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ABSTRACT

Sorption-desorption of diuron to a subsurface material was investigated by a
variety of batch reactor experiments. The tine needed to reach sorption equihbrium

was |onger than 45 days, while desorption equilibriumwas apparent|y approached
within 7 days. Nonlinear sorption-desorption equilibriumand desorption hysteresis

were observed. The Freundlich equation was found to describe sorption-desorption
equilibria best, with a Freundlich sorption exponent of 0.66, and an average des-
orption exponent of 0.23. Conplex pattern sorption-desorption experinents were
performed. The results of these experinents showed that the sorption-desorption
process may be described by a Freundlich model: sorption exponent, desorption
exponent, and sorption capacity constant, and the maxi numequilibrium val ue
achieved. Several possible explanations to describe the observed hysteresis were in-
vestigated. Nonattainnent of equilibrium loss of solute, artifact of the experinmen-
tal methods, sorption to nonsettling particles, centrifugation effects, accunul ated
measurement error, and presence of an inplicit-sorbate were found not to he the
maj or cause of desorption hysteresis. A two-site nodel was developed to describe
the sorption and desorption rates. This nodel assumes that two types of reaction
sites exist on the solid-phase—ast and slowsites. The fast-sites sorb solute rapidly
Inducing an instantaneous equilibrium The slowsites are similated by a first order
mass transfer nodel. The two-site nodel provided a reasonable fit of the observed

dat a.
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NOTATI ON

ABS' net absorbance.

C flui d-phase solute concentration (ML").

Co initial fluid-phase solute concentration {ML").

Ce equi hbriumflui d-phase sol ute concentration ML")

Cde desorpt|on equi hor i um f1 ui d- Rhase sol ute concentration {ML").

( se sorption equilibriumfluid-phase solute concentration {ML").

Cre maxi mum equi librium fluid-phase solute concentration {ML").

D mass of conpound dissol ved (Af).

foe mass fraction of organic carbon M

K Freundlich sorption capacity constant

Kd Freundlich desorption capacity constant "/

Kdf Freundlich desorption capacity constant assom at ed vnth ast -
sites {{LMM).

Kds Freundlich desorption capacity constant associated with slow
sites {{L "W).

Kf Freundlich capacity constant associated with fast-sites {{L"/M)-

Km mass transfer coefficient (1/T).

Koc organi ¢ carbon normalized partition coefficient (L" /M.

Kow octanol water partition coefficient.

Kp inear equilibriumsorptive partition coefficient (LM M.

Kp“oha observed equilibriumsorptive partition coefficient {L"M.

Kg Freundlich sorption capacity constant ((LMM").

JCaa Freundlich sorption capacity constant associated with slow
sites ((LVM").

I, | +1oldand newtine |evel.

M mass of soil in reactor (M.

Mp mass of particle (M.

N mass of conpound sorbed to nonsettling particles (M.

n Freiuidlich sorption intensity constant.

rid Freundlich desorption intensity constant.

nj Freundlich intensity constant associated with fast-sites

rig Freundlich sorption intensity constant.

n"g Freundlich sorption intensity constant associated with slow
sites.

P mass of conmpound sorhed to settleable particles (M.

q sol i d-phase sorbate concentration {MM.

g"c desorption equilibrium sohd-phase sorbate concentration {MM.

9e equi hbrium sohd- phase sorbate concentration {MM.

qj solid-phase sorbate concentration associated with fast-sites {MM.

1f,1=0 solid-phase sorbate concentration associated with fast-sites
at <=0 {MM.

gme maxi mum equi | i bri um sohd- phase sorbate concentration {MM.
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qg sol i d-phase sorhate concentration associated slowsites [MM.

gae sorption equilibriumsolid-phase sorbate concentration {MM.

qast sorption equilibriumsolid-phase sorbate concentration associated with
slowsites {MM.

R mass of solid to volume of solution ratio {ML").

Ro ratio of the diuron peak aiea to the DCB peak area.

t time (T).

V vol ume of solution (-L").
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ABBREVI ATI ONS
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1 I NTRODUCTI ON

1.1 Background and Mdtivation

Recently, nore and nore groundwater contanination has been reported, in-
cluding Ieaking of subsurface storage tanks, |eakage fromthe |and di sposal of haz-
ardous waste, |eaching of pesticides or herbicides applied to crops and |ands, and so
on. I'n order to prevent or renediate groundwater contamnation, it is necessary to
understand the fate and transport of contaminants in the subsurface environnent.

Many physical, chemcal, and biol ogical processes are involved in the transport
of contamnants in groundwater systens, including hydrodynamc transport, sorp-
tion/desorption, volatilization, biodegradation, hydrolysis, and retention by plant
roots. Sorption is the physico-chenical process in which a substance is transferred
froma liquid phase to a solid phase; the reverse reaction is called desorption.
Sorption-desorption deternines the relative fraction of the contamnant in the solid
and liquid phase. The contam nant concentration in each phase will subsequently
influence other processes. Therefore, it is inportant to know the sorptive charac-
teristics of a contamnant to aquifer solids to predict contamnant transport.

Numerous investigations of organic solute sorption to aquifer solids have been
done. Mbst of these investigations have focused on single solute sorption equilib-
rium Some have focused on the desorption process—several finding desorption
to be hysteretic or non-single valued. This non-singular characteristic of the solute
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phase distribution depends on the sorption history. Wen desorption hysteresis
occurs, the solid-phase sorbate concentration at desorption equilibriumis different
from—usual l'y higher than—that predicted fromthe sorption equilibrium equa-
tion. If such behavior is manifest in the natural environment, any solute transport
model that does not account for the hysteretic nature of sorption-desorption would
produce inaccurate results. Therefore, it is inportant to have an understanding of
hyst eresi s.

Several possible explanations have been advanced to describe the observed
desorption hysteresis (Brusseau and Rao, 1989):

(1) Nonattainnment of equilibrium

If sorption equilibriumis not attained before the desorption process begins, the
obtained sorption isothermis not the true isotherm Thus desorption equilibrium
obtained will be different fromsorption equilibrium Simlarly, desorption hystere-
sis may be incorrectly inferred if sorption equilibriumis attained but desorption
measurenents are made on a systemthat has not achieved equilibrium

(2) Loss of solute

Volatilization, chemcal transformation (e.g. hydrolysis), sorption to the cona
tainer wall, and biodegradation of the solute can occur during an equilibrium ex-
periment. The solid-phase sol ute mass, hence concentration, is usually conputed
as the difference hetween the original mass in the system ninus the mass removed
fromthe system and mnus the fluid-phase mass. Thus, any unaccounted for |oss
in mass results in an overestination of the solute concentration on the solid-phase
(3) Artifact of experimental method

The traditional method applied to investigate desorption equi Hriumis the
successive-dilution technique, which uses a series of centrifugation-dilution-resuspen-
sion steps. It has been reported that the repeated process of resuspension nay cause
weat hering of the solids, giving additional sorption sites that will not be available
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under normal conditions (MC oskey and Bayer, 1986). The hypothesis is that the
SOHd- phase weat hering increases the sorption capacity of the solid phase—I eading
to desorption hysteresis.
(4) Sorption to nonsettling particles

Failure to separate the dissolved organic matter (DOV, or nonsettling parti-
cles (NSP), in the supernatant fromthe solution phase by centrifugation can cause
the washout of DOM Because sol vent extraction of a fluid-phase sanple includes
sol ute bound to col loidal particles, apparent sorption equilibriumfluid-phase con-
centrations are actually the sumof these two phases. If a large fraction of fine
particles are removed during the sorption step, the apparent desorption equilibrium
will result inalower fluid-phase concentration for a given solid-phase concentration.
(5) Centrifugation effect

Repeated centrifugation may cause a partially irreversible conpaction of the
solids, which increases the time required to re-establish desorption equilibriumgiv-
ing the inpression of desorption hysteresis.
(6) Accunul ated nmeasurement error

Measurenent error is another disadvantage of applying the successive-dilution
method. This method may al low the small deviation of measurements in each step
to accunulate to a large overall error after the sample is handled several tines
(7) Inplicit-sorbate

The existence of an inplicit-sorbate (unidentified organic substances) that is
initially sorbed on the solids before the experiment starts and is released to the solu-
tion phase during the sorption and desorption steps may give an increasing amount
of available sorption sites to an experinental solute. This increase of sorption sites
may |ead to apparent desorption hysteresis.
(8) Physical or chemcal interactions

Part of the sorbed chemcal (sorbate) may be physically or chemically hound
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to the solid phase during the sorption process. The bound sorbate may be desorbed
only in part—when conpared to the sorption equilibriumrelationship— by |owering

the fluid-phase concentration

These potential causes of desorption hysteresis are described in nore detail in

chapter 2.

1.2 bj ectives

The objectives of this research are:

(1) toinvestigate experinentally a variety of possible explanations of the desorp-
tion hysteresis phenonenon; and
(2) to develop a mathematical nmodel to simulate the sorption-desorption process

and to examne the predictive ability of the nodel
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2 LI TERATURE REVI EW

This chapter will present a brief summary of research on rates and equilibrium
of sorption-desorption, and desorption hysteresis. The literature reviewed includes
di scussion of types of sorption isotherms, linearity of isotherns, factors affect-
ing sorption, characteristics of sorption-desorption processes (sorption-desorption

rates), and explanations of desorption hysteresis.

2.1 Sorption Equilibria

2.1.1 Sorption equilibriummodels

Sorption of organic conpounds to natural sorbents has been described as nmass
transfer of conpounds froma fluid-phase to a solid-phase. A solid-solute-solution
systemis at sorption equilibriiun when the distribution of a solute between the
soUd- phase and the fluid-phase is no longer a function of time. The equilibrium
relationship is described by a sorption equilibriumnodel, often referred to as a
sorption isotherm model

Both hnear (Sabljic', 1987) and non-Hnear (Weber and MIler, 1989) sorption
i sotherms have been reported to describe the sorption equilibriumof organic com
pounds to natural sorbents . Four types of isotherms were devised, according to the
shape of the isothermcurves, to characterize the sorption mechani smof solutes by
sorbents (Gles et al, 1960). The S-type isothermis characterized by cooperative
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sorption of solute (one-point attachnent). The L-type isotherm which is associated

with a systemin which specific bonding sites exist, is nost comonly observed in
sorption of organic compounds to solids. The Htype isotherm which indicates that
a solute is easily sorbed by a sorbent, is a special case of the L-type isotherm The
C-type isothermis found in the sorption of solutes to porous media, usually within a
narrow sol ute concentration range resulting in a linear isotherm (Weber and MIler
1989).

The |inear isothermnodel is

gqe = KpcC, (2-1)

where ge is the sorption equilibrium mass-average, solid-phase sorbate concentra-
tion; Kpis alinear partition coefficient; and Cyis the sorption equilibrium vol une-
average, solution-phase solute concentration

The Freundlich equation is often used to describe the nonlinear sorption iso-

thermdata for organic compounds in natural solid-water systems (\eber and MIler

1989). It is expressed as

Qe = KC: (2-2)

where K is a sorption capacity constant and nis a sorption intensity constant.


NEATPAGEINFO:id=73875A49-F613-4F7B-9BA3-95FC2EC23B08


2.1.2 Factors affecting sorption equilibritm

2.1.2.1 Solid properties

Many researchers have reported that Kp is positively correlated to the organic
carbon content of the solid (Steen et al., 1978, Karickhoff et al., 1979; Peck et al.
1980; Brown and Flagg, 1981; Horzenpa and Di Toro, 1983; Nkedi-Kizza et al.

1983; Corwin and Farmer, 1984). The consensus of this work is that Kp is a linear

function of organic carbon content. Tliis is often expressed in equation formas

Kp = focKoc (2-3)

where foe is the mass fraction of organic carbon and Koc is the organic carbon
normahzed partition coefficient.

It was also found that sorption of organic conpounds to montmorillonite and
kaolinite clay (low organic carbon content) may be approximated by the cation-
exchange capacity of the solid (Weber and Wed, 1968, Mistafa and Gamar, 1972
Peck et al., 1980). In addition to cation-exchange capacity, surface area, chai-ge
density, and percent mneral content of the sorbent have al so been reported to he
correlated with the partition coefficient (Weber and Wed, 1968; Horzenpa and
Di Toro, 1983; Corwin and Farmer, 1984: M oskey and Bayer, 1986).

2.1.2.2 Solute proyerties

The partition coefficient that describes the linear equilibriumrelationship can
be estimated fromthe 1-octanol -water partition coefficient (Kow) of the solute and
the organic carbon content of the sorbent (Means et al., 1980; Schwarzenbach and
Wlestal |, 1981; Chiou et al., 1983; Karickhoff, 1984). Sabljic' (1987) summarizes

equilibriumsorption data for a variety of natural systems, tabulates several enpiri-
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cal models for predicting sorption equilibrium and presents an alternative predictive

model based upon nol ecul ar connectivity of the sol ute.

Chiou et al. (1983) investigated the sorption of 12 aromatic compounds on a
Wodburn soil and found that the extent of solute insolubility in water is the pri-
mry factor affecting the soil organic matter to water partition coefficient (Kom-
Equi [ibriumisotherns of binaxy nonionic organic compounds indicated no conpet-
itive effect between two solutes (1,3-dichlorobenzene and 1,2, 4-trichlorobenzene).
Thi's supported the hypothesis that sorption to the soil organic phase is a primry

process for sorption of nonionic organic conpounds on soil

2. 1. 2. S Tem per at ur e

Tenperature was found to be inversely correlated to the partition coefficient of
diuron by sedinments (Peck et al., 1980). On the other hand, Horzenpa and DiToro
(1983) reported a positive relationship between the tenperature and the pai'tition

coefficient of PCB to sedinents. This contradiction was attributed to factors other

than sorption equilibrium(e.g. kinetics, solubility etc.)
2.1.2.4 Solid/solution ratio

Solid-solution ratio was found inversely related to the sorption coefficient (0=
Connor and Connol |y, 1980; Koskinen and Cheng, 1983; H ggo and Rees, 1986).
This relationship has been termed the solids effect. A sohd-solid interaction may he
medi ating the sorption process, resulting in the observed solids effect. Increasing
the solids concentration may increase the nonsettling particle concentrationin the
solution phase. Sorption to nonsettling particles can cause part of the sorbate to
remain in the apparent solution phase, therefore |owering the sorption capacity
constant. The solids effect was found most pronounced for strongly sorhing sol utes.
For weekly sorbing solutes, the partition coefficient remained constant regardless of
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the solids concentration (O Connor and Connol |y, 1980).

2.2 Desorption Equilibria

Desorption is the reverse of sorption. It occurs when the solid-phase sorbate
concentration exceeds the level that would be in equilibriumwith the fluid-phase
solute concentration. A decrease of solution-phase solute concentration, a change
of solution conposition, and a change of tenperature are the major causes of des-
orption (MIler, 1984).

Li ke sorption, the desorption process reaches a final distribution of solute
bet ween the solid-phase and the sol ution-phase at equilibrium Many contam -
nant transport nodels assume that desorption equilibria may be described by the
sanme equilibriumrelationship as sorption equilibria. However, several researchers
(van Genuchten et al., 1974; Koskinen et al., 1979; Peck et al., 1980; DiToro and
Hor zenpa, 1982, 1983; Koskinen and Chen, 1983; Isaacson and Frint, 1984; Corwin
and Farner, 1984; Curl and Keoleian, 1984; MIller, 1984; Gschwend and Wi, 1985
Bowran and Sans, 1985; JafFe, 1986; Uchrin and Mangels, 1987; Hernosin et al.
1987; and M oskey and Bayer, 1987) have observed that the desorption process is
hysteretic or nonsingular, i.e. desorption isotherns are different fromthe sorption
i sotherm (see Table 2-1).

