three basic types: absorption, elastic and inelastic
scattering, and |um nescence. All three have been

successfully used in chem cal anal ysis.

1.3 In Situ Measurenents

Al t hough the use of optical spectroscopy for chem cal
and physical analysis has been well established over the
past century it has generally | acked the nobility necessary
to do analysis outside of a structured | aboratory
environnent. This problemis not limted to optical
techni ques but is conmmopn to nost ot her chem cal anal ytica
procedures as well. The problem of analysis in the natura

environnent, or in situ, is crucial to a nore conplete
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under st andi ng of real world chenical, physical, and
bi ol ogi cal processes.

Perform ng chenical analysis requires the isolation of
a neasurabl e paranmeter of interest by controlling the
vari abl es associated with that paraneter. Analytica
t echni ques achi eve this by the selectivity and operati ona
control of the probe and detector as well as by the
nmeasur enent of anbi ent conditions such as tenperature and
pressure. Most analytical techniques require relatively
| arge physical instrunmentation and physically stabl e probes
and detectors to accurately nake these neasurenents.
Because of the rigidity of the probe and detector
configuration, a sanple nust be extracted fromits natural
envi ronnent and brought into the neasurenment field of the
instrunent. This changes the paraneter's natural conditions
and may introduce error in the neasurenent. |In order to
make accurate nmeasurenents in natural settings, an
instrunent's presence nust mninally affect the nmeasurenent
yet maintain a useful degree of accuracy. This is often
very difficult to achi eve because of the physical size
limtations required to be noninvasive while maintaining the
necessary conponents to nmaintain accuracy.

Optical spectroscopy has had the npst success of the
anal ytic techniques in making the transition from | aboratory

to in situ neasurenent for a nunber of reasons. One reason

is that nost optical spectroscopic techniques are non-
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destructive, which enables relatively conti nuous
measur enent s. Anot her reason for its success is the snall
size and conductivity of wavegui des avail able for the
medi um  These hi gh conductivity wavegui des al |l ow
measurenents to be nade renptely fromthe probe generation
and detection equipnent. The snall size of the wavegui des
allows relatively noninvasi ve neasurenents to be perforned.
Si nce optical spectroscopy techni qgues operate by the
modul ation of a |light beam the size of the probe is |limted
only by the mnimum di aneter of |ight achievable. Single
mode fibers have typical core dianeters of 5-10 /xm Wth
the progress made in recent years on |ight sources and
optical fibers, probes can be nade small enough to be non-

intrusive to many of the neasurenents nmade of paraneters in

natural environnents.

1.4 Pesticide Sorption/Desorption

Sor pti on/ desorption effects have been found to be anpbng
the nost significant factors affecting the fate and
transport of synthetic organic contamnants in the
subsurface (Wber and Mller, 1989). The nechani sns for
these nmass transfer processes is dependent on the
contani nant's properties such as hydrophobicity (McCarty et
al., 1981) and the type of nedia as well as other conditions

such as the presence of other contam nants or natural
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organic matter (NOM. Many different theoretical and

mat hemati cal fornul ati ons for quantifying the donm nant
factors in sorption and desorpti on processes have been
postul ated over the past years but none has been universally
superior in the description of experinental data to the
exclusion of the others in all cases (Brusseau and Rao,
1989b). A thorough understandi ng of the nanifestation of
sorption and desorption processes in subsurface nedia would

all ow better predictions of the spatio-tenporal fate of

cont am nant s.

1.5 Research (bjectives

The main objective of this work was to i nvesti gate and
evaluate a fiber optic spectroscopic techni que for
perform ng i nportant environmental analyses. The genera
goal was the accurate assessnent of the sorption and
desorption paraneters of a pesticide on a typical subsurface
medi um  The hypothesis of this work was that fiber optic
spectrophotonetry can be used to determ ne the fate and
transport of a pesticide in | aboratory subsurface nedi a
syst ens.

Proof of the experinental hypothesis would indicate
that there is potential for in situ assessnent of particular
sor ption/ desorption behavior using a fiber optic

spectrophotonetric configuration. This will allowthe
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accurate determi nation of sorption/desorption effects and
their contribution to contam nant fate and transport in

| aboratory configurations. Non-invasive techni ques may al so
eventually aid in the clarification of the predom nant

theoretical driving forces of the sorption and desorption

mechani sns.


NEATPAGEINFO:id=AFBA7F94-6860-43C5-ADAC-A8A7ED84E7D2


'l THEORY

2.1 Optical Spectroscopy

As nmentioned in Section 1.2, there are three basic
types of optical spectroscopies currently enpl oyed for
chem cal analysis. Two of these are briefly discussed in

t he paragraphs follow ng. UV absorption spectroscopy was

used in this work and is di scussed in nore detail.

2.1.1 Absorption Spectroscopy

The absorption of electronagnetic energy follows the
princi pl es of quantum el ectrodynam cs, however, the process
is often adequately described by a sem -cl assi cal nechani sm
(Patterson, 1987). WNatter preferentially absorbs |light of a
particul ar wavel ength range. The wavel ength of the |ight
absorbed corresponds to the anbunt of energy required by the
matter to nove froma |l ower energy state to a hi gher energy
state. Quantum dynami c theory specifies the precise
wavel engt h of |ight necessary to achieve a particul ar energy

state in a uni que substance by the Bohr nodel of the photon.

- hh~\~ C =- D>
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where E is the energy of the photon, v is the frequency of

the photon with units cnmf\ and h is Planck's constant.
Wthin an energy state there are several snal

vi brational |evels of energy or perturbations around the

energy state. These various |evels have their own

i ndi vi dual energy requirenents but taken together can be

t hought of as a continuum around an energy state with very

little loss in theoretical accuracy (Janata, 1989). The

concept of a continuumallows a statistical treatnent of the

interaction of light and matter. This treatnent |eads to

the well known Lanbert-Beers' equation (Chen, 1987):

'rogth QM- abC (2-2)

where | and I are the instantaneous and source intensities

at a particular wavelength, a is the absorptivity constant
of the natter for a given set of conditions, and b and C are
the path length of the |light through the nmatter and the
concentration of the absorbing species in grans/liter
(Silverstein et al., 1974). It is useful to define a

guantity called the absorbance A of a species as:

AN abc (Z2Z2- 3)
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A is known as the optical density of a material in the ol der
literature (Silverstein et al., 1974). A plot of the
absorbance with respect to wavelength is normally descri bed
as the absorbance or absorption spectrum of a cheni cal
species. As is outlined above, the absorption spectrvun is

dependent on the species type and current energy state and

concentrati on.

2.1.2 Lum nescence Spectroscopy

Matter is usually inits |owest stable energy state for
a given anbient condition before the energy of the photon is
absorbed. After absorption, the excited matter will again
seek its | owest stable energy state. This state is achieved
in several ways: chem cal or physical transformations of the
matter that uses the excess energy, a radiative process in
which the energy is lost by the em ssion of a photon, or a
conbi nation of the two processes (Chang, 1971). The
wavel ength of the radi ated photon is dependent on the
physi cal and chem cal characteristics of the matter. The
radi ati ve processes give rise to the field of |um nescence
spectroscopy, which includes both fluorescence spectroscopy
commonly used in liquid chromatography apparatus for |iquid

anal ysi s, and photol um nescence spectroscopy, which is often

10
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used to characterize crystal purity in semnm conductor

mat eri als (Gol dberg and Wi ner, 1989).

2.1.3 Scattering Processes

The | ast process nentioned is scattering. Radi ati ve
scattering is a process involving the interaction of the
wave and nonentum vectors of the light and matter (G | son
and Hendra, 1970). This interaction gives rise to scattered
radiation that is characteristically different than the
incident radiation. The differences can be in wavel engt h,
intensity, polarization, and coherence, and are dependent on
the type of matter and the characteristics of the incident
intensity. Scattering processes are usually probed with an
i nci dent beam of nonochromatic light and are differentiated
by the resultant scattered |light's wavel ength spectrumw th
respect to the incident spectrum These processes i nclude
Rayl ei gh, Brillouin, and Raman scattering. O these three,
Raman scattering has been the nost useful in the optica

anal ysis of matter.

2.2 Fiber Optic Sensors

There has been a surge in the field of fiber optic
sensor research over the past two decades. This surge has

occurred because of progress attained in the field of fiber

11
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aNpsp”

optic comruni cati ons research. The communications field is
interested in the unadulterated transni ssion of I|ight
signals through plastic or glass optical fiber. However,
any unwanted cause of nodul ati on of a comruni cati ons si gnal

through a fiber has potential as a fiber optic sensing

par anet er .

2.2.1 Fiber Optic Wavegui des

The theory behind the transm ssion of |ight down a
fi ber wavegui de harkens back to the classical Maxwell's
Equati ons descri bing el ectromagnetic fields and Snell's | aw

(A sen and Rogers, 1984). Snell's lawis usually witten

as:

i ai Si ne™”-nj Si nej (2-4)

where n, and n® are the indices of refraction of two

adjoining nedia, and 9, and e are the angles of incidence
and reflection neasured with respect to the perpendicular to
the interfacial surface of a ray of |ight passing from

medium 1 to nedium 2.

For n, greater than nj, if the angle of incidence, 9, is

greater than the critical angle defined as 9 , where:

12
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si Nn8™--n (2-5)

nearly all of the light will be reflected back into nmedi um
1. If mediuml1l is fornmed as a cylinder concentric to a

| arger cylinder of medium2, it is easy to see that |ight

i ntroduced at one end of nedium1l will traverse down the
length of nedium 1l by nultiple internal reflections. The
light is therefore guided fromone end to the other.

Optical fiber is usually fabricated from gl ass or
plastic prefornms and is drawn into long thin strands serving
as the primary light conduit or core. These strands are
normally coated with a cladding material of a different
i ndex of refraction than the core material to maintain the
wavegui di ng properties of the core. Qher layers are al so
coated on to inprove properties such as strength and
flexibility of the fiber optic cable. The transm ssion
properties of the fiber depend on the core and cl addi ng
materials and their relation (Daly, 1984). Fiber optic
materi al s and manufacturing nethods are rich topics but are

beyond the scope of this report.

13
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2.2.2 CGeneral Sensor Configuration

The general configuration of an active fiber optic
sensi ng systeminvol ves three regions |linked by fiber optic
wavegui des. Passive fiber optic sensors such as those
utilizing the chenilum nescent effect do not have a separate
optical source and will not be discussed here. The first
region consists of an optical source. This can be any
source of optical electronagnetic radiation conpatible with
t he wavegui de but nost often takes the formof a lanp, a
light emtting diode (LED), or a laser. The radiation from
this source is carried with mni nal nodul ati on down the
first waveguide to a sensing region. This second region is
where the actual neasurenment takes place. At this point,
the original light signal is nodul ated. Modul ati on can be
mani fest in a change in intensity, frequency, polarization,
propagation tine, or phase. For exanple, if a nmaterial that
characteristically absorbs light over the wavel ength range
240 to 260 nmis placed in the path of the incident
radi ation, the resultant light will have a lower intensity
over that 20 nmrange than if the absorbing material were
absent .

The resultant or nodul ated |ight passes fromthe
sensing region to the detector region via another fiber
optic wavegui de. The detector region is the third conponent

of the fiber optic sensor and normally consists of either a

14
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photomul ti plier, photodi ode, or aval anche photodi ode. The
third region often includes a spectroneter ahead of the
detector to separate the conponents of the light by

wavel engt h.

2.2.3 Types of Fiber Optic Sensors

The sensing region of a fiber optic sensor can be
either intrinsic or extrinsic. Intrinsic sensing occurs
when the light is nodulated directly within the fiber. This
type of sensor is often used to neasure changes in phase and
is incorporated in fiber optic gyroscopes and ot her sensors
utilizing the Mach-Zender effect (Butler and G nley, 1988).
Extrinsi c sensing occurs when light is nodul ated outside of
the fiber core region and then reintroduced into the fi ber
l eading to the detection region. This type of sensing is
used nost often in chenical sensing. Extrinsi ¢ nmodul ati on
can occur in a cell, through a nenbrane, in a porous region
etc.

Chem cal sensing has not been the only fertile region
for the application of fiber optic sensors. Fiber optic
sensors have been used for a plethora of types of
measurenments including tenperature (Conforti et al., 1989),
particle counting (Chow et al., 1988), electric current
(Edwards et al., 1989), humdity (Zhou et al., 1988),

el ectrocheni stry measurenents (Kuhn et al., 1990; Van Dyke

15
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and Cheng, 1988), and pH neasurenents (Jones and Porter,
1988; Luo and Walt, 1989a; Gabor and Walt, 1991).

Fi ber optic chenical sensors have been used i n nany
different configurations for neasuring nmany different
paraneters (Seitz, 1984; Peterson, 1988). These sensors
have used all three of the general optical spectroscopic
nmet hods di scussed above.

Fl uorescence based fi ber optic sensors have been
extrenely popul ar for chenical sensing, usually in
conjunction with a catalyst or reactant attached to the
fiber (Kulp et al., 1987; Louch and Ingle, 1988; Fuh et al.,
1988; Zung et al., 1988; Lieberman and Brown, 1988; Herron
and Wi tehead, 1988; Carrol et al., 1989; Bright and
Litw ler, 1989; Luo and Walt, 1989b; Shakhsher and Seit z,
1990; @Gunasi nghamet al., 1990). These types of sensors
have al so had success in environnental applications such as
in situ ground water nonitoring (Chudyk et al., 1988),
gasol i ne sensi ng, hazardous waste screening (Chudyk, 1989),
and colum experinments to neasure flow and transport (Kulp
et al., 1988).

