TRANSPORT OF HYDROPHOBIC ORGANIC COMPOUNDS BETWEEN
WATER AND NATURAL SEDIMENTS
by
Shian-chee Wu

B. S. National Taiwan University
(1974)

M. E. National Taiwan University
(1981)
SUBMITTED TO THE DEPARTMENT OF CIVIL ENGINEERING
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

June 1986
© Massachusetts Institute of Technology

Signature of Author

Department of Civil Engineering

June 23, 1986

Certified by

Philip M. Gschwend
Thesis Supervisor

Accepted by

Ole
Chairman, Department Committee

SETTS INSTITUTE
A INGLOGY

NOV 13 1986 ARCHIVES
LIBRANES



TRANSPORT OF HYDROPHOBIC ORGANIC COMPOUNDS BETWEEN
WATER AND NATURAL SEDIMENTS

by
Shian-chee Wu
Submitted to the Department of Civil Engineering
on June 23, 1986 in partial fulfillment of the
requirements for the Degree of Doctor of Philosophy

in Civil Engineering

ABSTRACT

Experimental results support the hypothesis that the rate of sorption of
hydrophobic organic compounds on natural sediments and soils is controlled by
molecular diffusion of the sorbate in the intraparticle pores and local
equilibrium between the sorbed-to-solid species and the dissolved species in
the porous sediment aggregates. A radial diffusion sorption kinetic model is
developed to describe this sorption behavior. The modelling parameter,
effective diffusivity, can be estimated from chemical and physical properties
of the environmental system of interest (i.e., octanol-water partition
coefficient, molecular diffusivity, sediment organic carbon content,
intraparticle -porosity, and aggregate bulk density).

This model not only extents our understanding of the sorption process but
also enables us to predict sorption behavior a priori. A numerical modelling
scheme is formulated to handle a wide particle size distribution and time
varying solution concentrations, which are common in field situations. Model
simulations are performed to demonstrate the feasibility of incorporating this
sorption kinetics description into chemical fate models. The validity of a
geometric-mean~size simplification and a first-order exponential approximation
for sorption kinetics are evaluated by using the numerical radial diffusion
model. The criteria for selecting these alternative solutions are
established.

Results of microcosm experiments show that when conveyor-belt type
bioturbation by tubificid worms greatly enhances the transport of PCBs between
sediment beds and the sediment surface, sorption kinetics controls the
transfer of compounds between reworked sediments and the overlying water.
Model simulations with an integrated chemical transport model compare
favorably with the experimental results.

Thesis Supervisor: Dr. Philip M. Gschwend
Title: Associate Professor
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CHAPTER 1 Introduction

Human activities have brought significant amounts of a variety of organic
chemicals into natural water bodies. Polychlorinated biphenyls (PCBs),
pesticides (e.g., kepone), petrochemical products and halogenated solvents are
classic examples (Saleh and Lee, 1978; Lopez-Avila and Hites, 1982; Brown et
al., 1985). Many of these compounds, especially those which are hydrophobic,
are strongly associated with natural particles (Chiou et al., 1979; Karickhoff
et al., 1979).

River and marine environments receiving polluted diseharges retain large
amounts of these hydrophobic pollutants in their sediment beds. Typical
examples include PCBs in the Hudson River (Turk, 1980; Bopp et al., 1981),
PCBs in New Bedford Harbor and the nearby coastal area (Brownawell and
Farrington, 1986), and kepone in the James River Estuary (Huggett et al.,
1980). These sediments become the primary supplier of the contaminants long
after the elimination of direct discharge into the water bodies.

The fate of these pollutants is significantly affected by their sorption
behavior. For substances which undergo chemical or biological degradation or
have toxic effects to aquatic organisms, sorption is a competing reaction
lowering the activities of the substances and altering the degradation rate
(Zepp and.Schlotzhauer, 1979). The rate of transport of solid-bound pollutant
can be quite different in a quiescent river or during storm events when
erosion of surface soils or sediments occurs (Turk, 1980). The migration and
dispersion of pollutants in sediment beds or groundwater agquifers are greatly

reduced when a significant portion of the substance is sorbed to the immobile
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matrix (Schwarzenbach et al., 1983). Consequently, the tendency to sorb, the
kinetics of sorption, the transport of pollutants in the sediment beds, and
the mass exchange between solids and the aqueous phase at the bed/water
interface are all important processes which need to be studied to facilitate
the prediction of the fate of these hydrophobic compounds and the human hazard
they present.

Attempts have been made to include the sediment bed into chemical fate
models in agqueous environments (Onishi and Wise, 1982: Ambrose et al., 1983).
The modelling approach is to describe the distribution ratio of a pollutant
between the solid phase and the aqueous phase with an equilibrium model. This
model is based on the concept of pﬁrtitioning between the aqueocus phase and
the organic matter "solvent" phase (Karickhoff et al., 1979; Means et al.,

1980, Schwarzenbach and Westall, 1981, and Appendix 1), i.e.:

S(mass of compound/g of solid) = K,'C (mass of compound/cn@ of solution)

(1.1)

in which K, is the partition constant (em3/g) .

The equilibrium partition model is often adequate to describe transfer
phenomena, particularly when solid-solution contact times are relatively long
(days to months). Examples where equilibriumvdescriptions appear appropriate
include organic compound exchange between slowly settling suspended solids in
lakes and rivers and to and from aquifer soils and groundwater percolating at

common flow velocities.
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However, there is evidence that in some situaticns sorption/desorption
transfers are sufficiently slow as to invalidate the use of equilibrium
models. Several investigators evaluating the transport of organic compounds
through leached soil columns have found both asymmetric distributions of
chemical concentrations versus depth and non-sigmoid or tailing breakthrough
curves (Kay and Elrick, 1967; van Genuchten and Wierenga, 1976; Rao et al.,
1979; Schwarzenbach and Westall, 1981). These observations are best explained
by recognizing that the sorptive exchange "reactions™ or mass transfers are
slow with respect to advective flow of the pore fluids. Investigations of the
release of organic pollutants from contaminated sediments also provide
evidence for sorptive exchange limiting transport. For example, transfer of
phthalates and polychlorinated biphenyls from natural sediments, especially
those deposited as fecal pellet aggregates and those exposed to the pollutant
for extended times (> months), has been found to occur on timescales of days
to months (Freeman and Cheung, 1981; Karickhoff, 1984; Karickhoff and Morris,
1985).

In all of these cases, fluid-solid contact time is short (minutes to
days), and mass transfers do not proceed to completion before "new" fluids
have displaced incompletely equilibrated "old" fluids. Other situations where
sorption kinetics will undoubtedly play a role include storm-derived
resuspension of quickly redeposited bed sediments; soils rapidly infiltrated
by heavy rains, flooding events, or wastewater applications; and
sediment-water mixing associated with dredging and dumping operations.
Consequently, to assume equilibrium between solids and agqueous phase may

result in significant error in prediction of chemical fate in the
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aforementioned situations. Consideration of the need to incorporate a
quantitative description of sorption kinetics into the pollutant transport
models forms the basis of this thesis.

Although many models have been developed to simulate sorption kinetics,
they all contain empirical fitting parameters which are not predictable from
given environmental conditions. Studies of the properties of sediments and
soils suggest that natural particles are often aggregates of fine mineral
grains and natural organic matter (Johnson, 1974; Zabawa, 1378; Chase, 1979;
and Stevenson, 1982). Following the approach of modelling sorption of organic
compounds by porous activated carbon, synthetic resins, and catalyst pellets
(Mathews and Weber, 1976; Prasher and Ma, 1977; and Weber and Liu, 1980), we
developed and experimentally verified a sorption kinetic model based on the
intraparticle molecular diffusion and phase partitioning processes and the
commonly available parameters used to describe them. This work constitutes
Chapter Two of the thesis.

Analytical solutions of this intraparticle diffusion model are only
available for uniform particle size and simple boundary conditions (i.e., a
constant concentration on the particle surface or a well mixed closed system)
(Crank, 1975). However, particle sizes in natural waters vary widely and
temporal and spatial variation of aqueous concentrations are very common in
the environment. In Chapter Three, we formulate a numerical solution based on
the retarded radial diffusion mechanism to cope with the kinetic problems in a
variety of environmental situations. Model simulations are conducted to test
the performance of this numerical model in some hypothetical cases and to

establish criteria for the selection of alternative approximate solutions
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(i.e., analytical solutions with a geometric-mean size and the first-order
approximation) .

In order to incorporate sorption kinetic description in the chemical fate
model, we extend existing models for mass transport in the sediment bed
(Schink and Guinasso, 1978; and Berner, 1980) to include three sorbate species
(i.e., free in solution, sorbed on particles, and carried by colloids or
macromolecules) and, most importantly, the exchange kinetic or equilibrium
relationships among them. Two types of microcosm experiments with different
dominant transport processes, molecular diffusion in the pore water and
conveyer-belt type biogenic sediment mixing, are performed to demonstrate the
predictive capability of this integrated chemical transport model. The model
development and experimental results are presented in Chapter Four.

Chapter Five is a summary of this thesis. Additional information of
relevance to the body of the thesis are included in the appendices. Appendix
1 is a list of notations used in this thesis. A previous study on the effects
of nonseparable microparticles or macromolecules on the observed partition
coefficient is shown in Appendix 2. The effects of energy input by stirring
or bubbling on the sorption kinetics are discussed in Appendix 3. A computer
program for the numerical model of sorption kinetics is listéd in Appendix 4.
The numerical model and computer program for chemical transport in the

sediment béd are described in Appendix 5 and Appendix 6, respectively.
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CHAPTER 2
Sorption Kinetics of Hydrophobic Organic Compounds to

Natural Sediments and Soil

2.0 Introduction

Many models have been developed to simulate sorption kinetics. Among
them the one-box model is the simplest model in which the sorption rate is a
first order function of concentration difference between the sorbent (viewed

as a completely mixed box ) and the solution, and is quantified by a single
rate constant, kg, (Figure 2.1) (Lapidus and Amundson, 1952; Oddson et al.,

1970). This mathematical formulation implies that sorptive exchange is
limited by only one of many conceivably important processes including binding
by a single class of sorbing site or mass transfer across a boundary.
However, the one-box model does not fit experimental data well. Sorption
kinetics data always show a rapid initial uptake followed by a slow approach
to equilibrium (Leenheer and Ahlrichs, 1971; van Genuchten and Wierenga, 1976;
Karickhoff, 1980; and this work). The improved modelling approach typically
utilized involves subdividing the sorbent into two compartments. This
conceptualization corresponds to physical situations in where there are two
classes of sorbing sites, two chemical reactions in series, or a sorbent with
an exterior part (easily accessible) and an inner part (exchanging slowly)

(Figure 2.1). Unfortunately, this type of model retains three independent

fitting parameters (i.e., k;, the exchange rate from the solution to the first

box; k,, the exchange rate from the first box to the second box; and X;, the

note: This chapter has been accepted for publication by Environmental Science and Technology
with Philip M. Gschwend as co-author. .
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Kinetics Models ' Independent Kinetics
Fitting Parameters

(derived parameters)

One-box model kr

(kb=k1'/Kp)

Ky, ko, X

(k_y=k;/Kp)
(kp=kp)
(xp= 1-x,)

Deff

Figure 2.1 Comparison of three sorption kinetics models. KP is the

partition coefficient.
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fraction of total sorbing capacity in the first box) which can not be easily
evaluated or estimated for new combinations of chemicals and solids. Numerous
other mass transfer approaches (e.g., those reviewed in Hendricks and Kuratti,
1982) similarly suffer in having no fundamental basis on which to predict the
values of the model parameters.

Therefore, the objective of this work was to develop and experimentally
verify a model of sorption kinetics which is based on known physical and
chemical processes (i.e., molecular diffusion and phase partitioning) and the

commonly available parameters used to describe them.

2.1 A Radial Diffusion Sorption Kinetics Model

As a point of departure, we assume that the sediment and soil particles
of most concern for hydrophobic organic compound sorption are aggregates of
fine mineral grains and natural organic matter. The aggregate nature of
natural sorbents as they exist in the environment, including suspended solids
(zabawa, 1978; Chase, 1979), sediments (Johnson, 1974), and soils (Black et
al., 1965; Brady, 1974; Steveson, 1982), is well documented. Therefore,
following the previous suggestion of Leenheer and Ahlrichs (1971) we
hypothesize that the kinetics of solution=-solid exchange should be described
as a radial diffusive penetration of organic pollutants into these porous
natural particles. That is, sorbate molecules diffuse through the pore fluids
held in the interstices of natural silt aggregates and their penetration is
"retarded" by microscale partitioning of the compounds between essentially

mobile (i.e., dissolved in intraparticle pore fluids) and immobile (i.e.,
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in/on intraparticle solids) states of the organic chemical.

This physical conceptualization suggests that the same approaches used to
develop intraparticle diffusion models in synthetic particles may be
appropriate for natural sorbents. Chemical engineers have long considered
intraparticle diffusion to limit sorption of organic compounds by activated
carbon, synthetic resins, and porous catalysts (Mathews and Weber, 1976;
prasher amd Ma, 1977; Sudo et al., 1978; Weber and Liu, 1980) . Similarly,
separation scientists have used intraparticle diffusion models to explain
chromatographic phenomena (Karger et al., 1973). Soil scientists have
recently demonstrated the effectiveness of this physical view for transport of
conservative chemicals through soils in their natural aggregate state (Rao et
al., 1979; Rao et al., 1980). For the following model development discussion,
derived from the engineering, soil science, and separation science literature,
it will be assumed that the sorbents of interest are spherical and internally
homogeneous porous media (Rao et al., 1982). We shall confine our treatment
here to instances in which the bulk fluid is sufficiently turbulent that an
exterior boundary layer does not limit sorptive exchange. The boundary layer
effect in our experimental conditions is discussed in appendix 3 and has been
effectively modelled previously by Connolly (1980).

The time rate of change of sorbed compound per unit volume can be

mathematically expressed (Crank, 1975)

as (x) 9%Cc' (1) 2 ac' (x) _
=Dn [ + ] (2.1)
ot or? r or
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where

S(r) is the local total volumetric concentration in the porous sorbent,

mol/cm3,

C'(r) is the compound concentration free in the pore fluid and varying

with radial distance (r), mol/cm?,

is the porosity of the sorbent, cm3 fluid/ cm3 total, and

Dp is the pore fluid diffusivity of the sorbate, cm?/s.

By definition

S(r) = (1-n)p.S'(r) + nC'(r) (2.2)

in which

S'(r) is the concentration of the immobile bound state, mol/g, and
ps is the specific gravity of the sorbent, g/cm3.
If the pore fluid concentration and the solid-bound concentration are locally
in equilibrium, a sorption isotherm relating these states applies such as
§'(r) = K, C'(x) (2.3)
where K, is the equilibrium partition coefficient, (mol/qg)/(mol/cm3® ‘- This

isotherm relationship can be used to restate the intraparticle diffusion
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kinetics in S only

S(r) = (1-n)pstC'(r) + nC' (r)
= ((1-n)p K, + n) C'(x) (2.4)
ds (r) D, n 9%5(r) 2 9S(r)
- [ + ]
ot ((1-n)p.K, + n) dr? r or
%S (x) 2 0s(x)
= D' g | + ]
f£
© or? T or (2.5)

where D'ysr is the effective intraparticle diffusivity, cm?/s. When Ky is

large (true for hydrophobic compounds), the effective diffusivity, D'cger is

simply

Dpn

D'effs_ (2.6)
(l-n)psKp

One last consideration is that this model of radial diffusive penetration

assumes: (1) the entire surface area is available for mass flux, and (2) the
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pathlength of diffusive transfer is straight and radially oriented. Clearly
the D.¢r appropriate for natural silts must include a correction factor,

£(n,t), which is a function of intra-aggregate porosity and tortuousity (t),

that is

3s (r) 925 (r) 2 95(r)
+ ] (2.7)
ot or? r or

where
Deff = D'eff . f(n’t)

This model of sorption kinetics is quite flexible and physically
reasonable. The compound properties (diffusivity in solution and
hydrophobicity) and those of the natural sorbents (e.g., organic content,
particle size, and porosity) can be used in the model to predict a prioxi

sorption kinetics for each chemical and/or site of interest.