The Freundlich sorption-desorption equilibriumnodel has been used to de-

scribe desorption hysteresis

O, e = KsC: : (2-4)

gqde = Ki Gy~ (2-5)

and
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Table 2-1 List oi Reported Linearity and Desorption Hysteresis of SDrption-Desorptian Isothera

Aut hor Year

Schwar zenbach it Nestall
Schttarzenbach & tlestall
Schttarzenbach 4 Westall
SchHar zenbach & Kestal |
Schwar zenbach & Uestal |
Schwar zenbach | Hestal |
Schwar zenbach | Westal |

Schwar zenbach it Hestall
Schwar zenbach & Nestal |
Schwar zenbach & Uestal |
Schwar zenbach Si Uestal |
Schwar zenbach Si Uestal |
Kari ckhoH et ai.
Karickhoff et al.
Gschwend k Uu

Peck et al.

Uchrin k Hangel's
Corwin J; Parser

Gschwend ti Uu
Curl ti Keol eian
JaTfe

DiToro ti Horzespa
Koskinen et al.

Bowaan & Sans
Bowaan i Sans
BowBan | Sans
Bowaan k Sans
Bowt an k Sans
Bowi an !i Sans
Bowi an k Sans
Bowi an ti Sans
Bowi an k Sans
Bowt an k Sans
Bowi an k Sans
van Benuchten et al.
Koski nen ( Chen

I saacson k Frint
Heri @sin et al.
Uchrin ti Hangel s
HcO oskey k Bayer

198

198

1981
198l

1981
1981
1981
1981
1981
1981
1981
1981
1981
1979
1979
1985
1980
1987
1984
1985
1984
19Bi

1982, 1933

1979
1985
1985
1985
1985
1985
19B5
1985
1985
1985
1985
1985
1974
1983
1984
1987
1987
1987

|, 4-dii!ethyl benzene
1,3,5-trifiBthyl benzene
1,2,3-trinmethyl benzene

1,2,4,5-tetraijethyl benzene

1,4-dijiethyl benzene
n-but yl benzene
tetrachi oroet hyl ene
chl oroet hyl ene

1, 4-di chl or obenzene
1,2,4-trichl arobenzene
]2, 3-trichlarobenzenB

1,2, 4,5-tetrachl DrobenzenE
1,2,3,4-tetrachl or DbenzEnE

pyrene

« et hoxychl or
PCB

di uron

benzene

broi aci

PCB

atrazi ne
aal at hion

HCBP

2,4,5-T
chlorpyrifos

DDT

dieldrin

diuron

fensul fothion sul fone
~ono”™os

2,4-D

par at hi on

pi doran
proietryn
hexachl or obi pheny
pi dor aa

2,4,5-T

phenol i ¢ coapounds

aal ei ¢ hydrazi de
benzene

fluridone

L = linear sorption/desorption isotheras

L/NL = linear sorption isothera, nonlinear desorption isothera

NL = nonlinear sorption/desorption isotheras
N = no desorption hysteresis observed

Y = desorption hysteresis observed

sedi sents, kaolin
sediaents, kaolin
sedinents, kaolin
sedi aents. kaolin
sediients, kaolin
sediaents. kaolin
sediaents, kaolin
sediaents, kaolin
sedi aents. kaolin
sediaents, kaolin
sedi aents, kaolin
sedi aents. kaolin

sedi aents. kaolin
Doe Rua Coarse Silt

Doe Rub Coarse Silt
washed sediaent
sedi aent s

soils

sedi aent

unwashed sedi aent
Ca-aontffiorillonite
sedi aent

sedi aent

soils

soi |

soi |l

soi |

soi |

soi |

soi |

soi |

soi |l

soi |

soi |

soi |

sedi aent

soi |

sedi aent

soils

soils

soils

L/ NL
L/ NL
L/ NL
L/ NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL
NL

Solute Solid Linearity Besorption Hysteresis
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Kd = K, C::, T’ (2-6)

where qgse is the sorption equilibrium mass-average, solid-phase sorbate concen-
tration; gie is the desorption equilibrium mass-average, solid-phase sorbate con-
centration; Cae is the sorption equilibrium vol ume-average, sol ution-phase sol ute
concentration; Cde is the desorption equilibrium vol ume-average, solution-phase
sol ute concentration; Cre is the maxi mm equilibrium vol une-average, solution-
phase sol ute concentration; Kg is a sorption capacity constant; Kd is a desorption
capacity constant; n* is a sorption intensity constant; and Ud is a desorption in-
tensity constant. A typical sorption-desorption isothermthat includes hysteresis is
shown in Figure 2-1.

For the Freundlich desorption equilibriumnodel, the desorption equilibrium
path is dependent upon the maximum solid-phase sorbate concentration. Different
desorption capacity constants {Kd) correspond to different sorption equilibrium
concentrations (5ae, Ge)-

Brusseau and Rao (1989) presented a normalization procedure to sinplify the
desorption isotherns. In this procedure, the desorption series were nornalized to

derive one equival ent desorption isothermby using the equation

qdel gm = {Cdel CneT' (2-7)

where gnt is the maxinmumequilibrium solid-phase sorbate concentration; and Cre
i's the maximum equilibrium solution-phase solute concentration. This equation
I's predicated upon the assunption that Ud 7" f{Cre)- An exanpl e normalized

Freundlicli equilibriumnodel isillustrated by Figure 2-2.
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Figure 2-1 Hysteretic Freundlich Sorption-Desorption Equilibrium Model
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Figure 2-2 Normalized Freundlich Desorption Equilibrium Mdel
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2.3 Sorption Rates

The rate of the sorption process is inportant in assessing contamnant transport
in groi miwater systems, because it determines the time required to reach sorption
equi Ubrium If the sorption rate is rapid, an assunption of instantaneous equihb-
rium between the solute and the soHd is feasible—greatly sinplifying the analysis
of contamnant transport in such systens. The rate of sorption is dependent on
both solute properties and solid characteristics. An inverse relationship was noted
bet ween the octanol -water paxtition coefficient of a solute and the tinme required
to reach equilibrium (W and Gschwend, 1986). It may take a long tinme (nonths
to years) for some hydrophobic sol ute-natural solid systems to reach trvie sorption
equilibrium (MIler, 1984; KarickhofF, 1984; Coates and El zerman, 1986). Reported
times required to reach sorption equilibriumhave ranged froma few mnutes to

years (see Table 2-2)

2.4 Desorption Rates

Desorption rate has often been assumed to be the same as the sorption rate in
equi libriumstudies performed to date (Mistafa and Gamar, 1972; van Genuchten et
al., 1974; KarickhofF et al, 1979; Koskinen et al., 1979; Peck et al., 1980; Schwarzen-
bach and Westall, 1981; DiToro and Horzenpa, 1982, 1983; Koskinen and Chen
1983; Corwin and Farmer, 1984; Bouchard and Lavy, 1985; Bowman and Sans, 1985
Gschwend and Wi, 1985; JaiFe, 1986; Hermosin et al., 1987; MC oskey and Bayer
1987). But the actual desorption rate could be faster or slower than the sorption
rate (Hance, 1967, Isaacson and Prink, 1984, Bouchard and Lavy, 1985). It has been
reported that desorption rates are dependent on the sorption age of the sorbate,
wth faster desorption rates noted for shorter sorption age (DiToro and Horzenpa

1982; KarickhofF, 1984; Mller, 1984; Coates and El zerman, 1986).  Coates and
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Table 2-2 List of Reported Sorption Equilibration Tines in Borption-Desorption Experiients

Aut hor Year Solute Solid Equilibration Tiie
Dao & Lavy 1987 aniline soi 10 ainutes
Dao & Lavy 1987  diuron soi | 30 ainutes
Ueber k Heed 1968 di quat aonteorill oqpjte. 1 hour

Heber & Need 1968 kaol i nite 1 hour

Heber & Meed 1968 paraquat Bontaorill onjte, I hour

Heber & Need 196G kaol i nite 1 hour

Neber |> Weed 1968  prooet one Bontiorill gpite. 1 hour

Heber & Heed 1968 kaolinite 1 hour

fldass & Li 1971 lindane soils 90 ai nutes
Hauchope S: Hyers 19B5  atrazine sedi sent s 2 hours
Hauchope | Myers 1985  linuron sedi aent s 2 hours

Di Toro k Horzeapa 1982,1983  HCBP sediients 3 hours

Dao & Lavy 1987  aniline soi | 3 to 5 hours
Dao & Lavy 1987  diuron soi | 3 to 5 hours
Karickhoff et al. 1979 napht hal ene sedi aents 4 to 8 hours
KarickhoH et al . 1979 2-fl et hyl napht hal ene sedi nents 4 to 8 hours
Kari ckhoff et al. 1979 phenant hrene sedi aent s 4 to 8 hours
Karickhoff et al. 1979  benzene sedi aent s 4 to 8 hours
HerfiQsin et al. 1987  aaleic hydrazide 22 soils 4 hours

| saacson It Print 1984 phenolic coni pounds sedi aent s 100 to 3000 ai nutes
van Genuchten et al. 1974 pidorai Ca-saturated soil 5 hours
Bouchard 8t Lavy 1985  hexazi none soils 6 to 12 hours
Jaffe 1986  aal at hion sedi nent 12 hours
Rogers et al. 1980  benzene aontaorill onite 16 hours
Schnar zenbach & Hestal | 1981 |, 4-di «ethyl benzene sediaents, kaolin la hours
Schxar zenbach i Westal | 1981 1,3, 5-triiiethylbenzene sedi aents, kaolin 1B hours
Schwar zenbach | Westal | 1981 1,2, 3-triiiethylbenzene sediaents, kaolin 13 hours
SchMar zenbach & Hestal | 1981 1,2, 4,5-tetracethyl benzene sediisents, kaolin 1B hours
Schwar zenbach | Hestal | 1981 1, 4-difflethyl benzene sediaents. kaolin 18 hours
SchMar zenbach & Hestal |l 1981 n- buty| benzene sedi aents, kaol i n I B hours
SchHar zenbach Si Hestal | 1981  tetrachl oroet hyl ene sediaents, kaolin 13 hours
Schwar zenbach k Hestal 1981 chl oroet hyl ene sediaents, kaolin 18 hours
Schwar zenbach & Hestal | 1981 1, 4-di chl or ohenzene sedi aents. kaolin 18 hours
Schwar zenbach | Hestal | 1981 1,2, 4-trichl or obenzene sedi aents, kaolin I B hours
Schwar zenbach h Hestal | 1981 1,2,3-trichl orobenzene sedi aents. kaolin 18 hours
Schwar zenbach & Hestal | 1981 1,2 4, 5-tetrachl orDbenzenE sediaents, kaolin 18 hours
Schwar zenbach h Hestal | 1981 12,3 4-tetrachl Q ChenzenE sediaents, kaolin 18 hours
Karickhoff et al. 1979 pyrene sedi aent s 24 hours
Karickhoff et al. 1979 agt hoxychl or sedi aents 24 hours
Karickhoff et al. 1979  anthracene sedi aents 24 hours
Karickhoff et al. 1979 9-flethyl ant hracenB sedi aents 24 hours

Kari ckhoff et al. 1979  tetracene sedi aent s 24 hours
Karickhoff et al. 1979 hexachl or obl phenyl sedi aents 24 hours
Koskinen et al. 1979 7, 4,5-T soils 24 hours
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Table 2-2  continued

Aut hor Year Sol ute Solid Equilibration Tiie
BoHt an k Sans 1985  chlorpyrifos soils 24 hours
Bowiian | Sans 1985  DDT soils 24 hours
BoH an tc Sans 1985 dieldrin soils 24 hours
BoMan ii Sans 1985  diuron soils 24 hours
BoMan it Sans 1985  “ensuHot hi on suHone soils 24 hours
BoHi an | Sans 1985 fonofos soils 24 hours
BoNi an & Sans 1985 2, 4-D soils 24 hours
1985  parathion soils 24 hours
BoMan ti Sans 1985 picloran soils 24 hours
BoM an & Sans 1985  proietryn soils 24 hours
Hustafa St Basar 1972 diuron soils 24 hours
Peck et al. 1980 diuron sedi nents 24 hours
Nkedi - ki zza et al. 1987  atrazine soi | 24 hours
Nkedi - ki zza et al. 1987  aniline soi | 24 hours
Koski nen k Chen 1983  2,4,5-T soi | 24 hours
ChiQU et al. 1983  benzene soi | 24 hours
Chiou et al. 1983 et hyl benzene soi | 24 hours
ChiDU et al. 1983  chl or obenzene soi | 24 hours
Chiou et al. 1983 anisole soi | 24 hours
Chiou et al. 1983 1, 2-di chl orobenzene soi | 24 hours
Chiou et al. 1983 1, 3-di chl or obenzene soi | 24 hours
Chiou et al. 1983 1, 4-dichl orobenzene soi | 24 hours
Chiou et al. 1983 1,2,4-trichl Qrobenzene soi | 24 hours
Chiou et al. 1983  2-PCB soi | 24 hours
Chiou et al. 1983 2,2 -PCB sail 24 hours
Chiou et al. 1983 2, 4'-PCB sel | 24 hours
Chiou et ai. 19B3 2 4, 4'-PCB soi | 24 hours
CorHn i Farier 1984  bronaci | sedi aent 48 hours
Cornin k Farter 1984 (i quat sedi eent 48 hours
Sschwend k Hu 1985  PCB sedi aent 48 hours
Heber Kk Hiller 1988  nitrobenzene aqui fer sands 100 hours
Heber & Hiller 1988 |'i ndane aqui fer sands 100 to 200 hours
MC oskey k Bayer 1987  fluridone soi | 6 days
Killer 1984  lindane soils longer than 7 days
Kari ckhoH 1984 organic pollutants sedi aent or sail weeks to aonths
Coates k Elzerean 1986  PCB congeners sedi i ent weeks to years
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El zerman (1986) also indicated that if the desorption process was initiated after at-
tainnent of sorption equilibrium the desorption rate for a hydrophobic solute a* a
function of sorbent concentration should be constant if particles did not aggregate

However, if particle aggregation occurred during the sorption-desorption process,
the desorption rate woul d become slower due to the increasing length of diffusion

path. Reported desorption equilibration times in sorption-desorption experinents

are listed in Table 2-3.

2.5 Desorption Hysteresis Theories

The mechani smof desorption hysteresis is not well understood; several possible
expl anations to describe this phenomenon include nonattainment of equilibrium
loss of solute, artifact of experimental method, sorption to nonsettling particles
centrifugation effects, accunulated measurement error, presence of inplicit-sorbate,

and physical or chemcal interactions. This section will briefly sunmarize each of

these theories.

2.5.1 Nonattainnment of equihbrium

[f sorption equilibriumis not established hefore the desorption process is ini-
tiated, the observed sorption relationship is not the true equilibriumdistribution.
Thus, the desorption relationship obtained will be different fromthe obtained sorp-
tionisotherm MIler (1984) observed desorption hysteresis in experiments of short
equilibration tines (24 to 48 hours), but no desorption hysteresis was observed in
experiments of |onger equilibration times (7 to 20 days).