Scattering techni ques have al so been enpl oyed in fiber
optic sensors (Laguesse, 1988). Raman scattering probes
have been studi ed npost often (Walrafen and Stone, 1972; Ross
and Mcd ain, 1981; MCreery et al., 1983; Schwab and
McCreery, 1984; Reichert et al., 1987; Leugers and

McLachl an, 1988; Lewis et al., 1988).
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Absor ption sensi ng techni ques have al so been used in
fiber optic configurations for chenical sensing (Tenge et
al., 1987; Carey et al., 1989; Dickert et al., 1989; Zhou et

al ., 1989; Renn and Synovec, 1990; Cavinato et al., 1990).

2.3 Sorption/Desorption

When di scussing the effects of sorption/desorption
processes on the fate and transport of nonionic organic

chemcals in the subsurface it is convenient to use the one

di mensi onal form of the transport equation for saturated

condi ti ons:

where c is the solute concentration in the fluid phase; t is
time; Dis a longitudinal dispersion coefficient, v is an
average fl ui d-phase pore velocity in the x direction, X is
di stance; the terns subscripted rxn and srp are source-sink
ternms for chem cal reaction and sorption-desorption nass
transfer, respectively; p is the solid-phase density; 6 is
the porosity; q is the solute concentration in the solid

phase; and r(c) is a general source-sink term In this
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section the primary focus will be on the forns of the

possi bl e sorption/desorption mass transfer terns.

2.3.1 Sorption/Desorptlon Processes

In a system conprised of a solute, a solid, and an
aqueous phase, sorption and desorpti on processes can be
defined to be those processes causing mass transfer of the
sol ute between the aqueous and solid phases.

Sorption and desorption processes are usually anal yzed
in terns of an equilibriumstate and a rate state. Single

solute systens will be the only systens di scussed here.

2.3.2 Sorption/Desorptlon Equilibrium

For nonpol ar hydrophobi ¢ organi ¢ compounds the
literature has shown that the dom nant factors in the
sorption/ desorption processes of aqueous and solid phase
systens are the natural organic matter content of the solid
phase nedi a and the hydrophobicity of the solute (McCarty et
al.,1981; Ball and Roberts, 1991a). This is anal ogous to a
partitioning behavior often exploited in chem cal extraction
procedures. Karickhoff (1984) observed that a linear
relation is nmanifest for sone conpounds with | ow water
solubility in dilute solution. The equilibrium expression

for the solid and liquid phases is given by:
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- MAAfssE

Q. KA (22— 7D

where g is the equilibrivimsolid-phase solute
concentration, KM is the |inear sorption partition

coefficient, and c” is the equilibriumfluid-phase solute

concentration. The linear sorption partition coefficient
contains contributions relating to both the organi c content
of the solid nedia and the hydrophobicity of the solute as

isillustrated by the followi ng two equations:

Kp" f ocKoc (2-8)

and

Logi K") -ALog{K.,) + B (2-9)

where KMA is the organic carbon referenced sorption
partition coefficient, fA" is the organic carbon content of
the natural solid material, A and B are enpiri cal
coefficients of regression and K" is the octanol -wat er

partition coefficient. Values for the octanol -water
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coefficient and A and B can be found in the literature
(Sabljic, 1987).

In nost situations, especially those where the solute
concentration is relatively high or the solute is ionic or
hi ghly pol ar, nonlinear expressions are better able to fit
the rel ati on between the solid and aqueous phase
concentrations of solute. Several expressions have been
used in this vein (Kinniburgh, 1986). The Freundlich
equati on has had a great deal of success in the description

of these systens. The Freundlich expression is usually

written as:

where KM and n™ are constants. This inplies a nonlinear
relati onship between the sorption retardation coefficient
and the aqueous concentration naking it nore difficult to
sol ve the contam nant transport equation.

Non- si ngul ar effects have been observed i n many
sorption/desorption equilibriumexperinents, in which the
curves describing the equilibriumdistribution of a solute
in the aqueous/solid phase systemare different after
sorption and desorption processes (also referred to as

hysteresis). Although this behavior has been observed by
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researchers (D Toro, 1985; Chang, 1989) , there is no strong
conviction that this is an inherent property of the

sor ption/ desorption nechanism Several researchers
(Koskinen et al., 1979; Curl and Keol ei an, 1984; Gschwend
and Wi, 1985; Brusseau and Rao, 1989; Chang, 1989; Ball and
Roberts, 1991a) have |listed a nunber of explanations for
non-si ngul ar data. The explanations have nostly related to
problems in the experinmental techniques often used to study
systens such as these. However, Brusseau and Rao (1989)
have suggested that chem cal reactions fixing the solute

onto the solid phase may be occurring after sorption in

hysteretic systens.

2.3.3 Sorption/Desorption Rate Mdel s

Researchers have recently found that the equilibrium
conditions for sorption and desorption processes can take
nont hs or | onger to occur (Chang, 1989; Pedit and M| er,
1990; Levert, 1990; Ball and Roberts, 1991a, 1991b).
Therefore in order to accurately describe contam nant fate
and transport it is necessary to understand the rate of
sorption and desorption processes.

Sor ption/ desorption rate nodel s usually take one of
three fornms: the local equilibriumnodel, chemcal site

speci fic nodels, or physical diffusion nodels.
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2.3.3.1 Local Equilibrium Mdels

The ocal equilibriumasstinption (LEA) postul ates that
sorption/desorption occurs quickly with respect to
advection. This inplies that the solid and aqueous phases
of solute are in equilibriumat |ocalized points within the
system The contam nant transport equation would therefore
enmpl oy one of the equilibriumexpressions discussed above to
describe the changes in solute with respect to time. For a

system described by the Freundlich expression, the fol | ow ng
woul d hol d under the LEA:

dt dc dC NNt

For a conservative solute this results in a retardation of
sol ute breakthrough normal |y observed fromthe contam nant

transport equation with no sorption. This retardation
factor can be expressed as:
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Ri-1+4  PM"A) pAKEC!' -/ (2-12)

The retardation factor is independent of solute
concentrati on when the sorption equilibriumdistribution
relationship is linear (n"=l).

The LEA nodel has been shown to be incorrect in
experinmental investigations in both the field (Goltz and
Roberts, 1986) and the |aboratory (Wber and MIler, 1988).
However, it has been used as a reference point for conparing
ot her types of sorption/desorption nodels (Weber and M| er,

1988; Goltz and Roberts, 1986; M Il er and Wber, 1986,

1988) .

2.3.3.2 Chem cal Mbdel s

Cheni cal rate nodels assune that the sorption process
is limted by kinetics rather than by nmass transport
[imtations assuned by the physical nobdels. GCenerally these
nodel s are categorized as single site rate equations or two

site mechanisns in which the sorption process is depicted as

a conbi nati on of fast and slow sites. O these, the two
site nodel has been nore successful at accurately
representing non-equilibriumdata (Canmeron and Klute, 1977,

Rao et al., 1979). The two site nodel usually assunes that
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the fast or instantaneous sites are represented by an
equilibriumcondition and the slow sites are controlled by a

Kinetic expression. This nodel can be represented as:

where f is the fraction of instantaneous sites, and k* and
kg are the sorption and desorption rate constants,

respectively. Assuming a linear sorption equilibrium

distribution, the transport equation for a conservative

solute is given by:

wher e

RA L+ £ |- LFKA (2-15)
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2.3.3.3 Physical Models

Physi cal nodels are fundanentally different fromthe
chem cal nodels described above in that sorptionis
postul ated to occur instantaneously when a solute has
physically reached a sorption site. The rate limting
factor in this type of nodel is enbedded in a diffusion
paranmeter. There are two general categories of physica
nodels. The first are usually called first order nass

transfer nodels, and the second type can be described as

di f f usi on nodel s.

2.3.3.3.1 First Order Mass Transfer Nbdels

First order mass transfer nodels usual ly describe two
types of solid surface regions associated with a particle in
a saturated system The inmobile region is defined as the
surface of the solid within the pores and contacting the
stagnant fluid phase within the particle. The nobile region
is the surface of the solid that is in contact with the bul k
fluid of the system (assum ng a negligi bl e hydrodynam c
| ayer around the surface of the particle). The limting
step in the sorption process is the mass transfer fromthe
bulk fluid phase to the stagnant fluid phase. Many
researchers have had success using this type of nodel to

descri be experinental observations (Van Genuchten et al.,
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1977; Nkedi-Kizza et al., 1982; CGoltz and Roberts, 1986;

Brusseau et al., 1989).

2.3.3.3.2 Physical D ffusion Mdels

Physi cal diffusion nodels have only recently becone
popul ar for nodeling sorption/desorption effects in
sii bsurface nedia al though they have been used for sone tine
in nodeling activated carbon systens. In these nodels,
diffusion into the particle characterizes the rate limting
step, and is dependent on the radial position of the solute
with respect to the particle's geonetry. The types of
di ffusion that can occur are pore diffusion, surface
diffusion, intraorganic matter diffusion, or a conbination
of these.

In the pore diffusion process, fluid and solid phase
sol ute concentrations at the sanme radial position within a
pore volune are assuned to be in equilibrium However, the
concentrations are dependent upon the radial position as
noderated by a diffusion process. For a particle with a

spherical geonetry, this concentration can be witten as:

i 8SS:
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AT UN NN _
h A iM \' (2-16)

where c is the solute concentration in the fluid phase
within the intraparticle pore space, D" is the apparent

diffusion coefficient, and r is the radial distance fromthe

center of the sphere. The apparent diffusion coefficient is

gi ven by:

DN-A~ (2-17)

where Dis the effective pore-diffusion coefficient and R
is the intraparticle pore-retardation factor. The pore
retardation factor is defined by an equilibriumdistribution
expression. Wen the Freundlich expression is used to

descri be the sorption equilibriumdistribution relationship,

R is given by:
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where 6 is the intraparticle porosity. |If the solute is
nonsorbing, Rp = 1; however, often there is still an
apparent sorption effect due to very small dianeter,
tortuous pores that mght result in the steric hindrance of
a solute ( Ball and Roberts, 1991b; Brusseau et al., 1991;).
In addition, mass transfer resistance at the hydrodynam c
boundary | ayer surrounding the particle may inpart
additional constraints on solute sorption (MIler and Wber,
1986) .

In the surface di ffusion npodel, solute diffuses into
the particle by concentration gradients in the solid phase
along the walls of the pore. For a particle with a
spherical geonmetry, the change in solid concentration with

respect to radial position is given by:

Q. " ki (2-19)

where g is the solute concentration in the solid phase as a

function of radial position and D* is the surface diffusion
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coefficient. For a Freundlich equilibriumcondition, the

particle boundary conditions are:

C’\il' Afﬂ - rn (2-20)

and

A"A_O atr-0 (2-21)

dr

where ¢ is the solute concentration at the surface of the

particle.

Two problens with the pore and surface diffusion nodels
as described above are that a uniformparticle size and a
spherical particle shape are usually assunmed. These two
assunptions are not valid in natural subsurface conditions
and nust be accounted for in sonme systens to preserve the
accuracy of the nodel (Cooney et al., 1983; Rasnuson, 1985).
However, researchers have observed excellent results using a
single representative average particle size (MIler and
Weber, 1986, 1988).

The intraorganic matter diffusion nodel assumes that

solute diffuses into the natural organic matter found w thin
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A EAEA

the particle's pores. This nodel is devel oped anal ogously
to the first order nass transfer nodel. Here organic matter
on the external surfaces of the particle are equivalent to
t he nobil e phase and organic matter on surfaces within the

particle are anal ogous to the i nmpbbil e phase (Brusseau and

Rao, 1989a, 1989b; Brusseau et al., 1991).
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11 MATERI ALS AND METHODS

3.1 Materials

3.1.1 solid

The subsurface nedia used (\Wagner nedia), was col | ected
froma sand and gravel pit owned by Killins Concrete Conpany
in Ann Arbor, Mchigan. The media was conprised of glacial
deposits taken at a depth of 20 to 25 neters bel ow the
surface. The material was air dried, sieved to renove
particles larger than 2 nmin dianeter, and prewashed to
remove easily dissolved natural organic matter and to

elimnate nonsettling particles (Levert, 1990). The
characteristics of the media are given in Table 3-1

1 Table 3-1 Solid Properties

1 Viashed VWgner Subsurface Media

Medi an Grain Size D aneter 0. 50
1 (mm
Gain Size Uniformty 2. 98
Coef fici ent |
(d.n/d,n)
Solid Density 2. 67
(g/crat)
pH (aqueous slurry) 8. 80 1

| IOr gani ¢ Car bon 0Oont ent 120 1
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3. 1. 2 Sol utes

Diuron, (3-(3,4-dichlorophenol)-I,l-dinethylurea), a
herbicide used in a variety of agricultural applications
(Mustafa and Gamar, 1972), was chosen as the solute to be
investigated . The general characteristics of this
moder at el y hydrophobi c, nonvol atile, nonionic, organic

chem cal are given in Table 3-2.

1 Teible 3-2 Solute Properties |
Di uron 3-(3,4-dichlorophenyl)-1, 1-dimethylurea |
1 CAS # 330-54-1 Mercer et al, 1990 |
Mbl ecul ar W . 233. 10
(g/ mol )
Melting Pt. 158- 159 Wor t hi ng and
(°0 Wal ker, 1983
il 42 @25° C Wort hi ng and
Adueous oIty Vil ker - 1983 |
Vapor Pressure 3.1 X 10"" § 50° C Wort hi ng and
(mm Hg) Val ker, 1983
Llog K, 2. 81 Mercer et al, 1990 |

Chem cal and biol ogical transfornmations which can be

extrenely inportant factors in the fate and transport of
organic chemcals are only briefly discussed in this work.