2.2 Experimental Section

2.2.1 Materials

Four chlorobenzene congeners (1l,4-dichlorobenzene; 1,2,4-
trichlorobenzene; 1,2,3,4-tetrachlorobenzene; and pentachlorcbenzene) were
purchased from Foxboro/Analabs Co. (North Haven Connecticut) and used as
received. Milli-Q Water (Millipore, Bedford, Massachusetts) was used for

aqueous preparations.
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Three natural sediments and soils were used in our experiments.

Sediments taken from river beds were air-dried, sieved through a No. 20
standard sieve (opening = 0.84 mm) and stored at room temperature. Air-dried
soil samples provided to us by Dr. S. Karickhoff of the Environmental Research
Laboratory, U.S. EPA, (Athens, Georgia) were previously treated similarly.
Soil and sediment suspensions used in the kinetics experiments were prepared
by adding about 50 mL of water to air-dried sediments or soils two days in
advance. The suspensions were shaken by hand several times during this two
day period to facilitate wetting and establishment of a natural aggregation
condition.

Some properties of the sediments are listed in Table 2.1. Wet particle
sizes were determined by sieving 2 liters of sediment suspension prepared two
days previously and containing 2 to 3 gm of dry sediments through standard
sieves (openings: 840 pm, 177 pum. and 88 um) and Nitex® net (openings: 53 Hm
and 28 pm). The amount of the smallest size fraction was determined by
measuring the total solid mass left in the suspension after the last sieving.
The dry solid densities were estimated with the specific gravity bottle method
(Black et al., 1965). The organic matter content was estimated by heating the
sample at 550°C for 25 minutes and determining the weight loss (Black et al.,
1965). Contaminated sediments were prepared by equilibrating an aqueous
solution of the test compound with a sediment suspension. Then, sediments
were separated from water by settling for one week and homogenized by
stirring. Water content, size distribution, and combustible loss were

measured as well.
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2.2.2. Experimental Apparatus

We have developed an apparatus (Fiqure 2.2) which enabled us to
continuously monitor the changing dissolved concentrations of hydrophobic
sorbates on timescales of seconds to days without performing solid-solution
phase separations which often lead to analytical difficulties (Appendix 2).
The setup included a 2-liter reaction vessel which was continuously stirred
with a magnetic stirrer. During periods of analysis, stripping air was pumped
with a flow rate of 90 cm3/s by a stainless steel bellows pump (MB-21, Metal
Bellows Co., Sharon, Massachusetts) and recycled in a closed-loop all-glass
system except that a small part of the flow was diverted through a parallel
loop containing a photoionization detector, PID, (PI-52-02, HNU Systems Inc.,
Newton, Massachusetts). The PID measured the chemical concentration in the
gas phase thereby reflecting the activity of the dissolved compound in the
solid suspension. With small headspace volume (0.1 of suspension volume) and
Henry's Law constants of 0.1 to 0.15 (mole/cm3 air)/(mole/cm3 water)) for the
compounds studied, this apparatus could respond to changes in solution
concentration with a time constant of 4 min! (i.e., 50% to equilibrium in 10
s) and could be used up to 48 hours without noticeable loss of compounds
(e.g., due to leaks or decomposition by the PID). The temperature of the
§olution was maintained at 25°C + 3°C with a hot plate. The loop of flow
containing the detector was switched to an identical reference system with
only water (not shown in Figure 2.2) in order to check the baseline detector

response from time to time.
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Figure 2.2 Apparatus for sorption-desorption kinetics experiments.
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2.2.3. Experimental Procedure for Sorption and Desorption Kinetics

At the beginning of a sorption kinetics experiment only water and clean
air were in the experimental system. The responses of the reaction system and
the reference system were recorded. In order to dissolve the test compound
into the water and avoid inclusion of microscopic crystals in the solution, a
small crystal of the compound which had been weighed on a Cahn 25 microbalance
(Cahn Instruments, Inc., Cerritos, California) was placed within a bolus of
glass wool or carefully melted and recrystallized onto the glass wall of a
removable section of tubing of the stripper in the gas path before the
bubbler. By recirculating air through the stripper, the crystal sublimed and
the compound was transferred to the aqueous solution within two days if the
amount put in was smaller than the amount necessary to saturate the solution.
If the solution became saturated, the remaining crystalline compound was
removed and the concentration in the solution was lowered to 50% of the
saturated concentration by stripping with clean air and monitoring the gas
phase with the PID.

The sorption experiment was initiated by pouring about 50 mL of sediment
or soil suspension into the side mcuth of the reaction vessel. Tests showed
that opening the side mouth for several seconds did not result in significant
loss of compound from the system. The activity of the compound in the
solution was monitored continuously during the first hour and was measured
intermittently afterward. Typically, there was no measurable change of
activity after 1 or 2 days. Therefore, the experiments lasted 2 or 3 days and
the last measured activity was assumed to be the equilibrium activity at

infinite time. Desorption experiments were similar to sorption experiments
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except that contaminated sediments were poured into clean water in the
reactor.

since the size of the particle aggregates was expected to be a critical
factor in controlling sorptive exchange, we examined the particle size
distributions of Charles River sediments under continuous bubbling and
stirring for different time periods. The results show that the particle size
distribution shifted significantly to smaller sizes with combined bubbling and
stirring (Figure 2.3). Therefore, sorption rates would be continuously
increased throughout the experiment by shortening the diffusion path and
increasing particle surface area. This phenomenon was observed in our early
experiments (i.e., Experiments 1, 4, 5 and 6) in which the suspensions were
bﬁbbled throughout the experimental periods and the time to reach sorption
equilibzium was relatively long. Consequently, we modified our subsequent
experimental procedure SO that continuous pubbling was used only for the first
hour, and then limited to brief periods necessary to monitor the sorption
progress at longer times. This procedure lowered energy input into the
sediment suspension by about 95% and therefore greatly reduced the shearing
causing particle disaggregation (details are described in appendix 3). Thus,
when we observe the size distribution for two days of continuous stirring

(Figure 2.3), we observe much more stable particle size distributions.

2.3 Model Simulation

Irn order to evaluate the effectiveness of the radial diffusion model,

model simulations were compared with the experimental results. In the
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Figure 2.3 Particle size distributions of Charles River sediments during

(a) continuous bubbling and stirring or (b) continuous stirring

only.

34



intraparticle diffusion governing equation (Equation 2.7), the intraparticle
diffusivity, Def¢, is the only parameter necessary to quantify the process for
given conditions. The boundary condition at the particle surface (r=particle

radius, R) is given by the expression of local equilibrium assuming K, »

n/(1-n)p :

S (r=R) = (l-n) pstC (2.8)

- where C is the dissolved concentration in bulk solution. C is not necessarily
a constant. In our experimental conditions (i.e., a well-mixed closed system)

C can be related to S by 2 mass conservation equation:

v - v -
—C+8=—C,+5, (2.9)
vS VS

in which V and V. are the total volume of solution and particles,
respectively. S, is the average initial sorbed concentration over all

particles. The average concentration at any time, S, is given by :

- R
S = sum of { — | 4amr? s(r)dr } (2.10)
4mR

Analytical solutions are available for this intraparticle diffusion
description of sorption kinetics in which all the particles are assumed to be

the same size and the exterior solution volume, V, is well-mixed (Crank,

35



1975). Analytical solutions, however, are only valid for simple boundary
conditions and for a mix of particles having a very narrow size distribution
(i.e., the particle sorption behavior can be represented by a single average
diameter if the size distribution spans only about one order of magnitude,
Cooney and Adesanya, 1983). In aquatic environments, the particles sizes of
sediments and soils in their natural aggregated state span several orders of
magnitude, and open systems in which bulk dissolved concentration varies with
time are very common. Therefore, a numerical method was developed in which
particles were divided into several size classes and the bulk dissolved
concentration was allowed to vary. The details of the numerical method are

described further in Chapter 3.

‘The best £it value of D.¢s was obtained by adjusting the Degs in the model
so that the data points at the most rapidly changing section around the
midpoint of equilibration, ti/p, (i.e., when (C=Cequilibrium! / (Co=Cequilibrium)
0.5) fell on the predicted curve. This method gives the best results because
the predicted curve is very sensitive to the selected Dgee at ty,p, and the

effects of experimental errors at the very beginning and near the end of an
experiment where errors are largest can be avoided.
When the time scale of sorption is close to the time scale of the

apparatus response (ln 2/(4 min-l)), there will be significant error in the
fit values of D.ee because what we measured was the true sorption kinetics

response superimposed on an apparatus response. By assuming that the
apparatus response to changes in solution activity of sorbates can be

described with a first order rate expression and a response rate constant of 4
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min~l, we can estimate the extent to which the observed D s differs from a

"t rue" value. Our worst cases (i.e., shortest time to exchange) involved

dichlorobenzene sorption on Charles River ( t;,, = 0.8 min, therefore

Deff,obse:ved = 1.48 Deff,true)' and trichlorobenzene on the same sediments

(t1/, = 1.6 min, therefore Defr observed = 1.16 Dg¢f,true) - APParatus response

errors are insignificant (<1%) for our other experimental results.

2.4 Results and Discussion
The experimental conditions and results are summarized in Table 2.2 and

are shown in the Figures 2.4 to 2.8 and Figure 2.10. By plotting the ratio of
(C-C.) to (C,-C.) in some figures the concentration change in solution is

magnified. Two experiments (Figure 2.4) which were performed with the same
compound and sediments and similar initial conditions show the reproducibility

of this experimental protocol.

2.4.1 Evidence for Intraparticle Diffusion

The results show several very interesting features of sorption consistent
with the intraparticle diffusion model. First, large particles show a slower
sorption approach to equilibrium than otherwise similar smaller particles when
we use the same sorbate (Figure 2.5). When the original sediments (with
organic content of 17.7%) are disaggregated (i.e., by sonication) before
sorption experiments, they demonstrate an éven faster uptake rate. These

three types of sediments have similar organic coatents (17.7% to 25.5%) and,
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Figure 2.4 Experimental results of two similar treatments showing

reproducibility of the experimental protocol for sorption

kinetics.
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Figure 2.5 Sorption kinetics experimental results for tetrachlorobenzene

on Charles River sediments with two different particle sizes
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41



therefore, similar K. Clearly by reducing the diffusive pathlength into the

interior of the particles and by increasing the exposed sorbent surface area,

we can greatly increase sorption rates.

Second, compounds with greater hydrophobicity (i.e., higher K,,) have

slower uptake rates into the same sediments (Figure 2.6, K, from Chiou,

1985) . This corroborates the previous results of Karickhoff (1980) who
studied polycyclic aromatic hydrocarbons. This finding is important, because
if local sorption equilibrium between molecules dissolved in pore fluids and
those sorbed locally in the aggregates is always established, the chemicals
with higher partition coefficients are predicted to penetrate the natural
sorﬁent aggregates more slowly if diffusive transport occurs primarily in the

intraparticle pore fluids. Thé compounds with higher molecular weight (also
higher K,, in this case) will penetrate slower because of lower diffusivities.

Since molecular diffusivity is inversely proportional to one third power of
molar volume (Satterfield, 1981), differences in the solution diffusivities do
not vary greatly among these four compounds. Therefore, the effects of
hydrophobicity dominate the variation of sorption rate for the different
compounds.

Finally, over a temperature range of 30°C, there is no large change in
sorption rates (Figure 2.7). The temperature could potentially affect the
sorption rate in two ways in terms of intraparticle diffusion. First,
diffusivities in solution and pore water varv directly with temperature.
However, a temperature change of 30°C corresponds to only about a 10% range in

molecular diffusivities (Satterfield, 1981), and we do not believe our
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observations are sufficiently precise to show this. Second, temperature can
change the partition coefficients and consequently change the effective
diffusivities which determine the sorption rates. The sorption partition

coefficient of tetrachlorobenzene to Charles River sediments is indeed smaller
at 55°C (K, = 0.68x103 cm3/g) than at 40°C (K, = 1.0x103 cm?/g) and at 24°C (K,
= 1.2x103 cm3/g) (Table 2.2). This relationship between the partition

coefficients and the temperature corresponds to an exothermic sorption heat of

about -3.5 Kcal/mole (derived from the Gibbs-Helmholtz equation, see Moore,
1962). Given the observed temperature effect on K;, we predict from Equation

2.6 the effective diffusivity to vary by a factor of two in these experiments.
As shown the Table 2.2 and discussed below, the effective diffusivities needed
for model simulations to fit the data for this range of temperatures varied by
about this magnitude.

The desorption experiments further confirmed that the reversible
processes of intraparticle diffusion and phase partitioning (Chiou et al.,
1983; and Appendix 2) may be used to quantify solid-to-solution exchange
kinetics. As can be seen in Figure 2.8, the desorption process has a similar
time scale as the sorption process for the same combination of sediments and
sorbate, although desorption is slightly faster because of the smaller average
particle size for contaminated North River sediments used in the desorption
experiment. Both sorption and desorption processes were completed in about 2
days in this case which strongly supports the argument that the sorption

process is reversible.
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2.4.2 Comparison of Models

We have fit our experimental data with our retarded/radial diffusion
model and the two other box models. The diffusion model fits the data quite
well. The one-box model simply fails to fit the data well (Figure 2.9). The
data shows a more rapid uptake at beginning followed by a slow approach to
equilibrium; The two-box modle can be adjusted more closely to the data

(Figure 2.9). However, this is not surprising since there are three fitting

parameters involved (the two rate constants, k; and k,, and the fraction of

the total sorption capacity in the rapid-exchange compartment, X;). 1In

addition, the primary disadvantage of the two-box model is the difficulty of
relating these three parameters to known properties of sediments and sorbates.
For example, for two experiments with the same compound (tetrachlorobenzene)
and the same sediments (Charles River sediments), however, with different mean
aggregate sizes (97 um and 232 pum), we obtain two totally different sets of
parameters ((1) k; = 5.8 x 102 min~l, k, = 2.8 x 1073 min~l, X; = 0.44; (2) k;
= 8.7 x 103 min~1, k, = 3.2 x 107 min~!, X, = 0.67) by minimizing the fitting
residual. This indicates that we have to experimentally estimate these
parameters for each type of sediment which is impractical for modelling
natural water systems. Consequently, these models limit our understanding of
the processes governing sorption kinetics and require recalibration for every
new situation in which they are applied.

On the contrary, since the particle diameters can be measured, the
retarded/radial diffusion model can be fit to the polychlorobenzene uptake

data adjusting only one parameter (the effective intraparticle diffusivity).
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This model fits our results very well (Figures 2.10 a-d). In addition, this
model not only extends our understanding of the sorption kinetics, but also
offers us the opportunity to estimate the effective diffusivity a2 priori based

on correlations with chemical and sediment properties.