The hysteresis found in sorption-desorption isothernms could also be due to the
diffusion of solute into the solid particles; therefore, a nuch longer tine was required
for the sorbate to diffuse fromthe sorbed site to the solution (W and Gschwend
1986; MO oskey and Bayer, 1986). Thus, a desorption rate may be slower than the
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Table 2-3 List of Reported Desorption Equilibration Tiaes in Sorption-DesDrption Experiaents

Aut hor Year Sol ute Solid Equilibration Ti«e
Di Toro & Horzeapa 1982,1983  HCBP sedi aent s 2 hours
van Senuchten et al. 1974 pi dor at Ca-saturated soil 5 hours
Bouchard I Lavy 1985  hexazi none soils 6 hours
Heriosin et al. 1987  eal eic hydrazide 22 soils 12 hours
Jaffe 1986  nal at hi on sedi aent 12 hours
Schwar zenbach It Hestal | 1981 1, 4-diBethyl benzenB sedijients, kaolin 18 hours
SchNar zenbach & Uestal | 1981 1 3 5-triiiethylbenzene sediaents, kaolin 18 hours
Schwar zenbach & Mest al | 9Bl 1,2, 3-triaBthylbenzene sediaents. kaolin 18 hours
Schwar zenbach tt Westal | 1981 1,2, 4,5-tetraaethyl ben2en6 sediaents, kaolin 18 hours
SchHar zenbach k Nestal | 198 | 4-diilethyl benzene sediaents. kaolin 18 hours
Schwar zenbach k Uestal | 1981 n-hutyl benzene sediaents, kaolin 18 hours
SchMar zenbach k Westal | 1981 tetrachl oroet hyl ene sediaents, kaolin 18 hours
SchMar zenbach k Uestal | 1981 chl oroet hyl ene sediaents, kaolin 18 hours
SchHar zenbach k Uestal | 1981 1, 4-dichl orobenzene sediaents, kaolin 18 hours
SchMar zenbach k Uestal | 1981 1,2, 4-trichl orobenzenB sediaents. kaolin 18 hours
SchMar zenbach k Uestal | 1981 1,2,3-trichlarobeniene sediaents, kaolin 18 hours
Schiar zenbach k - Uestal | 1981 1,2 4,5-tetrachl QobenzBnB sediaents, kaolin 18 hours
Schiar zenbach k Uestal | 1981 1,2,3,4-tetrachl or hBnzene sediaents, kaolin 18 hours
flustafa k Saoar 1972 diuron soils 24 hours
Peck et al. 1980  diuron sedi aent s 24 hours
Koski nen k Chen 1983  2,4,5-T soi | 24 hours
Hcd oskey k Bayer 1987  fluridone soils 24 hours
Kari ckhoH et al. 1979 pyrene Doe Rui Coarse Silt 24 hours
Kari ckhoff et al. 1979 aet hoxychl or Doe Rua Coarse Silt 24 hours
Koski nen et al. 1979 2,4,5-T soils 24 hours
BoHi an k Sans 1985  Chlorpyrifos soils 24 hours
BoHsan k Sans 1985  DDT soils 24 hours
BoM an k Sans 1985 dieldrin soils 24 hours
BoHi an k Sans 1985  diuron soils 24 hours
BoM an k Sans 1985  fensul f ot hi on suHone soils 24 hours
Bowi an k Sans 1985  fonofos soils 24 hours
BoMsan k Sans 1985 2 4-D soils 24 hours
BoMhan k Sans 1985  parat hian soils 24 hours
BoM an k Sans 1985 pi doraa soils 24 hours
Bowi an k Sans 1985  proietryn soils 24 hours
BoH an ti Sans 1985 hexachl or obi phenyl soils 24 hours
CorMn k Faraer 1984  broaacil sedi aent 48 hours
CorNin k Famer 1984 (i quat sedi aent 48 hours
GschNend & Hu 1985  PCB sedi aent 43 hours
Hiller 1984  |indane soils longer than 7 days
Coates k El zeraan 1986 PCB (less than 4 Cl ataas) sediaent 6 weeks
Coates k El zerean 1986  PCB (sore than 6 Cl ataas) sediaent Bonths to year s
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corresponding sorption rate (Hance, 1967; Isaacson and Frink, 1984; Bouchard and
Lavy, 1985), and a longer time would be required to reach desorption equilibrium
I'f the desorption equilibriumis not attained, solid-phase concentration woul d be
higher than the true equilibriumval ue—giving a solute phase distribution suggest-
ing hysteresis. Under such conditions, the calculated sorbate concentration woul d
be greater than the true equilibrium sorbate concentration, causing the deviation

of desorption isotherms fromthe sorption isotherm(Corwin and Frint, 1984)

2.5.2 Loss of solute

Loss of solute has been reported as a key reason for desorption hysteresis.
During the sorption-desorption experiments, volatilization, biodegradation, chem
i cal deconposition, and sorption to the container walls can cause |oss of solute.
Due to the mass-bal ance method usual 'y used to conpute the sorbate concentra-
tion, any solute lost will be assumed to exist on the solid phase. This will result
in an overestimation of the sorbate concentration and apparent desorption hys-
teresis (Koskinen, O Connor and Cheng, 1979; Rogers, MFarlane and Cross, 1980;
Bouchard and Lavy, 1985; Hernosin, Cornejo and Rodriguez, 1987).

2.5.3 Artifact of experinental method

The use of the suspension-centrifugation-resuspension method in batch reactor
sorption-desorption isothermexperiments has been reported as a possible cause of
hysteresis. The repeated suspension may cause weathering of the solid thereby
increasing available sorption sites. Also, the repeated washing of the solids (adding
a solute-free solution to the decanted soil sanple) may alter the organic mtter of
the solid and reveal additional sorption sites. Both procedures may increase the

sorption capacity causing apparent hysteresis (Koskinen and Cheng, 1983).
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2.5.4 Sorption to nonsettling particles

Sorption of solutes on nonsettling organic particles (NSPs) may al so cause
apparent desorption hysteresis. Sorbates sorbed to soluble organics or colloida
particles my not he separated by centrifugation and could thus be incorrectly
reported as free chemcals in solution. Under such circunstances, the apparent
sorption equilibriumsolute concentration actually includes both free solute and
sol ute sorbed to colloidal particles, thus overestimating the sorption equilibrium
sol ute concentration. Al'so, nonsettling organic particles may be removed fromthe
systemduring decanting of the soil sanmples, resulting in a smaller amount of NSPs
remaining in the batch reactor. A decrease in NSPs during desorption steps can
lead to |ower apparent fluid-phase concentrations conpared to the apparent sorption
equi libriumrelationship, hence apparent hysteresis. Both of the above situations

can cause erroneous equilibriuminterpretations (O Connor and Connolly, 1980).

Gschwend and Wi (1985) described the NSP effect by presenting the equation

AP-"""- (D + N)/V IN »j

where Kptobs is the observed partition coefficient; Pis the mss of conpound
sorbed to settleable particles;, My is the mass of particles; Dis the mass of conpound

dissolved; JVis the mass of conpound sorbed to NSPs; and Vis the volune of water

If the suspended solid loadings are small, such that D" N, then Kp“oba ~ i'"p-

However, if the suspended solid |oadings are large such that Dis not much greater

than N* then Kp*obs < *p- Gschwend and Wi conducted sorption-desorption equi-

libriumstudies using both unwashed sedinents and prewashed sedinents (| ow NSP
| oadi ng). Apparent desorption hysteresis was found for unwashed sediments but no
desorption hysteresis was observed in the prewashed sedinent-water system
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2.5.5 Centrifxigation effect

Browman and Sans (1985) investigated the cause of hysteresis by using the
consecutive-desorption nethod (which uses a series of centrifugation steps) and a
single-dilution nethod (which uses centrifugation only once for all sanples). The
resul ts showed that the isotherm obtained using the single-dilution nethod exhib-
ited considerably |ess hysteresis than the isotherm obtained using the consecutive-
desorption nethod. They postul ated that repeated centrifugation mght cause a
partially irreversible conpaction of the solids, which would greatly increase the

desorption tinme required to re-establish equilibrium

2.5.6 Accumrul at ed neasurenent error

The consecutive-desorption (or successive-dilution) technique applied in des-
orption isothermstudies requires several successive sanmpling steps. Individual mea-
surenment error in each step may accumulate to give a large overall error, resulting
in a deviation of desorption isotherms fromthe sorption isotherm (Brusseau and

Rao, 1989).

2.5.7 Presence of inplicit-sorbate

Curl and Keol eian (1984) presented an inplicit-sorbate nodel to explain the
hysteresis in sorption-desorption of organic chemcals to natural sorbents. The
nodel is based on conpetitive sorption between two sorbates, the one under study
and the inplicit one which was initially sorbed on the sorbent. The inplicit-sorbate
coul d be any unidentified organic substances that were sorbed on the sorbent before
the experiment started. During the sorption-desorption experiments, the inplicit-
sorbate desorbs and reveal s more sites for the solute under study, thus increasing

the sorption of the solute
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2.5.8 Physical or chemical interactions

Horzenpa and Di Toro (1982, 1983) investigated the reversibility of sorption-
desorption of hexachl orobi phenyl (HCBP) on sedinment, and postul ated a two-
conponent theory. Nonattainment of equilibrium loss of solute, and centrifugation
ei Fects were found not to be the causes of desorption hysteresis. They attributed
the desorption hysteresis to the formation of HCBP-sedi ment bonds of different
strengths, described by a readily desorbed reversible conponent and a conponent
resistant to desorption.

The rel ated research about desorption hysteresis is briefly sumarized in Table
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Aut hor

Koski nen et al.

DiToro k HorzEftpa 1982,1983 HCBP

Koski nen it Chen

I saacson ( Print

CorMn | Far«er
Curl k Keol ei an

GschNend k  Uu

BoMsan k Sans

Jaffe

Heri Qsin et al.

MC osdey & Bayer

Tabl e 2-4 Suasary of Desarption Hysteresis Theories

Year Sol ute Solid

1979 2,4,5-T soils

1983 2,4,5-T Pal ouse silt
loaffi soil

1984 phenol i ¢ coapounds sedi si ent

1984 bronacil, diquat sedi nent

1934 atrazine

1985 PCB sedi sent

1985 chlorpyrifos, DDT, soils
dieldrin, diuron
fensul fothion sul fone
fonoof os, pidorani
parathion, pronktry,
,4-D, hexachl or abi pyenul

i93& fialathion sedi sent
1987 nal ei ¢ hydrazide soils
1987 fluridone soils

sedifients

Ca-ffiontiiorillonite

Expl anation of Desorption Hysteresis

| oss of solute
(biochesical degradation)

fomation of HCBP-sedi sent bonds of
different strengths
(reversible + resistant canpanents)

artifact of eisperiaental iiethod,
physi cal / chesical properties of the
soi | /water systee were changed in
sorption-desorption processes

nonattainiient of equilibriui
a fraction of sorbate was

irreversibly held by sediient
nonattai naent of equilibria
presence of iaplicit-sorbate

sorption to non-settling particles
incoai pl ete phase separation

centrifugation effect

cuJipact of sorbent by centrifugal force
| oss of sorbate

instability of solute in soil-water
systea

sorption to non-settling particles

| oss of solute
(precipitation and/or biodegradation)

weat hering of soil
intraparticle diffusion
nonattai nBent of equilibriui
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3 MATERI ALS AND NMETHODS

3.1 Material s

3.1.1 Solid

A subsurface solid sanple (Wagner) was collected fromAnn Arbor, Mchigan.
The Wagner sanple was air-dried and passed through a 2-nmsieve before use.
The physical and chemcal properties of the Wagner material are listed in Table
3-1. Agrain size distribution diagramof the Vagner material is shown in Figure
3-1. Gain size analysis of the Vagner sanple was done by fractioning with sieves of
different opening sizes. Organic carbon content of the gner sanple was anal yzed
by the anpul e method with an Q. Corporation Mdel 700 TOG anal yzer. The
cation-exchange capacity was determned by the sodiumsaturation nethod (Bl ack,
1965). Detailed experimental procedures for the determnation of the organic car-
bon content and the cation-exchange capacity are described in Appendix | and I,

respectively.

3.1.2 Solute

Diuron [3-(3,4-dichlorophenyl)-1,|-dimethylurea] is a herbicide of relatively ow
water solubihty (42 my/1 at 25"C) and is widely used for selective Iong-termweed
control on crops such as asparagus, citrus, cotton, pineapple, sugar cane, tenperate
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Tabl e 3-1 Physical and Chsnical Properties of the Kagner Material

Medi an grain size dianmeter 0,45 an

Gain size uniforsity coefficient 2.476

Organi ¢ carbon content 1.2
Cation-exchange capacity 3 neg./100 g soil

tree and bush fruits. The mean value of logiiTou, (octanol-vater partition coefficient)
of diuronis 2.92 (Hansch and Leo, 1979). Phototoxic residues of diuron in soil
di sappeared within one season at application rates of 0.6 to 4.8 kg/ha (The Pesticide

Manual, 1983). Its rate of hydrolysis is negligible at ordinary tenperatures and
neutral pH. It deconposes at 180 to 190° Cand is degraded in soil by denethylation

50% 0ss was reported in 90 to 180 days (Sneets, 1964). Diuron is a stable chem cal
of fairly long persistence insoil. Sinceit is highly persistent insoil, it constitutes a
possi bl e residue hazard.

Prelimnary studies showed diuron is non-volatile (the vapor pressure of diuron
at bPCis 3.1 X 10" mmHy), doesn't degrade in a buffer solution of pH8.42, and
can be anal yzed by gas chromatography or W spectroscopy. Diuron was cliosen as
the target compound for this work because it is easy to handle in lab experiments
convenient to analyze for concentration, and potentially a hazardous residue in
subsurface systems. Analytical grade diuron (98% was obtained fromde Nemours

h Co. and it was used as received

3.1.3 Reagents

3.1.3.1 Buffer solutions

Abutfer solution was used as the blank solution (herbicide free) for all exper-

3-2


NEATPAGEINFO:id=74FF8B1E-52BC-4E6F-BCFD-AE8A88304DF9


100 "leeenees (O Loeeeees Y R | ERRR Tteee--

80
u/\
CD
~> 60
(@]
L-
0)
C
U. 40
_4-"
C
CD
W)
L_
(D 20
N
| IR L
0% e = 1

Gain Size (mm

Figure 3-1 Grain Size Distribution Diagramof the Wagner Material
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iments. It contained tetraborate, calciumchloride dihydrate, and sodium azide
Tetraborate was used in the experinent as a buffer to control the change of pHin
the batch systems. Calciumchloride dihydrate was added to the buffer solution

to help obtain good separation of solids fromthe solution, while sodiumazide was
used to inhibit biodegradation in the system

The buffer solutions were made of 0.005 MA C.S. grade cal ciumchloride di-
hydrate (CaCh® 2H0), 0.005 MA C.S. grade sodium borate {Na2B4072 | OH20),
and 0.005 Mpurified sodiumazide (NaNz). The pH of the buffer solution was
adj usted to 8.42 by adding concentrated hydrochloric acid (HJ)

S.1.3.2 Diuron standards

Diuron standards were made by dissolving diuron in the buffer solution

3.1.4 dassware

Kimax glass centrifuge hottles were used as the hottle point reactors. The cen-
trifuge bottles and sanple vials were soaked in A conox cleaning solution overnight,
brushed 15 times with tufted-end brushes, then rinsed approximately 10 tines, and
air-dried for two days or oven-dried overnight before use.

All other glassware was acid-washed with Nochromx in sulfuric acid, rinsed
with distilled water at least ten times, then air-dried for two days or oven-dried

overni ght.
3.2 Bot t | e- Poi nt Met hods

A bottle-point technique that uses a tumbled glass centrifuge hottle for each
data point was applied to investigate the sorption of diuron to the Wagner material
Several studies using this method were perfornmed

(1) A degradation study was perforned to examne if there was any degradation of
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the solute in the solution phase. A study was perforned to observe the effect of
sodiumazide on inhibiting the rate of biodegradation of diuron in the presence
of the Wagner material.