The transformation of organic chemcals in the
subsurface can occur by several different processes

i ncl uding biol ogical degradation and chem cal transformation
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(Weber and M1l ler, 1989). Researchers have found that
diuron is biodegradeabl e under both aerobic and anaerobic
conditions (Khan et al., 1976; Attaway et al., 1982). Under
aerobic conditions, diuron was found to be transformed to
3,4-dichloroaniline by two N-denethylations followed by a
hydrol ysis reaction. Diuron was found to be transformed to
3-(3-chl orophenyl)-1,I-dinethylurea by reductive

dehal ogenati on under anaerobic conditions. Researchers have
al so found that chem cal transformations of diuron under
ordinary tenperatures and neutral pH ranges were negligible
(HIl et al., 1955; Worthing and \Wal ker, 1983). This was
confirnmed by Chang (1989). The biological contribution to
di uron degradation was found to be negligible for this work.
The m niml contributions of chem cal and bi ol ogi cal
transformation all owed easier anal ysis of
sorption/desorption processes in the experinental
configurations of this work.

Sodi um azide (NaNj) is often used as an inhibitor of
biol ogical activity in experiments |ike these, however,
because of its strong and broad UV absorption peak at 210 nm
sodi um azi de was not used in conjunction with diuron in four
of the six experiments. The characteristically promnent W
absorption mode of sodi um azide was exploited in the colum

tracer experinents. A buffer solution spiked with sodi um
azi de was used in these conservative tracer experiments to

determne the dispersion of the subsurface media col ums.
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Met hanol (CH3OH) was used in extraction experinents as
a solvent for diuron and was obtained from EM Sci ence

(G bbstown, NJ).

3.1.3 Sol utions

There were primarily three solutions used in these

experiments: diuron in buffer, diuron in nethanol, and

sodi um azide in buffer.

The buffer solution consisted of 0.005 M sodi um

tetraborate (NagB*"O* « ICH O and 0.005 M cal ciumchloride
dihydrate (CaClg® 2H2O in distilled, de-ionized (D)

water. This water was obtained froma Corning Mdel AG 11
Still and Corning Mega-Pure System Model D Dei oni zer
(Corning @ ass Wrks, Corning, NY). The sodiumtetraborate
was used as a buffer to help control the pH of the solutions
and the calciumchloride dihydrate was used to inprove
particle settling during centrifugation of sanples in the
bottl e point experinents.

The pH of the buffer solution was adjusted to
approximately 8.40 by the addition of small amounts of
hydrochloric acid (HC). Extractions of selected sanple
bottles were done using methanol to confirmthat no
transformation was occurring. This was acconplished using
mass bal ance considerations with the known influent solute

concentration and the neasurement of solute concentrations
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in solution and extracted solid phases. Al of the
I norgani ¢ chem cals were obtained fromFisher Scientific
Conmpany (Norcross, GA) and were used as received.

Di uron solutions were obtained by dissolving diuron
(reported 98% pure) fromE.I. duPont de Nemours Co.,Inc.
(WIlmngton, DE) into either the buffer solution or
met hanol . The diuron was used as received and the aqueous
solutions of diuron were filtered to renove undi ssol ved
Impurities before using. Filtering was acconplished with a
vacuum filter apparatus and 8-7110 particle retention filter
paper (Whatnman, grade 40, Fisher Scientific Conpany,

Nor cross, GA).
3.2 Experinmental Methods

This work involved three basic types of experinments:
batch kinetic, batch equilibrium and col um experiments.
The two batch experinent types can be grouped under the
title bottle point experinents. The experinents were
designed to obtain the sorption and desorption paranmeters of
di uron on typical subsurface nedi a.

UV absorption spectroscopy was chosen for this work.
It was used because of the relative ease of performng the

measurenment with the chem cals chosen. The nethod of W
absorption spectroscopy has been criticized for its lack of
specificity in nost chemcal analysis situations. This
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criticismis a valid one in many instances due to the
characteristically broad and overl appi ng absorption bands of
many conpl ex nol ecul es. The broadness of the band results
fromthe | arge nunber of available energy transition |evels
fromthe normal ground state and an even |arger nunber of

vi brational and rotational sublevels giving rise to the
broad apparent continuvimaround the energy transition |evel.
Despite these problens, UV absorption can be very useful in
the anal ysis of sinpler nolecules and those with wdely
spaced energy transition levels. |In addition nodul ation
spectroscopy nethods such as derivative absorption
spectroscopy have been enployed to further resol ve conpl ex,
over | appi ng spectra (Hawt horne et al., 1984; Cavinato et
al ., 1990; Karstang and Kval heim 1991). Such techniques
woul d be required in field anal yses of organic contam nation
because of the presence of spectrally interfering natura
organi c materi al s.

U traviol et absorption spectroscopy was chosen as the
appropriate technique for the analyses of diuron in the
aqueous phase because of the pesticide's relatively strong
absorbance peak at approximately 248 nm Prelimnary
studies were perforned to confirmthat this peak occurred at
approximately 248 nmw th several different nolar
concentrations of diuron. The XJV absorbance spectrum of
diuron from230 nmto 300 nmis given in Figure 3-1. A

conventional U/ VIS spectrophotometer was used in all three
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Figure 3-1 W absorbance spectrum of diuron.
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types of experinments and a fiber optic spectrophotoneter was
used for a batch kinetic study and several subsurface nedia
col um experinents. The general nethods for both the

conventional and fiber optic spectrophotoneters are

described in Section 3. 3.

3.2.1 Control Experinent

A short termbottle point sorption kinetic experinent
was carried out using sodiumazide in buffer to confirmthat
sodi um azide did not exhibit significant sorption effects
with the Wagner soil. These experinments allowed the use of
sodi um azi de as a conservative tracer for use in the
subsurface nedia colum experiments. The procedure for this
experinent was the sane as that for the diuron sorption
experiments, which is described in detail below The W
absor bance spectrum of sodium azide from230 nmto 300 nmis

given in Figure 3-2.
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Figure 3-2 W absorbance spectrumof sodium azide.
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3.2.2 Sorption/Desoirption Batch Kinetic Experinents

These experiments were designed to approxinmate the
behavi or of conpletely mxed batch reactors and were carried
out in two experinmental configurations. The first
configuration used conventional 40-m Kinmax™ round bottom
borosilicate glass, centrifuge bottles as the individua
batch reactors. The second configuration used custom
fabricated 39-m Suprasil ™centrifuge bottles, which all owed

WV spectroscopic analysis directly in the bottle.

3.2.2.1 Conventional Configuration

The general procedure for sorption kinetic experinents

consi sted of the followi ng steps:

1. A predeterm ned mass of \Wagner subsurface nedia
(usual Iy 5.0 grans) was wei ghed and placed in each of a set
of the borosilicate centrifuge bottl es.

2. A predeterm ned volume of buffer solution wthout

diuron (usually 12.5 M) was pipetted into each of the
bottles. The bottles were then sealed with Teflon™li ned

caps and allowed to set overnight in order to conpletely wet

the soil.

3. The follow ng day, the caps were renoved and a

predet ermned vol ume of a known concentration of diuron in
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buffer solution (usually 12.5 nl) was added to each sanple

bottle to attain the desired subsurface nedia to solution
ratio (grams of solid to m of solution). The initial

concentration (C) was determned fromthe known
concentration of delivered diuron in buffer and the total

vol ume of buffer solution in the centrifuge bottle. C was
al so neasured by UV spectroscopy. Each bottle was
consi dered a separate data point and a blank bottle was
carried for each data point. Blank bottles were nmade using
the same procedure as the sanple bottles except when the
diuron in buffer solution was added to the sanple bottles, a
pure buffer solution of the same volume was added to the
bl ank bottles instead. These blank bottles were used to
account for any noise in the measured UV absorption spectra
contributed by desorption of natural organic matter fromthe
Wagner soil.

4. Al of the bottles were then re-seal ed and packed
ina plastic tub which in turn was placed on a tunbler,
Using this arrangenent, the bottles were turned end-over-end
at 4.05 rpm

5. Two sanples and their correspondi ng bl anks were
removed fromthe tunbler at specific tine intervals. The
time intervals were chosen to best characterize the sorption
rate behavior of diuron on the Wagner soil. The two sanples

and two bl anks were inmmediately centrifuged at 1565 times

the force of gravity (g's) for 30 mnutes in order to
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separate the liquid and solid portions of the sanple.
Approximately 10 m of the supernatant was then remved from
each of the bottles, placed in four 25-m borosilicate
sanple vials (Pierce Chemcal Conpany, Rockford, XL), and
saved for spectroscopic analysis performed at a |ater date.
Mass bal ance neasurements performed on some of the sanples

I ndi cated that diuron sorption onto the glass vials was

m ni nal .

3.2.2.2 Suprasil* Configuration

The Suprasil ™bottle procedure was slightly different
than the borosilicate glass procedure described above.
Suprasil ™is a type of fused quartz that has high
transm ssion properties in the U wavel ength range.
Centrifuge bottles (eight) were nade out of 24-nmm di aneter
Suprasi| ™tubing by University Research d assware Corp.
(Carrboro, NC). Six bottles were used in the experinent:
two bottles contained the diuron solution and soil; two
bottl es contained buffer solution and soil; one bottle
cont ai ned no subsurface nmedia and the diuron solution; and

one bottle contained no subsurface nedia and the buffer
solution. The two sanple and two bl ank bottles were

prepared in the sane manner as the conventional borosilicate
bottles, and the two remaining bottles wthout subsurface
media were sinply filled with the same vol ume of buffer or
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diuron solution and sealed at the same time as the sanple
and buffer bottles. The six bottles were sealed with
Teflon™caps and conprised the batch reactor set. They were
tunbled as in the other batch kinetic experinents until the
prescri bed neasurenent tine. The bottles were then
carefully centrifuged at 1565 g's for 30 mnutes and the
super nat ant absorbance was neasured directly through the
Suprasi|l ™bottle by both the Perkin El mer and the Cuided
Wave spectrophotonetric instruments described bel ow. The
bottles were then replaced on the tunmbler until the next
measurenent. This technique permtted non-destructive,
repetitive analysis of each sanple. Measurenments were nade
weekly for the first 8 weeks and biweekly for the final two

sets. At no tine were the seals on the bottl es broken.
3.2.2.3 Desorption Experinents

Desorption rate experinents were configured with the
borosilicate centrifuge bottles only. The procedure for
performng a desorption experinment was the same as that for
the sorption experiment described above through step four.
Once all the bottles were tunmbling, they were all allowed to
sorb for a determned length of time (2 weeks). The
foll ow ng procedure was then used to continue the

experi nment:
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1. Al of the bottles were taken off of the tunbler
simul taneously and i nmedi ately centrifuged at 1565 g's for
30 m nut es.

2. The bottles were then uncapped and a known vol une
(22 mM) of supernatant was renoved from each bottle and
saved for spectroscopic anal ysis.

3. A known volume (22 ml) of pure buffer solution was
then delivered to each bottle and the bottles were recapped
and replaced on the tunbler.

4. Two sanples and their correspondi ng bl anks were
removed fromthe tunbler at specific time intervals. The
time intervals were chosen to best characterize the
desorption rate behavior of diuron on the Wagner soil. The
two sanples and two bl anks were i mediately centrifuged at
1565 g's for 30 mnutes in order to separate the liquid and
solid portions of the sanple. Approxinmately 10 nml of the
supernatant were then renoved fromeach of the bottles,
placed in four 25-m borosilicate sanple vials, and saved

for spectroscopic analysis perforned at a later date.
3.2.3 Sorption/Desorption Batch Equilibrium Experinents

These experinents were set up in the sane nanner as the

batch kinetic experinents, but, the initial diuron in buffer
concentrations delivered to the sanples was varied. This

was done to obtain several points on the equilibrium
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isothermcurve. At least two replicates of each fluid phase

concentration were carried and each sanple had a
correspondi ng blank bottle with pure buffer, as in the rate
experiments. The results of the sorption rate experinents
gave the necessary tine for the approach of the sorption

process to equilibrium However, true equilibrium

conditions were not achieved. Al of the bottles were
tunbled for this tine and then renoved fromthe tunbler and
spectroscopically analyzed simlarly to the kinetic
experiments. The solid phase concentration was determ ned
from mass bal ance considerations. Since diuron is
conservative under these experinental conditions, the solid
phase concentration was found fromthe difference between

the initial and final fluid phase concentrations, as

foll ows:

g, -"(GC-g (3-1)

where g" is the solid phase solute concentration at
equilibrium Vis the volume of fluid, Mis the nass of

solid, C*is theinitial solute concentration in the aqueous
phase, and Cis the solute concentration in the aqueous

phase at equilibrium Mss balance for this nethod was
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cheeked by perform ng solid phase extractions of selected

sanpl es.
3.2.4 Solid-phase Extraction

The solid phase diuron extraction procedure was as
foll ows:

1. A known vol une of the supernatant (20 nl) was
renoved fromthe sanple and blank after centrifugation. This
supernatant was spectroscopically analyzed and the diuron
content determned. A known volune of methanol (10 m) was
I mredi ately added to the bottles containing the nostly
drained solid phase. The bottles were then reseal ed and
replaced on the tunbler. The diuron on the solid phase
desorbs into the liquid phase because of the large
partitioning driving force of the diuron fromthe solid
phase to the nethanol.