2.4.3 Effective Diffusivity, Dg¢¢

Table 2.2 summarizes the values of the fitting parameter, Dg¢¢.
According to the previous discussion, the effective diffusivety should be
inversely related to the partition coefficient, K,, for strongly hydrophobic
compounds if pore fluid diffusion dominates. Figure 2.11 shows the
relationship of D.er versus K, for the various combinations of sorbates and

sorbents used. The inverse relationship for these parameters is obvious and
consistent with our intraparticle diffusion model. Since the partition
coefficient can be estimated from the octanol-water partition coefficient of
the compound and the organic carbon content of sediments within a reasonable
range (Karickhoff et al., 1979), the molecular diffusivity can be predicted by

the Stokes-Einstein equation (Satterfield, 1981), and we can measure the

particle size distribution and dry solid density, Pgr the only factors which

we have to know to independently estimate D. ¢ are the porosity and pore

geometry factors, f£(n.t).
Ullman and Aller (1982) observed that the pore geometry factor is a

function of porosity in sediment beds, i.e.,
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f(n,t) = ni (2.11)

where the exponent, i, is between 1 and 2. If we treat intraparticle
diffusion similarly and arbitrarily take i to be 1, the effective diffusivity
takes the following form:

D _n?

m

Digg = — (2.12)
Kp(l-n)ps
The porosity, n, becomes the only fitting parameter.

We can evaluate what the ihtraparticle porosities would have to be to
vield the observed D.sr. The results of this evaluation (Table 2.3) show that

for three different types of sediments, the fitting porosities have an average
of 0.13 and a standard deviation of 30%, and are very closely reproduced for
any one sediment studied with different sorbates (i.e., an average of 0.17 and
2 standard deviation of 3% for Charles River sediments; an average of 0.1 and
a standard deviation of 30% for North River sediments; and the same porosity
for Iowa soils in two experiments). 1In light of our physical picture of
sorptive exchange, we would predict that the same intraparticle porosity
fraction should apply for desorption as for sorption. 1Indeed, the fitting
porosities, n, for desorption of tetrachlorobenzene from Charles River and
North River sediments are similar to the values obtained from corresponding
uptake experiments. Connolly (1980) used a comparable approach to study the

sorption of kepone on Range Point sediments (salt marsh, Santa Rosa Sound,
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Table 2.3 Intra-aggregate porosities which yield observed

Deff for i=1 (Equation2.12).

sediments compounds fitting porosity, n
sorption
cr(a) P(a) ( 0.32 )(e)
- CR TR 0.17
CR D 0.17
CR TE ( 0.26 )(c)
CR TE 96um - (0433 )(c)
CR TE 232ym ( 0.39 )(c)
IS TE 0.15
IS P 0.15
NR TE 0.09
NR P 0.07
Range Point(b) kepone O0.11

average 0.1340.04

desorption
CR TE 0.18
NR TE 0.14

(a). Same notation as in Table 3.

(b). Data from (Connolly, 1980)
(c). These values were not used in averaging due to

changing particle size distributions during experiments
(see Section 2.2.3 and Appendix 3)
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Florida). He obtained a Dggr of 3.7 % 10712 cm?/s and K, of 9100 cm’/g.

Consequently, we can calculate the value of n to be 0.11, which falls within
the range of n from our experiments. If we choose i=l and n=0.13 (or i=2 and
n=0.24) as a typical intraparticle porosity for the sorbing silts of our
experiments, all of the observed sorption rates can be fit with reasonable
accuracy.

We know of no data appropriate to judge these intra-aggregate porosity
estimates, yet they appear reasonable. Certainly more research is needed to
develop methods of characterizing natural aggregate particles and to select

key parameters (e.g., D and i) which will enable us to predict a2 priori the

effective diffusivity, Deggr accurately.

Karickhoff and Morris (19835) reported the results of desorption of
hexachlorobenzene from intact tubificid fecal pellets, suspended pellets,
crushed pellets, and parent sediments, separately. Although they reported no
data on size distribution, taking n to be 0.13 we can fit their data quite
well by adjusting only the average particle size in a retarded-radial
diffusion model simulations (Figure 2.12). This analysis indicates that if we
know the pellet sizes, our model can fit the shape of their experimental
results. In addition, the corresponding nsimulation sizes" for intact
pellets, suspended pellets, crushed pellets, and parent sediments are 800 pm,
400 pm, 250 pm, and 200 um, respectively. This sequence of particle sizes
appears appropriate for fecal pellets, pellet debris, and silty natural

particles.

57



FRACTION RELEASED

diameter (cm) o.ol
0.02

0.03

0.04

0.05

0.12

0.0

0.0

Figure 2.12

1 ] ] | 1

' 0 2.0 3.0 4.0 5.0
PURGE TIME (DAY®®)

Model prediction compared with desorption experimental results

by Karickhoff and Morris (1985). The environmental parameters

are: i=l, n=0.13, Ps= 2.5g/cm®, K,= 2240 cm’/g and varying
diameter. Experimental data were obtained from desorption of

hexachlorobenzene from intact pellets (squares), suspended

pellets (crosses), crushed pellets (triangles), and parent

sediments (circles).
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2.5 Applications and Limitations
From the above model analysis it is clear that the radial diffusion

sorption kinetics model can be applied to a variety of environmental
situations by adjusting the D.¢r according to easily measured or estimated

environmental parameters. Therefore, once it is incorporated in the fate
models it will certainly improve our capability to predict the fates of
organic pollutants and the related human exposures. In addition, the
approximate time scale of sorption and desorption can be easily predicted from
analytical solutions to the radial diffusion governing equations if the
particle size distribution is sufficiently narrow that we can choose a
reasonable average particle size (e.g. method by Rao and coworkers, 1982; or
Cooney and Adesanya, 1983). For example, in an open system where desorbed

chemicals are flushed away, the released fraction of sorbate reaches 50% at
time of 0.03 R?/ D.sr and reaches 90% at time of 0.2 R?/D.g¢ (Crank, 1975).

Thus, we propose that this model may serve as a useful tool to gquickly
estimate the mobility of an organic pollutant from an environmental location.
It has been reported that sorption exchange may require extended times
(weeks to months) for complete equilibration (Karickhoff, 1984). Based on our
retarded/radial diffusive description, this could be due to very long
diffusive pathlengths and/or high microscale retardation. Limited by the
present laboratory setup we have not obtained experimental results on sorption

kinetics with very large sonil or sediment particles (>200 um) nor with very

hydrophobic substances (e.g., K, > 10%). However, for silty particles of

relatively large mean diameter 200 pum and f£,. of 3%, we would expect
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hexachlorobenzene to show a desorption timescale of 90% release in about 20
days. Longer sorption timescales will be expected for even more hydrophobic
compounds. For instance, polychlorinated biphenyls with octanol-water
partition coefficients of 103 to 108 (Rapaport and Eisenriech, 1984) will show
timescales of 90% release of up to 280 days from particles with a diameter of
50 um and a few percent organic carbon content. Some additional factors which
may also result in this extended sorption timescale include: (1) a steric
effects in which a large sorbate molecule experiences diminished mobility as
some intraparticle pore spaces are too small to pass through (Satterfield,
1980); (2) formation of large aggregates and therefore long diffusion
pathlengths in situations of high sediment concentration; (3) special pore
geometry in some natural particles (e.g., sSpace between expandible clay lavers
(Brady, 1974) and debris of tissue of dead organisms with very compact
structure). More research is needed to shed light on the "highly retarded"
sorption process especially based on more understanding on the characteristics

of natural particles.

2.6 Conclusions

We have used experimental and model simulation approaches to investigate
the kinetics of sorption of organic pollutants on natural sediments. f£forts
were made to identify the important factors controlling sorption kinetics and
to model the process using measurable system parameters and known physical and
chemical processes. The evidence supports the theory that the sorption
kinetics is controlled by intraparticle diffusion for natural aggregated

sediments and soils. The results demonstrate that the bigger aggregates have
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lower uptake rates, that compounds with higher values of K;, show slower
sorption, that there is about a factor of two effect on sorption kinetics due
to variations in K; in a temperature range of 30°C (i.e., 25°C to 55°C), and

that desorption rates are consistent with a reversible diffusive exchange
meéhanism. Model simulation analysis indicates that the radial diffusion
model is the best among the three tested models because it fits the data as
well as the two-box model and much better than the one-box model, and it has
only one fitting parameter, the intraparticle diffusivity, rather than three

fitting parameters as the two-box model has. The observed effective

diffusivity is a function of chemical and particle properties (i.e., Dgge=

Dpn?/Ky(1-n)p ). An empirical choice of n=0.13 could fit all our

experimental results and other reported research results with reasonable
accuracy. Consequently, this model not only extends our understanding of the
sorption kinetics, but also enables us to estimate the effective diffusivity a

priori based on correlations with chemical and sediment properties.
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CHAPTER 3
Numerical Modelling Of Sorption Kinetics Of Organic Compounds To Natural

Soils And Sediments

3.0 Introduction

The fate of an organic pollutant in aquatic environments is often highly
dependent on its sorption behavior. As part of the larger effort to develop
models to predict the disposition of organic chemicals released to the
environment (Onishi and Wise, 1982; Ambrose et al., 1983), we have focussed on
elucidating and verifying quantitative expressions of the equilibrium
(Appendix 2) and kinetic (Chapter 2) aspects of sorption exchange.

As a result of the sorption kinetics investigations described in Chapter

2, we obtained a governing equation of sorption kinetics:

9s(r) 9%s(r) 2 9s(r)
_— [ + 1 (3.1)
ot or? r or

in which S = total local volumetric concentration (mol/cm3), r = radial
distance, t = time (s), and (r) denotes the location with distance r from the
center of the natural aggregate particles. S, the total solid associated

concentratio, is given:

S = (1-n)p_S' + nC' (3.2)

where S' is the sorbed concentration (mol/g), and C' is the dissolved

concentration (mol/cm®) in the aggregate pore fluids.
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The effective intraparticle diffusivity, Defe (cm?/s), is defined as

i+l
D,n

De¢s = (3.3)
(l-n)pst+n

where D, = molecuiar diffusivity (cm?/s), n = intraaggregate porosity, ps =

dry solid density (g/cmd), Kp = equilibrium partition coefficient (ecm3/g), and
i is an empirical parameter (g/cn@) between 1 and 2.

Analytical solutions of this retarded intraparticle diffusion description
of sorption kinetics are limited to special problems with simple conditions
(i.e., uniform size of particles with constant agqueous concentration or in a
closed system (Crank, 1975)). Therefore, a numerical solution technique is
required to solve sorption problems in the real world in which there are
polydisperse particle size distributions and spatially and temporally varying
agueous concentrations. Finite difference approaches have been used to solve
the radial diffusion problems in company with mass transfer through a particle
surface boundary layer (Weber and Rumer, 1965; Mathews and Weber, 1976).
Cooney et al. (1983) also used a Crank-Nicolson finite difference scheme for
radial diffusion with particle size groups to show the effects of particle
size distribution on adsorption kinetics.

In this chapter, a numerical model based on the retarded radial diffusion
mechanism of sorption kinetics is formulated. The numerical model is then
used to evaluate the errors associated with (1) treating polydisperse natural
suspensions as uni-sized, and (2) assuming a simple first-order sorption

kinetics applies. Finally, model simulations are described which test the
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applicability of this model in the framework of environmental chemical fate

models.

3.1 Numerical Model

Based on the finite difference method and adopting the multi-size
approach, we developed a finite difference numerical method to solve problems
in which particles have size distributions spanning orders of magnitude and
also problems with varying concentration in aqueous phase.

Introducing the two dimensionless variables

T = Dggst/R? (time scale) (3.4)

x = r/R (length scale) (3.5)
in which R = particle radius, and substituting

u = x§ (3.6)
into the governing equation (Eq. 3.1) yields the dimensionless governing

equation:

ou 0%u
= (3.7)
aT 0x?
The boundary condition at the aggregate surface is given by:
u(x=l) = S(r=R) = [(l-n)Pst+n]C (3.8)

in which the concentration in aqueous phase, C, can be either a constant or a
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function of time which is a given system condition. At the center of the

sphere

u=%x8=20, since x=0 (3.9)

In a closed system the aqueous concentration, C, is determined by a mass

balance equation:

(3.10)

in which V = volume of the solution (em3), V., = volume of the solid phase

(cmd) (= V-p/((l-n)-p)}), and P = sorbent concentration in the solution

(g/cm?). The average concentration in one particle, S, is given by the
g

integration over a sphere:

_ 3 R
s = ,f 4Tr3s (r) dr
4TR3  ©
1
=3 f xu dx (3.11)

Therefore, the change of concentration in aqueous phase is also given by:

dc v, d 1 , '
—_— = . — [3_“ xu dx] (3.12)
dt v dt ° ‘
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The particles in the solution are categorized in n groups according to
their sizes. 1In each particle, the radial coordinates are divided by equally
spaced concentric spherical surfaces. The number of these concentric
spherical surféces, m, can be different for different groups. Using a finite
difference expression for the second derivative in Eq. 3.7 and an explicit
Euler method for integration in each time-step yields the following governing

equations (Eq. 3.13, 3.14 and 3.15). For the i®h particle size group (total n
groups), there are m; grid points equally spaced along the radial axis. At

the center

k+1
i1 =0 i=1 ton (3.13)

The superscript, k+l, denotes the time step following the time step k. At the

j*h grid point

k+1 k
= u. . - u. . + u. . . 23
/ 2 i,3+1 i, i, -1
[.\.ti (Axi)
=1l¢ton

j =2 tom-l

i and j are subscripts referring to size group and grid point number,

respectively. Ati and Axi are cimensionless time and distance step sizes for
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size group i (Ax; = 1/(m;=1)). The AT _is set to let all AT,/(Ax;)? be less

then 0.5 in order to obtain stable integration.

At the surface,

k+1

u; o= K (1-n)pci* i=1 to n (3.15)
s

in which the aqueous concentration at time step k+1l, Ck*l, is set according to
the previously given boundary conditions. If it is a closed system, the

aqueous concentration at time step k+l will be given by:

Vs J‘l k+1 Il X
(3) xyu; dx;-3) x;u,dx;) (3.16)
[}

(<]

n
Ck+1=Ck-Zfi_
i=1 v

in which £; = mass fraction of size group i. Replacing the integrals with

Simpson's 1/3 rule such that:

Ax

i

1
jo xiuidxi = (xi,lui,l + 4xi'2ui'2 + 23i,3ui,3 + 4xi’4ui’4 +o...