(2) Sorption rate studies were performed to obtain the time required to reach
sorption equilibrium

(3) Desorption rate studies were conducted to determne the time needed to estab-
l'ish desorption equilibrium

(4) Sorption-desorption equilibriumstudies were perforned.
(5) Astudy was conducted to observe the effect of sorption age on the rate of

desorption.

(6) Astudy was performed to investigate the effect of initial solute concentration
on the rate of desorption.

(7) Conplex concentration history sorption-desorption equihbrium experinments
were conducted to investigate non-ideal sorption-desorption behavior

(8) Asingle-dilution method was applied to a desorption eqviilibriumstudy to ob-
serve the effect of centrifugation and dissol ved organic matter (DOM renova

on desorption.
3. 2.1 Degradati on st udy

A diuron stock solution of 14 my/1 was made in the standard buffer solution
Two sets of sanple vials were filled with the stock solution and the buffer sol ution
capped with teflon-Iined caps, and stored in a covered black box at room tenper-
ature. At different times, sanples were taken out of the box and analyzed by W
absorption spectroscopy, and then put back into the box for subsequent sampling
and anal ysis. The absorbance of the sanples were recorded and the concentration
of the stock solution was cal cul ated.

The effect of including sodiumazide in the systemweis investigated by conduct-
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ing two parallel sorption rate studies, with and without azide in the soil/solution

system The study lasted for a period of 20 days.
3.2.2 Sorption rate studies

The experinental procedure used for sorption rate studies was:

(1) 10 g of \agner material and 10 m of buffer solution were put in each 35-
m centrifuge bottle, capped with teflon-lined screw caps, and the solid was
hydrated for a mninumof 12 hours;

(2) 10 mM of 28 ng/1 diuron stock solution was added to each bottle to obtain a
solid-solution ratio of 1:2 and an initial diuron concentration of 14 ng/1, whicl
is one third of diuron solubility inwater (10 tnl of buffer solution instead of
diuron stock solution were added to the blanks);

(3) the tightly capped bottles were then put on a tumbler to ensure mxing of the
solid material and the solution

(4) at different times, the sanples were taken off the tunmbler, and centrifuged at
2500 rpmfor 30 mnutes; and

(5) supernatants were decanted and saved for the diuron concentration analysis.
Ahigh initial concentration (28 ng/l) long-termsorption rate study was con-

ducted in the same way, but 10 g of soil, 4 m of buffer and 16 m of 35 my/1 stock

solution were used for each diuron sanple in the experinent.

3.2.3 Desorption rate studies

The desorption rate studies were conducted fol lowing the same procedure as the
sorption rate studies, except a 10-day sorption period was allowed for all samples.
Fol I owi ng the sorption period:

(1) the sanples were centrifuged, and 15 m of supernatant was replaced with 15

m of buffer solution;
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(2) the solid-solution mxtures were tunbled again, sets of bottles were removed

at different times then recentrifuged; and

(3) the supernatants were removed and anal yzed for diuron concentrations.

3.2.4 Sorption-desorption equilibriumstudies

Sorption-desorption equilibriumstudies were perfornmed using the follow ng
prot ocol

(1) 15 g of solids and 30 m of solution of different diuron concentrations (2 to 28
my/ 1) were prepared (6 m of buffer solution was used to hydrate the solid) in
the centrifuge bottles;

(2) sanples were tunbled for 44 days then centrifuged; 25 m of the supernatant
was removed and saved for diuron concentration analysis; 25 m of buffer solu-
tion was added to each hottle

(3) the bottles were then put on tunbler again for another seven days then re-
centrifuged

(4) 25 m of supernatant was replaced with 25 m of buffer solution, the super-
natants were saved for diuron concentration analysis, the soil-solution mxtures
were put on the tunbler, re-equilibrated and then re-centrifuged; and

(5) the process was repeated for a total of four desorption steps.

3.2.5 Sorption age study

A sorption age study was conducted fol | owing the same procedure as the des-

orption rate study except the sorption tinmes of the sanples were 1, 10, and 20

days.
3.2.6 Initial concentration study

An initial concentration study was conducted fol |l owing the same procedure as
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the desorption rate study except that three different initial solute concentrations of

7, 14, and 21 ng/1 were used
3.2.7 Qther sorption-desorption egtiilibriim studies

(1) A short-termsorption-desorption equilibriumstudy was conducted follow ng
the same procedure of the sorption-desorption equilibriumstudy, but initia
concentrations of 2 to 14 ng/1, a sorption equilibration time of 10 days, and a
desorption equilibration time of 5 days were used.

(2) Two sets of sanples of initial concentrations of 14 ng/1 and 9.3 ny/1 were used
in the sorption-desorption-consecutive sorption-consecutive desorption (SDSD)
study. The procedure of this study is basically the sane as that of sorption-
desorption equilibriumstudy. Followng the initial sorption equilibration

a. 25 m of the supernatant was removed and saved for diuron concentration
analysis; 25 m of buffer solution was added to the bottle;

b. the bottles were then put on the tunbler again for another 5 days then
re-centrifuged

c. 25 m of the supernatant was replaced with 25 m of 2.8 my/1 stock solution
the supernatants were saved for diuron concentration analysis, the soil-
solution mxtures were put on the tunbler for another 10 days then re-
centrifuged

d. 20 M of the supernatant was replaced with 20 m of 4.2 ny/1 stock
solution, the supernatants were saved for diuron concentration analysis,
the soil-solution mxtures were put on the tunbler,re-equilibrated and re-
centrifuged

e. 20 M of the supernatant was replaced with 20 m of 5.6 ng/1l stock
sol ution, the supernatants were saved for diuron concentration analysis,

the soil-solution mxtures were put on the tunbler,re-equilibrated and re-
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centrifuged;

f. 20 m of the supernatant was replaced with 20 m of 14 ng/1 stock so-
lution, the supernatants were saved for diuron concentration analysis
the soil-solution mxtures were put on the tunbler,re-equilibrated and re-
centrifuged;

g. 25 m of the supernatant was renmpved and saved for diuron concentration
analysis; 25 m of buffer solution was added to the bottle; the bottles were
then put on the tunbler again for another 5 days then re-centrifuged; and

h. the desorption process was repeated for another two times.

(3) A Sorption-desorption-consecutive sorption (SDDS) study was performed. The
procedure of this study is simlar to the procedure of the SDSD study. Fol | owi ng
the initial sorption equilibration

a. 25 m of the supernatant was renoved and saved for diiuon concentration
analysis; 25 m of buffer solution was added to the hottle; the bottles were
then put on the tunbler again for another 5 days then re-centrifuged

b. the above desorption process was repeated again

c. 25 m of the supernatant was removed and saved for diuron concentration
analysis; 25 m of 7 ng/1 stock solution was added to the bottle; the hottles
were then put on the tombler again for another 10 days then re-centrifuged

and

d. the above sorption process was repeated for another two tines.
3.2.8 Single-dilution desorption equilibriumstudy

A single dilution desorption equilibriumexperiment was perforned using the
fol | owi ng met hod
(1) 3.5 g of Wagner solid and 3.5 m of buffer solution were put in each of 16

centrifuge bottles and the solids were hydrated for a mninumof 12 hours;
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(2) 3.5 m of 28 ng/1 stock solution were added to eight diuron sanples while 3.5
m of buffer solution were added to the other eight blank sanples, all sanples
were then tunbled to allow conplete mxing for ten days;

(3) after ten days of sorption, two diuron sanples and two bl ank sanples were
centrifuged, and the supemantants were saved for determination of W ab-
sorbance;

(4) 10 M, 20 M, and 30 M of buffer solution were added to the remaining hottles
after the ten-day sorption to dilute the liquid-phase concentrations further; and

(5) after a five-day desorption period, the sanples were centrifuged, and the su-

pernatants were saved for W spec anal ysis.

3.3 Extracti on Met hods

3.3.1 SoHd- phase extractions

Sol i d-phase extractions were performed on several sanples at the end of sone
experinments to check if there was any loss of sorbate during the experinental period.
It has been reported that methanol and acetone are nuch better extracting solvents
than water for extracting organic conpoi nds fromsolids (Ho and Daw, 1988). But
acetone-extraction was not feasible in this research because it exerts a very high
background absorbance at the wavel ength of interest. Therefore, nethanol was
used as the extracting solvent in the solid extraction experinent. The fol | owi ng
procedure was used:

(1) Solid-solution sanples were first centrifuged then decanted as conmpletely as

possi bl e;

(2) 25 m of nethanol were added to the decanted sanples, and the sanples were
then put on tunbler for one day;

(3) step 1 and 2 were repeated two nore tines and the supernatants were saved
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in 100-m vol vunetric flasks;
(4) to each 100-m volumetric flask, enough nmethanol was added to bring the vol -
ume of the sanple to 100 ni;
(5) diuron nethanol standards were prepared by dissolving diuron in nethanol;
(6) the absorbance of nethanol sanples and standards were neasured; and

(7) the diuron mass that was extracted was conputed and conpared to the origina

mass of diuron in the system

3.3.2 GC solvent extraction

Agueous sanples were extracted with hexane before performng GC anal ysis

using the fol l owi ng procedure

(1) 5 m of an aqueous sanple and 5 m of hexane were put in a sanple vial, and
capped with teflon-lined cap

(2) the sanple was mxed for three mnutes to allow conplete extraction

(3) the solvent sanple was stored in a refrigerator after shaking; and

(4) the solvent sanples were warnmed to roomtenperature before performng GC
analysis, and one fj.! of the upper-level liquid (hexane with diuron) was injected

into a GCfor diuron concentration analysis

3.4 Analytical Methods

Ditu-on can be anal yzed by gas chromatography (GC) or ultra violet spec-
trophotonetry (W spec). For the GC method, the diuron solvent sanples were
anal yzed on a Hew ett Packard 5890 gas chromatograph fitted with a 30-m DBS

capillary colum and an electron capture detector. The operating conditions axe

Hsted in Table 3-2.

Di chl orobenzene (DCB) was used as the internal standard.  The ratio of di-
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Tahl g 3-2 The Qperating Conditions of Diuron GC Analysis

I njector teaperature 275 degree C
Detector te/sperature 300 degree C

Oven tenperature 170 degree C, isothernal
Colusn flowate 1.63 il/sin

Split flowate " 35 i0l/sin
Purge flowate 4,05 il/«in

uron peak area to DCB peak area (Ro) for each injected sanple was conputed

The correlation hetween the ratio of peak areas (Rp) and the diuron concentration
of standards (C) was determined by performng a nonlinear regression on these

col l ected data. The calibration curve was found to be

i 2p = -0.0027C2 + 0.1356C +0. 0265 (3-1)

The Ro of each sanple was conputed and used to determne the diuron concentra-

tion via the calibration curve.

For the W nethod, the Iiquid-phase concentrations of diuron were determ ned
by measuring the W |ight absorbance on a Perkin-El mer Lanbda 3 spectropho-
tometer. The diuron in distilled, deionized water was found to exhibit maximum
absorbance at 210 nmand 248 nm while the buffer solution exhibited a maxinum

absorbance at 220 nmdue to the presence of azide (see Figure 3-2). The absorbance
at 248 nmwas used through all the studies for calculating diuron concentrations to
mninize the azide interference.

Prelimnary studies showed background interference existed due to sodium
azide in the solutions and organic matter released fromthe soils. To elimnate
background interference, two blanks were caxried along with each sanple point.
The bl anks were made with the same procedure in the studies except the diuron

stock solutions were replaced with the same amount of buffer solutions
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The meastued absorbance of diuron standards was subtracted by the absorbance
of the buffer solution with which the standards were made, giving a net absorbance.
The correlation between the net absorbance {ABS) and the concentration of stan-

dards (C) was determned by performng a nonlinear regression on all the ab-

sorbance data of the standards collected during the experinental period. The

calibration curve was found to be

v455' =- 0. 00049C2-1-0.08C - 0.002 (3-2)

The measured absorbance of each sanple was subtracted by the corresponding
absorbance of the blanks. The net absorbance of each sanple was used to conpute

the diuron concentration via the calibration curve. The anount of diiu-on that

di sappeared fromthe solution was assumed to be sorbed by the solids. The amount
of diuron measured in the solution in excess of the amount of diuron in the solution
at the beginning of the desorption process was assuned to be desorbed

Figure 3-3 and Figure 3-4 show the conparison of experimental data obtained
with the GC nethod and the W nmethod. The agreenent between these two
met hods was good. The W nethod was applied to all other studies in this research
because sol vent extraction was needed for the GC method, while aqueous sol utions
were used directly for the W-spec method, and prelimnary studies showed that

the W nethod gave a nore consistent results than the GC nethod.
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4 EXPERI MENTAL RESULTS AND DI SCUSSI ON

This chapter will present all the experinmental results in the same order as the
experinmental methods were presented in section 3.2 (pp. 3-4). The experinenta
conditions for all those studies are sunmarized in Table 4-1. All sanple data points
of the rate studies are the average of two replicates and al | sanple data points of

equilibriumstudies are the average of four replicates

4.1 Degradation Study

A study was performed to investigate the effect of solute degradation in the
Wgner - di uron system A batch reactor method described in the nethods section
was used to evaluate the change in solute concentration that occurred over 69 days
The results of this experiment showed no evidence of loss of diuron (liquid phase
only, no solids) during a period of 69 days (see Figure 4-1). @

An experinent was performed to investigate the effect of azide on inhibiting
bi odegradation in the Wagner-diuron system The result of this experinent did
not show that azide had any significant effect in the Wagner-diuron system (Figure
4-2)

Sol i d-phase extractions were performed on sanples that were suspended for 44
to 80 days. The average recovery of diuron fromthe soils was 95% which indicated
that there was little biodegradation in the solid/water system(see Table 4-2)

It has been reported that herbicide sorbed on soil surfaces is protected from
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Table 4-1 List of Experisental Conditions

Experi i ent
Nai e

D6D
D-K
SRI

SR4

SRS

ftl

fi20
D-C

RI

1SO

SDDS

SDSD

D LU

Description
sol ute degradation study
sorption kinetics s :udy
sorption kinetics study
sorption kinetics study
sorption kinetics study
study of azide effect
desorption kinetics study
desorption kinetics study
desorption kinetics study
desorption kinetics study

sorption-desorption
equilibriui study

sorpti on-desorption
equilibriui study

sorption-desorption
equi libriua study

sorption-desorption
equilibriui study

desorption isothera

Sorpt ion
Tide (d)

15
20
23

75

10
20
10

44

10

10

st udy

Desor pt i on

Use (d)
19
6
24
2
7
5
5

10

10

Anal yti cal
MU Method
w
1.1 6Ci W
1.1 cC
1.2 w
1.2 w
1.2 w
1.2 w
1:2 w
1:2 w
1.2 w
1.2 w
1:2 w
1:2 w
512 W
512 W

O (iiglt
14
12
14
14
28
14
14
14

14

7,14,21

9,14

9,14

14
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Figure 4-1 Result of Liquid-Phase Solute Degradation Test
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Table 4-2 Soil Extraction Recoveries

Sasple Total Suspension Diuron

Na*re  Tine (days) RecoverY
SR5-i 8 55 90.77 X
SR5- 22 75 98.83 7.
A20- 12 44 96.85 7.
SDs| 80 92.17 7.
SDS2 eo 95.59 X

average = 94.84 X

biological mneralization (Qyramet al., 1985). Dao and Lavy (1987) also reported

that diuron was not susceptible to mcrobial degradation in short-term studies.