2. After three days, the bottles were centrifuged and
t he sane volume of nethanol that was added previously was

removed and stored in a volumetric flask. The same vol unme
of fresh nethanol was then added to the bottles. The
bottles were then reseal ed and replaced on the tunbler as in
step 1. This step was repeated for a total of five methano

addi ti ons and subsequent renoval s.
3. After the fifth renoval of nethanol fromthe

subsurface nedia bottle to the volunetric flask, a snal
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amount of additional pure nethanol was added to the flask to
bring it to a known volune if necessary. The diuron in

met hanol sol ution was assuned to contain all of the diuron
that was in the solid phase of the sanple. This solution

was spectroscopically anal yzed and mass bal ance was checked

based on a conparison with initial concentrations (C') and
t he measured aqueous phase concentrations prior to the

addi ti on of net hanol .
3.2.5 Col unm Experinents

A diagram of the colum experinental apparatus is given
in Figure 3-3. Two reservoir flasks are shown in the
figure. One flask contained pure buffer solution, and the
other contained the buffer solution with diuron (or sodium
azide). The volume of the flasks chosen was dependent on
the flowrate and cunulative flow tine chosen. A mniPunp™
positive displacement punp (LDC Anal ytical, Riviera Beach,
FL) was used to maintain a constant flow of solution through
the colum. Al of the tubing in the set up was nade of
regul ar grade 304 stainless steel (Supelco,Inc., Bellefonte,
PA). Al of the materials in the apparatus were chosen to
mni mze spurious sorption to the apparatus. The gl ass
colutms were approximately 7.5-cmlong, 2.4-cminterna
di aneter; and equi pped with threaded Tefl on™end caps. The
colum assenblies were fabricated by University Research
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Figure 3-3 Diagram of Col um Appar at us.
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d assware Corp. (Carrboro, NC).

The col ums were packed with the subsurface nedia in
the foll ow ng procedure:

1. The buffer solution was punped through the system
and slightly into the bottom Tefl on™endcap orifice at the
bottom of the colum. A thin piece of silane treated gl ass
wool was placed over the orifice and a prewei ghed anmount of
gl ass beads (McMaster-Carr Supply Conpany, Dayton, OH) was
carefully poured into the colum over the wool. The beads
had a nean di aneter of 0.38 nmand were included to disperse
the solution nore evenly before it entered the Wagner
subsurface nedia. The sorption of diuron onto the gl ass
beads was assuned to be negligible in conparison to that of
t he subsurface nedia. A preweighed anount of Wagner
subsurface nmedia was then carefully poured on top of the
gl ass beads. The pouring of the glass beads and the
subsequent pouring of the subsurface nedia into the col umm
was done increnentally to enable the experinmenter to pack
the nmedia in the colum by manually vibrating the col um.
Sufficient fluid was allowed into the colunmm to facilitate
this packing. A top |ayer of preweighed gl ass beads was
then carefully poured on top of the subsurface nedia and the
Tefl on™endcap screwed on. The top orifice of the end cap
was al so covered by a piece of silanized glass wool. The
top and bottom pi eces of wool were placed to prevent the

packed col um nedi a from escapi ng.
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The fiber optic spectrophotoneter sensing el enent was
pl aced directly downstream of the colum. Gab sanples were
taken approximately 20 cm after that.

Buf fer solution was punped through the colum for at
| east 24 hours prior to the beginning of the experinent.

This was done for two primary reasons: to adjust and
stabilize the flow velocity through the system and to flush
out easily renoved NOMin the subsurface nmedia and stabilize
its release during the experinment. NOMcontributes to the
absorption neasured at the diuron peak wavel ength and

interferes with the accurate assessnent of the di uron

concentration. It was found that flushing the system
m nimzed this effect.

The experinent was initiated by switching the feed to
the punp fromthe buffer reservoir to the diuron solution

reservoir. Care was taken prior to this point to clear al

fluid |lines of air.

The di uron solution was punped for 36 hours. During
this time, grab sanples were taken at appropriate intervals
to descri be the behavior of the sorption. Gab sanples were
taken every 15 mnutes for the first four hours, every hour
for the next eight hours and every two hours for the rest of
the sorption period. These grab sanples were | ater anal yzed
by a conventional UV-VIS absorption spectrophotoneter. At a
flowrate of approximately 12 m/hr, the m ni num all owabl e

time between sanples allowable was 15 mnutes. This is

50


NEATPAGEINFO:id=4F4491D5-632F-4BF0-B8F9-8EDFFD1EA4E6


constrai ned by the vol vune requirenents of the conventiona
spectrophot onet er and cuvette chosen. Wavel ength scanned
sanpl es were also acquired at 15 mnute intervals during the
sorption period by the fiber optic spectrophotoneter. The
mnimumtinme between sanples allowed here is the tine for a
sanple scan to be acquired. For the wavel ength interval
chosen for the first colum, Col-1, (230 nmto 265 nm .5 nm
step), a scan was taken in approximtely 30 seconds. The
second colum's (Col -2) wavelength interval was slightly
different (230 nmto 300 nm 1.0 nm step), and the scanning
tinme was approximately 40 seconds.

At the end of the 36 hour sorption period, desorption
was initiated by punping buffer solution through the col um.
The desorption period was at |east 36 hours. The sane
sanpl i ng procedures descri bed above were used for the
desorption period.

After a relative equilibriumwas attained for the
desorption portion of the experinment a conservative tracer
study was begun. This was achi eved by repl acing the diuron
solution with a solution of sodiumazide. Swtching the
punp feed to the sodium azide reservoir initiated the step-
up tracer test. A step-down tracer test was perforned by
swi tching back to the pure buffer solution. The step-up
portion of the tracer test was run for 4 hours, and the

step-down portion was run for at |east 4 hours.
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The fiber optic spectrophotoneter sanpled and stored
data every 15 minutes for the diuron experinments and every
five mnutes for the tracer experiments. The sanple
consi sted of the average of three continuous scans of a
wavel engt h range chosen to include the full absorption peak.

Grab sanples of the effluent of the systemwere al so
t aken t hroughout the experinent and anal yzed by conventi onal
absorption spectroscopy. Sanples were collected in pre and
post wei ghed 25-m borosilicate glass sanple vials with
Teflon™1ined screw caps (Pierce Chem cal Conpany, Rockford,
IL). The time interval of these sanples was limted by the
anmount needed to perform spectroscopy (4 m). These sanples
were taken to verify the performance of the fiber optic
spectrophotoneter and to verify the flowrate of the
experiment. Influent sanples of both reservoirs were taken
periodically and spectroscopically anal yzed | ater.

The tracer tests were perfornmed to determ ne the
di spersion in the colum. Fiber optic scans were performed
every 5 mnutes during both the step-up and step-down
periods. Sodium azide was chosen because it was determ ned
that an anionic inorganic solute would have little sorption
or ion exchange effects with subsurface nedia. This was
confirmed by a sodium azi de batch sorption kinetic study
performed earlier.

| nfluent sanples of the diuron, sodium azide, and

buffer solutions were taken at various points in the colum
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experi nents and anal yzed by conventi onal absorption

spect roscopy.

3.3 Instrunent Description and Measurenent Procedure

Conventi onal UV absorption spectrophotonetry was
performed with one of two conparably perform ng
spectrophotoneters. The first used was a Perkin El ner Lanbda
3 W/ VIS Spectrophotoneter (The Perkin-El mer Corporation,

Cak Brook, XL). This spectrophotoneter was used until its
source | anp output intensity had decreased to the point at
which the instrunment's dynam c range was significantly

di m ni shed. A Hitachi Mdel U 2000 (Hitachi Inc.) was then
used for the remai nder of the experinents. The Htachi was
found to performw th equal or better resolution than the
Perkin Elnmer. A Quided Wave Model 200 Optical Wavegui de
Spectrum Anal yzer (CGuided Wave, Inc., El Dorado Hills, CA

was used for a batch kinetic study and several subsurface

nmedi a col um st udi es.

3.3.1 Conventional Spectrophotonetry

The Perkin El mer Lanbda 3 UV/ VIS and Hitach

instruments are dual beam W/ VIS spectrophotoneters, which
utilize a constant reference cell holding a cuvette that can

contain a reference liquid of the experinenter's choice.

53


NEATPAGEINFO:id=92DFF5B4-283B-44BB-BFF7-D0D23C71E6AE

NEATPAGEINFO:id=A6CF96D7-E641-4F4C-B749-9190995C4432


For nearly all experinents that were conducted here,
distilled, de-ionized (DDI) water was used in the reference
cell. Methanol obtained from Fi sher Scientific Conpany
(Norcross, GA) was used as received as the reference liquid
for the remai ni ng experinents. Both instrunents have two
avai |l abl e I'ight sources: a tungsten bulb for visible and
near infrared, and a deuteriumlanp for UV. The WV source
was used for all the experinments that were perforned, the
visible light source was used to initially align the cel
hol ders for the experinments. Both instrunents perform a
series of diagnostic self-checks on startup and constantly
correct for probe light variations by nonitoring the out put
of the source | anp through the reference cell. The
instrunents have a zeroing function that along with the
previously nmentioned features sets the dynam c range of the
instrunent for a particular experinment. Both instrunents
have a reported accuracy bel ow 0.001 absorbance units (Au).

The sample cuvette was filled wth the reference Iiquid
and the wavel ength set for 248 nmin order to zero the
instrument for all of the experinents. Both instrunents had
a very stable and repeatabl e baseline for all of the
experi nents perforned.

Two cell hol ders were designed and fabricated by the
UNC shop in addition to the standard |-cm pathlength cuvette

hol ders that cane with the i nstrunents. These cell hol ders

wer e designed to hold the 24-nm pat hl engt h cust om fabri cat ed
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Suprasil ™bottles used in one of the batch kinetic
experinments. In addition, the cell holders were designed so
that light fromeither instrunent would pass orthogonally

t hrough the sanple bottle and supernatant, traversing the
bottle's entire dianmeter. This would provide two surfaces
per pendi cul ar to the probe beam and mnim ze refl ective and
refractive | osses. The cell holders were al so designed to
allow the bottle to be rotated on its |ongitudinal axis and
cl anped at a particular angular orientation. Because the
bottles had slight variations in their dianmeter, the cel

hol ders had a set screw to maintain the angul ar position of
the bottles from one neasurenent to the next.

The spectrophotoneter was turned on approxi nately one
hour before any neasurenments were taken in order to give the
machi ne a chance to perform sel f-diagnostic checks and
stabilize. The UV source was turned on approximately 10

seconds after the spectrophotoneter.

3.3.1.1 Cuvette Mt hod

Two 1-cmpath |l ength Suprasil ™Mquartz cuvettes (Fisher

Scientific Conmpany, Norcross, GA) were used. These cuvettes

were frosted on two sides. The cuvettes were rinsed several
times with DDI water, then filled wwth DDl water and pl aced
in the reference and sanple cell holders. The cuvettes were

al ways held by the frosted sides and were wiped with a
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clean, dry paper cloth if they were wet. Care was taken not
to let the cuvette windows get any dirt or grease on them
After the two cuvettes filled with DDI water were placed in
the cell holders, the instrunent was zeroed at 248 nm and
left to stabilize.

After the machine had stabilized, the sanple cuvette
was rinsed and drained 2-3 tines wiwth DDl water, then rinsed
once with the sanple to be neasured, and finally refilled
wth the rest of the sanple to be neasured. The sanple
cuvette was then wi ped and placed in the cell holder. The
spectrophotoneter was allowed to stabilize for 5-10 seconds
bef ore a neasurenent was recorded. This procedure was
repeated beginning with the DDI water rinses for al
sanpl es. For neasurenents of extractions obtained using
met hanol , met hanol replaced DD water as the reference and
rinsing sol ution.

The only deviation fromthis procedure occurred when
the sanples were too snall to allow for the single sanple
pre-rinse. 1In this case, the sanple cuvette was vigorously
shaken enpty after the DDI rinses and sinply filled with the
sanple to be neasured. Procedures were kept constant
t hroughout a gi ven experinent.

Each set of neasurenents began and ended with a set of

st andard neasurenents. The set of standards consisted of 6-
10 standard concentrations of the analyte in the dilution

solution (e.g. diuron in buffer), beginning with pure
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dilution and ending with the stock concentration of anal yte
in buffer. After a set of standards had been neasured, a
nunber of sanples were neasured and the standard
measurenents were repeated. The number of sanpl es neasured
bet ween st andards was dependent on the stability of the
spectrophotoneter: 16-20 sanpl es were neasured between
standards on the Perkin-El ner, and 25-50 sanpl es were
nmeasur ed bet ween standards on the Hitachi. Several sets of
standard nmeasurenents were taken to account for any
instrunent variations that m ght have been m ssed by the
sel f- diagnostics of the spectrophotonmeters. Wen the data
were anal yzed, the standards were fit to a second order

pol ynom al and the data interpreted by the fit. Each sanple

was |linearly weighted depending on its tenporal proximty to

the two standard curves it fell between as in

where C* is the sanple concentration, Nis the number of
sanpl es nmeasured between standard curves plus 1, n* is the

nunber of the sanple in terns of its tenporal order between

st andards neasurenents, F, is the concentration of the

sanpl e as determ ned by the second order fit to the first

standards measurements, and Fj is the concentration of the
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sanpl e as determ ned by the second order fit to the second
st andards nmeasurenents. The closer in tine a data point was
to a standard curve, the nore it was weighted to that curve
in the interpolation of its concentration.