+ 2x + 4x

iomy ,Yim tom_y Yimg ) (3.17)

+ u
i-1 i i
and substituting all u§+l by Kp(l-n)psck+l, and x;, 4 by Ax; (3-1), we obtain
'mi

the updated aqueous concentration, CK*l, in which:
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2 m
1 f.Vs(Axi) i-1

l - .
ck+l o (ck- & [ B+(-1)7) (3-1) @K 1-uk )
(1+a) i=1 v j=2 B
_(ml-l)uk ]} (3.18)
l,m.
1l
where:
£V, (Ax) 2
a = (ml-l)Kp(l—n) ps
i=1 v

Also, the average concentration sorbed to the solids can be calculated by an

integration:

mi

- § (Ax)2 [ T (3+(-1) ) (3-1)u* T+ m -1 us*t )

i=1 j=2 i3 i,mg

(3.19)

For the convenience of comparisons later in this paper, we define the
fraction of completion of equilibration, M./M., in Eq. 3.20 to unify the

expressions of the progress of sorption and desorption processes:

M /M (C,-C)/ (C=C) (in closed system only)

(5,-S) / (5,-8,)

(S,-5 )/ (S4-S,) (3.20)

in which subscript, o, denotes initial state; subscript, e, denotes

equilibrium state at infinite time; the bar denotes average property over the

whole aggregate. The equilibrium concentration, C., E;, and E; can be
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determined from the following equations:

Se = Kp'Ce (mol/qg) (in equilibrium) (3.21)
5, = [(1-n)"p,"K, + nl°C, (mol/cm’) (3.22)
1
initial total mass = C_  + S P (3.23)
1
final total mass = C, + S p =C_ + Ce'KP'p (3.24)
in which p = solid concentration (g/cm3). In a closed system the final mass

is equal to the initial mass. As a result, the final equilibrium

concentration in the aqueous phase is given by:

!
C, + S,°P
Lo = - (3.25)
(1 + K,'P)

Under the condition of a constant aqueous concentration (i.e., in an infinite

bath), the equilibrium concentration is the initial concentration:

Co = Co (3.26)

A BASIC computer program which solicits the chemical and environmental
parameters of interest, calculates Dg¢e, sets the system boundary conditions

according to the user's situation of concern, and solves the time course of
concentration change is listed in Appendix 4. Such a program can be used as a

subroutine in global fate models (Onishi and Wise, 1982; Ambrose et al.,1983).

69



3.2 Model Accuracy

In order to demonstrate the accuracy of this numerical model formulation,
the results of simple cases of sorption kinetics in which analytical solutions
are available were compared to numerically generated simulations. Assuming a
well mixed closed reactor as an example initially with no pollutant in the
uniform solid particles and homogeneous concentration in the water, some
numerical solutions obtained as a function of how finely we subdivide the
distance intervals in the aggregate particles are compared to the analytical
solution in Fig. 3.l1-a. There is significant error at early times due to the
extra weight given to the concentration at the surface grid point (assumed to
be immediately equilibrated at t=0) when performing numerical integration. The

error decreases quickly with increasing grid number and cdimensionless time

(Deff-t/Rz). A grid number of 50 results in an error less than a factor of 2

when Dgss°t/R% is greater than 107 (Fig. 3.1-b). By knowing D.¢: and the

aggregate radius, we can choose a grid number which satisfies the required
accuracy at a specific time of concern, t, from Fig.3.l-b. On the other hand,
in some particular situations we may be able to save computation time by using
fewer grid subdivisions by checking to see that the solution converges to the
analytical solution before the time of concern (e.g., 1 minute).

Extremely long computation time is required when the particle size
distribution is wide. The sorption progress is fast for small size groups
which need short time steps to maintain stable iterations. However, the
progress for large particles is very slow. Long simulation time is necessary

to show the actual sorption behavior. For a size distribution spanning two
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Figure 3.1-a Numerical solutions with different grid numbers compared with

the corresponding analytical solution for sorption kinetics in

a closed system in which K p=1.
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orders of magnitude, the computation time for a 90% equilibration is several
days with a Macintosh® personal computer. To partly overcome this stiff
numerical problem, our computer program allows different grid numbers for
different size groups. If detailed sorption behavior at the beginning is not

of interest, we can.simply reduce the grid number for small particle groups.

3.3 Potential for Modelling Simplification

3.3.1 Approximating The Particle Size Distribution With Single Geometric Mean
Size
The particle size of the sorbent aggregates has a dramatic effect on the
sorption uptake rates (Chapter 2). These_effects have been ignored by most
sorption kinetics modellers. 1In the radial diffusion model the factor of
particle size was included as a dimensional boundary condition. Eg. 3.4

indicates that increasing particle size by one order of magnitude will

decrease the uptake rate by two orders of magnitude (i.e., the t;,, of 100 um

particles is 100 times of the t;,, of 10 um particles). Fig. 3.2 shows the

sensitivity of sorption kinetics to particle size.

Due to the importance of the particle size to sorption kinetics, we used
the numerical model to evaluate the impact of size distribution to this
process. Very often it would be convenient to use a uniform size to replace a
size distribution in prediction or model simulation because of, for instance,
the availability of simple analytical solutions or the requirement of a
particle size to represent all particles between two sieve cuts. OQur

numerical method can be used to examine the validity of such uniform-size
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approximations. Cooney et al. (1983) discussed the significance of the error
due to replacement of several different types of particle size distribution
(from 0.1 mm to 0.4 mm) with uniform sizes. Significant errors were found for
highly non-Gaussian particle size distributions or at late periods of uptake.
We examined the problem by treating the cases where natural soil or sediment
size distributions span from one to two orders of magnitude. For a block-log
distribution spread over one order of magnitude (size distribution #1 in Fig.
3.3), Fig. 3.4 snows that use of the geometric mean of the largest size and

the smallest size gives an analytical solution lower than the exact solution

by a factor of 2 at t,g4, within 20% around t,,;, and very close to the exact

solution near the completion of equilibration (i.e., 6% error at tgpy). This

choice of representative size is consistent with the approach by Mathews
(1983). For a wider size distribution in which aggregate size spans over two
orders of magnitude (size distribution #2), the uniform size approximation

underestimates the sorption behavior by a factor of 3 at beginning, a factor
of 2 at t;,, and still has an error of 10% at tggy (Fig.3.4). The geometric

mean of a size distribution appears to be a reasonable choice only if the size

distribution is within one order of magnitude.

3.3.2 First-Order Approximation for Sorption Kinetics
It has been suggested that the sorption kinetics is similar to
first-order chemical reactions and can be modelled accordingly (Oddson et al.,
1970; van Genuchten et al., 1974). The model is described mathematically as:
ds!

= k_,C - K, (3.27)
dt
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Figure 3.3 Two hypothetical size distributions (with same geometric mean

size of 63 pm) used in the model simulations to represent

narrow and wide particle size range.
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An analytical solution using a geometric-mean single size to
represent polydisperse particles is compared with solutions
obtained by using the numerical method and knowledge of the
size distribution. fhe simulation parameters are the same as

those in Fig. 3.2. The geometric mean uniform size is 63 pm.
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and

dc
— =k_,8' - k,C (3.28)
dt

in which k;, k_j, k, and k_, are first-order reaction rate constants. k_; and
k_, are related to k; and ky, respectively, by the partition coefficient, Kp:

kop = kyKg (3.29)

ko, = ky/Kg (3.30)

which are obtained by letting dS'/dt = dC/dt = 0 and S'= Kp*C. By

substituting Eg. 3.29 and 3.30 into the next mass balance relationship, Eq.

3.31, we reduced the number of independent parameters to 1 (i.e., k;).

dc ds'
—_—=-p— (3.31)
dt dt
..o kz = kl'p-Kp (3.32)

This model has been widely used to model sorption kinetics for two major
reasons. First, it has only one fitting parameter, k,, and a very simple

solution:
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M. /M, = l-exp[-k; (K *p+1)t] (3.33)

In the special case of an infinite bath system in which

p‘i(p»« 1
or

C = C, (constant)

- the solution is

M. /M, = l-exp(-k,t) (3.34)

Second, most environmental chemical fate models use compartment (box) models
in which water bodies, air, sediment beds, suspended particles, themselves or
their segments are represented as homogeneous compartments (e.g., SERATRA,
(Onishi and Wise, 1982); and TOXIWASP, (Ambrose et al., 1983)). Diffusion and
advection processes are translated into fluxes across the boundaries of the
compartments and the governing equations are composed of first order exchange
terms

i.e., AC = At.[Z(Zk;.Cy - Zk_;.C] (3.35)
i3

in which k; = exchange rate constant, i denotes different transport processes,
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and j denotés different adjacent compartments. Consequently, the first-order
kinetic modél can be easily fit into the typical chemical fate models by
inserting tﬁe terms on the right-hand-side of Eq. 3.27 and 3.28 into the
governing eéuations of appropriate compartments.

This médel does not fit experimental results as well as the retarded
radial difquion model (Chapter 2). The error is due to the attempt to fit an
infinite series of exponential terms by only one exponential term (see
analytical ;olutions of radial diffusion model, (Crank, 1975)). However,
compared to the uncertainty in the parameter estimates used in fate models and
the error inherent in the modelling approaches, this error may be acceptable
in some modélling situations.

In spiﬁe of its simplicity and wide adaptability, a primary drawback of
the first-order sorption kinetics model is its lack of correlation between the
parameter k, and environmental chemical properties. Comparing the solution of

the first-order model with the analytical solutions of the retarded radial

diffusion model, we found that a reasonable approximation of the value of k;
is Dgse/R? multiplied by a correction factor, O, i.e:

ky = O'Dgge/R? (3.36)

If we mhtch the first-order solution with the radial diffusion model at

half-equilib&ation time, t;,, (i.e., M /My = 0.5), we minimize the error of the

first-order §olution at the most rapidly changing period. From the analytical

solution chart (Fig. 3.5), the correction factor, @, for the infinite-bath
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Figure 3.5

104 10° 102 10" 10°

Doy * time/ radius®  (dimensionless)

Analytical solutions for the radial diffusive uptake cr release
by spherical particles suspended in a closed system. The
numbers on curves show the final ratio of the mass sorbed on

solids to the mass dissolved in the solution.
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system is found to have a constant value, 22.7. That is,

ky = 22.7 Dgse/R2 (3.37)

For finite bath systems, the correction factor is a function of K'p, i.e.,

= 10.56 Ko-p + 22.7 (3.38)

By introducing these correlations of k; with D.sr/R? and K,*P, we are able to

predict an optimal value of k; from environmental and chemical properties. In

effect, by adjusting the first-order sorption rate constant according to the

particle size of interest, the D.¢s, and the sorbing capacity, K;'p, we

incorporate most of the solution to the retarded radial diffusion description

of sorption kinetics (whose solution is an infinite series of exponential

terms with arguments of Dgsr't/R? multiplied by coefficients including

functions of K,*p (Crank, 1975)).

The simulation curves of this modified first-order model are compared
with those of the radial diffusion model in Fig. 3.6. Obviously, first-order

solution curves defined in this manner match the radial diffusion solution
exactly at t;,, since we set k; according to this criterion. The deviation

from the radial diffusion solution is moderate for the infinite bath system
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Figure 3.6 Comparison of the solution of the first-order sorption model
with the analytical solution of the radial diffusion model. -
The numbers on curves show the final ratio of the mass sorbed

on solids to the mass dissolved in the solution.
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and increases with K,'p for finite-bath system.

3.4 Simulation Results

3.4.1 Time Varying Aqueous Concentration

Two hypothetical cases were used to demonstrate how particulate
concentrations respond to variations of aqueous solute concentration. In the
first case, we can imagine that one reach of a river starts to receive waste
discharge during the daytime. The concentration in the aqueous phase, to
which the surface of the river bed will be exposed, changes repeatedly with
. constant concentration for 12 hours and zero concentration for another 12

hours (Fig. 3.7). The time course of the concentration in the solid phase for
a compound with K., of 10% is predicted to follow the source strength
variation closely, reaching 90% of equilibration in 12 hours. If the chemical
exhibited a greater hydrophobicity (K., of 105), only 60% of equilibration

would be reached in the first cycle. The change in solid phase concentrations
between periods of uptake and periods of release is predicted to be smaller.
Sorption kinetics would still be fast enough to result in a significant

discrepancy from a time-averaged equilibrium treatment. For a compound with
still higﬁer Kow (i.e., 10%), there would be even smaller sorbed concentration

variation and slower approach to the mid-point (i.e., slower approach to a

quasi-steady state with an average concentration equal to the average
equilibrium concentration, S = 0.5 K.Co) . The environmental implication is

that if a pollutant takes a long time (days to weeks) to exchange, the
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The simulation parameters

diurnally varying source strength.
are: n=0.13, p_=2.5 g/cm®, D, =6x10"6 cm?/s, £,c=0.02. Ko 1S

calculated using: log Koo = log Koy = 0.21. Size distribution

#1 is used.
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variation of the dissolved concentration and the total amount of a pollutant
in a water body would be damped due to the chemical's high hydrophobicity and
resultant slow sorption kinetics.

The performance of the first-order model with or without uniform size
approximation in simulating this transient aqueous concentration is
investigated too. With particle size distribution #1, the first-order model

operated for each size class yields a prediction which is very close to the
radial diffusion model for a sorbate with K, , of 10° (Fig.3.8b). If a single
(geometric mean) size is assumed, the prediction deviates somewhat. For
sorbates with lower K, 6 (i.e., 10%), the first-order model overpredicts the
equilibration progress (Fig.3.8a), while for more hydrophobic substances

(e.g., Ky, of 108) the first-order model lags behind the radial diffusion model

and underestimates the progress of approach to equilibrium (Fig.3.8c).

Assuming a geometric mean size distribution exaggerates these effects. The
reason for these model successes and failures is clear. When the sorbate K,

is 103 the time scale of sorption/desorption kinetics (i.e., 9 hours) is
close to the concentration fluctuation time scale (i.e., half day) and the
first-order model is tuned to match the radial diffusion model at this range;

therefore, we obtain a good simulation result even with the first-order model.
In case in which the system has not reached (K, = 106) or already passed (K,

= 104) the half equilibration point (i.e., ty/»), when the aqueous

concentration changes, the first-order model will underestimate or

overestimate the progress as illustrated in Fig. 3.6. This prediction error
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Comparison of the numerical radial diffusion model (solid
line), the first-order model with geometric mean uniform size
(dotted line), and the first-order model with actual particle
size distribution (distribution #1) (gray line) by simulations
of the response of the sorbed concentration to a transient

agqueous concentration condition. The simulation conditions are

the same as those in Fig. 3.7. K,,=104.
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is inherent in the correction factor, @, which is obtained by fitting the
first order solution to the t;,; point. Correlations are also possible at any

other equilibration point (e.g., tgggs Or tipg). If we establish a

relationship between the coefficients in Eg. 3.36 and the equilibration

progress points, by knowing the fluctuation time scale in the system we can

chocse an appropriate correction factor, O, and improve our prediction.
Another interesting example involves the consecutive desorption
experiments performed in laboratories which may have artifacts due to
incomplete equilibration (Fig. 3.9-a). Clean water is assumed to be
equilibrated with previously equilibrated contaminated soil. Before reaching

complete desorption equilibration, the aqueous phase is replaced by clean
- water and the procedure repeated. For a compound with K, of 104, we can see

that desorption for 1 day could easily be incomplete:; thus replacing the
insufficiently equilibrated water could cause a kinetic artifact. Using the

dissolved and sorbed concentrations predicted by our sorption kinetics model,
it is obvious that in these circumstances we would observe increasing K, with

each subsequent desorption experiment. By plotting the "equilibrium"
concentrations in the solid phase versus that in aqueous phase at the end of
each desorption cycle we see that the model predicts the desorption points
will deviate from the sorption isotherm (Fig.3.9-b). Such kinetic effects
could contribute to the observed "desorption isotherms"™ which other workers
have interpretted as sorption irreversibility or hysteresis (Swanson and Dutt,

1973; Peck et al., 1981).
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Figure 3.9-a Time course of the predicted concentration in the solid phase

(S) and in the aqueous phase (C) during a hypothetical

consecutive desorption experiment. The simulation parameters

are: n=0.13, p_=2.5 g/cm?, D=6x10"¢ cm?/s, P=1000 mg/L, and
Size distribution #1 is used.