These reports support the finding that little degradation occurred in the sorption-

desorption experinents

4.2 Sorption Rate Studies

4.2.1 Solid concentration effect

In order to have the resulting diuron concentrations fall in the detection limts
of the instrument, a proper solid to solution ratio nust be found. Two sorption
rate studies of solidto solutionratio (MV, mass of solid to volume of solution) of
1:1 and 1:2 were conducted. The results (Figure 4-3) showed that the higher solid
concentration experiment (MV=l:l) reached apparent equilibriumfaster than the
| ower one. The final |iquid phase diuron concentrations were about one fourth of
the initial concentration in the MV=l:2 experinent, which gave a clear view of
experinental results during the sorption process. Thus, a solid to solution ratio of

1:2 was used in all other experiments in this research
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Figure 4-3 Effect of Solids Concentration on the Rate of Sorption
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4.2.2 Initial concentration study

Two sorption rate experiments of initial concentrations (Co) of 14 ng/l and 28
my/ | respectively were performed to investigate the effect of initial concentration on
sorption rate. Both sorption processes were characterized by an initial rapid sorp-
tion rate followed by a mich slower sorption rate (Figure 4-4). This phenomenon
had al so been observed in other research (KarickhofF, 1984; Mller, 1984; MIller and
Weber, 1986; Dao and Lavy, 1987). Conparison of the results of these two experi-

ments shows that the time required to approach sorptive equilibriumis a function

of the initial concentration.

More than 95 percent of the solute that would be sorbed at sorption equilibrium
had al ready been sorbed in the first ten days in the sorption rate experiment with an
initial concentration of 14 ng/l. Although the sorption rate experiment perforned
with an initicd concentration of 28 ng/l was conducted for 75 days, it seems that
the uptake of diuron by the solid phase was still occurring at a very slowrate
This mght be due to the constant agitation used in the batch reactor nethod,
whi ch caused weathering of the solids, increasing the surface area of the solids, and
resulting in an increasing sorption capacity. Also, as the time of exposure to the
solids increases, solute diffusioninto the less accessible sites on the solid particles
may occur. This suggests that even though an apparent equilibriumwas obtained
rapidly, the approach to the actual equilibriummight require an extremely Iong
time (MC oskey and Bayer, 1986).

4.3 Desorption Rate Studies

4.3.1 Sorption age effect on desorption rate

The rate of desorption was studied using the methods previously presented for
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a sorption age of 1 day, 10 days, and 20 days. The results are displayed in Figure

4-5 and show that dimon was readily desorbed with a desorption rate apparently
faster than the sorption rate. Desorption of diuron approached equilibriumwithin
five days after a 10-day sorption. A short sorption age did affect the desorption
rate resulting in an initial rapid desorption followed by a slow sorption as shown in
Figure 4-5 for the sorption age of one day desorption rate data. This phenonenon
may be related to an intraparticle diffusive process. Wien the sorption time is very
short, the solute does not have enough tine to diffuse into the porous media. Thus

the decrease of the concentration of the bulk solution caused the quick release of
the sorbate that was sorbed on the surface of the sorbent. Gven enough time, the
solute was re-sorbed and diffused into the porous media. The short sorption age
(one day) desorption process reached the desorption equilibriumat a desorption
time of about 10-15 days, which conpares with the result of the sorption rate study

conducted with an initial concentration of 14 ng/1
4.3.2 Effect of initial concentration on desorption rate

Desorption rate studies were performed for three different initial concentrations
7, 14, and 21 ny/1. The results of these three experiments showed that initia

concentration did not have much effect on the rate of desorption (Figure 4-6).

4.4  Sorption-Desorption Equilibrium Studies

The consecut i ve-desorption method was applied in a sorption-desorption equi-
[ibriumstudy with the initial concentrations for the sorption step ranging from2
my/1to 27 ng/1, a sorption tine of 44 days, and desorption time of 7 days in each
desorption stage. The use of a sorption equilibration time of 44 days and desorption
equilibration time of 7 days were based on the results of previously-presented rate
studi es. The nonlinear Fteundlich equation was found to describe sorption equilib-
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ria best, with a Freundlich sorption capacity constant (A's) of 12.87 and a sorption
intensity constant (n,, slope of log"g vs [ogCe plot) of 0.657

As shown in Figure 4-7, desorption hysteresis was observed in this experinment.
The desorption intensity constants of the desorption isotherns are listed in Table
4-3. The average of the desorption intensity constants (0.226) was used to plot the

desorption isotherns in Figure 4-7.

Tabl e 4-3 List of Freundlich DeBorption Intensity Constants

Sorption equilibriuB concentration Desorption intensity constant
Cse (ag/l) Ud
0. 495 0. 189
0. 882 0.221
1.376 0. 241
2.274 0. 232
3. 492 0. 230
t.337 0. 242

Anot her short-termsorption-desorption isothermstudy with initial concentra-
tions ranging from2 ng/1 to 14 ny/1 was al so conducted. Since sorption-desorption
of lower initial concentrations does not need as nuch time as that of higher initia
concentrations to reach equilibrium a sorption tine of 10 days and a desorption
time of five days in each sorption-desorption stage were applied in this experinment.
The result of this study (see Figure 4-8) gave an average n* of 0.261, although clearly
equilibriumconditions were not met for the sorptive portion of the investigation

The difference of nj fromn® is 0.431 in the |ong-termsorption-desorption
isothermstudy. The difference of nj fromn” in the short-term sorption-desorption

isothermstudy is 0.362. It seenms nonattainment of equilibriumwas not a ma-
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jor factor for hysteresis in this case because the experimental data showed | onger

equilibration time gave even greater hysteresis.

4.5 Conpl ex Pattern Sorption-Desorption Studies

The reversibility of sorption-desorption was investigated by conducting two
sorption-desorption-resorption (SDDS and SDSD) studies. The SDDS study was
performed with initial sorption followed by two steps of desorption and then three
steps of successive-sorption. The result showed the initial sorption data were a
little bit off the sorption isothermline, the desorption data followed the desorption
isotherm and the successive-resorption data correlated to the sorption isotherm
quite well (see Figure 4-9).

A SDSD study was conducted with an initial sorption followed by one step
of desorption, five steps of consecutive-sorption and three steps of consecutive-
desorption. The consecutive-desorption process was initiated after five steps of
the consecutive-sorption. The experimental data (Figure 4-10) showed desorption

hysteresis still existed between the re-desorption and the re-sorption processes

The results of the SDDS and the SDSD studies indicated that sorption-desorp-
tionis reversible follow ng the sorption-desorption isotherms. This reversibility

excl udes sorption to nonsettling materials as a cause of hysteresis for the system

investigated here

4.6 Single-Dilution Study

A desorption isothermstudy using the single-dilution method was conduct ed

to investigate the effect of multiple centrifugation.

The sl ope of the desorption isothermobtained by using this method was 0.319,

while the slope of the desorption isothermobtained by using the consecutive-
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desorption method was 0.261 (Figure 4-11). This indicates that there was some

effect of these two different methods on the desorption isotherms obtained. The
vol une of solution in the sorption stage in the single-dilution method was 7 ni,
whi ch was a small volune conpared to the 30-m solution volume used in the
consecutive-desorption method. This small solution volunme mght cause poor mx-
ing, resulting in the different results of the two experiments. Also, the centrifuga
force mght cause a partially irreversible compaction of the solid, thus part of the
sorbate may require a longer time to desorb or would not desorb at all (resistant
component was formed during centrifugation). The other possibility is that the
consecut i ve-desorption method applied the centrifugation-resuspensi on processes
too many tinmes. Thus, the solid characteristics were changed (washing out or-
ganic matter, weathering of soils), which in turn changed the sorption property
of the soil. It should also be observed that sorption equilibriumwas clearly not

obtained in this experinent.

4.7 Normalized Desorption Equilibrium Mde

The normal i zation procedure presented by Brusseau and Rao (1989) was ap-
plied to analyze the sorption-desorption isothermdata to generate an equival ent
desorption isothermas shown in Figure 4-12. Asimlar trend of data was observed

The equation of the best fit curve is

qde/gme = {Cde/C,,e)"'"" (4-1)

The val ue of rid (0.207) is very close to the average val ue of desorption isotherm
slopes (0.226) in the sorption-desorption isothermstudy. Experinental data of the
SDSD, SDDS, and the single-dilution method were also anal yzed with the normal-

i zation procedure. The results are shown in Figure 4-13
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A sorption time of 10 days and a desorption time of 5 days were applied to the
SDSD and SDDS experinments, while a sorption time of 44 days and a desorption
time of 7 days were used in the sorption-desorption isothermstudy. A though
different equilibration times were used in these experinents, the experinental data
correlated very well (see Table 4-4). This indicates that the experinental data of
the SDSD and SDDS experinents was very close to the equilibriumdata. The
SDDS and the SDSD data fit the normalized desorption equilibriumcurve quite
wel | but single-dilution data did not follow that desorption curve. This result was
not totally unexpected, since the previous data presentation showed a deviation
fromthe long-termsorption-desorption equilibriumrelationship

Tabl e 4-4 List of Freundlich Constants in Sorption-Desorption Equilibriun Experiients

Experitent Description gSorption Desorption Sorption Capacity Sorption Intensity Desporption Intensity
Nai e Tiae (days) Ties (days) Constant, Ks Constant, ns Constant, nd

R Sor pt i on- Desor pti on 44 7 12. 9 0. 657 0. 226
Equi libriua Study

R Nor aal i zed R2 data —1 —1 - | G J

IS0 Short-Ters 10 5 11. 2 0. 624 0. 262
Sor pti on- Desor pti on
Equi libriua Study

SaDs Sor pt i on- Desor pt i on 10 5 10 O 0. 731 0. 218
Equilibriui Study

SDSD Sor pti on- Desor pti on a1 O — o _ A <o =
Equilibriua Study

Dl LU Desorption Equilibriua a o = o _ = A =
Study with Single-
Dilution nethod
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4.8 Desorption Hysteresis

The desorption of diuron for the Wagner-diuron systemwas found to be hys-
teretic. The equilibration times used in a sorption-desorption isothermstudy was
44 days for the sorption said 7 days for the desorption. These are pretty long equi-
libration times compared to those used in other research (see Table 2-2, Table 2-3).
A short-termsorption-desorption isothermstudy was performed using a sorption
equilibration tine of 10 days and desorption equilibration time of 5 days. These
short-termsorption-desorption isotherns were found to be |ess hysteretic. It seens
that nonattainment of equilibriumwas not the cause of the observed desorption

hysteresis.

According to the results of degradation test, there was no evidence of |oss
of diuron in the liquid-phase. The results fromthe azide-efFect experinent and
sol i d- phase extractions showed that there was little biodegradation in the Wagner-
diuron systemused in this research. Therefore, loss of solute is not a mjor factor

contributing to the apparent hysteresis either

The 1 ong-term sorption-desorption equilibriumstudy showed greater hysteresis
than the short-termsorption-desorption equilibriumstudy. A possible explanation
i's that the consecutive-desorption technique used in the desorption equilibrium ex-
periments caused solid-phase weathering (although the tunbling speed was slow),
increasing the sorption capacity and leading to the greater desorption hysteresis.
But this is not the major cause of the desorption hysteresis because the hystere-
si s phenomenon was still observed in the short-termsorption-desorption isotherm

st udy

Sorption to nonsettling particles was found not a feasible explanation of the
desorption hysteresis in this research. First of all, the solid used in the experiments

was a sand-size material, not sediment, and the grain size distribution (Figure 3-1)

4-23


NEATPAGEINFO:id=03D05014-A82A-4EF7-AD83-F5EF727192C7


showed that there was a small fine fraction. Also, if sorption to nonsettling particles
did play a role in the sorption-desorption equilibrium experiments, the sorption-
desorption isotherms woul d not be reversible. But the results fromthe SDSD and
SDDS experinments indicated that the sorption-desorption isotherns were reversible.
The centrifugation effect was investigated by conparing the experinental re-
sults of the single-dilution method to the consecutive-desorption nethod. The slope
of the desorption isothermobtained with the single-dilution method was a little bit
greater than the one obtained with the consecutive-desorption method. This m ght
be due to the small solution volume used in the sorption portion in the single-
dilution experiment resulting in a poor mxing of the solid-solution mxture. Al'so
the repeated centrifugation mght cause a partially irreversible conpaction of the
solids, leading to a greater hysteresis. However, centrifugation effect is not the only
or major cause of hysteresis because the hysteresis phenonenon was al so found in

the desorption experiment using the single-dilution nethod.

Brusseau and Rao (1989) reported that the accunul ated neasurenent error of
each sanpling step could lead to the deviation of the desorption isotherms fromthe
sorption isotherm However, it is not applicable in this research because the results
of solid-phase extractions showed an average recovery of 95% which indicated that

the experimental error was not significant.

The inplicit-sorbate model describes that the increasing sorption capacity is
due to an increase in sorption sites that were previously occupied by the inplicit-
sorbate, and were reveal ed during the desorption process. According to this expla-
nation, the sorption capacity would increase eifter the inplicit-sorbate was desorbed.
But the results of the SDDS experinent showed that the sorption equilibriumstill
foll owed the sorption isothermafter two steps of desorption equilibria were estab-
lished (see Figure 4-9). Therefore, the inplicit-sorbate model is not a feasible

expl anation of hysteresis observed in this research
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In summary, all the above discussion of possible explanations of hysteresis were
found not to be the major causes of hysteresis. Physical or chemcal interactions
m ght occur during the sorption-desorption process causing the formation of tightly
sorbed conponent. Several mechanisns were postulated for the sorption of diuron
by soils, including physical sorption by van der Waals force and hydrogen bonding
that occur via the carbonyl oxygen and the amino hydrogen of diuron (Mistafa and
Gamar, 1972). Farmer and Ahlrichs (1969) also reported that sorption of diuron on
montmorillonite (loworganic matter content) may be attributed to an interaction
of the carbonyl of the herbicide with exchangeabl e cations on surface of the soil
Therefore, sorption of diuron by soils may not be considered as pure hydrophobic
sorption. It could have included chem sorption which generally exhibits resistant
desorption (Brusseau and Rao, 1989). Diffusion into the porous solids during the
sorption process has been postulated as a sorption nechanism (MIller, 1984; Wi
and Gschwend, 1988; Brusseau and Rao, 1989). A possible mechani smleading to
desorption hysteresis could be a result of a diffusional process whereby ol ecul ai-

hindrance occurs in small pore openings of the organic fraction
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5 MODELI NG OF EXPERI MENTAL RESULTS AND DI S—

CUSSI ON

5.1 Mbodel Devel opnent

5.1.1 Basic assunptions

The sorption process was observed to have an initial fast rate followed by a
slower rate. This phenomenon coincides with other reported descriptions of the
sorption process (Karickhoff, 1984; Mller, 1984, MIler and Wber, 1986; Dao and
Lavy, 1987). A two-site nmodel has been proposed to describe this process, assumng
two types of solid-phase reaction sites—those that appeared to sorb solute rapidly
(fast-sites) inducing an instantaneous equilibrium and those that appeared to sorb
solute more slowy (slowsites). Slowsite sorption is characterized by a mass transfer

coefficient, K* (Caneron and Klute, 1977; Karickhoff, 1980).