For each tinme period, there were four data points.
They consisted of two diuron solution with subsurface nedia
(replicates), and two buffer solution with subsurface nedia
(replicates). Four bottles were renoved fromthe tunbling
set at their prescribed neasurenent tinme and centrifuged at
1565 g's for 30 mnutes. Approximately 10 ml of the
supernatant was pipetted fromthe sanple bottles (standard
borosilicate centrifuge bottles with Teflon™Iined caps)
into four clean sanple vials, which were sealed with
Teflon™|ined caps and stored in a refrigerator. The
sanpl es were individually analyzed after several measurenent
ti mes had accunul ated. The sanples were discarded after
measur enent unl ess they were chosen to be extracted. This
met hod i s destructive as opposed to the Suprasil ™bottle
nmet hod descri bed below. The two buffer solution replicates
wer e averaged and this average was subtracted fromthe two
di uron sanples. The result was then used in conjunction
with the standard curves to deternine the concentrati on of
each of the two replicate sanples.

Experinments with the sodi um azi de buffer solution
required a prelimnary step before accurate

spectrophotonetric anal ysis was possible. The sanples

58


NEATPAGEINFO:id=7196BABB-7CAA-4FE9-A21D-7A9BA5EFA0F4

NEATPAGEINFO:id=5EB473CB-AB18-4480-AB29-3ABD266BB6AF


super nat ant was extracted with hexane in order to separate

the diuron fromthe sodi xi mazide in the buffer solution.

Met hanol provides a better extraction efficiency of diuron
from water than hexane, however, nethanol also extracts

sodi vun azi de and therefore could not be used. The
extracti ons were perfornmed because sodi um azi de has a
characteristic UV absorbance peak in the vicinity of the
characteristic peak of diuron. The sodium azi de absorbance
node interfered with the diuron node at the concentrati ons
used in this experinment and prevented accurate assessnent of

the equilibriumconcentrations of diuron in the sanples.

3.3.1.2 Suprasil ™MBottl e Mthod

As described in Section 3.2.2.2, six of the eight
bottles fabricated were used for data. One of the two
remai ni ng bottles was used as a reference bottle for the

Perkin El mer spectrophotoneter, the other was used simlarly

to the cuvette nethod for standard neasurenents i.e. rinsed

with DD water before and between standard neasurenents.

Al'l of the bottles were | abeled and ruled in 30 degree

di vi sions around the circunference of the bottles with white
| abel tape and indelible ink markers. The bottles were then
roughly measured over each angul ar division at 248 nm usi ng

air, DD water, and a diuron solution. The bottles with the

nost consi stent absorbances (| east variation) over several
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di fferent angles wer-e used as the reference and standard
bottles. The reference bottle was filled with DDl water and
placed in the reference cell holder of the custom made
bottle holders at a particular angular orientation. This
orientation (90 degrees) was used throughout the experinent.
Four to six of the nost consistent angular orientations of
each of the rest of the seven bottles were picked out and
these were used as data points throughout the experinent.
Consi stency in measurenent for a given angular orientation
was determ ned using multiple measurenents of DD water,
buffer water, and a solution of diuron in buffer. Angular

orientation was fixed by lining up the ruled markings on the

bottles with a reference line on the bottle holder. Before
t he experiment began, the bottles were rinsed with acetone
and DDI water. As with the cuvettes, each bottle was
carefully handled so that oils and dirt would not get on
them and wi ped cl ean before each measurenent. All
nmeasurenments were made at each designated angl e point
beginning with the | owest (nearest 0 degrees) progressing to
the highest until a total of three measurenments were nade at
each angle point (12 -18 nmeasurenents per bottle). The
three nmeasurenents were averaged and a standard deviation

and coefficient of variance determned for each angle point.

A characteristic of fset absorbance was neasured for

each bottle in order to be able to relate the neasurenents
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obt ai ned from each bottle. The procedure for determning

this offset was as foll ows:

1. Use DDI water as the fluid in all bottles and use
the reference bottle chosen fromearlier experinents to be
t he nbst consi stent.

2. Measure the absorbances at five angul ar positions
determ ned to be the nbst consistent in earlier experinents.

3. Repeat step 2 three tines.

4. Average all the neasurenents for a particul ar
bottl e.

5. The average val ue of absorbance obtained is the
of f set absorbance for that particular bottle.

To obtain a data point froma bottle during the

experinment, a simlar procedure to the nethod of obtaining

an of fset was used:

1. Measure the absorbance at the npbst consi stent
angul ar positions.

2. Repeat step 1 three tines.

3. Average all of the neasurenents for the bottle.

4. Subtract the characteristic offset of the
particul ar bottle.

5. Treat the data as in the conventional bottle point
experinment using the cuvette nethod fromthis point on.

St andards were nmeasured before the sample bottles were
centrifuged in order to mnimze the tine the sanple bottles

were not tunbling. The standard bottle was used simlarly
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to the cuvette nethod (DDl rinses between standards),
however only one set of standards was neasured per
measurenent tine to mninze the time that the sanples were
not tunbling. Because of the |arge error neasured between
the three angl e point neasurenents and the typically snal

error encount ered between successi ve standard neasurenents,

one standard set was consi dered sufficient.

3.3.2 Col um Measurenents

Sanpl es from col um experi nents were col |l ected at
predetermined tine intervals directly into sanple vials
which were sealed with Teflon™I|ined caps and stored in the
refrigerator. Wen the columm experinent was conpl eted, a
set of standards was nade and all the sanpl es were neasured
usi ng the cuvette nmet hod descri bed above. A simlar

procedure was used for tracer studies using a solution of

sodi i ua azide in buffer.

3.3.3 Fiber Optic spectrophotonetry

The Gui ded Wave Model 200 spectrophotoneter (CGuided
Wave, Inc., El Dorado Hills, CA) is a single grating
nmonochromat or (1200 lines/nm wth one internal source
(tungsten) and one external source (deuterium, two

detectors (silicon and photonmultiplier tube), and is
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designed with SMA™type fiber optic connectors at the source
and nonochronat or ports. Both the colum and the batch
kinetic (Suprasil ™bottl es) experinental data were neasured
using direct transm ssion neasurenents over a range of UV
wavel engths. Two probes with sapphire wi ndows were aligned
and sanpl es were placed between them The transm ssion
probe was attached to the port of the deuteriumlanmp source
via a 1l-neter optical cable. The detector probe was
connected to the nmonochronator port via a 30-cm optica

cabl e. Bot h cables had 300 mcore, nultinode fibers with
good transm ssion properties in the UV range. The two
sapphire probes limted the working UV range to 220 nm

Sol ari zation of the transm ssion fiber was nonitored by
basel i ne neasurenents conducted before and after the
experinments. The Mddel 200 was calibrated using the tungsten
source and a short fiber optic junper cable between the
source and the nonochr omat or. Ref er ence scans were taken
and stored in the appropriate experimental configuration
usi ng the deuterium source before each experinent and kept

t hr oughout the conpl ete experinent. These scans were al so
used to nopnitor source variati on over tine. The Mbdel 200
and source were turned on approximtely 2 hours before a
data set was taken. Scans normally covered a wavel ength
range of 30-50 nmwith a resolution of 0.5 nm Each stored
measur enent scan was the average of three scans perforned

automatically by the Gui ded Wave. Each stored neasuremnent
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t ook about 30 seconds. A high pass optical filter was used

as a shutter between scans to inhibit fiber solarization.

3.3.3.1 Col um Experi nent

For the columm experinents, probe cells were
constructed by the UNC shop out of nobdel 400-4 Swagel ock
Uni on Crosses (Swagel ock Co., Solon, OH). The crosses were
drilled out on parallel branches to accommpdate a flush fit
of the sapphire probes. The cross was then placed in the
colum line imediately after the subsurface nedia col um.
Therefore, transm ssion was neasured perpendicular to the
flow. Dead flow space was nminimzed by using proper
fittings between the subsurface nmedia colum and the cross.
A grab sanple was collected 20 cmafter the cross and
anal yzed on the Perkin El mer Spectrophotoneter to confirm
the CGui ded Wave results. Measurenents were nornmally taken
every 15 mnutes automatically over the course of a
subsurface nedia col um experinment. Measurenents were taken
every 5 minutes during tracer studies.

Several conputer progranms were witten to anal yze the
raw data. Both differential wavel ength absorbance at
i ndi vi dual wavel engths and full wdth, half maxi num (FWHM
peak area were used in the analysis. The FWHM area is often
used in spectroscopi c neasurenents and is defined as the

area under the curve bounded above by the horizontal |ine
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drawn at one half of the peak's nmaxi num val ue covering the

full width of the peak.
The nost significant source of error encountered was
introduced as a result of the decrease in output intensity

of the deuteriumsource. This error was successfully dealt

with and is described in nore detail in Section 4.2.

3.3.3.2 Suprasil ™MBottl e Batch Experi nent

For the batch kinetic experinents, the UNC shop
constructed an apparatus that enabled a Suprasil ™bottle to
be pl aced securely between two aligned probes. The
apparatus allowed the bottle to be turned on its
| ongi tudi nal axis with good repeatability. An initial
calibration of the bottles was perforned simlarly to the
Suprasi |l ™Mexperinents done on the Perkin El ner
Spectrophot onet er and confirned each bottle's nost
consi stent angle points as determ ned by the Perkin El ner
Lanbda 3. The neasurenent procedure for the Gui ded Wave
fi ber optic spectrophotoneter was nearly identical to the
procedure used for the Suprasil ™Mbottles on the Perkin
Elmer. The only differences were that a wavel ength scan
from 230 to 265 nmwas taken rather than a single
nmeasurenent at 248 nm and the standard set was neasured
after the six sanples were neasured. This was done to

mnimze the time that the sanples were not tunbling.
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As in the col vunn experi nents above, several conputer
prograns were witten to analyze the raw data. The prograns
i nvol ved: determ ning the average, standard devi ation, and
coefficient of variance of each point in the three scans for
a given angul ar neasure; correcting for source intensity
decrease and other variations; determining a fit for the
standard neasurenents; and finally interpolating the

concentrations of the sanples for a given neasurenent.
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IV EXPERI MENTAL RESULTS AMD DI SCUSSI ON

4.1 Experinmental Results

4.1.1 Batch Experinents

Si x batch experinents were perforned. These include
two equilibriumdistribution experinents, two sorption
ki netic experinents, and two desorption kinetic experinents.
Table 4-1 lists the experinents and their rel evant
parameters. Equilibriumdistribution experinent, Eqgl-1,
used a buffer solution that contai ned 0. 005 M sodi um azi de
after Chang (1989). The second equilibriumdistribution
experinment, Egl-2, used the nornmal buffer solution described
in the nmethods Section (no sodiiimazide) . The first
desorption experinent, Dsrp-1, also used a buffer solution
i ncl udi ng sodi um azi de while the second desorption
experinment, Dsrp-2, did not.

An addi tional sorption kinetic study was perforned with
sodi um azide as the solute to confirmthat the sodi um azi de

sol ution could be used as a conservative tracer in the

colum experinments. Al batch experinments were naintai ned

at a pH of 8.4.
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Table 4-1 List of Experinments
1 Type/ Nane

Batch Experinments
1 EcjuilibriumDistribut.l0nN

1 Egl-1

Sorption

Lypel

Srp-2
Srp-1S
Sr p- Az

Desor ption

Dsrp-1
1 Dsrp-2

7. 05,
14. 83,

22. 87,
28. 84

. 23,
. 52,
. 80,
.42,
. 53,
11. 75,
14. 90,

23.42,
24. 81

NOOWN P

11. 33

11. 33

326. 35

13. 11

14. 42

1 Col um Experinments

1 Diuron

Col -1
Col -2

1 Tracer

Trc-1

Trc-2

10. 28

100. 09

575. 21

Ti nme

(hrs)

2016

2016

2184
3355
2184

168

1772

2032

73. 25

121. 125

68

Sl

Azi de

No Azi de

No Azi de
No Azi de
No Azi de

Azi de =
Sol ut e

Azi de

No Azi de

No Azi de

No Azi de

Azi de =
Sol ut e

Azi de =
Sol ut e

Sol i d
Mass (Q)

35. 0

35. 0

35.0

35. 0

Li qui d
Vol unme

(inl)

30.0

24.9

25. 2
25. 0
25. 2

20. 0

25.0
25.0

N. A.

N A

N A
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4.1.1.1 EquilibriumDistribution Experinments

The equilibration time for both equilibrium
di stribution experinments was 84 days. At the end of this
time period, solution phase concentrations of diuron were
measured and solid phase concentrati ons were determ ned by
the difference nmethod described in the nethods secti on.
The results obtained fromEqgl-1 are not shown here because
the inplications of the inclusion of sodium azide into the
di uron/buffer solution were not investigated.

After sol ution phase concentrations of diuron were
determ ned, the data were plotted and three types of
equi libriumdistribution nodels were fit to the data.
Figure 4-1 shows the plot of Egl-2 along with Iinear,
Langrmuir and Freundlich nodel fits. It was found through
error analysis that the Freundlich nodel provided the best
fit. This was determ ned through a non-Ilinear regression
anal ysis using the statistical software package Systat™
(Wl kinson, 1988). The statistical paraneters are given in
Tabl e 4-2. The criteria for the best fit was the
determ nation of the |east, normalized sumof the squared
errors (NSSE) for each equilibriumdistribution nodel. The

equation for determning this is as follows:
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NSS ;I'

_ JAVASLELEV ANV AVAVANLIVAWAN (4_ 1)

/\/\/\n

where N is the nunber of neasurements made, g * is the solid
phase sol ute equilibriumconcentration measurenent at n, and

est™ is the nodel estimate of the solid phase solute

equi li briumconcentration at n.

Desorption points were obtained for Egql-2. Two
desorption points were obtained after successive desorption
equilibration periods of 56 days each for the data set. The
met hod used to obtain desorption points for the set was
consecutive centrifugation. The desorption data fromthis
set are plotted on a log/log scale along with the Freundlich
equi libriumnmodel fit in Figure 4-2. It can be seen that
signi ficant apparent nonsingul ar sorption behavior occurred
suggesting that equilibriumconditions were not reached.

