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 Sorption Kinetics of Hydrophobic Organic Compounds to Natural Sediments and Soils Shlan-chee Wu and Philip M. Gschwend*
 
 Ralph M. Parsons Laboratory, Department of Civil Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02 139 Sorption kinetics of hydrophobic organic chemicals to and from suspended sediment and soil particles is described by a radial diffusive penetration model modified by a retardation factor reflecting microscale partitioning of the sorbate between intraaggregate pore fluids and the solids making up the aggregate grains. In light of this and other sorption kinetics models, a closed-loop-stripping apparatus with a photoionization detector operating in-line was used to examine the effects of sorbate hydrophobicity, sorbent particle size, and system temperature on solidsolution exchange over times of seconds to days. Our results indicate that a single effective diffusivity parameter, which is predictable from compound solution diffusivity, octanol-water partition coefficient, and sorbent organic content, density, and porosity, can be used to quantify the sorption kinetics.
 
 Introduction Sorption on sediment and soil particles plays a major role in controlling the fate of organic pollutants in aquatic environments. Partitioning models, in which equilibrium between dissolved and sorbed species is assumed, are often adequate to describe transport phenomena, particularly when solid-solution contact times are relatively long (days ’ to months). Examples where equilibrium descriptions 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. However, there is evidence that in some situations 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 vs. depth and nonsigmoid or tailing breakthrough curves (1-4). 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 time scales of days to months, (5-7). 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 the following: storm-derived resuspension of quickly redeposited bed sediments; soils rapidly infiltrated by heavy rains, flooding events, or wastewater applications; sediment-water mixing associated with dredging and dumping operations. Typical fate and transport models (e.g., SERATRA (8); TOXIWASP (9)) assume local sorption equilibrium in suspensions as well as sediment beds. Such an assumption 0013-936X/86/0920-0717$01.50/0
 
 may result in significant error in prediction of fate in the aforementionedsituations. In order to develop an accurate description of hydrophobic compound transport in aquatic environments where physical-mixing processes expose solids to solutions on time scales similar to or shorter than those of sorption transfers, we must understand the factors controlling sorption kinetics. 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, kf (Figure 1) (10, 11). This mathematical formulation implys that sorptive exchange is limited by only one of many conceivably important processes including binding by 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 (2,12,13; this paper). The improved modeling approach typically utilized involves subdividing the sorbent into two compartments. This conceptualization corresponds to physical situations in which 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 1). Unfortunately, this type of model retains three independent fitting parameters (Le., kl,the exchange rate from the solution to the first box; k2,the exchange rate from the first box to the second box; XI, the fraction of total sorbing capacity in the first box) that cannot be easily evaluated or estimated for new combinations of chemicals and solids. Numerous other mass trarisfer approaches (e.g., those reviewed in ref 14) 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.
 
 Physically Based Model for Sorption Kinetics 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 (15,161,sediments and soils (18-20), is well documented. Therefore, following the previous suggestion of Leenheer and Ahlrichs (13)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 (Le., in/on intra-
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 where Kp is the equilibrium partition coefficient ((mol/ g)/(mol/cm3)). The isotherm relationship can be used to restate the intraparticle diffusion kinetics in S only: S(r) = (1 - n)p,KpC’(r) + nC’(r) = [(I - n h K P + n1CW (4)
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 particle 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 (21-24). Similarly, separation scientists have used intraparticle diffusion models t o explain chromatographic phenomena (25). Soil scientists have recently demonstrated the effectiveness of this physical view for transport of conservative chemicals through soils in their natural aggregate state (3,26). 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 (27). 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 time rate of change of sorbed compound per unit volume can he mathematically expressed (28) as Jt
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 where S(rJis the local total volumetric concentration in porous sorbent lmol/cm~’J, C l r ) is the compound concentration free in pore tluid and varying with radial distance ( r ) (mol/cm3), n is the porosity of the Rorhent (rmJ of fluid/cm’ total). and U , is the pore fluid diffusivity of the sorhate (cm’ s). By definition S ( r ) = (1 - n)p,S’(r) + nC’(r)
 
 (2)
 
 in which Sir) is the concentration of the immobile bound state (mol/g) and p, is the specific gravity of the sorbent (glcm’). If the pore fluid concentration and the solidbound concentration are locally in equilibrium, a sorption isotherm relating thrsr states applies. such as
 
 SZr) = K,C’(r) 718
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 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 path length of diffusive transfer is half the particle diameter. Clearly the Derr appropriate for natural silts must include a correction factor, f(n,t), which is a function of intraaggregate porosity and tortuosity ( t ) ,that is
 
 where
 
 Deff= Dkrf.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 priori sorption kinetics for each chemical and/or site of interest. Experimental Section
 
 Materials. Four chlorobenzene congeners (1,4-dichlorobenzene, 1,2,4-trichlorobenzene, 1,2,3,4-tetrachlorobenzene, pentachlorobenzene) were purchased from Foxhoro/Analabs Co. (North Haven, CT) and used as received. Milli-Q water (Millipore, Bedford, MA) was used for aqueous preparations. Three natural sediments and soils were used in our experiments. Sediments taken from river beds were airdried, 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, US. EPA (Athens, GA), 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 2 days in advance. The suspensions were shaken by hand several times during this 2-day period to facilitate wetting and establishment of a natural aggregation condition. Some properties of the sediments are listed in Table I. Wet particle sizes were determined by sieving 2 L of sediment suspension prepared 2 days previously and containing 2-3 g of dry sediments through standard sieves (openings: 840, 177, and 88 pm) and Nitex net (openings: 53 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 me-
 
 Table I. Properties of Sediments and Soils
 
 sample name
 
 source
 
 Charles River sediments contaminated Charles River sediments Iowa soils North River sediments contaminated North River sediments
 
 Charles River, MA prepared in our lab EPA (EPA-IO) North River, MA prepared in our lab
 
 wet particle size distribution combustible' dry fraction by weight at diameter, loss (550 OC, density, 25 min), % g/em3 >840 840-177 177-88 88-53 53-28 17.0
 
 17.7 6.56 8.8 8.4
 
 2.25 NDI 2.6 2.51 ND
 
 0.03 0.0 0.04 0.01 0.0
 
 0.34 0.04 0.32 0.19 0.02
 
 0.14 0.12 0.15 0.23 0.06
 
 0.14 0.22 0.15 0.18 0.17
 
 0.17 0.28 0.27 0.15 0.43
 
 840-177 177-88 88-53
 
 53-28
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