5.1.2 Derivation of algorithm

The Freundlich isothermrelationship was applied based on the results of sorp-

tion-desorption isothermexperinents

/i Ce"” (5-1)

Q
0)
|
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where Qe is equilibrium mss-average, solid-phase sorbate concentration; Ce is equi-
i briumvol ume-average, |iquid-phase solute concentration; Kis a sorption capacity

constant; nis a sorption intensity constant.
Since the fast-sites are assumed to be at equilibrium the chain rule can be used

to relate the solid-phase and |iquid-phase concentration

dgj dgf dC

dt dc dt (5-2)

al so

qf = KFC'' (5-3)

=, K Gt (5-4)

where g/ is the mass-average, solid-phase sorbate concentration associated with the
fast-sites; Kf if the Freundlich sorption capacity constant for the fast-sites; n/ is
the Freundlich sorption intensity constant for the fast-sites.

For slowsites.

A= Kmqgsse - Qs) (5-5)

gqsse = KssCe""" (5-6)

where gs is the mass-average, solid-phase sorbate concentration associated with the
slowsites or the rate-controlled reaction; Kmis a mass-transfer coefficient; qgsg
i's the sorption equilibrium solid-pheise sorbate concentration associated with the
slowsites; Kg" is the Freundlich sorption capacity constant for the slowsites; n,,

is the Freundlich sorption intensity constant for the slowsites.

5-2


NEATPAGEINFO:id=7E4E968A-93E4-4D19-98B7-3F675162B0EE


Substituting equation 5-6 to 5-5 gives

dj,s" = Km K*sC'" - g,) = Kn.KssC'"- - Kmg» (5-7)
assuni ng
fiss =nf =n (5-8)
allows for
s S
M=K C'-'" + KnkssC - Kmys (5-10)
al so

g = {Co-O /R (5-11)

where Cq is the initial fluid-phase solute concentration; Ris the ratio of the mass

of solid to the volume of solution, gives

A= Y

conbi ning equation 5-10 and 5-12 gives

Nz (RInKEC M+ KnKssC ' - Khgs| (5-13)

expanding and rearrangi ng equation 5-13 gives
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(1 + RokfC'-" )" + RRrnkssC' - RKmgs = 0 (5-14)

Applying the inplicit finite difference method to equation 5-14 gives

(L4 RKECr, T4 N 4 R, O, - RRYG,, 4= 0 (515

where |,and 1-|-1 indicate old and new time |evel, respectively

Rearrangi ng equation 5-15 gives

C+i - ALKIRgs, i+ = (1 + RIKC:'-")C - {ARK, K, +RiK)Q' ™ (5-16)

Applying the inplicit finite difference method to equation 5-7 gives

rearrangi ng equation 5-17 gives

{I -hKmAt) q, j +i =2gs, | +At KnKssCJ' +i (5-18)

A FORTRAN programwas witten to conpute Cand g at any time t during
the sorption-desorption process by applying equations 5-16 and 5-18. The nonlinear
terms, C*""* and (/!|.i, were conputed by using the Picard iteration method.

The programfirst read the values of parameters that were related to the simn-
lating system(e.g. sorption-desorption Freundlich constants, initial concentration

sorption time, desorption time, tolerance of Picard iteration, desorption steps of the
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Isothermsimulation, etc.). These parameters were then printed out for the checking
of the input data

The fluid-phase concentration at < = 0 which was different fromCo due to the
fast-site sorption was conputed first. The fluid-phase concentration at any tinme t
was then conputed and the equilibriumconcentrations were printed out.

If the sinulation was for the sorption rate process (IRATE=1), the experimen-
tal data of the sorption rate experiment were read in and the SSE was conputed
and printed out. If the sinulation was not for the sorption rate process, the program
continued sinulating the desorption process.

The desorption process (IRATE=2) was initiated by replacing a portion of the
liquid with the solute-free solution. The concentrations were conputed using the

desorption capacity constants for the fast-sites ajid the slowsites {Kdf, ["da) and
the desorption intensity constant (nrf).

The type of sinulation was checked at the end of the simulation of the desorp-
tion process. If a simulation of the sorption-desorption equilibriumwvas desired, the
desorption process would be repeated until the nunber of repetitions (1) equaled

the nunber of the desorption steps.

The flowchart of algorithmof the FCRTRAN programis shown in Figure 5-1.

5.1.3 Mdel validation

The computer programwas val i dated by conparing the analytical solution for
the case of a linear isotherm(Weber and MIler, 1988) to the numerical solution
Figure 5-2 shows the result of the case where fast-sites were 11.35%of total sorption
sites. The results showed the numerical solution fits very well to the analytica
solution. For the nonlinear case, validation was perforned by calculating a mass
bal ance and checking the equilibriumconcentrations,
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5.2 Model Paraneters Determ nation

The val ues of Freundlich sorption equilibriumnodel paraneters, obtained from
the sorption-desorption isothermstudy were used for nodel sinulations. The sorp-
tion capacity constant for the fast-sites was obtained by using the first sorption
rate data point (sorption time of two hours) as the instantaneous |iquid-phase so-
lute concentration at i =0, since two hours is a very short period conpared to 23

days. Kf was conmputed by the equation

g/, «=0 = KfFCU (5-19)
wher e
Co - =0
9/,<=0 = ------ A (5- 20)

The value of Kf was found to be 1.64, i.e. 13%of the total sorption sites were
fast-sites.

The val ue of the mass-transfer coefiicient {K') was then determned by en-
tering different possible values of /<",,, and conputing the SSE between the exper-
imental data and model result, and noting the region of mninmumerror. The best

fit was found with Km=0.13/day for bhoth sorption rate studies (Figure 5-3)

5.3 Conparison of Experinental Data and Mddel Prediction

Using the predetermned val ues of the equilibriumparanmeters, the nodel was
fit to the sorption rate studies of Co 2 14 ng/1 and Co = 28 ng/1 (see Figures 5-4
and 5-5).

For the sorption rate study conducted with Co = 14 ng/1 , the nodel didn't

fit very well to the experinental data. Because the isotherm parameters used in
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the nodel were obtained froma sorption equilibriumexperinent performed for
a sorption time of 44 days, which gave a higher sorption capacity constant, the
predicted sorption equilibriumconcentration was |ower than the experinental data

For the Co —28 ngy/1 sorption rate study, the nodel fit the experinenta
data quite well for sorption time of 0 to 45 days. But after that, the predicted
concentrations were higher than the experimental data. This is reasonable because
a 44-day sorption isothermwas appHed to interpret the sorption data that was not
at equilibriumby that tinme.

The model fit of the desorption rate study with Kdf ikd —0.13 or 0.45 and
Kin =0.13 or 0.35is shown in Figure 5-6. The experinental data showed the
desorption rate of diuron was faster than the sorption rate. The model predicted
that the desorption rate (which is the same as the predicted sorption rate) was
sl ower than the desorption rate given by experinmental data. This deviation coul d
result froma change of mass-transfer coefficient or the change of fraction of fast-
sites to total sorption sites. The model fit of desorption rate study with the sane

atio of KM/Kd ™ that in sorption (0.13), but with 1**=0,35 in the desorption

process is the best of the three sinulations, indicating that the desorption rate is
different fromthe sorption rate, a different Kmshoul d be used for the desorption
pr ocess.

The two-site model fit the sorption-desorption isothermstudy data accurately
(Figure 5-7). This is expected since the value of parameters used in the model were
obtained fromthe isothermstudy, they should give the same results.

The val ue of parameters used in the sorption-desorption sinulations are |isted
in Table 5-1.
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Table 5-1 List of Paraseters Used in the Sorption-Desorption Simlations

e Sorptiop =----- - Sorption
Naae of Snulation 0 K ﬁs it Ting {d p N
Sorption Kinetics 1151171 0.17 .20

Sorption Kinetics 0651641123 0.1-002 2544

Sorption Kinetics  0,651,64 11.23 0,13 23
Sorption Kinetics 0.65 1.64 11.23 0.13 75
Desorption Kinetics 0,65 1.64 11.23  o0.13 20
Desorption Kinetics 0.65 1.64 11.23 0.13 20
Desorption Kinetics 0.65 1.64 11,23 o0.13 20

Sorption-Desorption 0,65  1.64 11.23 0.13 44
Equi i brium

0.226

0.226

0.226

0.226

Desor pti on
K ks

2.46

8.51

2.46

16, 45

10. 40

16. 45

16. 45

Sion

24

24

24

Figure
5-2
5-3
5-4
5-5

5-6

5-7
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6 CONCLUSI ONS AND RECOMVENDATI ONS

6.1 Concl usi ons

Several conclusions can be drawn fromthe results of the sorption-desorption
experiments in this research. These conclusions include

(1) Desorption hysteresis was observed in the diuron sorption-desorption equilib-
rium experiment.

(2) Sorption-desorption data were found to fit a Freundlich model wth the ex-
ponent and the capacity coefficient determned fromthe maxi mum historica
equi hbri um point.

(3) Nonattainment of equilibrium loss of solute, artifact of experimental method
sorption to nonsettling particles, centrifugation effect, accunulated measure-
ment error, and presence of implicit-sorbate were found not to be the major
cause of desorption hysteresis.

(4) The two-site model described sorption kinetics reasonably well.

(5) The mass transfer coefficient obtained in the sorption rate study provided a
less accurate prediction of desorption rate data than of the sorption rate data

6. 2 Recommendati ons

(1) Different results of desorption equilibriumwere observed using the consecut ve-
(esorption nethod and the single-dilution nethod.  The reason causing this
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result shovdd be further investigated.
(2) One-dimensional colum experinents shoul d be used to conpare the degree of
hysteresi s between batch and f1owthroiigh systens.


NEATPAGEINFO:id=B9472F6F-2C66-479C-96D5-CC6A665D1FF2


REFERENCES

Adams, R'S. and P. Li, Soil Properties Influencing Sorption and Desorption of
Lindane, Soil Sci. Soc. Anmer. Proc, 35, pp. 78-81, 1971.

Black, C.A, Methods of Soil Analysis, American Society of Agronony, serial no.
9, pp. 891-901, 1965.

Bouchard, D.C. ajid T.L. Lavy, Hexazinone Adsorption-Desorption Studies wth
Soil and Organic Adsorbents, J. Environ. Qual, 14(2), pp. 181-186, 1985.

Bowman, B.T. and WW Sans, Paxtitioning Behavior of Insecticides in Soil-Water
Systens: |. Adsorbent Concentration Effects, J. Environ. Qual, 14(2), PP- 265-269,

1985.

Bowman, B.T. and WW Sans, Partitioning Behavior of Insecticides in Soil-Wter
Systems: |l. Desorption Hysteresis Effects, J. Environ. Qual, 14(2), pp. 270-273,

1985.

Brown, D.S. and EW Flagg, Enpirical Prediction of Organic Pollutant Sorption
in Neutral Sediments, J. Environ. Qual, 10, pp. 382-386, 1981.

Brusseau, ML. and P.S.C. Rao, Sorption Nonideality During Organic Contan nant

Transport in Porous Media, Critical Reviews in Environ. Control, 19, pp. 33-99,
1989.

Cameron, D.R and A Klute, Convective-Dispersive Solute Transport with a Conn

bined Equilibriumand Kinetic Adsorption Model, Viater Resources Research, 13(1),
pp. 183- 188, 1977.

Chiou, CT., P.E Porter, and D.W Schredding, Partition Equilibria of Nonionic
Organi ¢ Conpounds hetween Soil Organic Mitter and Water, Environ. Sci. and
Technol, 17, pp. 227-231, 1983. 2

Coates, J.T. and A WEl zerman, Desorption Kinetics for Selected PCB Congeners
fromRiver Sediments, J. of Contamnant Hydrology, 1, pp. 191-210, 1986.

Corwin, D.L. and WJ. Farner, Nonsingle-Valued Adsorption- Desorption of Bro-

maci| and Diquat by Freshwater Sedinents, Environ. Sci. and Technol, 18, pp.
507-514, 1984.

Curl, RL and GA Keolelan, Inplicit-Adsorbate Mbdel for Apparent Anomalies
with Organic Adsorption on Natural Adsorbents, Environ. Sci. and Technol, 18,
pp. 916-922, 1984.


NEATPAGEINFO:id=589C8AE4-5563-4669-AEFD-90C77EAAA701


Dao, T.H, DB Mrx, T.L Lavy, and J. Dragun, Effect, and Statistical Evaluation,
of Soil Sterilization on Aniline and Diuron Adsorption Isotherns, Soil Sci. Soc. Am
J., 46, pp. 963-969, 1982.

Dao, T.H and T.L. Lavy, A Kinetic Study of Adsorption and Degradation of Ani-
Illgg7 Benzoi ¢ Acid, Phenol, and Diuron in Soil Suspensions, Soil Science, pp. 66-71,

DiToro, DM and L.M Horzenpa, Reversible and Resistant Conponents of PCB
Al\gggrptlon-Desorptlon: | sotherns, Environ. Sci. and Technoi, 16(9), pp. 594-602,

Di Toto, DM, AParticle Interaction Mbdel of Reversible Organic Chemcal Sorp-
tion, Chenosphere, 14(10), pp. 1503- 1538, 1983.

Cerstl, Z and C.S. Helling, Evaluation of Molecular Connectivity as a Predictive

Method for the Adsorption of Pesticides by Soils, Environ. Sci. Health, 22(1), pp.
55-69, 1987.

Gles, CH, T.H McEwan, S.N Nakhwa, and D. Smth, Studies in Adsorption.
Part XI. A Systemof Classification of Solution Adsorption Isotherns, and Its Use in
Di agnosi s of Adsorption Mechanisns and in Measurenent of Specific Sui-face Ai'eas
of SoHds, J. Chem Soc, pp. 3973-3993, 1960

Gschwend, P.M and S.C. Wi, On the Constancy of Sediment-Vater Partition Co-

efficients of Hydrophobic Organic Pollutants, Environ. Sci. and Technoi, 19, pp.
90- 96, 1985.

Hansch, C. and A.J. Leo, Substituent Constants for Correlation Analysis in Chem
istry and Biology, Wley-Interscience, 1979

Hernosin, MC., J.C and J.L. Perez Rodriguez, Adsorption and Desorption of
I}/glggm Hydrazide as a Function of Soil Properties, Soil Sci., 144(4)) PP- 250-256,

Hggo, J.J.W and L.V.C. Rees, Adsorption of Actinides by Mrine Sediments: Effect

of the Sediment/Seawater Ratio on the Measured Distribution ratio, Environ. Sci.
and Technoi, 20, pp. 483-490, 1986

H, P.C and C'S. Daw, Adsorption and Desorption of Dinitrotoluene on Activated
Carbon, Environ. Sci. and Technoi, 22(8), pp. 919-924, 1988,

Horzempa, L.M and D.M DiToro, The Extent of Reversibility of polychlorinated
Bi phenyl Adsorption, Wter Research, 17(8), pp. 851-859, 1983,

| saacson, P.J. and C.R Frink, Nonreversible Sorption of Phenolic Conpounds by

Sediment Practions: The Role of Sediment Organic Matter, Environ. Sci. and Tech-
noi, 18, pp. 43-48, 1984.


NEATPAGEINFO:id=4DF06C94-3E6B-4452-B40B-5CBF7FAC3530


JafFe, P.R, Mdeling Sorbing Chenicals: Considering the Nonsingular Adsorption-
Desorption Isotherm J. Environ. Set. Health, A21(l), pp. 55-69, 1986.

Karickhoff, S.W, D.S. Brown, and T.A Scott, Sorption of Hydrophobic Pollutants
on Natiiral Sediments, Water Research, IS, pp. 241-248, 1979.

Karickhoff, S W, Organic Pollutant Sorption in Aquatic Systems, J. Hydraulic
Eng., 110(6), pp. 10-1SS, 1984.