This conclusion is supported by the batch kinetic data
descri bed bel ow.

Sol i d phase extractions were perforned on sel ected

sanpl e bottles and desorption bottles. On average, greater

than 96% of the diuron could be accounted for in solution
nmeasur enents and subsurface nedi a extractions. Thi s
val i dates the use of the difference method for determ ning

solid phase concentrations. This also indicates that the
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Figure 4-1 EquilibriximDistribution data with nodel fits,.
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Tabl e 4-2

Li near Model

Const ant

11 AFr eugwlolllnylh Model

Const ant
n, (-)

LK ()
1 Langnui r “Model
Const ant

< (ng/ no)

b (1/ng)

Egl -2 Statistics
NSSE = 2. 99E- 04
Esti nat e

4. 266

NSSE = 1. 89E- 05
Esti mat e

0. 5787

0. 0436

NSSE = 7. 26E- 05
Esti mat e

90. 863

0. 1285

72

959% Confi dence

3.830,4.703

Tl i

959% Confi dence

0. 5465, 0. 6109
0.0333, 0. 1191

959% Confi dence

9. 3024, 14. 0493

0.0846, 0. 1724
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sanpl es were not subject to biodegradation over the

experinental tine frane.
4.1.1.2 Kinetic Experinents

Two types of kinetic experinments were perforned,
sorption and desorption. The experiments were perforned
using diuron as the solute. In addition, a sorption kinetic
experiment was performed using sodiumazide as a solute to
determine its suitability as a conservative tracer for

col umm di spersi on studi es.
4.1.1.2.1 Sorption Kinetic Experinents

The diuron sorption kinetic experinents were designed
to be run over a longer period of time than had been done by
previous experinments with diuron (Chang, 1989). The

met hodol ogy for collecting sanples was described in Section

Both sanple sets were anal yzed by optical spectroscopy.
Experiment Srp-1 was anal yzed using the Perkin El nmer
spectrophotoneter. Experinent Srp-2, perfornmed at a later
date, used the Hitachi spectrophotoneter. A conparison of
the performance of the two instruments is illustrated in
Figure 4-3. This plot conpares data obtained fromthe
measurements of standard concentrations of diuron. Although
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Figure 4-3 Conparison of standards dat a,
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the two instruments were conparable in their repeatability,
it 1s obvious that there is a discrepancy in their
sensitivities. Mich of this can be accounted for by source
intensity problenms encountered with the Perkin Elner. This
will be discussed in greater detail in Section 4.3.

Experinment Srp-1 was carried out in two parts. The
first used the conventional bottle point nethod as descri bed
in Section 3.2.2.1. This method is limted by the initial
nunber of bottles prepared because the sanple is renoved
fromits bottle for analysis by conventional spectroscopy
using cuvettes. The nunber of data points that can be
collected is therefore |limted by the initial nunber of
bottl es prepared.

The second node for this experinment used specially
fabricated sample bottles made of Suprasil™ which all owed
the sanple to be anal yzed by UV spectroscopy w t hout
renoving it fromthe original sanple bottle. This method
allows for the potential of unlimted data points, therefore
experimental times because the sanple is not destroyed when
it is analyzed. It also reduces the problemof inter-bottle
variability found in the conventional bottle point nethod.
The net hod was described in detail in Section 3.2.2.2.

Sol i d phase extractions were perfornmed on sel ected

sorption and desorption sanples. On average, greater than
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90% of the diuron could be accounted for in solution
measurements and solid phase extractions.

The results of the conventional bottle experinent, Srp-
1 are shown in Figure 4-4. It may be observed that apparent
egui libriumwas not reached after approxi mately 2200 hours.
Figure 4-5 shows the results of the experiment Srp-2.
Apparent equilibriumwas not attained after approximtely
3400 hours in this experiment. The criteria for equilibrium
was assigned to be a slope change of less than 1 E-06
bet ween data points on the normalized concentration plots
given in Figures 4-4 and 4-5.

To validate the choice of sodium azide as a
conservative tracer to be used for colum dispersion tests,
a relatively short termsorption kinetic study was performed
using sodium azide as the solute. The kinetic study was
carried out using the same procedure as the diuron sorption
kinetic experiments described in Section 3.2.2.1, except
sodium azide was the solute. Figure 4-6 is a plot of the
rel ati ve sodi um azi de concentration as a function of tine.
This plot denonstrates that the agueous phase sodi um azi de
concentration remains relatively constant over a period of
approximately 175 hours. Tracer studies for these

experiments were performed in less than 5 hours. Therefore

sodi um azi de can be used as a conservative tracer. The
reason for the choice of sodiumazide as a tracer as opposed

to a nore typically used solute such as chloride was that
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Figure 4-4 Sorption kinetic data for Srp-1.
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t he anal ysis of sodi um azi de can be done by UV absorption

spect r oscopy.

4.1.1.2.2 Suprasil* Bottle Experinents

As nmentioned in the previous section, two experinental
nodes were used in the high concentration sorption kinetic
study, Srp-1 and Srp-1S. This section describes the results
fromthe non-conventional node in which analysis of sanples
was performed w thout renoval of the sanple fromits
original sanple bottle. The procedure for analysis was
described in detail in Section 3.2.2.2 and Section 3. 3.1.2.
The sanpl es were anal yzed usi ng both a conventional UV-VIS
spectrophotoneter and a fiber optic spectrophotoneter.

The extensive sanpling procedure described in Section
3.2.2.2 and Section 3.3.1.2 was done because it was
anticipated that the outer and inner dianmeters of the bottle
woul d not be uniformand nmultiple data points for different
angul ar orientations would need to be taken and averaged to
i ncrease the accuracy of the neasurenent.

Figure 4-7 shows the discrepancy in absorbance val ues
bet ween di fferent angular orientations for a particular
bottle. This wavel ength scan of DDI water was taken with
the fiber optic spectrophotoneter. Simlar behavior

occurred with the conventional spectrophotoneter.
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Figure 4-7 Variability of absorbance for Suprasil ™bottle.
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Figure 4-8 is a conparison plot of the data obtained
fromthe conventional method, Srp-1, and the averaged data
obt ai ned by the Suprasil ™Mbottle method, Srp-1S. It can be
seen that there is substantially nore variability in the
Suprasi| ™pottle nethod al though the data does seemto be in
good agreenent with the rate data fromthe conventiona

experi nment.

4.1.1.2.3 Desorption Kinetic Experinents

Two desorption kinetic experinents were perforned.
Experiment Dsrp-1 was perforned using a buffer solution
whi ch included sodiumazide simlar to the equilibrium
di stribution experinent described in Section 4.1.1.1. The
sorption period was four days before desorption was
i ni tiat ed.

Experiment Dsrp-2 was performed in a buffer solution
Wi t hout sodium azide. This experiment used a sorption
period of 14 days. Figure 4-9 is a plot of the relative
supernatant concentration versus tinme. |t can be seen that
an equilibriumcondition was not reached after approxi mately
1700 hours of desorption. At 1700 hours, the aqueous phase

solute is still resorbing onto the solid phase.
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4.1.2 Colum Experinments

Two sorption/desorption colum experinments were
perfornmed. These experinments each consisted of a step-up
sorption experiment, a step-down desorption experinent, and
a tracer test to determne the colum dispersion. For each
col xi m experinent data was taken using both the conventional
grab sanple nethod and the fiber optic sanpling method. The
time for the grab sanple data point was assigned to be the
nmedi an tine between sanples. Both of the nmethods were

described in detail in Section 3.2.5 and 3.3.3.1. The

pertinent parameters for the two experinments are listed in

Tabl e 4- 3.

4.1.2.1 First Colum Experinment: Col-I, Trc-1

Figure 4-10 is a plot of the relative concentration of
diuron through tinme during the sorption and desorption
experiments as obtained by grab sanple data. The raw
absor bance was corrected for interfering hum c absorbances
as described in Section 3.2.5. The figure shows that
equi l i brium conditions have not been reached on the step-up
portion of the experiment because the relative concentration
is still changing with respect to tine at approxinately 2000
mnutes and is not yet equal to 1.0. The step-down portion
Is also not at equilibriumbecause there is still a residual

concentration of diuron in the system However, the relative
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concentration of diuron is changing only slightly with

respect to time over this tine scale.
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Tabl e 4-3 Col um Par aneters

1 Col~l, Tre-1
1 Average Dianeter (cm
1 Average Length (cm

Density of \Wagner Materi al

(g/m)

Density of G ass Beads
1 (g/m)

Top Layer Average Length
(cm

Top Layer
(9)

Wagner
(cm

WAgner
(9)

Bott om Layer

(cm

Bott om Layer

(9)
1 Total Average Porosity

1 Col um

Tubi ng Vol une in System
(m)

Mass

Layer Average Length

Layer Mass

Aver age Length

Mass

Pore Vol ume in System
(m)

Aver age Fl ow
(m /hr)

1 Tracer

Tubi ng Vol une in System
(m)

Pore Vol ume in System
()

Aver age Fl ow

1"(n 1)
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Col um- 1
Par anet er s

2.673

2.477

10. 835

11. 75

. 358

8. 741

6. 359

12. 183

2. 704

12. 396

12. 274

Col um- 2

Par auaet ers

1.65

2.673

2.477
11. 615
35.0

11. 75

. 397

8. 200

6. 585

11. 804

2. 704

12. 081

12. 274


NEATPAGEINFO:id=0B6A9CD7-BE38-402A-BFE7-3A27A8117500


0°0

—
1

« 0.20 o

°CoCo°Co oo
0.00 im- 1 1 1 1 1 1 1 1 1
0 900 1800 2700 3600

Tinne  (nnin)

Figure 4-10 Coliom-1 grab sanple diuron data.
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Figure 4-11 is a plot of the relative concentration of
sodi um azi de through tinme for the step-up tracer experinent.
It was assuned that the anpunt of | eachable NOMin the
systemwas snmall in conparison with sodium azide by this
time, and the residual diuron concentration would not change
over the tine frame of this experinent. Therefore, the
absorbance data was sinply calibrated to sodi um azi de
standard concentrations. It can be seen that equilibriumis
reached by the conservative tracer in this experinent.

Figure 4-12 is a plot of the raw absorbance data at 248
nm through tinme obtained fromthe fiber optic
spectrophotoneter. By |ooking at the end of the desorption
part of the experinment it can be seen that absorbance val ues
are increasing. It was determ ned that this behavior was
due to error induced by the instrunentation. This error and
t he signal analysis techniques used to correct the data are
di scussed at length in Section 4. 2.

After the signal analysis techniques were applied to
the fiber optic data, this data could be conpared to the
data obtained fromthe grab sanpl e/ conventional UV-VIS
spectrophotoneter nethod. Figure 4-13 is a plot conparing
the two spectroscopic nmethods after signal analysis and
systematic instrunment error treatnent.

Figure 4-14 is a conparison of the signal processed
fiber optic data and the grab sanple data for the tracer

test. Gab sanple data were only taken for the step up
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Figure 4-11 Colum-1 grab sanple tracer data.
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Figure 4-12 Colum-1 raw fiber optic diuron data.
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Figure 4-13 Colum-1 conparison of grab sanple diuron data
with corrected fiber optic diuron data.
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Fi ?ure 4-14 Col um-1 conparison of qr ab sanple tracer data
with corrected fiber optic tracer data.
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portion of the test. This plot shows good correl ati on of
the two nethods. A dispersion value for the columm was
obtained fromthe tracer data by conparing an anal ytica
solution to a one dinensional colum (Bear, 1976) with this
data. Figure 4-15 is a plot of the analytical solution
conpared to the fiber optic and grab sanple data. A

di spersion value of 0.020 cnVniin was found for this colum

and these fl ow conditions.

4.1.2.2 Second Columm: Col -2, Trc-2

The second col um experinment was perforned after the
deuteriumlight source on the fiber optic spectrophotoneter
was replaced. Sone signal processing of the data was stil
requi red but the instrunent error was much smaller in this
experinent than in the first colum experinent. A linear
fit was satisfactorily used to adjust for this instrunment
error. In this experinent only three grab sanples were
eval uated before the fiber optic data were processed. The
three sanples were the first sorption sanple, the first
sanpl e after the desorption experinent was started, and the
| ast desorption sanple. Since the sorption and desorption
experiments were consecutive, the first desorption sanple
was assuned to be representative of the peak concentration
of the systemduring the step up portion of the experinent.

The fiber optic data were then processed as described in
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Figure 4-15 Colum-1 conparison of analytic solution of
tracer and corrected fiber optic data.
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Section 4.3 and referenced to the peak grab sanple. The
rest of the grab sanples were then anal yzed by the
conventi onal spectrophotoneter and conpared with the
processed fiber optic data. This was done to elimnate
human bias fromthe data analysis. Figure 4-16 is a

conpari son plot of the fiber optic data and the grab sampl e

dat a.

Figure 4-17 is a plot conparing the two nethods for the
tracer test. The tine scale shows the slight discrepancies
bet ween the two nethods nore distinctly in this plot. These

differences are discussed in greater detail in Section

4. 3. 4.

4.2 Instrunment Variation and Signal Processing

4. 2.1 I nstrunent Vari ati on

As discussed in Section 2.1, UV absorption spectroscopy
requires an ultraviolet source, a sanpling region and a
detector. |In these experinments problens with source
vari ati on were encountered with both the conventional UV-VIS
spectrophotoneter and the fiber optic spectrophotoneter.