K,=10% cm?/g.
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3.4.2 Coupling the Movement of Particles and Sorption Kinetics

In the previous examples, all particles were in a homogeneous well mixed
system. The movement of particles between solutions of differing dissolved
concentrations was not considered. Theoretically, this numerical method could
solve problems with moving particles as long as the initial conditions
(including the local concentrations in the particles) could be well defined
and the fate of each particle could be traced. It becomes impractical when
the movement of the particles are random and there are infinite patterns of
the histories of the particles to be remembered. However, when we can
describe particle transport, we may use the numerical model to predict the
importance of sorption kinetics to pollutant transport. In the next example,
we assume that an instantaneous input load of particle-bound pollutant is
introduced into a water body by a storm-induced soil erosion or bed sediment
resuspension event. The particles are well-mixed vertically; and they are
subsequently gradually depleted due to settling. The first-order
disappearance rate of a particle class is given by its settling velocity
divided by the depth of the water column.

dpi Vsi

= P, (3.39)
dt L

in which p, = solid condentration of ith particle group g/cm3, v,y = settling

velocity of particles in ith group (ecm/s), and L = water depth (cm). While
these solids reside in the water column, they releasesorbed pollutants as

described by Eq. 3.12.



In this case, the fate of the input solid particles is well defined.
The total solid concentration in the water column decreases gradually, and
with the particular particle size distribution (#1 in Figure 3.3) and water
column depth of 10 m, only 1/4 of the original amount, mostly small-size

particles, remains suspended after 3 days (Fig.3.10-a). For a compound with

Kow ©OF 105, the aqueous concentration is predicted to build up due to compound
desorption from the solid particles remaining in the water column, and reach a
nearly steady state in about 1 day (Fig.3.10-b). The total concentration
(dissolved plus solid-bound compound) in the water column drops due to removal
of particles still containing significant loads of sorbate. However, the
dissolved concentration no longer changes much after one day because

desorption would be nearly complete. The solid-bound sorbate contributes very

little to the total concentration after the second day. Fig.3.10-c shows a
similar case in which the sorbate has a greater hydrophobicity (K, = 10%). 1In

spite of the same solid disappearance rate, the total pollutant depletion
process lasts longer and results in a lower aqueous concentration because of
the slower kinetics arising from the higher partition coefficient. At the end
of the third day, the solid-bound form of sorbate still contributes about 30%
of the total concentration in the water column.

This example demonstrates the importance of including kinetics in
chemical fate models. We can readily see that the aqueous concentration of
pollutants in the water column after similar events (e.g., sediment bed
resuspension by a storm, pulse input of contaminated sils carried by a strong
run off episode, sludge discharge from abarge, and spillage during dredging

events) is determined by the competition petween settling depletion of the
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Figure 3.10-b The total concentration in the water column, the dissolved
concentration, and the average sorbed concentration in the
solid phase after a pulse input of contaminated solids by a

storm. The initial sorbed concentration is 100 pg/g. The

simulation parameters are: n=0.13, p_=2.5 g/cm®, D,=6x10"6
em?/s, £,.=0.02, and K,,=10° cm3/g. K,. is calculated by using:

log K, = log K,, - 0.21.
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solid phase after a pulse input of contaminated solids by a

storm. All simulation conditions are the same as in Fig.

3.10-b except that K,,=10€.
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particles and the chemical release kinetics. Ultimately, the capability of
prediction including the effects of sorption kinetics will depend on our
understanding of particle fates in aqueous environments and the availability
" of modelling techniques (e.g., Stokes settling in the example above) for this

particle transport.

3.5 Selecting An Approximation Scheme For Use In Chemical Fate Modelling

In light of the model simulation results, it is clear that a variety of
sorption kinetics problems can be solved by using the numerical approach.
However, the long computation time required for wide particle size
distributions is a disadvantage of this numerical scheme. The analytical
solution with a geometric-mean size and the first-order model are the two
alternative methods which provide a reasonable approximation for the actual
solution under certain conditions.

Analytical solutions can be used for simple boundary conditions (i.e.,
constant aqueous concentration or closed system with mass conserved) and
narrow particle size distribution (i.e., within one order of magnitude) which
can be represented by a uniform geometric-mean size.

Narrow size distribution is also required for the first-~order kinetics

model to be accurate. Because the modified first-order model only fits the
radial diffusion solution at the half-equilibrium point, t,,,, our choice to
use this model should be based on the characteristic time scale of the system,
to, which is the contact time between the water and the particles (e.g., the
residence time of particles in the water column, or the time scale of the

aqueous concentration fluctuation). When the expected t;,, (=0.693-R%/
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[0'Dage’ (Ko P+1)]1) is far from the tc (i.e., te/typ << 10703 or tc/ty , >>

100-5), the numerical method should be used. Multi-size treatment in the

first-order model simulation will greatly increase the accuracy of the
solution. However, we should examine t;,, for each size group to insure the

appropriateness of using this simple first-order approximation.
Analytical solutions for radial diffusion and first-order models also

provide a means to quickly evaluate the significance of sorption kinetics. By
calculating the dimensionless system characteristic time, Deff'tc/R?, and

finding the intersection of the corresponding result with the solution curve

of the appropriate K,.p in Fig. 3.5, we see the extent of sorptive exchange
completion, the value of t./t;,, (i.e., calculated Dgegs-to/R? divided by

Degs-t1/p/R% at M /M,=0.5 in chart), and whether the assumption of equilibrium
can be applied. 1In addition, we can estimate the error due to replacing the
radial diffusion model with the first-order model at different value of t. ./t

from Fig. 3.6.

For example, the relative rapidity of approach to equilibrium for
systems with the same chemical properties (i.e., Dgee and Kp), the same

particle sizes, but different solid concentrations is visualized in Fig. 3.5.

For sediment beds or soils with solid concentration near 1 g/cm3, and quite

high values of K,, we may expect sorption exchange timescales to be over 100

to 1000 times shorter than for suspended solids with concentrations from

several milligrams per liter to 1000 mg/L. This has dramatic implications for
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the assumption of sorption equilibrium, for example, in groundwater transport
modelling. With flow in the interstitial pores at moderate velocity (lower
than 1 m/day), the contact time between the flowing water and an aggregate
with 0.1 cm diameter will be longer than 1 mimute, and most compounds in the

aqueous phase can reach equilibrium with their scorbed components.

3.6 Conclusion

A numerical model, capable of describing sorptive exchange in aqueous
systems containing a spectrum of particle sizes and time-varying solution
conditions, has been developed. This model can handle a variety of
environmental situations which we encounter in attempting pollutant fate
predictions. The feasibility of incorporating the radial diffusion model into
the global fate models depends on our ability to describe the fates of the
particles. A simple example in which a water body receives a pollutant load
from a sudden input of contaminated solids can be handled by coupling particle
settling and sorption kinetics. Using this sorption kinetics model also
demonstrates our ability to predict the fates of chemicals in a dynamic
environment without assuming aqueous/solid equilibrium.

Two other solution techniques (i.e., analytical solutions for a single
geometric-mean size and the first-order approximation) were tested by using
the numerical model in this work. Simulation results indicate that neglecting
size distribution effects is the major source of prediction error. Users with
an adequate understanding of the limitations of these two approximate
approaches should be able to use them to simulate sorption kinetics.
Additionally, use of these simplifications can help investigators judge the

importance of sorption kinetics in a particular situation.
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CHAPTER 4

Transfer of Hydrophobic Organic Pollutants Between Bottom Sediments and Water

4.0 Introduction

Many organic pollutants are brought into water bodies by surface runoff
or wastewater discharge. Some of these chemicals, especially those which are
hydrophobic, have a strong tendency to become associated with partiﬁulate
matter and consequently are accumulated in sediment beds. Polychlorinated
biphenyls in the Hudson River (Bopp et al., 1981) and kepone in the James
River Estuary (Huggett et al., 1960) are typical examples. In these water
podies, pollutants are still found in the water column and aquatic biota
several years after the elimination of direct discharge of these compounds
(Huggett et al., 1980; Brown et al., 1985). This is because the sediment beds
act as reservoirs for these persistent organic subtances and continuously
release these pollutants to the water column.

Many processes are involved in the transfer of pollutants between bottom
sediments and the overlying water. Sediment resuspension and bed-load
transport on the bed surface dominate the transport of sorbed compounds under
high flow conditions in rivers (Turk, 1980). However, under low energy
conditions (i.e., rivers or side embayments with low flow rate, lakes, or deep
sea floors) molecular diffusion of dissolved species or colloid-bound species
through sediment pore fluids may be important (Brownawell, 1986) . Activities
of benthic animals may also enhance the transport of chemicals in the bed. 1In

this chapter, we focus on only the transport processes in quiescent water and,
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especially, on the effects of the sorption equilibrium and kinetics on these
processes (i.e., molecular diffusion, colloid-mediated diffusion, and
bioturbation) .

Molecular diffusion through the pore water is important in cases without
mixing or resuspension of sediment solids. For hydrophobic compounds,
diffusion is retarded because a high fraction of the sorbate is bound to the
solid matrix in the bed and is nonmobile. A retarded-diffusion model, which
uses a linear partition equilibrium model for hydrophobic compounds to predict
the retardation factor, has been developed and substantiated by experimental
results of various workers (Di Toro et al., 1985; and Karickhéff and Morris,
1985) .

When large amounts of colloids or macromolecules exist in the pore fluid
phase, additional transport and partitioning phenomena may need to be
considered (Brownawell, 1986). The presence of nonfilterable organic matter
in the sediment pore water has long been recognized (Starikova, 1970; Krom and
Sholkovitz, 1977; Henrichs and Farrington, 1984; Brownawell and Farrington,
1986). The concentrations of dissolved organic carbon in the sediments have
been reported to range from 10 mg/L to 40 mg/L in aerobic sediment beds and up
to 90 mg/L in anoxic bed regions. These organic macromolecules or
microparticles in the sediment beds are likely to sorb organic compounds
(Means and Wijayaratne, 1982; Carter and Suffet, 1982; Landrum et al., 1984;
Gschwend and Wu, 1985; Brownawell and Farrington, 1986). Substantial evidence
in the literature indicates that the sorption of organic compounds to colloids
follows the thermodynamically based partitioning model previously developed

for soils and sediments (Carter and Suffet, 1982; Wijayaratne and Means, 1984;
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Chiou et al., 1986; and Appendix 2). If one ignored the presence of colloids,
the obvious consequence would be higher apparent dissolved concentrations of
compounds in the pore fluid, lower observed partition coefficients (Brownawell
and Farrington, 1986), and higher apparent diffusivities due to the additional
load carried by diffusing colloid particles. However, if we include a third
phase, the moving colloids, in the transport models, we will be able to model
this colloid-mediated transport and retain the predictive capabilities of the
chemical fate models.

When animals live in sediment beds, these organisms can mix the sediment
material in many ways (Foster-Smith, 1978; Robbin et al., 1979; Fisher et al.,
1980) and enhance the release of pollutants from the beds (Karichhoff and
Morris, 1985). These biological mixing activities include: plowing,
burrowing, particle collecting and transport, and porewater irrigation. By
continuously exposing previously buried sediments to the water column,
sorption exchange between the bed and overlying waters can be enhanced.
Further, by promoting porewater exchange with the water column, dissolved and
colloid-bound contaminants are more effectively released from the bed. 21l
these activities can be approximately described by an advection process or a
eddy-diffusion type mixing process or their combination (Guinasso and Schink,
1975; Schink and Guinasso, 1978; Robbins et al., 1979; Fisher et al., 1980;
Berner, 1980). This diffusion/advection parameterization approach allows us
to quantify these mixing processes and to include them into the chemical fate
models. In this chapter, one of these biogenic activity (i.e., conveyer-belt

type sediment mixing) will be investigated to illustrate the importance of the

biogenic enhancement of chemical transport.
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In order to examine the importance of sorption kinetics to the processes
involved with the transfer of hydrophobic organic pollutants between bottom
sediments and water, the purposes of this work were: (1) to extend currently
available transport models between beds and the water column to include
sorption kinetics, (2) to perform experiments to test the validity of the
expanded models in laboratory (i.e., quiescent water column with or without
bioturbation), and (3) to illustrate the range of fluxes entering the water
column with different extreme conditions of beds (e.g., no bioturbation, and
bioturbation with surface equilibrated with water) by doing model simulations

for hypothetical cases.
4.1 Model Development

4.1.1 Diffusion Through Porewater in the Sediment Bed

Without water flow or solid phase movement, dissolved pollutant molecules
may still be transported by molecular diffusion in the interstitial pore water
in sediment beds. The vertical flux of mass is given by (Berner, 1971;

Larsson, 1983; Fisher et al., 1983):

oC
(4.1)

flux by molecular diffusion = - n, Dy
0z

where C = concentration in the pore fluid (mol/cm3), z = vertical distance

(em), Dy = diffusivity of pollutant molecules in pores (cm?/s), and n, = bed

porosity.

Due to the increase of diffusion path by the curvature of interstitial
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pores around particles, investigators estimate Dy by multiplying the molecular
diffusivity (Dg (cm?/s)) of the compound of interest with a tortuosity factor

which is a function of porosity (i.e., nyt):

D, = Dp.npt (4.2)

where i = empirical parameter ranging from 1 to 2 and depending on the

magnitude of np (Aller and Ullman, 1982). Consequently, the flux becomes:

ac
£lux by molecular diffusion = - D nbl+l (4.3)

n
oz

4.1.2 Diffusion Mediated by Colloid Movement

An extra load of sorbate may be associated with colloids in pore water.

The concentration of this colloid-bound pollutant is p_Scr in which S, = mass

of pollutant per unit mass of colloidal material (mol/g), and pc = colloid

concentration (g/cm®). The transport of the colloid-bound species is

controlled by the diffusion of the colloids in the interstitial solution. If

the spatial and temporal variation of pc can be specified, we are able to

model the transport of pollutants mediated by the moving colloids:

Bscpc
oz

1

£lux of colloid-bound pollutant = -Dcnbi+ (4.4)
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where D. = diffusivity of colloids in pores (cm?/s). For very small particles

whose sizes are less than a few micrometers, the dominant transport in the

pore fluid is via Brownian motion of the particles (Yao et al., 1971) and is
characterized by D., (originally derived by Einstein, 1905, cited in

Friedlander, S. K., 1977):

D_ = (cm?/s) (4.5)

where kp = Boltzmann constant, T = absolute temperature, W = fluid dynamic
viscosity, and d. = colloidal particle diameter. For a 1 pm diameter
spherical particle in water at 20°C, D is 4.3 x 1072 cm?/s. For a 0.001 pm

diameter particle, D, is 4.3 x 1076 ¢ 2/s.