Karickhoff, S.W, D.S. Brown, and T.A Scott, Sorption of Hydrophobic Pollutants
in Natvural Sediments, \Mter Research, 13, pp. 241-248, 1979.

Koskinen, WC. and H H Cheng, Effects of Experimental Variables on 2,4,5-T
Adsorption-Desorption in Soil, J. Environ. Qual, 12(3), pp. 325-330, 1983.

Koskinen, WC, G A O Connor, and H H Cheng, Characterization of Hysteresis
in the Desorption of 2,4,5-T fromSoils, Soil Sci. Soc. Am, 45, pp. 871-874, 1979.

MC oskey, WB. and D.E. Bayer, Thermodynam cs of Fluridone Adsorption and
Desorption on Three Calfornia Soils, Soil Sci. Soc. Am J., 51, pp. 605-611, 1987.

Means, J.C., S.G Wod, J.J. Hassett, WL. Barwart, Sorption of Polynuclear Aro-
matic Hydrocarbons by Sediments and Soils, Environ. Sci. and Technoi, 14, pp.
1524-1528, 1980.

The Merck Index: An Encyclopedia of Chemicals, Drugs and Biologicals, 10th edi-
tion, PubUshed by Merck & Co., Inc. Rahway, NJ. USA, , 1983.

MlIler, C.T., Mdeling of Sorption and Desorption Phenonmena for Hydrophobic Or-
ganic Contamnants in Saturated Soil Environments, Ph.D. dissertation. University
of M chigan, 1984.

MIler, C.T. and WJ. Weber, Sorption of Hydrophobic Organic Pollutants in Sat-
urated Soil Systems, J. of Contaninant Hydrology, 1, pp. 243-261, 1986.

Mistafa, MA and Y. Gamar, Adsorption and Desorption of Diuron as a Function
of Soil Properties, Soil Sci. Soc. Amer. Proc, 36, pp. 561-564, 1972.

Nkedi - Ki zza, P., P.S.C. Rao, and J.W Johnson, Adsorption of Diuron and 2,4,5-T
on Soil Particle-size Separates, J. Environ. Qual., 12(2), pp. 195-197, 1983.

Nkedi -Kizza, P., P.S.C. Rao, and A G Hornsby, Influence of Organic Cosolvents on
Leachi ng of Hydrophobi ¢ Organic Chemicals through Soils, Environ. Sci. Tcchnol,
21(11), pp. 1107-1111, 1987.

O Connor, D.J. and J.P. Connolly, The Effect of Concentration of adsorbing Solids
on the Partition Coefficient, Water Research, 14, pp. 1517-1523, 1980.


NEATPAGEINFO:id=27F46099-3C37-4E60-B8BC-0593EA62B847


Qgram A V., RE Jessup, L.T. Qu, and P.S.C. Rao, Effects of Sorption on Biologi-

cal Degradation Rates of 2,4-Din Soils, Appl. Environ. Mcrobiol, 49, pp. 582-587,
1985.

Qperation Procedures and Service Manual of Mbdel 700 TOG Anal yzer, O.1. Cor-
poration.

Peck, D.E., D.L. Corwin, and WJ. Farmer, Adsorption-Desorption of Diuron by
Freshwater Sedinents, J. Environ. Quai, 9(1), pp. 101-106, 1980.

The Pesticide Manual: A Wrld Conpendium 7th edition, Thornton Heath: British
Crop Protection Council, 1983.

Rogers, R D., J.C. MFarlane, and A J. Cross, Adsorption and Desorption of Ben-
zene in Two Soils and Montnorillonite Clay, Environ. Sci. Technol, 14(4), W-
457- 460, 1980.

Sabljic', A, Onthe Prediction of Soil Sorption Coefficients of Organic Pollutants
from Ml ecular Structure: Application of Mlecular Topol ogy Mbdel, Environ. Sci.
and Technol ., 21, pp. S58-S66, 1987.

Schwar zenbach, R P. and J. Westall, Transport of Nonpolar Organic Conpounds
fromSurface Wter to Goundwater. Laboratory Sorption Studies, Environ. Sci.
and Technol, 15(11), pp. 1S60- 1S67, 1981.

Sheets, T.J., Review of Disappearance of Substituted Urea Herbicides from Soil,
Agron. J., 47,93, 1955.

Steen, WC., D.F. Paris and G L. Baughman, Partition of Selected Polychlorinated
Bi phenyl to Natural Sedinents, Water Research, 12, pp. 655-657, 1978.

Uchrin, C.G and G Mngels, Sorption EquiUbria of Benzene and Tol uene on Two
New Jersey Coastal Plain Gound Water Aquifer Solids, /. Environ. Sci. Health,
A22(8), pp. 743- 758, 1987.

Van Genuchten, MT., J.M Davidson, and P.J. Werenga, An Evaluation of Ki-
netic and Equilibrium Equations for the Prediction of Pesticide Mvement Through
Porous Media, Soil Sci. Soc. Amer. Proc, 38, pp. 29-35, 1974

Wauchope, R D. and R S. Myers, Adsorption-Desorption Kinetics of Atrazine and

Linuron in Freshwater-Sedi ment Agueous Slurries, J. Environ. Qual, 14(i)> W-
132-136, 1985.

Weber, J.B. and S.B. Wed, Adsorption and Desorption of Diquat, Paraquat, and
Pronmet one by Montnorillonitic and Kaolinitic Clay Mnerals, Soil Sci. Soc. Am
Proc, 32, pp. 485- 487, 1968.


NEATPAGEINFO:id=BDA0D1D5-B8AA-4221-990B-20146C9402FB


Weber, WJ. and C. T. MIler, Mdeling the Sorption of Hydrophobic Contam nants
by Aquifer Materials-1, Water Research, 22(4), PP- 4"7-464" 1988.

Weber, J.B. and C.T. MIler, Oganic Chemical Mvenent over and through Soil,
Soil Sci. Soc. of America and American society of Agronony, 22, pp. 305-333, 1989.

Wi, S.C. and P.M Gschwend, Numerical Mdeling of Sorption Kinetics of Organic

Conpounds to Soil and Sediment Particles, Water Resources Research, ,24(8), pp.
1373- 1383, 1988.

Wi, S.C. and P.M Gschwend, Sorption Kinetics of Hydrophobic O ganic Comn

pounds to Natural Sedinments and Soils, Environ. Sci. and Technol., 20, pp. 717-725,
1986.


NEATPAGEINFO:id=2F45FEE6-CB34-4D73-A6F4-75C8733574E9


APPENDI X |

The Anal ytical Method of the Organic Carbon Content of Solids


NEATPAGEINFO:id=BFA5D264-CF58-4D9D-9B78-06F9F24B216A


The Analytical Method of the Organic Carbon Content of Solids

The organic carbon content of the solid was anal yzed by anpul e method with
O 1. Corporation Mdel 700 TOC anal yzer.

For each sanple, varying amints of soil were placed in an ampule of 10 ni.
capacity and 2.2 m of acidified persulfate solution (1 m of 100 g/1 sodium persul fate
and 0.2 m of 5% phosphoric acid and 1 m distilled deionized water) were added.
The anpul es were then purged with oxygen to remove inorganic carbon and anbient
carbon dioxide, then were flaune sealed. The seal ed anpul es were put in an oven at 90
to 100°C and heated for three days resulting in the quantitative oxidation of organic
carbon. The carbon dioxide produced was then purged fromthe anpule onto a
mol ecul ar sieve trap where it accunulated dviring purging. After a specified piuge
time (2.5 mnutes) the trap was placed in line wth a non-dispersive infrared anal yzer
and was rapidly heated to desorb the trapped carbon dioxide. The carbon dioxide
detected was equivalent to the mss of TOCin the sanple and was determned by
conparison with standards which were made with 1 nt of 100 g/1 sodi um persul fate,
0.2 m 5%phosphoric acid, and 1 m 25 ng/1 potassi um bipht hal ate (CQperation
Procedures and Service Manual of Mbdel 700 TOC anal yzer, O . Corporation).
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The Anal ytical Method of the Cation-Exchange Capacity of Solids

The cation-exchange capacity of the solid was determned by the sodium sat-

uration nethod (Black, 1965). The experimental procedure used for this method

was:

1

10.

For each sanple, 6 g of \Mgner sanple was put in a 37-nl round-bottom
centrifuge bottle;

33 m of 1.0 N NaCAc solution were added to the bottle;

the capped bottle was then shaken in a mechanical shaker at 150 rpmfor five
mnutes, and then centrifuged at 2500 rpmfor 15 mnutes;

the supernatant was decanted and the extraction process was repeated three
tines;

the sanples were then washed with three 33-m portions of 99%isopropyl
al cohol in the same manner as that in step 2 and 3;

using the shaking and centrifugation procedure of the previous steps, the ad-
sorbed Na was replaced with three 33-m portions of NH CH reagent;

the supernatants were decanted and saved in a 100-m volunetric flask;

the solution in the flask was then diluted to volume with NH'CAc reagent.
each sanple was then acidified with 1 nt 10% H\NG3 and saved in a refrigerator;

and
the concentration of Na was determned with a Perkin-El mer Mdel 560 atomc

absorption spectrophotoneter. The results were expressed in neq. per 100 g

of air-dried soil.
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|. EHect of Azide an Inhibiting Il. Sorpt on Kinet cs Study [Il. Sorption Rate Study |

Bi odegradation Study (A7) (DK (SR4, Co=14 a3/1)
Ho Azide Hth Azide BC Data WV Data
Tiie Syst ei Systen Tiflie Cone. Cone. Ti ae Cone. C Co
(days) G Co ¢ Co (days)  (ffigl)  (ag/l) (days)  lag/n
0. 000 1.000  1.000 0.000 12.000  12.000 0.000  14.000  1.000
0.142  0.711  0.739 0,083 8551  7.771 0.083 10.217  0.730
0.941  0.4B0  0.525 0.236  6.484  6.242 0.167  9.456  0.675
2.003  0.393  0.429 0.491  4.950  5.003 0.417  B.195  0.5B5
2.955  0.348  0.403 1,028  4.234  3.836 0.986  6.411  0.458
3.962  0.339  0.317 2.021  2.843  2.795 1.979  5.214  0.372
4.851  0.332  0.270 2.990  2.923  2.501 2.986  4.536  0.324
6.993  0.254  0.276 4.042 2,116 2.074 4.007  4.332  0.309
8.924  0.257  0.234 7.007  1.696 1.670 5.042  3.930  0.281
10.943  0.217  0.230 10.139  1.320  1.378 5.986  4.094  0.292
12.951  0.200  0.208 14.056  1.550  1.304 6.979  3.825  0.273
15.962  0.157  0.207 8.000  3.871  0.277
19.969  0.201  0.182 8.979  3.452  0.247
9.993  3.609  0.258
10.979  3.557  0.254
IV. Sorption Rate Study I1. V. Effect of Sorption Age on 11.983  3.524  0.252
(SRS, Cd=2B sg/!) Desorpi ion Rate Study . 12.983  3.466  0.243
(At, Sorption Acesl day) 14.000  3.296  0.235
14.986 3,387  0.242
Tice Cone. C Co Ti ne Cone. Cl Co 15,979 3.030 0.216
(days)  (igl1) (days)  (sig/l) 16.979  2.919  0.209
18.989  3.023  0.216
0.000 27.915 1.000 0.000  1.B98  0.139 20.865  2.B55  0.204
0.962 15.675  0.562 0.042  2.242  0.164 22,972 . 3.101  0.222
1.944 13.081  0.469 0.153  2.474  0.181
2.976 11,478  0.411 0.858  2.532  0.1B6
4.003 11.036  0.395 1.858  2.338  0.171
5.955  10.841  0.388 2.896  2.326  0.170 VI, Effect of Sorption Age on
6. 969 8. 641 0.310 3.861 2.075 0.152 Desorption Rate Study I1.
8.972  9.202  0.330 4.851  1.864  0.137 (DR2, Sorption Age=10 days)
12.955  7.216  0.259 5.854  2.011  0.147
15.910  8.126  0.291 6.868  1.890  0.139 Ti ne Cone. d Co
20.219  6.969 0,250 7.864  1.749  0.12B (days)  (ig/l)
21.962  6.717  0.241 8.827  1.634  0.120
25.983  6.785  0.243 9.740  1.641  0.120 0.000  0.736  0.053
30.073  6.561  0.235 10.826  1.430  0.105 0.083  1.469  0.105
34.946  6.060  0.217 11. 847 1.526  0.112 0.167 1,577  0.113
39.941  5.582  0.200 12.840  1.641  0.120 0.392  1.641  0.117
44.962  6.066  0.217 13.868  1.609  0.118 0. 958 1,806  0.129
50.017 4,821  0.173 14.903  1.418  0.104 1.917  1.928  0.138
54.955  6.371  0.228 15.845  1.475  0.108 2. 906 1.864  0.133
59.993  4.662  0.167 16.845  1.462  0.107 3.903  1.934  0.138
64.955  4.808  0.172 17.847  1.284  0.094 4.910  1.941 0.139
69.962  5.481  0.196 18.847  1.475  0.108 5.958  1.992  0.142
74.958  4.841  0.173
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n. Sorption-Desorption Equilibriun Study
(Sorption TiBe=44 days, Desorption Ti«e=7 days)
(R, Co=2 to 27 »g/l)

Initial  Sorption 1st Cesorp. 2nd Desorp, 3rd Desorp. 4th Desorp.

Satple  Come.  Equil. Equil. Equil. Equil. Equi .

nai e (sg/11 Cone. Cone. Cone. Cone. Cone.
R-1 2.261 0.1B7

RI-2 4.583 0. 495 0.385 0.281 0.225 0.153
Rr-3 6.935 0. 882 0.589 0. 463 0.354 0.288
RI-4 9.280 1.376 0.923 0. 652 0.553 0.426
R -5 11. 601 1.941

R-6 13. 852 2.274 1.411 1.037 0.832 0. 608
R-7 16. 460 2.945

R -B 18. 814 3.492 2.110 1. 449 1. 154 0. 844
RI-9 22.795 4.921

RI-10 26. 714 6. 337 3.534 2.300 1.739 1.259

X. Short-Tera Sorption-Desorption Equilibriva Study
(Sorption Tiie=10 days, Desorption TiBe=5 days)
(150 Co=2 to 14 agl1)

Sorption Ist Desorp 2nd Desorp. 3rd Desorp. 4th Desorp. 5th Desorp.

Saiple Co Equil. Equ Equil.  Equil. Egquil.  Equil.
Na|ps leg/1) qune %one ne. ne. C%ne Ogne

1SO-1 1.870 0. 143

150-2,3 4.660 0.600  0.368  0.357 0.344 0.250  0.234

1SQ 4 6.530 1.070

1SD-5,6 9.330 1.613  0.779  0.732 0.633  0.441  0.426

| SD-7 11.200 2. 056

1S0-8,9 14.000 2.740  1.397 1.255 0.942 0.621  0.652

[11-3
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Xl Sorption-Desorption Equilibriun Study
(SDDS, Sorption Tiae=10 days, Desorption TifflE=5 days)

| 5t 2nd I'st 2nd 3rd
Initial  Sorption Desor p.  Desorp. Re-sorb. Re-sorb. Re-sorb

Saapl e Cone. Equi | . Equil. Equil. Equil. Equi | . Equil .

naae (flgl) Cone. Cone. Cone. Cone. Cone. Cone.
SDDS- 1 9.21 1.931 1.0B5 0.772 2.522 3.603 4. 46
SDDS- 2 13.716 3. 31i 1.771 1.173 2.923 3.792 4.642

X1, Sorption-Desorption Equilibriua Study
(SDSD, Sorption TiBe=10 days, Desorption TiBe=j days)
I st 2nd 3rd 4th 5th ist 2nd 3rd
Initial Sorption Desorp. Re-sorb. Re-sorb. Re-sorb. Re-sorb. Re-sorb.Re-desorp. Re-desorp. Re-desorp.
Saaple Cone. Equil. Equil. Equil. Equil. Equil. Equil. Equil. Equil. Equil. Equil,
naae (aqg/ll Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone. Cone.