The conventi onal spectrophotometers used for these
experinents are described in Section 3.3.1. The Perkin
El mer instrunent was used initially for roughly half of the

experinments and the Hitachi was used for the rest. The
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Figure 4-16 Colum-2 conparison of grab sanple diuron data
with corrected fiber optic data.
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Perkin El mer instrunent was abandoned because it began to
show probl ens di stingui shed by a dininished sensitivity for
| ow absor bance neasurenents. The reason for this | ack of
sensitivity becane apparent after research was perforned to
determ ne the causes of source intensity variation in the
fi ber optic spectrophotoneter. Al three instrunents use
deut erium sources to provide the probe beam for the spectra
region used in this work (190-350 nn). Fromthe literature
of one of the | eading nanufacturer's of the these | anps,
Hamamat su ( Hamamat su Cor por ati on, Bridgewater, NJ),
deuterium |l anps have a linmted useful lifetinme. This
lifetine is defined as the tinme during which the |anp's
output intensity remains greater than 60% of its origina
out put power for a representative wavel ength. The decrease
inintensity during the useful lifetinme period is usually
roughly linear but unique for all wavel engths. Average
lifetinmes for |anps used in these experinents is on the
order of 2000 hours. After the useful lifetinme period, the
output intensity usually decreases exponentially.

The predon nant cause of the output intensity decrease
has been determnm ned by Hamanmat su to be sol ari zati on of the
fused silica or quartz envel ope surroundi ng the el ectrodes
and the deuterium gas (conversation with Earl Hergert,
Hamamat su Corp., 5/22/91). Solarization is a process by
which nmetal inpurities in naterials such as silica or quartz

react with incident ultraviolet |ight and cause a cl oudi ng
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of the otherwise optically clear material. The degree of

sol ari zati on has been correlated to the tinme of the
exposure, and to the intensity and wavel ength of the
ultraviolet light. The theoretical nmechanisnms of this

process are not well understood and are beyond the scope of

t hi s work.

The two conventional spectrophotoneters correct for the
variation in source output intensity by splitting the source
beaminto two paths. One of the paths provides a cuvette
hol der for a sanple containing a reference material such as
DDl water or the solvent used in the experinment. The
absor bance of experinental sanples are then neasured with
respect to the reference cell. The absorbance val ue read by
the operator of these two instrunents is actually a
reference corrected absorbance. The dynam c range of the
instrument is usually defined by the |ow sensitivity limts
of the detector, and the source intensity, as seen with
respect to the reference cell. The reference cell is
defi ned as having absorbance equal to zero. Although the
low intensity limts of the detector rarely change, the
source intensity can decrease as described above. This
decreases the dynami c range of the instrument and therefore
t he range of nmeasurenents possible. One of the effects of
t he decreased dynam c range is a shift into the detector's

non-|inear response region. Because of the instrunents'
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data fromthe first colum experinent indicated that fiber
optic solarization was not the only source of error. This

is illustrated in Figure 4-12 by the increase in absorbance
inthe tail of the desorption period. It was finally

determned through conponent by conponent testing that the
deuteriumlanp was the nmgjor source of intensity decrease.
A new | anp was ordered and this was used for the second

col um experi nent.
4.2.2 Signal Processing

Raw data correction was required for all of the
experinents. These corrections were either acconplished
experimental |y, by including blank sanples along with data
sanples in an experimental set, or mathematically, by making
assunptions about a data set. The use of the blanks in
correcting nmeasurenents is described in Section 3.2.2. The
mat hemat i cal methods used for correcting the colum grab
sanpl e data where blanks coul d not be used and the data
acquired fromthe fiber optic spectrophotoneter are

descri bed bel ow.
4.2.2.1 Gid) Siunple Corrections

The col um grab sanpl e absorbance data was corrected by
subtracting the absorbance due to a decreasing NOM

103


NEATPAGEINFO:id=CD2F49A7-A3D2-4FB6-8BE6-7C281077CF16


concentration as the experiment progressed and NOM fromthe
solid material was flushed out of the system This decrease
in NOM concentration was assuned to be linear with respect
totime. It was assiimed that the diuron concentration for
the first grab sanple was 0.0 ng/1 so that any absorbance
measured was due to NOM At the end of the desorption
experinent, it was assuned that the NOM was conpletely
flushed fromthe systemand the only absorbance source
present was residual diuron. The absence of NOM at the end
of the desorption period was confirned by gas

chromat ography. Using these two conditions, and assumng a
linear removal of NOM the grab sanple absorbances were

corrected by:

Abs”, . - AbSf. +AbsQ —-1) (4-2)

where Abs™. M is the corrected absorbance at a given tine for
a given wavelength, t is the time of the measurement, r is
the total tine of the sorption/desorption experiment, and

AbSp is the absorbance measured at time O (only NOM. The

corrected absorbance was calibrated to diuron standard
concentrations. The concentration val ues were then

normal i zed and pl otted.

104


NEATPAGEINFO:id=172BB662-D3ED-4288-89C3-A87495164C86


4.2.2.2 Fiber Optic Data Corrections

There are three major contributors to the systematic
error of the system The first and nmain source of error was
attributable to a deterioration of the deuteriumlight
source. The output intensity of these sources decrease as a
function of tinme and wavel ength. Unlike the conventiona
UV-VI S spectrophotoneters used in these experinents, the
fiber optic spectrophotometer has no internal correction
mechani smfor calibrating for this decrease in intensity.
The instrximent is calibrated before an experinment by taking
a reference scan over the wavel ength region of interest.

The absorbance values fromthis scan are used as the zero
reference points for subsequent scanned absorbance val ues.
Ther ef ore any absorbance changes due to instrunent

variations follow ng the reference scan are not accounted

for.

The second source of error was an increased absorbance
due to fiber optic solarization. This source of error was
anticipated and was of nmuch | ess concern in conparison wth
the deuteriumlanp deterioration. The |anp and the fiber
probl ens were discussed in Section 4.2.1.

The third source of error was actually a congl oneration

of any electronic effects that produced instrunent
fluctuations outside of the first two sources of error. Al

three sources of error were corrected for by signal analysis
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techni ques. The conputer prograns witten for this are

included with this report in a 5.25 inch floppy disk. The
techni ques are descri bed bel ow

To correct the data fromthe first columm experinent
two nmethods were used. The first assuned a sinple |inear
decrease in intensity seen at the sanple over tinme with
respect to wavel ength. The neasured increase in absorbance

due to these instrunent effects is given by:

e fT:-in*t (4- 3)

where ¢ is the increased absorbance in Au at timet, mis
the general coefficient of output intensity loss, andt is
the time that the equi pment is on

The second nethod assuned a |inear decrease in |anp
intensity and a non-linear increase in absorbance due to
fiber optic solarization. Both of these effects were
determned with respect to wavelength and time. The fiber
optic time variable was the cunulative time that the fiber
was exposed to the W light (when the shutter was open).

The increase in absorbance is then given by:
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M- {mrt)+ar (1A-mh*t) *' i (4-4)

where n* is the coefficient of output intensity [oss due to
deuteriumlanp solarization, t is the tine the equipment is
on, ais the coefficient of intensity |oss due to fiber

sol arization, I*, is the initial deuteriumlanp output
intensity at the beginning of the experinent, and r is the
cunul ative tine that the fiber has been exposed to the W
l'ight since the beginning of the experinent.

The end portion of the desorption experinent was used
to determne the instrument's contribution to absorbance.

It was assumed that during this portion of the experinent,
there was no change in absorbance. This assunption is a
fairly good one because of the extremely small changes in
solute desorption at this point. Figure 4-18 shows the tine
region used and the change in concentration as nmeasured by
the grab sanpl es net hod.

Both correction equations were applied to the fiber
optic data fromthis time region and a nonlinear statistical
anal ysis was performed using Systat™ Froma conparison of
the fits it was determned that the correction described by
equation 4-4 provided a slightly nore accurate fit to the
data. This was based on a conparison of the mean squared
errors (MSE) of the two fits. Table 4-4 gives the
statistical parameters obtained using the two fits.
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Figure 4-18  Portion  of  Colxunn-1  experiment — used  for

correction.
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Figure 4-19 is a plot of the raw experimental data for two
wavel engths, 248 nmand 265 nm The general decrease in
intensity seen at the sanple is exhibited by a general
Increase in the absorbance at both wavel engths over the
course of the experiment. Figure 4-20 is a plot of the raw
experimental data over the tine period used for deternining
corrective fits conpared to the two fits (linear and non-
linear) for the wavelength of 248 nm Both fitting
equations were forced to intercept the value of relative
absorbance of 0.0 at tine O to account for the residual
concentration known to be present in the latter portion of
the desorption experinent. Figure 4-21 is a plot of the raw
data at 248 nmand the non-linear corrective curve with zero
i ntercept.

The raw experinental data was nodified by subtracting
t he absorbance val ues obtained fromthe corrective fits for
a given wavelength. Figure 4-22 is a plot of the raw data
In conparison with the corrected data for 248 nmand 265 nm
Final ly instrument fluctuation and extraneous absorbers
were accounted for by subtracting data obtained froma
wavel ength on the skirt of the main diuron absorbing node

(265 nm fromdata obtained at the peak of the diuron
absorbing mde (248 nm). This was done under the assunption
that any instrument fluctuations other than the source
intensity problenms discussed earlier should occur simlarly
at both wavel engths. In addition extraneous W absorbance
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Figure 4-20 Linear and nonlinear fits to raw data.
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Figure 4-21 Conparison of raw data and correction curve.
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Figure 4-22 Conparison of raw data and corrected data at
two wavel engt hs.
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sources such as NOM wi Il have sinmilar values at these two
wavel engt hs because these wavel engths are so far fromthe
characteristic NOM peak occurring below 220 nm Figure 4-23
conpares the plots for the delta absorbances (Abs(248 nn) -
Abs(265 nm)) for the uncorrected and corrected data. The
uncorrected (raw delta) plot clearly shows that the change
in source intensity is wavel ength dependent by falling
significantly below the relative absorbance axis in the
desorption portion of the experinent.

The fiber optic absorbance data was converted to

rel ati ve concentration data by assum ng that the maxi num
absor bance val ue was equival ent to the maxi mum concentration
obtained fromthe grab sanple data. All other absorbances

fromthe fiber optic data were referenced fromthat peak

poi nt .
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4.3 Discussion of Experinen'tal Results
4.3.1. Equilibriumdistribution experinents

The Freundlich nodel fit the data fromEql-2 well as
was shown in Figure 4-1. Chang (1989) found a nore |inear
fit to the diuron equilibriumdistribution data using
simlar solid materials. These experinents used nuch shorter
equilibration tines, although Pedit and MIler (1990) have
shown that equilibration time is not sensitive to linearity,
using a surface diffusion nodel. The next |ongest
equilibration time found for diuron was perfornmed by Chang
(Chang, 1989).using unwashed Wagner media. A Freundlich fit
was found with exponent 0.657 for an equilibration tine of
44 days.

The equilibriumparaneters determned fromEql-2 are
I ncorrect because the system had not reached equilibrium
This conclusion is supported by the sorption kinetic data
Srp-1 which showed that equilibriumwas not reached in this
system at 91 days and Srp-2 which had not reached
equilibriumafter nearly six months. In addition,
significant non-singular behavior was observed in the
desorption data points obtained fromEgl-2. This can be an
i ndi cation that sorption equilibriumhas not been attained.

Chang found significant nonsingular sorption/desorption as
wel | (Chang, 1989).
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4.3.2 Kinetic Experinents

Sorption and desorption batch kinetic experinments are
two types of experinents that can be used to isolate
sorption/desorption fromother contam nant fate and
transport phenonena and hel p predict behavior that m ght
occur in field situations. Sorption experinents correspond
to a contam nant |eak into an aquifer, and desorption
experiments correspond to attenpts to renediate the aquifer
by punping out the aqueous phase contam nant, then repunping
the aquifer at a later tinme. Desorption experinments can
al so correspond to the desorption side of a pulse or
transi ent input.

The sorption kinetic data from Srp-1 and Srp- 2,
denmonstrate an initial rapid sorption followed by a sl ower
sorption period. The rapid sorption period varied from
approxi mately 480 hours for Srp-1 to approximtely 720 hours
for Srp-2. The length of the slower phase was not
determ ned because the experiments were concluded before
equi libriumwas reached. This behavior is consistent wth a
rate controlled sorption nmodel. Further work needs to be
done to elucidate the nmechani smof this behavior.

The desorption kinetic data from Dsrp-2 denonstrates an
initial rapid desorption period followed by a slower
resorption of solute. As in the sorption rate experinents,

Dsrp-2 has not reached equilibriumafter over 2000 hours.
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4.3.3 Suprasil ™MBottle Kinetic Experinent

The Suprasil ™bottle nethod was primarily devel oped to
satisfy the requirenments of an experinent with an unknown
and nearly unlimted time span. |t was hoped that this
met hod woul d al | ow accurate determ nation of the true
sorption equilibration times for particular systens. This
met hod al so had the advantage of maintaining the same sanple
bottles throughout the experinment rather than relying on the
simlarity of a large nunber of identically prepared bottles
that were each used for only one data point. The Suprasil™
bottle method's inherent advantage was the ability to make
in-bottle W absorbance nmeasurenents because of the high W
transm ssion properties of Suprasil ™in conparison with
normal borosilicate glass. The only problens anticipated
with the method were irregular reflection and refraction
| osses due to possible non-uniformties in the structure of
the bottles. It was thought that these problenms would be
relatively mnor and could be corrected by an average of
nmeasurenents for each bottle. Unfortunately these probl ens
were not mnor. The variations in the glass did indeed
present problenms as anticipated. There were |arge
di screpanci es in absorbance val ues between even adj acent

angul ar orientations. |In addition, repeatability was poor.
This was due to the nonuniformty of the outer dianmeter of
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the bottles and the clanping configuration of the cel
hol ders. The standard deviations for these points were on
the order of 0.1 Au. FromFigure 4-3, it can be seen that a

0.1 Au variability can translate into a large difference in

extrapol ated concentration

The fiber optic Suprasil ™bottle nmethod had additional
problems. It was determned that the intensity of the
deuterium source of the fiber optic spectrophotoneter was
decreasi ng over time. This behavior was discovered in the
latter part of the Suprasil ™sorption experinment when
performng the first colum experiment. The |ack of a
stable reference due to the variability of the |ight
reaching the sanple made the determnation of the sanple's
concentration too time consumng to accurately solve for the
degree of precision that would be achieved. Therefore the
data for the fiber optic part of the batch experiment is not
given here. The variability of the light source in the
fiber optic spectrophotoneter was di scussed in Section
a.2. 1.