4.1.3 Mixing of Sediments
An advection-diffusion model has been used to represent the transport of
conservative tracers by biclogical mixing in sediment beds (Schink and

Guinasso, 1978; Berner, 1980; Fisher et al., 1980):

9s,  Ow(z)Sy d s,
+ = D, + £(2)Sy (4.6)

ot oz 0z oz

where S, = total concentration of the tracer in the sediment bed by volume
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(mol/cm3), w(z) = sedimentation and bioturbation induced sediment velocity at
depth z (cm/s), and D, = eddy-diffusion type sediment mixing coefficient

(cm?/s). The feeding activity, f(z), reflects an apparent removal and
generation mechanism at depth z due to ingestion of particles there, and this
parameter is the derivative of the vertical velocity created by bioturbation

(Fisher et al., 1980):

dwr(z)
f(z) = —m——— (4.7)
dz
in which f(z) = volume of sediment material removed from a unit volume per

unit time at depth z (negative) (sec™!), and w.(z) = sediment velocity due to

advective biological mixing (cm/s). Sediment material ejected by animals

forms a source usually on the bed/water interface which has concentration

determined by the feeding activity function and the concentration profile:
o0

S, (z=0) = Iof(z)sb(z)dz , (4.8)

'Since feeding styles vary from species to species, f£(z) depends on the
population of interest. For example, tubificid worms exhibit a maximum of
f(z) at the depth of a few centimeters where most feeding occurs. At this
depth, these conveyor-belt type feeders can still respire in the aerobic zone
of sediments or overlying water. The feeding activity of surface-deposit
feeders (e.g., the clam, Yoldia) which collect surficial sediments and eject

fecal pellets on the bed surface may be characterized by a peak of £(z) at the
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bed-water interface. Some benthic organisms (e.g., crustaceans) simply due to
their movements about the bottom, mix the sediment material randomly but do

not create net sediment advection. This so-called plow-like mixing activity
is quantified by the eddy-diffusion type mixing coefficient, Dy, and a zero

f(z).

4.1.4 A General Model for Pollutant Transfer Between Water and Sediment Beds

From the previous model development sections in this Chapter, one can
combine the expressions of the several physical and biological processes of
pollutant transfer (Figure 4.1) in terms of diffusion or advection in a
general form of transport equation. This approach has been taken by Schink
and Guinasso (1978) and Berner (1980) to model diagenetic physical and
bioclogical proces#es including sediment deposition, compaction, molecular
diffusion, and eddy-diffusion type benthic mixing.

In the following governing equation constructed to describe the vertical
transport of chemicals in a sediment bed, we include three chemical species
(i.e., sorbed, freely dissolved, and bound-to-colloid species), and four
transport processes (i.e., sediment advection, eddy-diffusion type sediment

mixing, molecular diffusion in the pore water, and colloid-mediated

transport):
9, 2
+ W(z)sb
ot 0z
d as ac op_s
b . .
= [D,; + Dmnbl+l + Dcnb“’l c° 1+ £(z)s, (4.9)
0z 0z oz oz
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Tigure 4.1 LA schematic diagram of transport processes between the water

column and sediment beds (colloids-mediated transport is not
included). w(z) is the vertical velocity of sediments. £(z)

is the feeding activity function of depth derived Zrom w(z).

109



Where the total concentration by volume in the bed, S,, is defined as:

Sp = nuC + PS + P S, (4.10)

and where P is the solid concentration (g/cm3) and $ is the sorbate

concentration in solid phase (mol/g).

Two additional equations combined with Equation 4.9 are required to
specify the three concentration variables. The equations of local sorption
equilibrium or sorption/desorption kinetics provide the necessary
relationships between these species; and these equations and the conditions
under which they are appropriate are discussed below.

Additional sink or source terms should be included in the governing
equation if the substance undergoes chemical or biological reactions. Most
hydrophobic pollutants of concern are stable in the environment during the
period of interest here (i.e., months or years). Therefore, we neglect these
reaction terms in this model development.

Wher any one of the three media (i.e., the solid phase, the pore water
phase, or the colloids) is subject to transport processes, its concentration
is a variable too. For example, we may need the following governing equation
to account for the temporal and spatial variation of colloids:

on,p_ ow(z)n.p_

+
ot 0z
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0 on P, 9P,
= — (p,—— + D0 " ) + £(z)n P,
oz 0z dz

+ terms quantifying processes causing the rate of

generation or disappearance of colloids (4.11)

4.2 Mass Transfer Between Solids, Colloids and Aqueous Phase

4.2.1 Mass Transfer Controlled by Local Equilibrium
In some situations, we can, based on the conclusions in Chapter 2 and

Chapter 3, apply local equilibrium relationships and reduce the number of

system variables to 1 (i.e., only Sp). First, we consider the relationship

between S. and C. For hydrophobic compounds which are primarily sorbed in the

organic matter associated with colloidal particles, the intraparticle
penetration mechanism of sorption can be used to estimate times to equilibrium
(see Chapter 2). Due to the small sizes of the colloid particles (< 1 pm),
sorbates in the colloid-bound phase are predicted to reach equilibrium with
solutes in the dissolved phase in less than 1 minute for sorbate/sorbent
combinations of K, less than 10%. Since the diffusion length scale of
colloids moving for 1 minute is between 5 and 200 pm, equilibrium can be

assumed. Thus we have:

K. = Sc/C (4.12)
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Generally, we can also assume equilibrium between S and C for locations
away from the surface of the bed. The sorbent concentration in the sediment
bed is always about 1 g/cm3. At this high sorbent concentration, the progress
of equilibration will be extremely fast in terms of the dissolved

concentration in the pore water. According to the analysis in Chapter 3, we
expect the half equilibration time (t1,2) to be smaller than 1 minute with an

aggregate size of about 0.1 cm, which is the largest size we observed for
natural sediment aggregates in suspensions (see Section 3.5). Consequently,
if the relative velocity of these sorbent and sorbate phases (e.g., porewater
advective velocity) is smaller than 0.1 cm/min, it will be appropriate to
assume an equilibrium in the sediment bed. As a result, the following

equilibrium equation will apply:

K, = S/C (4.13)

Third, under bioturbation mixing situations, both solids and the adjacent
pore water are subject to the same reworking event. Generally, the contact
between these two phases will not be interrupted. In addition, when the solid
material and liquid in the sediment beds are ingested by deposit feeders,
these two phases will be mixed and form fecal pellets in the guts of the
animals (Lee and Swartz, 1980; Karickhoff and Morris, 1985). In this case, to
assume equilibrium between porewater and reworked sediments or even
equilibrium inside pellets will be a proper choice. Also, since these animals

usually reworked large amounts of sediment material in one day compared to
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their body weight, equilibrium between the animal biomass and the sediment bed

environment should be quickly reached.

If we can use the two local egilibrium relationships (Eq. 4.12 and 4.13)
to couple the three sorbate species, we can rewrite our expression for total

chemical concentration by volume in the bed:

Sp = n,C + ps + nbpcsc = (ny, + pr + nbpcKc),C (4.14)
s C = Sp/Ry (4.15)
and S S. = K.Sp/Ry (4.16)

in which Ry is a fraction factor defined as:

Ry = (n, + pr + nbpcKc) (4.17)

By substituting Eq. 4.15 and 4.16 in Eq. 4.9, we obtain the governing equation

in terms of S, only:

3s, d
+ w(z) " Sy
ot 0z
d as 9(S,/Ry) d(K_pP.S,./Ry)
b ; b’ *d : cFeb’ “d
- (D, + D n "t + D.n, "% ] + £(2)S,

oz 0z 0z oz

(4.18)

This expression applies for all depths in the bed where the equilibrium
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assumptions discussed above are appropriate. When the medium concentration,

n,, P, and p_ are all constant, S, is the only variable, i.e.,

oS, . ow(z) S, azsb oS
=D — + f(z (4.19)
b
at 9z P 322
= i+1 i+1
where Dapp = Dp + (Bpnp*** + D on 7P K ) /Ry (4.20)

This apparent mixing coefficient, Dappr reflects the simultaneous effects of

porewater diffusion of solute species and colloid-carried species, as well as

the vertical mixing due to organism activities. When there is no

bioturbation, we can set Dy = 0. When colloids are absent, P_ = 0 and the

terms quantifying their impact drop out. In the simplest case (no organisms

or colloids), the apparent diffusivity reduces to:

Dapp = Dmipt*1/Ry (4.21)
which is the retarded diffusivity in porewater diffusion model (Karickhoff and

Morris, 1985).

a

4.2.2 Mass Transfer Controlled by Sorption Kinetics
At some locations and some times, it is not appropriate to assume

sorption equilibrium between phases. For example, Karickhoff and Morris
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(1985) demonstrated that tubificid fecal debris deposited on the bed surface
were reburied before establishing sorptive equilibrium of the hexachloro-
benzene they contained with the overlying waters. In such cases, we need to
define the sorption/desorption rates to couple the dissolved and sorbed
components.

We have already described these exchange rate functions by using an
intraaggregate diffusion model in Chapter 2. 1In fact, the exchange rates are
determined by the instantaneous dissolved concentration, C, and the
intraaggregate concentration distribution, S(r), which is a function of the
previous exposure to dissolved concentrations. Therefore, one can include the
kinetic model in a transport model when the history of movement of each
aggregate can be defined. Examples of successful coupling of these two
different diffusion length scales can be found in modelling fixed-bed
activated carbon sorption (Crittenden and Weber, 1978a; Crittenden and Weber,
1978b; Weber and Liu, 1980) and modelling diffusion in sediment bed with
biogenic microenvironments (Aller, 1978). However, in these cases, the solid
phases are stationary. Sorption rates are computed from the concentration in
the adjacent solution and the concentration in the aggregates which is
determined by the history of the exposured concentration at the location of
interest.

When movement of aggregates is involved in the chemical transport
processes, our ability ﬁo specify the concentration in an aggregate and to
calculate the sorption rate depends on whether there is an available technique
to model the path of each aggregate. The conveyer-belt type bioturbation by

tubificid worms provides a special case in which the sediment is mixed and the
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history of each aggregate is still well defined.

Tubificid worms are widely distributed in natural water bodies with
significant abundance (e.g., up to 12 worms/cm? in Toronto Harbor, Brinkhurst
and Cook, 1974). These worms burrow head down to ingest sediments at depth in
the bed and expel these materials as fecal pellets at the sediment-water
interface (Figure 4.1). Therefore, the bed surface is continuously renewed by
sediment materials from the deep bed, and sorption or desorption of pollutants
will occur if there is a chemical activity gradient between the pellets and
the water.

As discussed in 4.2.1, we can assume equilibrium in the deep sediment
bed. However, one particular region where we can not ignore sorption kinetics
is the sublayer within one grain width beneath the water/sediment interface.
We assume that the dissolved concentration in this layer is the same as the
concentration in the overlying water due to turbulence induced dispersion.
Therefore, deposited fecal pellets are essentially exposed to the overlying
water.

During the period of residence in the bed surface layer, sorbed
pollutants will desorb to an extent quantified with our intraaggregate

retarded radial diffusion model. The total travel time through a depth of one

particle diameter (d) can be estimated from the reworking rate, w,,:

t, = d/w, (4.22)

Using the dissolved concentration in the overlying water, C,, we can estimate

the sorbed concentration, S, in the pellets when they are leaving the
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sublayer, i.e.,

S(z=d) = S(z=0) - (S(z=0)-Kpr)’M(t=tr)/Mw (4.23)

in which M(t=t/) /M, is the fraction of release at t=t,. The concentrations of

dissolved and colloid-bound species are quickly replaced by the concentrations

in the overlying water due to high dispersivity in the water column, i.e.,

C(z=d) = C, (4.24)
S.(z=d) = K., (4.25)
P, = P_(in water) . (4.26)

Consequently, the mass exchange between the reworked sediments and the
overlying water is simply the sum of materials sorbed/desorbed to/from the
pellets plus the dissolved and colleid-bound loads interchanged with the water

column. This continuous flux across the bed/water interface is given by:

Flux(z=0) [Sp (z=d) -Sp(z=0) ] .w,

{ (nb+pcKc)Cw + P[S(==°)'(5(z=0)-Kpr>'M(t=t,)/Mm]

- (nb+pcKc)C(z=0) - PS(z=0)}-w,

{(mp+P Ke) * (Cy=C(2=0)) = PIS(2=0) -KgCyl M(t=ty) /Mea} *wp
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(4.27)

in which P. is assumed to be a constant.

When S » C (which is true if Kp » 1 and PK, » PK) and p > P.r PS =5

b
and we may express the flux in terms of parameters easily measured in
contaminated muds:

Flux(z=0) = k. [PKCy=5, (z=0) ] (4.28)
where Kp = wp.M(t=t,) /M, (4.29)

The bioturbation rate constant is a function of the biological activity, the
hydrophobicity of the pollutant, and the particle size and organic content of
the sediments. This result provides a boundary condition which is a flux for
Egq. 4.19 at z=0.

For other types of deposit-feeders, as long as we can describe their
activities with the reworking rate, w,, we will be able to use the same
approach to model the integrated transport processes in the sediment beds.
Plow-like benthic animals do not generate net sediment advection (i.e., w=0).
However, the mixing activity has been parameterized by using an eddy-diffusion
type mixing coefficient, D,, (Guinasso and Schink, 1975; Aller, 1978; and Lee

and Swartz, 1980). Making use of this quantitative description, we can

estimate the residence time of the sediment material in the sublayver by:

t, = d2/p, (4.30)
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and use the same modelling approach as well.

To test the eff;ctiveness of this model, we performed microcosm
experiments. Aquariums containing a layer of contaminated sediments with or
without tubificid worms were used to simulate polluted natural water bodies

in which either porewater diffusion or bioturbation dominated the mass

transport between beds and the water column.

4.3 Experimental Section

4.3.1 Materials and Analytical Methods

Five polychlorinated biphenyl (PCB) congeners (4,4'-dichlorobiphenyl;
3,4,2'-trichlorobiphenyl; 2,5,2',5'-tetrachlorobiphenyl; 2,4,5,2',5'~
pentachlorobiphenyl; and 2,4,5,2',4',5'-hexachlorobiphenyl) purchased from
Foxboro/Analabs Co. (North Haven, Connecticut) were used as received.
Freshwater river sediments were obtained from the North River (Marshfield,
Massachusetts). Sediment suspensions were wet sieved through a No. 20
standard sieve (opening = 0.84 mm) and stripped with clean air for one month
in a 30 L glass carboy to eliminate unknown organic substances originally
sorbed in the sediments. About 1 mg of each PCB (except 2,5,2',5'-
tetrachlorobiphenyl) dissclved in a total of 1 mL acetone was added into a 20
L sediment suspension containing about 2 kg of dry solid. The suspension was
mixed occasionally for 1 month. After concentrating by settling, the wet

sediments were stored in a refrigerator at 5°C before experiments. Other

sediments obtained from the Charles River (Boston, Massachusetts) were
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air-dried and sieved through a No. 20 standard sieve. The same procedure was
taken to prepare contaminated Charles River sediments with
4,4'-dichlorobiphenyl, 3,4,2'-trichlorobiphenyl, and 2,5,2',5'-tetrachloro-
biphenyl, except they were not stripped. Milli-Q Water (Millipore, Bedford,
Massachusetts) was used for aqueous preparations.

A stock of tubificid worms was obtained from a small stream 200 m
downstream of a sewage treatment plant outfall 2 years before the experiments.
Sediments with worms were kept in the laboratory in a 20 L aquarium with
aeration and enriched with several small pieces of bread once a week. Before
any particular experiment began, bottom mud with worms were sieved with a No.
20 sieve. Worms retained on the sieve were picked with tweezers and used in
the experiments immediately.

Some sediment properties were determined by the following methods. The
dry solid density was estimated with the specific gravity bottle method (Black
et al., 1965). The organic matter content was determined by heating the
sample at 550°C for 25 minutes and measuring the weight loss (Black et al,
1965). The solid content (also the porosity) of the wet sediments was
determined by drying the sediments at 105°C for 24 hours. Some properties of
the sediments and PCBs used in this work are listed in Table 4.1.