SDSD- 1 9.47 1.97 1.208 1.526 1.826 2.297 3.098 6.344 2.942 1.829 1.265
SDSD-2  14.108 3.162 1.899 2.072 2.149 2.567 3.286 6.476 3.052 1.944 1.37

nil. Single-Dilution Study

(Sorption Ti«e=10 days, Desorption TisB=5 days)
(DiLU

Saaple Equilibriua Cone

naae (ag/l)
DILLCo  13.701
DILU-1 3.342
DILU-2 2.018
DILU-3 1.488
DILU-4 1.183

-4
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FORTRAN Code
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$DEBUG
PROGRAM  BATCH

cccccccccecececceccecceccececcceccecceccecceccecceccecceccecceccecceccecceccceccecceccecccecceccecceccecceccecceccecceccecceccecceccccecceccecccccecceccccccccccc

c C
c THI S PROGRAM COVPUTES SCOLUTI ON- PHASE SOLUTE CONCENTRATI ONS, =
c AND SOLI D- PHASE SORBATE CONCENTRATI ONS DURI NG SORPTI ON- C
c DESORPTI ON PROCESS | N THE BATCH REACTOR. | T ALSO COVWUTES THE c
c SUM OF THE SQUARES OF ERROR BETWEEN THE ENTERED EXPERI MENTAL c
c DATA AND RESULT OF Sl MULATI ON. C
c C
[ PARANETER PRECI SI ON DESCRI PTI ON C
c C
c C REAL* 8 SOLUTI ON- PHASE SOLUTE CONCENTRATI ON C
c CcO REAL* 8 I NI TI AL C C
[ CNEW REAL* 8 C AT NEW TI VE STEP C
c CRATI O REAL* 8 RATI O OF I NI TI AL C AT DESORPTI ON TO C
c EQUI LI BRI UM C AT SORPTI ON EQUI LI BRI UM C
c DT REAL* 8 TI MVE STEP c
c I RATE | NTEGER* 4 I NDI CATOR FOR TYPE OF REACTI ON c
c (I RATE=1 FOR SORPTI ON RATE, | RATE=2 c
c FOR DESORPTI ON RATE, | RATE=3 FOR c
c SORPTI ON- DESORPTI ON EQUI LI BRI UM c
[ KD REAL* 8 FREUNDLI CH DESORPTI ON CAPACI TY CONST. [
c KF REAL* 8 FREUNDLI CH CAPACI TY CONST. FOR FAST- c
[ SI TE (o3
c KM REAL* 8 MASS TRANSFER CCEFFI ClI ENT c
[ KS REAL* 8 FREUNDLI CH CAPACI TY CONST. FOR SLOwW c
C SI TE (o]
c ND REAL* 8 FREUNDLI CH ENERGY CONST. FOR DESORP— c
C T1 ON (e}
c NS REAL* 8 FREUNDLI CH ENERGY' CONST. FOR SORPTI ON ¢
c NSTEP | NTEGER* 4 NUVBER OF DESORPTI ON STEPS c
c NT | NTEGER* 4 NUVMBER OF TI VE STEPS OF REACTI ON c
o Q REAL* 8 SOLI D- PHASE SORBATE CONCENTRATI ON c
c QE REAL* 8 EQUI LI BRI UM Q c
c QF REAL* 8 Q FOR FAST- SI TE COVPONENT c
c Qs REAL™* 8 Q FOR SLOW SI TE COVMPONENT c
c QSNEW REAL* 8 QS AT NEW TI ME STEP c
c R REAL™* 8 RATI O OF MASS OF SOLI D TO VOLUVE OF c
c SOLUTI ON c
c SOLl D REAL* 8 MASS OF sSsOLI D c
c TDESORB REAL* 8 DESORPTI ON TI VE c
c TOLER REAL* 8 TOLERANCE FOR PI CARD | TERATI ON [
c TRY REAL* 8 GUESS OF C FOR NONLI NEAR CALCULATI ON c
c TSORB REAL* 8 SORPTI ON TI ME c
c TSTEP REAL* 8 NUVMBER OF TI ME STEPS BETWEEN TWDO c
c SUCCESSI VE OUTPUTS c
c VvOL REAL* 8 VOLUME OF SOLUTI ON c
c c
cccccccccececececececcecececececececcececcecececececcecceccecececececcecceccecececececceccececececececcecceccececececececceccecececececcccecccecceccecce
c

IMPLICI T REAL*8 (A-H, 0-2)
REAL*8 NS, KM KS, KF, ND, KD

V-1
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00

100

COMON / Bl [ kM NS, KF, KS, DT, NT, SQLI D, VOL, TOLER

COMVON / B2 / | RATE, CO R, TSTEP

COMMON / B3 / C, Q QS, QOF, CNEW QSNEW QE, TRY
COVMMON / B5 / TSORB, TDESORB, CRATI O, NSTEP

CALL READ
CALL ECHO

I NI TI ALI ZATI ON

C=CO

Q=0 DOO
QS=0 DOO
QF=0. DOO
CNEWEO. DOO
QSNEWEO, DOO
R=SOL| D/ VOL

SORPTI ON i

NT=I NT( TSORB/ DT) +1
TRY=C
CALL SORB

IF ( IRATE .EQ 1 ) STOP

DESORPTI ON

NT=1 NT( TDESORB/ DT) +1
CO=C* CRATI O

C=CO
TRY=C
CALL DESORB

IF ( IRATE .EQ 2 ) STOP
DO 100 | =2, NSTEP
CO=C* CRATI O

C=CO

TRY=C

CALL DESORB
CONTI NUE

STOP
END

SUBROUTI NE READ

I MPLICI T REAL*8 (A-H, 0-2)
REAL*8 NS, ND, KM KS, KF, KD

COWON / Bl / KM NS, KF, KS, DT, NT, SOLI D, VOL, TOLER

COVWDON / B2 / | RATE, CO R, TSTEP
COMVON / B4 / ND, KD
COVMVON / B5 / TSORB, TDESORB, CRATI O, NSTEP

V-2
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1000
2000
3000

READ( 1, 1000) NS, KM KF, KS, DT, SOLI D, vOL, TSORB
READ( 1, 2000) CO, CRATI O, TDESORB, ND, KD, TOLER
READ( 1, 3000) | RATE, NSTEP, TSTEP

FORNMAT( 8F10. 4)
FORMAT( 6F10. 4)
FORMAT( 21 4, 2X, F10. 4)

RETURN
END

SUBROUTI NE ECHO

I MPLICI T REAL*8 (A-H, 0-2)

REAL*8 NS,

COMIVON /
COMVON  /
COVIVON  /
COMIVON /

ND, KF, KS, KM KD

Bl / KM NS, KF, KS, DT, NT, SOLI D, VOL, TOLER
B2 / | RATE, CO R, TSTEP

B4 / ND, KD

B5 / TSORB, TDESORB, CRATI O, NSTEP

WRI TE( 2, 1000)

VRI TE( 2, 2000) NS, KM KF, KS, DT, SOLI D, VOL, TSORB, CO, CRATI O
& TDESORB, ND, KD, TOLER, TSTEP

WRI TE(2, 3 000) | RATE, NSTEP

1000 FORVAT(I OX, ' SORPTI OV DESORPTI ON SI MJLATI ON OF BATCH REACTOR /

&

2 000 FORMAT(5X
& 5X
& 5X
& 5X
& 5X
& 5X
& 5X
& 5X
& 5X
& 5X,
& 5X,
& 5X,
& 5X,
& 5X,
& 5X,
& 5X,
& 5X,

1000 FORMAT(5X
& 5X
RETURN

END

15X, ' WTH TWO- SI TES MODEL' / /)

FREUNDLI CH ENERGY CONSTANT NS= ', F10. 4/
MASS TRANSFER COEFFI Cl ENT KMe -, F10. 4/
CAPACI TY CONSTANT FOR FAST- SI TE KF= ', F10. 4/
CAPACI TY CONSTANT FOR SLOW SI TE KS= ', F10. 4/
TI ME | NCREMENT DT= ', F10. 4/
MASS OF SO L SOLlI D=', F10. 4/
VOLUVE OF SOLUTI ON VvOL= ', F10. 4/
DURATI ON OF SORPTI ON PROCESS TSORB=', F10. 4/
I NI TI AL LI QUI D PHASE CONCENTRATI ON COo= ', F10. 4/
RATI O OF LI QUI D PHASE CONC. AT BEG NNI NG OF DESORPTI ON' /
TO THE CONC. AT THE END OF SORPTI ON CRATI O=', FI O. 4/

DURATI ON OF DESORPTI ON PROCESS TDESORB=-, FI O 4/
FREUNDLI CH ENERGY CONSTANT FOR DESORPTI ON ND= -, F10. 4/
CAPACI TY CONST. FOR DESORPTI ON KD= -, F10. 4/
TOLERANCE FOR Pl CARD | TERATI ON TOLER=" , FI O 4/
NUVMBER OF Tl ME STEPS BETWEEN TWO SUCCESSI VE OUTPUTS' /
TSTEP=', F10. 4)
"1 NDI CATOR FOR RATE STUDY | RATE= , 1 4/
' NUVBER OF DESORPTI ON STEPS NSTEP=' , 1| 4)

SUBROUTI NE SORB

IMPLICI T REAL*8 (A-H, 0-2)

V-3
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REAL*8 NS, ND, KM KF, KS, KD

C
DI MENSI ON DATT( 24) , DATC( 24)
COMVON / Bl / KM NS, KF, KS, DT, NT, SOLI D, VOL, TOLER
COMVON / B2 / | RATE, CO, R, TSTEP
COMWWON / B3 / C, Q QS, QF, CNEW QSNEW QE, TRY
G
C---- COVPUTE LI QUI D PHASE CONCENTRATI ON AT T=0
C
| TER=0
100 CNEWECO- KF* R* ( TRY) ** NS
ERROR=ABS( CNEW TRY)
| F ( ERROR .GT. TOLER ) THEN
| TER=I TER+1
TRY=ABS( CNEW
VIRl TE( *, 1000) | TER
GOTO 100
ENDI F
TI VE=O DOO
C=CNEW
Q=(CO- O /R
VRl TE( 3, 2000) TI ME, C
C
C ---- READ EXPERI MENTAL DATA
C
IF ( IRATE .EQ 1 ) THEN
DO 200 1=1, 24
READ( 4, 3000) DATT(1), DATC(I)
200 CONTI NUE
ENDI F
SSE=0. DOO
| SSE=1
C
C ---- SOLVE FOR CNEW
C
DO 300 1=1, NT
I TER=0
400  QSNEWE( QS+DT* KMF KS* TRY* * NS) / (1. +KM DT)
CNEWEDT* KMF R* QSNEWH( 1. +R* NS* KF* TRY** (NS-1. ) ) *C
& - ( DT* R* KMr KS+R* NS* KF) * TRY* * NS
C
C ---- CHECK | F ERROR < TOLERANCE FOR PI CARD | TERATI ON
C
ERROR=ABS( CNEW TRY)
| F ( ERROR .GT. TOLER ) THEN
| TER=I TER+1
TRY=ABS( CNEW
VRl TE( *, 1000) | TER
GOTO 4 00
ENDI F
IF ( IRATE .EQ 1 ) THEN
TI VE=DT* |
C
G---- CHECK AND COMPUTE SUM OF SQUARE ERROR

I V-4
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B IRENIIR )

| F( ABS(TI ME-DATT(ISSE)) .LT. DT/2.0 ) THEN

SSE=SSE+ABS( CNEW DATC( | SSE) ) **2. 0
| SSE=I SSE+1

ENDI F
C
C---- CHECK AND PRI NT OUT CONCENTRATI ONS AT DESI RED Tl MES
C

CKSTEP=I / TSTEP

CK=ABS( CKSTEP- | NT( CKSTEP) )

IF ( CK .LE. 0.00001 ) THEN

VRI TE( 3, 4000) TI ME, CNEW
ENDI F

ENDI F
C=CNEW
QB=QENEW
300 CONTI NUE
QE=( CO- CNEW / R
QF=KF* C** NS
WRI TE( 3, 5000) C, QE, SSE

1000 FORMAT(2X,' | TER=', 14)
2000 FORVAT( 2E10. 4)

3000 FORMAT( 2F10. 3)

4000 FORVAT(F10. 4, E10. 4)
5000 FORVAT( 3E10. 4)

RETURN
END

SUBROUTI NE DESORB

I MPLICI T REAL*8 (A-H, 0-2)
REAL*8 NS, ND, KM KF, KS, KD, KDF, KDS

COVWWON / Bl / KM NS, KF, KS, DT, NT, SCLI Db, VOL, TOLER
COVMON / B2 / | RATE, CO R, TSTEP

COMMON / B3 / C, Q QS, QF, CNEW QSNEW CE, TRY
COMVON / B4 / ND, KD

00

KDF=KF/ ( KF+KS) * KD
KDS=KS/ ( KF+KS) * KD

C---- COVPUTE LI QUI D PHASE CONCENTRATI ON AT Td=0

| TER=0
100 QF1=KDF* TRY** ND
CNEWECO+( QF- QFI ) *R

C---- CHECK | F ERROE < TOLERANCE FOR PI CARD | TERATI ON
C

ERROR=ABS( CNEW TRY)
|F ( ERROR .GI. TOLER ) THEN

V-5
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| TER=1 TER+1
VRI TE(*, 1000) | TER
TRY=ABS( CNEW
GOTO 100
ENDI F
TI ME=O. DOO
C=CNEW
CEE+H(COO /R
VRl TE( 3, 2000) TI ME, C
TRY=C
DO 200 1=1, NT

C---- SOLVE FOR CNEW

| TER=0

300  QSNEW:( QS+DT* KMFKDS* TRY* * ND) / ( 1. +KM: DT)
CNEWE=DT* KM R* QSNEWF (1. +R*ND*KDF*TRY** (ND-1 .))*C
& - ( DT* R* KMF KDS+R* ND* KDF) * TRY* * ND
C

C---- CHECK | F ERROR < TOLERANCE FOR PI CARD | TERATI ON
C
ERROR=ABS( CNEW TRY)
|F ( ERROR .GI. TOLER ) THEN
| TER=I TER+1
WRI TE(*, 1000) | TER
TRY=ABS( CNEW
GOorTo 3 00
ENDI F
IF ( IRATE .EQ 2 ) THEN
TI ME=DT* |
C
C---- CHECK AND PRI NT OUT CONCENTRATI ONS AT DESI RED TI MVES
C
CKSTEP=I / TSTEP
CK=ABS( CKSTEP- | NT( CKSTEP) )
IF ( CK .LE. 0.00001 ) THEN

VRI TE( 3, 3000) TI ME, CNEW
ENDI F

ENDI F
C=CNEW
QS=CENEW @
200 CONTI NUE
QF=KDF* C* * ND
E=CE+(CO- O /R
VWRI TE( 3, 4000) C, QGE

1000 FORMAT(2X,' | TER=', 14)
2000 FORMAT( 2E10. 4)

3000 FORMAT( F10. 4, E10. 4)
4000 FORMAT( 2E10. 4)

RETURN
END
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