Anot her problemw th the Suprasil ™bottle nethod was
t he possibl e degradation of the subsurface media from
repeated centrifugation in order to separate the supernatant
for measurenent. Sone researchers believe that
centrifugation can damage and change the solid materia
(Bowman and Sans, 1985). This mght lead to changes in the
sorption paraneters of the solid/solution system although
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this could not be determ ned fromthe data shown in Figure
4- 8.

A practical consideration that has not been di scussed
yet is the time reguired to acguire the data points
necessary for the Suprasil ™bottle nethod. For the
conventional spectroscopic method, approximtely twenty data
points were reguired for each bottle. In addition, a
standard set reguired an additional twenty points per
concentration. The total time reguired for this nmethod was
approxi mately 150 m nutes per sanple period conpared to
approxi mately 15 m nutes per sanple period for the
conventional nmethod. The fiber optic nmethod reguired
approxi mately 240 m nutes per sanple period. Analysis tines
for the Suprasil ™met hods was al so an order of magnitude
| arger than the conventional nethod.

Al t hough the use of in-bottle neasurenents would be
useful in determning true eguilibriumpoints of slowy
sorbing solutes (assumng snall subsurface medi a degradation
effects fromnultiple centrifugation), the nmethod is not

practical in the configuration described here.

4.3.4 Colum Experinents

Data from both col um experinments Col-1 and Col -2

support the theory that a rate limted sorption process has
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occurred in this system The rapid initial process followed
by a much sl ower one is evident fromboth Figure 4-13 and 4-
16. One change to the columm experinents in the future woul d
be performing the columm tracer studies before the colum
experiment. This would elimnate the presence of residua
solute in the tracer experinment. The residual solute did
not affect the tracer results here because the rate of
change in diuron concentration due to desorption at this
time was of a nuch longer time scale than the experinental
time of the tracer test.

From Figure 4-13, it is seen that the fiber optic
spect rophot onet er (CGui ded Wave) data matches the grab sanple
data until the final portion of desorption. The tracer test
shown in Figure 4-14 shows good correl ation between the two
met hods as well. Figure 4-16 al so supports the thesis that
fiber optic spectrophotonetry can be used conparably to
conventional spectrophotonmetry. The lack of a precise match
on the tail end of the desorption portion of the experinent
needs to be evaluated. Possible reasons for this
di screpancy and those seen in the tracer test Figure 4-17
coul d be the signal processing methods for the fiber optic
data, data processing nethods for the grab sanple data, or
actual physical differences. The difference could also be
as a result of adsorption onto the surfaces of the fiber
optic probes or instantaneous (volume averaged) versus
accunul ated sanpling (flux averaged) . Both the adsorption
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and the flux averaged versus vol unme averaged expl anations
woul d produce a faster rising concentration on the step-up
portion, and a slower falling concentration as measured by
the fiber optic systemin conparison with the grab sanple
nmet hod. The difference between flux averaged and vol une
averaged concentrations were cal cul ated (Parker and van
Genuchten, 1984) for this systemand determ ned to be
mnimal. The discrepancies illustrated by these plots are
not enough to significantly change the di spersion and
sorption paraneters that would be determ ned fromthe data
sets.

Based on the simlarity of the results obtained from
the fiber optic method and the conventional spectroscopic
met hod, the fiber optic spectroscopic nethod is superior to
t he conventional spectroscopic method for perform ng colum
experinments. The reasons are as foll ows:

1. The fiber optic nethod has essentially no m ni mum
vol une requirenent in conparison with the conventiona
spectrophotoneters. This allows near continuous data
acqui sition which woul d enabl e researchers to nore
accurately characterize rapidly changi ng col um
concentrati ons.

2. The fiber optic instrvunent collects data
automatically. This elimnates the need for round the clock
sanpling as required by the conventional grab sanple method.

This may be the nost inportant inmediate inprovenent over
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t he conventional nmethod because it frees the researcher from

a time consum ng and tedious task. Although many
conventional spectrophotoneters have automatic data storage
capabilities and flow through attachments, they are not
easily portable and the additional tubing required may

I ntroduce error by increasing the apparent dispersion in the
col um.

3. The fiber optic instr\iment can coll ect
predetermned and nultiple wavel engths automatically. Many,
but not all, conventional spectrophotoneters provide this
feature as well. This anmounts to nore information avail abl e
to the researcher. Wavel ength scanning allows nodul ation
spectroscopy techni ques such as derivative spectroscopy.
Derivative spectroscopy techniques greatly increase the
val ue of the UV absorption nethod because overl appi ng nodes
can often be distinguished. This allows research on the
behavior of multiple solute systems using UV absorption
t echni ques.

4. The fiber optic instrunment displays data in real
tinme. Although this data may need to be processed, trends
can be identified quickly and experimental decisions may be
made "on the fly". This is an advantage over the
conventional spectrophotonetric nethod particularly when

there is a long lag time between sanple taking and anal ysis

because of instrunent | ocati on.
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5. The fiber optic instrunment has multiplexing
capabilities which allows in situ sanpling at nultiple
nmeasurenment points. This feature was not exploited in these
basel i ne experinents because control software is needed for
mul tipl exed data acquisition in the subsurface media col um
configuration used here. Miltiplexing capabilities would be
useful in helping to illvimnate the solute behavior within a
col vi m.

6. The manufacturer clainms that the fiber optic
instr\iment is field portable. No attenpt was nade to verify
this here. Gven the verity of this claim the potentia
uses for this instrument would be nunerous.

7. The | ast and perhaps nost significant advantage of
this instrument is that it can be configured to perform
ot her types of spectroscopy and sensing. The instrunment
consi sts of a source and a nonochromator/detector. Each of
these two separate parts has a fiber optic port. The source
can be replaced or reconfigured to all ow wavel ength control
This woul d enable the instrunent to performreflection and
| um nescence spectroscopi es. For exanple a spectronmeter nmay
be added to sel ect the wavel ength fromthe deuterium source
or the deuteriumlanp mght be replaced by a laser. In
addition, the probes linked to the instrument by the fiber
optic cables can be changed to accommodate neasurenents that
m ght be nore appropriate to a given experimental

configuration. A probe mght be changed to all ow evanescent
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sensing or porous material sensing as described in Section
2. 2.

An interesting observation that has not yet been
clearly discerned in other columm experinents is the
oscillating behavior in the slow sorption part of the
experiment (450 - 2250 mnutes). This behavior is clearly
seen here due to the |arge nunber of data points obtainable
with the in-line, fiber optic spectrophotoneter. The thesis
that these fluctuations are real is supported by the
correlation of the mnor peaks and valleys wth the nore
discrete grab sanple data. Likely explanations for this
behavior m ght be related to the physical characteristics of
t he apparatus, such as the operating characteristics of the

punp used in this experinment.

4.3.5 Conputer Mdeling of Data

Figure 4-24 depicts the data plotted with the results
froma nodel fit using the sorption paraneters obtained from
a Freundlich fit to the equilibriumdistribution data
described in Section 4.1.1. The conputer code used here
nunmerically solved the dual resistance nodel and was

devel oped by Pedit and MIler (1988). This nodel uses film
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Figure 4-24 Conparison of Srp-1 data and nodel fit.
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transfer and surface diffusion as the two inpedances. For
this work, surface diffusion was the rate limting step,
dom nating the filmtransfer resistance. As can be seen in
Figure 4-24, the nodel provides a reasonably good
description of the early experinental data but not of the
| ater data. This poor fit at later tines is probably
attributable to incorrect parameters supplied by the
equilibriumdistribution experiment, Eql-2, that was not at
true equilibrium

The Srp-2 rate study was also fit using the dua
resi stance nodel. Figure 4-25 shows the nodel and
experinmental results. Again the nodel fits the data well
for early tines but not for later times. It nay be seen in
this Figure that equilibriumhas not been attained even
after 3300 hours. This supports the findings of many
researchers (Karickhoff, 1984; Coates and El zerman, 1986;
Chang, 1989; Pedit and MIler, 1990; Ball and Roberts,
1991a, 1991b; Levert, 1990) that true sorption equilibrivim
can take much longer to achieve than previously believed.

Figure 4-26 is a plot conparing the results of a
conputer simulation of the colum experiment with the data
obtained fromthe fiber optic and grab sanple nethods. The
col um experinent was sinulated using a code devel oped by
Rabi deau and M I ler (1990) and inplenmented on a Convex C240

superconputer. The algorithm enpl oyed was based on a

numeri cal solution for the dual resistance sorption nodel
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Figure 4-25 Conparison of Srp-2 data and nodel fit.
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(MIller and Weber, 1988). An operator-splitting techni que
was used to uncouple the fluid phase transport equations
fromthe equations describing sorption at each spati al
| ocation. For each time increnment, the transport equations
were solved over half of the tinme step through a Petrov-
Gal erkin finite elenent schene. The solid phase dual
resi stance equations were then solved over the entire tine
step for each spatial node, using a Galerkin finite el enent
schenme (Pedit and MIler, 1988). The transport solution was
t hen repeated over the second half of the time step. The
nodel 's input paraneters were the Freundlich coefficient and
exponent obtained fromthe equilibriumdistribution
experinent and the physical columm paraneters and di spersion
coefficient determ ned fromthe tracer test.

Fromfigure 4-26 it can be seen that the nodel does not
precisely fit the data as expected given that the
equilibriumdistribution paranmeters input to the nodel are

known to be w ong.
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V CONCLUSI ONS AND RECOVIVENDATI ONS

5.1 Concl usi ons

The results of this work support several concl usions
regarding both the behavior of diuron in this particular
subsurface media and the applicability of fiber optic

spectrophotonetry in experinments of this type.

5.1.1 Fiber Optic Spectrophotonetry

Fi ber optic spectroscopi ¢ net hods used for subsurface
medi a col utm sor ption/ desor ption experinents were
successful. The results fromthe fiber optic nmethod natched
the results fromthe grab sanple and conventiona
spectroscopy nethod well. This is illustrated by Figures 4-
13 and 4-16.

Fi ber optic spectroscopic nethods used for colum
tracer experiments were also successful as can be seen in
Figures 4-14 and 4-17. The results fromthe fiber optic
met hod matched the results fromthe grab sanpl e nethod.

The two concl usi ons above suggest that the hypothesis
that fiber optic spectrophotonetry can be used to help

determ ne sone of the fate and transport paraneters of
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contam nants in subsurface nedia using a one di mensi ona

colvim configuration has been proven.

5.1.2 Diuron Paraneters

1. Equilibriumdistribution curves obtained from not
fully equilibrated experiments were nore nonlinear than
curves obtained by previous researchers. The Freundlich
equilibriumnodel fit the data reasonably well.

2. Nonsingul ar desorption data obtained fromthe
equilibriumdistribution experinments was observed suggesting
that equilibriumconditions were not net.

3. Sorption kinetic experinents support the thesis
that equilibriumconditions are not attained after 140 days
of equilibration.

4. Model predictions using a dual resistance nodel
and the Freundlich parameters found fromthe equilibrium

distribution experiments fit the early sorption kinetic data

wel |l but not the | ater data.

5.2 Recommendati ons

1. Furt her experimental work is necessary to eval uate
t he sorption/desorption parameters of diuron. Very |ong
termequilibriumdistribution experinents are required.
Addi tional sorption/desorption batch kinetic and col um work
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Is also required in order to help researchers determne the
sorption nmechanismfor this and other mldly hydrophobic
organi ¢ contam nants. In addition, the oscillating behavior
observed in the colums shoul d be pursued and el uci dat ed.

2. In-bottle neasurenments using Suprasil ™bottles
have the potential to be useful in batch experinments such as
these but careful attention nust be paid to the fabrication
of the bottles and the physical measurenent apparat us.
Perhaps a Suprasil ™bottle can be fabricated which has an
area with two flat, parallel sides and is still able to
wi t hstand hi gh speed centrifugation. This would help
alleviate the problens encountered with the straight
cylindrical bottles.

3. Further work should be done using the fiber optic
spectrophotoneter. The apparatus has several operationa
and anal ytical problens, however, nost of these can be
defined and quantified as was denmonstrated in the body of
this work. Experinental work using the fiber optic
spect rophot oneter shoul d include: multiple data point
measurenments in a colum experinent using the nultiplexing
capabilities of the instrument; nmultiple solute colum
experinments using derivative spectroscopy techniques to
di scrim nate overlappi ng nodes; slower flow colum
experinments that nore closely sinulate real world ground
water flows. |In general, the automatic capabilities of the

fiber optic spectrophotometer should be exploited to perform
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nore colum experinments than was previously possible because
of the large demand on the experinenter's tine and attention

that these experinents necessitated.
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