The concentrations of PCBs in the contaminated sediments were determined
by extracting small aliquots of the sediments with 2 mL of 1:1 pentane and
acetonitrile mixtures in 12 mL centrifuge tubes for 1 week. Sonication was
applied at the beginning to destroy the sediment aggregates. After
extraction, the pentane layer was withdrawn from the tube and saved. The

extraction and separation was repeated twice with only 1 mL pentane added into
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Table 4.1 Properties of sediments and PCBs

a. Sediment properties

Sediments dry solid porosity organic matter content solid
density ( as combustible loss) conc.
g/cm3 cm3/cm3 % of dry mass g/cm3
Charles River 2.25 0.73 17.0 0.61
North River 2.51 0.78 8.8 0.55

b. PCB properties

PCBs log K,y log Kyp molecular
(a) (c) diffusivity(d)
(em3/q) (em3/q) (cm?/s)
4,4'-dichloro 5.33 4.04 5.8 x 107¢
biphenyl
3,4,2'-tri- (5.57) (b) 4.26 5.5 x 1076
chlorobiphenyl
2,5,2',5"'-tetra-  6.05 4.69 5.3 x 107
chlorobiphenyl ’
2,4,5,2',5'- 6.49 5.07 ' 5.0 x 107¢
pentachloro-
biphenyl
2,4,5,2',4',5'- 7.36 5.87 4.8 x 1076
hexachloro-
biphenyl
(a): K., values are average of observed values from Rapaport and

Eisenreich, 1984; Woodburn et al., 1984; Bruggeman, 1982; Chiou et
al., 1977; Chiou, 1985; Miller et al., 1985 (reviewed by Brownawell,
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(b):

(c):

(d):

1986) .

This value is K., of 2,3,3'-trichlorobiphenyl. K, value of
3,4,2'-trichlorobiphenyl is not known.

K., is the partition coefficient normalized by organic matter
content. Valus are obtained from the correlation between the values
of K., and K,, developed by Chiou et al., 1983, (log Ky =

0.904 log K,, - 0.779), (13 compounds including 4 PCBs and 5
chlorinated benzenes). These K,,s are used to estimate the K,s used
in this work by multiplying K., with the organic content.

The molecular diffusivity is estimated by using the method of Hayduk

and Laudie (1974).
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éhe tube each time. All pentane extracts were combined and an external
standard (tetrachlorobiphenyl or pentachlorobiphenyl whichever was not added
into the contaminated sediments) was added. The PCB contents of the extracts
were determined by gas chromatography with electron capture detection. The
instrument was a Carlo Erba HRGC 5160 Mega Series, equipped with a é3Ni
electron capture detector. The 12 m long by 0.32 mm i.d. fused silica

capillary column coated with cross-linked SE-54 (Analabs, Inc., North Haven,
CT) was operated with H, carrier gas at 0.5 m/s linear velocity and was
programmed from 40 to 240°C at 8°C/min. Splitless injections were made. The
detector was operated at 275°C with 5% CH,-Ar in the constant current mode

with 0.5-Us pulse intervals and a differential electrode potential of 50 V.
The recovery by this extraction approach has been shown to be between 80 and
90% in our previous report (Appendix 2). The analytical imprecision was about

+20%.

4.3.2 Procedures of Microcosm Experiments

Microcosm experiments were performed to investigate: (A) diffusion in
pore water, (B) modification of the sediment bed by tubificid worms, and (C)
bioturbation-enhanced mass transport in the sediment bed. Some experimental
parameters are listed in Table 4.2. Sediments were homogenized by mixing with
a spatula and samples were taken for sediment property and PCB content
measurements. A layer of sediment mud with thickness of 1 cm to 8 cm was laid
on the bottom of a gas stripping bottle, which was 10 cm tall and 8.5 cm in
diameter (Fig. 4.2-a, and 4.2-b). A depth of 5 cm to 8 cm water was carefully

added into the bottle by siphon with capillary tubes. Resuspended sediments
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Table 4.2 Experimental parameters

Experiments A B C
Treatment pore diffusion bioturbation bioturbation
activity and transport

Initial conc. in

sediments (ng/cm3)

4,4'-dichlorobiphenyl 92 0 480
3,4,2'-trichlorobiphenyl 31 0 340
2,5,2',5'-tetrachloro- 38 0 standard
biphenyl
2,4,5,2',5'-pentachloro- standard 0 350
biphenyl
2,4,5,2',4',5"'-hexa- 0 0 200
chlorobiphenyl
Sediment type Charles R. North R. North R.
Thickness of the 1 8 5

sediment layer (cm)

Depth of water (cm) 9 5 8

stripping rate (cm3/s) 10 - -
(by air)

flushing rate (cm3/min) - - 40
{(by water)

Worm population (cm™2) 0 7.1 13.5

Reworking rate (cm/day) 0 0.07 0.13

Bed surface area (cm?) 57 61 57
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figure 4.2-a Microcosm for porewater diffusion experiment (Experiment a).
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Tigure 4.2-D Microcosm for bioturbation experiment (Experiment C).
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were sucked out until the water column was free of visible suspended
materials. In Experiment A, clean air was continuously pumped by a stainless
steel bellows pump into the water column with a flow rate of 10 cm3/s (Fig.
4.2-a). The gas flow was recycled in a all-glass closed loop during chemical
flux measurements. An organic vapor trap containing 0.1 g Tenax® beads (4 cm
length and 0.4 cm diameter) was installed in the effluent gas line to collect
chemicals released from the sediment bed into the water column. After each
period of vapor collection, an external standard dissolved in 1 Ul pentane was
acdded to the Tenax® trap. PCBs collected in the trap were thermally desorbed
after inserting the trap into the GC injection port (Pancow and Kristensen,
1983). The temperature of the GC column was held at 40°C for 20 minutes
during desorption and the chromatography was commenced by heating to 240°'C at
8°C/min.

A wide mouth jar was used for the experiments on bioturbation activity
observations (Experiment B). Sediment cores were taken during the
bioturbation activity observation for solid content and organic matter content
profile measuremant.

During Experiment C, the water column was flushed with water and gently
stirred to ensure low water column chemical concentrations. The £f£lushing rate
was chosen to yield aqueous concentrations which were always less than 20% of
that equilibrated with the corresponding sorbed concentrations (Fig. 4.2-b).
Worms were weighed for wet biomass after they had been put on a tissue for 2
seconds to eliminate excess water. The number of worms in another sample was
counted to estimate the average weight of a single worm. It was found that

the average body weight was 1.56 mg per worm. Dead worms were removed from
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the bottle during the first 2 days and their wet weight was subtracted from
the total added weight to estimate the true input biomass. No significant
change of total wet biomass of input worms (< 10%) was found 30 days after the

experiment started.
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4.4 Experimental Results and Discussion

4.4.1 Diffusion Through Porewater

Results of the porewater diffusion experiment (Experiment A) are shown in
Figure 4.3-a, b, and c. The fluxes of PCBs from the sediment beds, estimated
from the mass collected in the Tenax® trap, decrease with progress of time.
The analytical imprecision in the observed fluxes is about 15% based on
triplicate analyses and is primarily due to variations in the trapping
procedure and analyses by gas chromatography. If all fluxes are normalized
with the initial concentrations (about 3 : 1 : 1.5 for dichlorobiphenyl

trichlorobiphenyl : tetrachlorobiphenyl), dichlorobiphenyl which has the
lowest hydrophobicity (K,,) has the highest flux, which is predictable by the

retarded diffusion model. However, the fluxes of tri- and
tetra-chlorobiphenyls are not significantly different.

A blank stripping efficiency test (i.e., only PCBs and water in the
bottle) showed that 50% of the original tri~ and tetrachlorobiphenyls remained
in the spiked water after 4 hours of purging. This half-life time corresponds
to a stripping rate constant of 4 day~l. To the extent that the stripping
treatment does not remove compounds from the water column efficiently, the
flux across the bed/water interface will be reduced due to smaller
concentration gradient. Therefore, we have to evaluate the effects of
stripping efficiency on the observed fluxes by using a model simulation
including a varying concentration in the water column.

A transport model can be readily formulated to describe the concentration

change in the water column:
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Figure 4.3-a Results of porewater diffusion experiment. Fluxes of
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to the predicted fluxes (solid line).
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Tigure 4.3-b  The same as Figure 4.3-a for 3,4,2'-trichlorcbiphenyl.
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Figure 4.3-c The same as Figure 4.3-a for 2,5,2',5'-tetrachlorcbiphenyl.
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dcC A

w

= —— (f£lux across the bed surface) - ka
dt v
Dapp 0s,
= ( )z=0 - kC, (4.31)
L 0z

in which A = bed surface area (cm?), V = volume of the water column (cm3), k =
stripping rate constant (d~1l), and L, = depth of the water column (cm). Since
the concentration gradient at z=0 is given by Eq. 4.19 with a time-varying
boundary concentration of C,, we have to solve the problem with a numerical

approach. Following the modelling approach by Peng et al. (1979), Santschi et
al. (1980), and Ambrose et al. (1983), we divide the sediment bed into
horizontal compartments. Finite difference approximations are used to replace
the concentration gradients in the governing equations. Local equilibrium
between sediments and the overlying water is assumed at z=0. Details of the

numerical model are described in Appendix 5.

The simulation result indicates that the actual flux_across the bed/water
interface is greatly reduced during the first several hours (dotted line in
Figure 4.4), however, converging to the predicted flux with 100% stripping
efficiency (solid line in Figure 4.4) gradually. For all times after one day,
the observed flux which is slightly diminished by the accumulated concentration _
in the water layer but is very close to (greater than 80% of) the predicted flux
assuming efficient stripping. Because all fluxes were measured after the second
day of the experiment, the data are not significantly affected by the effects of

incomplete stripping.
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Figure 4.4 Simulation results to show the impact of stripping
efficiency on the fluxes from the bed due to porewater
diffusion. The simulation conditions are the same as
the experiment shown in Fig. 4.3-c, but with very short

time.
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Neglecting the water column buildup of sorbate due to inadequate

stripping, we obtain predictions of the PCB flux by using the retarded

molecular diffusion model (Eq. 4.19 with w(z)=0, £(2)=0, K, = K,y X organic

content, D,p.= Dmnbi+l/(nb+pr), and assuming i=1l). Solutions are solid lines

in Figure 4.3-a, b, and ¢ (from the analytical solution by Crank, 1975). The
predictions are within a factor of 2 of the observed fluxes for
dichlorobiphenyl and tetrachlorobiphenyl, and a factor of 5 for
trichlorobiphenyl. The discrepancies between model simulations and
experimental observations are most likely due to the errors in predicting the
apparent diffusivities or to neglect of important transport processes. Since
the molecular diffusivity of a compound and the solid density of the sediment
material are well known parameters, error primarily comes from estimates of
the other components in the apparent diffusity, the geometric factor and the
partition coefficient. The geometric factor, ni, varies by about a factor of
2 (Ullman and Aller, 1982). There is also an uncertainty in estimating
partition coefficients from octanol water partition coefficients (e.g., a
factor of 2 to 3, Karickhoff et al., 1979). Therefore, a propagation error of
about 3.5 in the calculated fluxes is expected which may explain the higher
fluxes predicted by the model.

Another process possibly controlling the transport of PCBs in the bed is
colloid-mediated diffusion. The contribution of colloidé to the apparent
diffusivity can be estimated from Eq. 4.20. The diffusion rate of

colloid-bound species is directly related to the concentration of these

microparticles or macromolecules (P ) and the partitioning tendency of the
P c Yy
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compound to these small particles (K.) . Assuming that the size of the moving

colloids is 10 nm (i.e., D, = 4.3 x 10-7 cm?/s) and that a dissolved organic

carbon (DOC) concentration of 15 mg/L, typical in the natural sediment beds

(Brownawell, 1986; Martin, 1985; McNichol, 1986) also exists in our microcosm,

we can predict Dapp from DOC and K,. (representing P. and K. respectively) by
assuming K,. = 2'K, (i.e., 50% of the organic content is organic carbon). It

is found that the Dapp (an approximately constant value of 4 x 10-11 cm?/s) is

about 1/10 of the estimated retarded molecular diffusivity for
tetrachlorobiphenyl and even smaller for tri- and di-chlorobiphenyls.
Therefore, colloids are not likely to contribute to the PCB transport in these
cases.

The general agreement between predictions by the retarded diffusion model
and observed data is good and corroborates the observations by Di Toro et al,
(1985) and Karickhoff and Morris (1985) . The effects of the diminished
diffusivity by local equilibrium in the sediment beds is clearly demonstrated

by these experimental results.

4.4.2 sediment Bed Modification by Tubificid Worms

At the beginning of Experiment B, tubificid worms (about 430 individuals)
were introduced into an aquarium with a sediment column which had 8 cm depth
and 61 cm? surface area (i.e., about 7.1 worms/cm?) . In the first few days
after introducing the worms, the reworking activity was not homogeneously
distributed horizontally. Fecal pellet patches appeared on the bed surface.

The original surface was not totally covered until 4 days later. The pellet
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dunes developed to a maximum size of 4 mm in diameter then stopped growing.

The vertical profiles of organic matter content in the bed show the
selective feeding habit of tubificids (Fig. 4.5). The worms not only feed on
small particles (Aller, 1978) but also appear to prefer those enriched in
organic matter. The 9% combustible loss of the original sediments was
increased to 12% in the fecal pellets corresponding to an enrichment factor of
1.3. This phenomenon has been reported in the literature (Karickhoff and
Morris, 1985 (factor of 3.5); Aller, 1978 (factor of 1.1 by Yoldia)).
Therefore, an enrichment of hydrophobic pollutants in the fecal pellets
relative to the remaining bed particles is likely because sorbed compounds are
primarily associated with organic matter. 1In addition, there should be layers
with low organic matter to indicate the actively feeding zone. 1In fact, we
found one or a feﬁ sections of the sediment core beneath the reworked zone
have lighter color and sandy texture as well as low organic content shown by
Figure 4.5.

The reworked materials were packed into cylindrical pellets with
cross-sectional diameter of about 150 pum (Fig. 4.6). These rigid cylinders
greatly increased the porosity in the reworked layer by a card-house-like
structure. The solid content is only 0.25 g/cm® on the bed surface (Fig.
4-7) . Bigh solid content as a result of high fraction of sands left behind
after feeding clearly show the actively working layer too.

The boundary of the low solid layer was used to identify the depth of the
front of the reworked layer (Fig. 4-8). The movement of the front indicates a
steady downward velocity (0.07 cm/day) of sediment in the first 3 cm, but this

sediment advection rate is diminished below 3 cm and stops before 5 cm. There
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are only few small channels made by worms below 5 cm based on observations

from the side of the aquarium. The calculated individual reworking rate (=
wy(cm/d) / worm density (#/cm?)) is very close to the values in the literature

(i.e., 0.014 cm3/d from Fisher et al., 1980; 0.013 cm3/d from Karickhoff and
Morris., 1985; and 0.01 cm3/d from this work).

The sediment sinking velocity can be translated into feeding activities
if the parameterization approach by Fisher et al. (1980) (Eq. 4.7) is correct.
Investigators obtained good velocity profiles by using tracers (i.e., 137cs
sorbed on clays or glass beads) laid on the original bed surface. The feeding
activity profiles derived from their results are different. The activity
peaks span from 3 cm to 6 cm (Robbins et. al., 1979, with 5 worms/cm2), 6 cm
to 8 cm (Fisher et. al., 1980, with 10 worms/cm2?), and 2.5 cm to 3.5 cm
(Karickhoff and Morris, 1985, with 4 worms/cm?), compared to 3 cm to 5 cm by
this work (with 4.6 worms/cm?). Higher population density seems to drive
worms to feed deeper. It has been suggested that the feeding depth may vary
with the distribution of tubificid length (which is affected by the worm
separation procedure), the species composition of the population, and the
population density (Fisher et. al., 1980). Most importantly, according to our
experimental results, the maximum feeding activity occurs beneath the front of
the reworked layer. Labelling the original bed surface may not yield feeding
distribution as a function of depth. We believe that a low organic content
region or a sandy zone (with high solid content) in the sediment bed can show
the actual feeding activity better. Based on the observations in this
sediment modification experiment, a uniform feeding activity zone from 3 cm to

5 cm deep is used in the following model analyses.
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4.4.3 Transport of PCBs in the Bed with Bioturbation

The fluxes of PCBs across the surface of the sediment column during
Experiment C are shown in Figure 4-9. Error bars on the data indicate the
relative standard deviations of four measurements of the concentration of PCBs
in the same effluent (i.e., *30%, *17%, *33%, and +60% for di-, tri-, penta-,
and hexa-chlorobiphenyls, respectively). The PCB fluxes of the more
hydrophobic congeners are relatively low at the beginning but approach nearly
constant values after 6 days. These initial low fluxes could be due to the
low activity of worms in a starting period after their transferral into the
experimental system at time 0. Also, worms burrowing was clustered in the
first few days. The whole bed surface was not entirely covered by fecal
pellets until 4 days after the experiment started. This heterogeneous
distribution of deposition could shorten the exposure time of fecal pellets to
the overlying water and diminish the PCB transport. Apparently, a steady
state situation was not reached until 6 to 8 days after the microcosm
inoculation with worms.

It was found that microcosm flushing with water was necessary to keep the
concentrations of PCBs in the water lower than 20% of the sediment-water
equilibrium concentrations. This could not be achieved with water column
stripping in these bioturbation experiments due to much higher mass fluxes
from the bed than those in the pore water diffusion experiments.

Since no resuspension of fecal pellets or sediment particles was observed
during the experiment, the processes which may contribute to the pollutant

fluxes across the bed surface are retarded molecular diffusion, colloid-
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mediated diffusion, and bioturbation. Simulation analyses show that molecular
diffusion of PCBs in pore water does not contribute significantly to the total
flux (dotted lines in Figure 4.10-a to d compared to the observed fluxes shown
by open squares; note the logarithmic scale). Following the discussion in
Section 4.4.1, we can also neglect the effects of colloid-mediated transport
for di-, tri-, and tetra-chlorobiphenyls. According to a similar model
analysis, the pentachlorobiphenyl flux may be enhanced about 30% by colloids,

. and by about a factor of two for hexachlorobiphenyl. Consequently, the

| biogenic mixing activities seem to dominate the chemical transport in these
experimental system.

Based on the observation of worm activities (see section 4.4.2), we may
éstimate the total mass flux of pollutant brought onto the bed surface by
worms. TIf one assumes that equilibrium between the reworked pellets and the
water column is rapidly achieved, this total mass flux brought onto the bed
surface is also the flux released to the water column. Using the sediment
advection model with the assumption of instantaneous sorption equilibrium at
the bed-water interface, one predicts the fluxes shown as the dashed lines in
Fig. 4-10 a to d. Clearly, these predicted fluxes are much higher than the
measured fluxes. Therefore, sediment-water equilibration is not likely, and
we must incorporate sorption kinetics to improve the predictions.

Since the initial concentrations of PCBs in the sediment bed are nearly
the same, the magnitude of fluxes can be compared to each other directly. The
flux of 4,4'-dichlorobiphenyl is the highest and that of 2,4,5,2%,4',5'-
hexachlorobiphenyl is the lowest. The sequence of the flux intensities for

PCBs is'exactly the inverse of the sequence of their hydrophobicities. This
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may be evidence that the desorption rate from fecal pellets to water column,
which is high for less hydrophobic compounds and low for more hydrophobic
compounds (see Chapter 2), is the limiting factor for the release of these
compounds from the bed.

Assuming that the reworked pellets are evenly spread on the bed surface,
we obtain a residence time of 2.7 hours for reworked pellets in the bed
surface sublayer. Kinetic effects are introduced into the transport model by
calculating the fraction of sorbed concentration released from a cylindrical
pellet to the overlying water in 2.7 hours. In the model simulations, the

effect of the selective feeding which increases the organic content in the

pellets is taken into account. We use organic content and K, instead of p
and Ky for the concentration of stationary sorbent phase and partition

coefficient, and apply an enrichment factor e (=1.3) to increase the f,. in

the pellets.

A numerical approach is necessary to perform model simulations. Instead
of an assumption of equilibrium concentration at the bed-water interface, we
use mass flux as a boundary condition, which is evaluated at each time step by
using the sorption kinetics description (see Appendix 5). The predictions of
PCB flux by using our integrated transport model (inéluding a flushing rate
constant of 125 day~l) are shown in Figure 4.10-a to 4.10-d as solid lines.

The predicted fractions of PCBs released from the reworked sediments are
indeed quite small (i.e., M./My, is from 17% for dichlorobiphenyl to 2% for

hexachlorobiphenyl). Microcosm data obtained after more than 6 days are

generally within a factor of three of the predictions. Considering the
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uncertainty in the estimates of modelling parameters (e.g., the retarded
diffusivities as discussed previously), this agreement between the model
predictions and experimental data is reasonably good.

Karickhoff and Morris (1985) also investigated this kinetics controlled

mass transfer between reworked fecal pellets and the overlying water by doing

similar experiments. They estimated the M./M, by performing desorption

experiments of polluted fecal pellets in suspension and found that the M,/M, is
only 0.15 for hexachlorobenzene after 2 days. The corrected initial flux (by
multiplying the initial reworked mass flux, Sp,(z=0)w,, with M. /M) matched the

experimental results very well. The results of our bioturbation transport

experiments are consistent with their investigations. In addition, since we can
predict M./M, a_priori from the given environmental conditions, there is no need

for additional empirical estimation of parameters when this transport model is
incorporated into the pollutant fate models. This treatment introduces the
sorption kinetics into the transport model and eliminates the invalid assumption
of equilibrium at the bed/water interface.

Since we made some assumptions and neglected many processes in our model
simulations, compensating errors might have caused the false good fit. Good
agreement between model predictions and observed fluxes does not prove the
validity of this integrated model. Certainly, we need more study to evaluate
the appropriateness of the assumptions made in the model analyses. For example,
two important modelling parameters, thickness of the one-grain-size sublayer and
the cylinder geometry of intraparticle diffusion, were based on the assumption

that the surface of the grains in the first layer are entirely exposed to the
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overlaying water. However, the pellets on the bed-water interface may have
close contact with the immediate lower layer. The lack of complete exposure
could alter the diffusion path and lower the desorption rate. For example, the
desorption rate from one end of a plane sheet is about 1/4 of the rate from a
cylinder with similar width (Crank, 1975). It is likely that the assumption of
a one-diameter thickness of the sublayer and a complete exposure of the pellets
overestimated the fluxes by factors substantially greater than 1. However,
whenever the turbulence in the water column is high in the environment, the
overlying water might penetrate deeper than one-grain depth, and fecal pellets
on the surface might be subject to bed load transport and expose the pellets
underneath; therefore, the assumption of one-grain size sublayer would
underestimate the PCB fluxes in that case. More study is needed to accurately
extimate the geometry of the sublayer.

In the simulation, we also neglect many processes which are likely enhanced
by bioturbation activities and only consider the conveyer-belt type sediment
mixing. Two other biological activities, eddy-diffusion type sediment mixing
and biogenic irrigation, might also contribute significantly to the total
chemical fluxes. The eddy-diffusion type mixing by tubificid worms has been
reported to be 2.8 x 107° cem?/s in a similar condition (Robbins et al., 1979).
This diffusivity corresponds to a residence time in the sublayer of about 1 day.
Compared to the conveyer-belt type mixing with a residence time of 2.7 hours in
the sublayer, this random mixing by worm bodies is not important in our
experimental situations.

During this experiment (C) we found that the effluent had an average

absorbance of 0.028 at a wavelength of 500 nm compared to 0.000 of the flushing
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water. Stopping the flushing flow allowed the water to build up materials
released from the bed as indicated by an increase of absorbance to 0.122 after
30 minutes, 0.309 after 2 hours, and 1.382 after 15 hours. This phenomenon
which was not been observed in Experiment A indicates that there is a flux of
absorbent colloidal material coming out of the sediment bed due to animal
activities. Some benthic species exchange large amounts of overlying water with
the sediment porewater (Foster-Smith, 1978; Lee and Swartz, 1980). When the
oxygen in the sediment is limited, tubificid worms can recycle water through
their bodies to facilitate oxygen transport (Grzimek, 1968). Also, these
animals make many channels in the mud. These irrigation and channelling
processes will certainly accelerate the release of dissolved substances and
colloids into the overlying water.

Clymenella torgquata, one of the conveyer-belt type reworking animals in the
sea, has an irrigation rate which exchanges about 50 volumes of water for each
volume of solids reworked (Lee and Swartz, 1980). If tubificid worms have
similar irrigation-to-reworking ratio, the total mass of dissolved species
pumped through their bodies will be much less than the reworked sorbed species
because of the very high sorbed-to-dissolved ratio of pollutant species in the
sediment bed (i.e., the partition coefficients of tested compounds are all
higher than 103 em3/g). However, when local equilibrium can be assumed, the
amount of pollutants tranqurted by moving colloids will only depend on the
concentrétion of DOC in the moving fluid and the compound concentration in the
bed. The colloid-mediated PCB transport will be Qery important for more |
hydrophobic PCBs because this process overcomes the transport limitation dué to

retardation by local partitioning equilibrium, which is more significant for
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more hydrophobic compounds.

This biological colloid transport may be one possible reason for the
observed increasing of fluxes during the first 6 days of the experiment. For
example, assuming that the DOC concentration in the porewater is 30 mg/L and the
individual irrigation rate for tubificid worms is 0.5 cm3/worm/d (i.e., 50 times
of the sediment reworking rate), the total flux of DOC per unit area will be
2x10-4 g/cm?/d. The PCB fluxes carried by colloids will be 4 ng/cm?/d, 3
ng/cm?/d, 3 ng/cm?/d, and 1.7 ng/cm?/d for di-, tri-, penta-, and
hexa-chlorobiphenyls, respectively, which are much lower than the observed
fluxes of di- and tri-chlorobiphenyls, but similar to the highest flux observed
for penta- and hexa-chlorobiphenyls. If this biogenic irrigation rate is zero at
the beginning of the experiment and reaches the maximum after 6 days, this
significant contribution to transport for more hydrophobic compounds by
biological colloid generation may explain the dramatic start-up increase of
fluxes for penta- and hexa-chlorobiphenyls.

Apparently, desorption kinetics is an important factor governing pollutant
transfer between beds and the water column under our experimental conditions.
However, other bioclogical processes (e.g., biogenic irrigation and colloid
generation) may contribute significantly to the overall flux. More studies are
necessary to identify and quantify these biologiqal enhanced transport

processes.
4.5 Conclusion

The work described in this chapter set forth a general modelling approach

for the transport of hydrophobic compounds associated with pore water, solid
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material, and moving colloids between the sediment beds and the water column.
Several conclusions can be drawn from the model analyses and the experimental
results:

1. Three phases are considered in our model (i.e., pore water, solid, and
colloids). The effects of colloids in the transport of pollutant can be clearly
specified without using an empirical formula for the partition coefficient.

2. 1In addition to the equilibrium partitioning model we incorporate the
sorption kinetic model in the fate model to handle problems with kinetic limited
pollutant transport (e.g., quick renewal of sediment surfaces by bioturbation).
This approach eliminates invalid assumptions of equilibrium between solid and
aqueous phases

3. The results of the pore diffusion experiment show that the diffusion of
PCBs is diminished by local equilibrium in the sediment bed. Model predictions
are generally higher than the experimental data by a factor of 2 to 5.

4. Observations of the bioturbation behavior show that the individual
reworking rates are quite constant among different observations. The selective
feeding habit of tubificid worms increases the organic matter content in the
fecal pellets and, consequently, will increase the concentration of hydrophobic
pollutants in the fecal pellets. Organic matter content and solid content
profiles provide information on the reworking rates and the location of the
active feeding zones.

5. Transport of PCBs in the bed is greatly enhanced by bioturbation.
However, the mass transfer between the reworked sediments and the overlying
water is controlled by sorption kinetics. The predictions of the model are

within a reasonable range (a factor of 5) from the data. Colloids are released
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from the sediment layer during the bioturbation experiment and therefore might
contribute to the overall flux of pollutants entering the water column.

6. This inéegrated transport model is developed based on known chemical,
physical, and biological processes. All parameters in this model can be easily
measured or derived from system properties. The retarded diffusivity in the

interstitial pores or in the intraparticle pores can be predicted from the known

chemical properties (i.e., octanol-water partition coefficient (K,,), and
molecular diffusivity (D)) and sediment or particle characteristics (i.e.,

organic carbon content (f,c), and porosity (n or ny)). A survey at the field

site of interest will be able to supply information on the types and population
of the benthic animals, and the organic content (or porosity) profile which will
indicaée the actively reworked zone in the beds. Also, the size distribution of
aggregates or fecal pellets can be obtained from the sediment samples. The
information on animal feeding pehavior and individual reworking rate in the
literature (reviewed by Lee and Swartz, 1980) will help us to estimate the two
important parameters, the sediment reworking rate and the eddy-diffusion type

mixing coefficient.
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CHAPTER 5 Summary

In this thesis, a predictive description of sorption kinetics for
nydrophobic organic compounds on natural solids is introduced into the
chemical transport model to handle a variety of environmental situations
in which the assumption of equilibrium petween solid and aqueous phases
may not be valid.

A sorption kinetics model developed and experimentally verified based on
the intraparticle diffusion process and local phase partitioning forms the
basis of this work. The only adjustible model parameter, the
intraparticle diffusivity, can be estimated from the chemical and physical
properties of the compound and the natural sorbents of interest.

2 numerical model capable of describing sorption exchange in an agqueous
system, containing a spectrum of particle sizes and time-varying solution
conditions, has been developed. Simulation examples demonstrate our
ability to predict the fates of chemicals in a dynamic environment without
assuming aqueous/solid equilibrium.

Colloids, a moving sorbent phase in the solution, are included in an
integrated chemical transport model. Concentrations of the three sorbate
species (i.e., dissolved, sorbed, and colloid-bound species) are coupled
by the equilibrium relationships or the kinetics expressions. Microcosm
experiments have shown the predictive capability of this model.

This thesis presents useful approaches to parameterize sorption exchange
processes and sediment mixing process. The results of this work will

improve our ability to predict the fate of hydrophobic chemicals in
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6.

natural water bodies.

Future studies on the sorption controlled mass transport are suggested:
a. to verify the sorption kinetics model under the situations in which
there are highly hydrophobic compounds, a variety of natural particles
(e.g., aggregates formed by clayey material, and microorganism debris or
live bodies), or high solid concentrations;

b. to develop methods to measure the intraaggregate porosity in the
aggregates;

c. to study the dynamic change of particle size distributions in the
nature;

d. to elucidate the generation and fate of colloids in order to specify
the temporal and spatial variation of the concentration of colloids in the
environment;

f. to develop parameterization techniques to quantify the impacts of a
variety of bioturbation activities (e.g., plowlike bioturbation, and
biogenic irrigation) on the transport of pollutants sorbed-on-sediment;
g. to formulate a predictive model coupling sorption kinetics with the

sediment resuspension processes.
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