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 Influence of Organic Cosolvents on the Sorption Kinetics of Hydrophobic Organic Chemicals Mark L. Brusseau*
 
 Soil and Water Science Department, University of Arizona, Tucson, Arizona 85721 A. Lynn Wood R . S. Kerr Environmental Research Laboratory, U S . EPA, Ada, Oklahoma 74780
 
 P. Suresh C. Rao
 
 Soil Science Department, University of Florida Gainesville, Florida 326 11 A quantitative examination of the kinetics of sorption of hydrophobic organic chemicals by soils from mixed solvents reveals that the reverse sorption rate constant (h,) increases log--linearly with increasing volume fraction of organic cosolvent (f,). This relationship was expected, based on the existence of a log-log inverse relationship between k, and the equilibrium sorption constant ( K J ,and a log-linear inverse relationship between Kp and f,. These results are interpreted in terms of a conceptual model wherein sorption kinetics is controlled by diffusion of sorbate within the matrix of sorbent organic matter. Decreased polarity of the mixed solvent, caused by the addition of a cosolvent, appears to influence the conformation of the polymeric organic matter and, hence, the rate of sorbate diffusion. Introduction
 
 The influence of organic cosolvents on the equilibriumphase distribution (e.g., solubility, sorption) of hydrophobic
 
 organic chemicals (HOCs) has begun to receive attention. For example, the solubility of HOCs in polar solvents has been found to increase in a log-linear manner with increasing volume fraction of cosolvent (f,) in a binary mixture (1-4). The log-linear model has also been shown to be valid for both sorption and transport of HOCs (5-10). In contrast, the influence of cosolvents on the kinetics of sorption has, to date, received very little attention. A decrease in the asymmetry of breakthrough curves (BTCs) with increasing f, for displacement of two herbicides (diuron and atrazine) through a column packed with a sandy soil has been reported (7,9). The decrease in BTC asymmetry, which was attributed by the authors to sorption nonequilibrium, with increasing f, suggests that the rate of sorption is greater in the presence of a cosolvent. Walters and Guiseppi-Elie (11) reported that sorption of dioxins by soils from water/methanol mixtures was more rapid a t higher f,. The results of preliminary work suggest that sorption rate constants increase with increasing f, (9, 12, 13).
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 The purpose of this paper is to investigate in a quantitative manner the impact of organic cosolvents on the rate of sorption of hydrophobic organic chemicals. A model, based on semiempirical relationships, is presented that describes the effect of cosolvent on sorption kinetics (Le., ka-fc functionality). Data obtained from miscible displacement experiments are analyzed with a first-order, nonequilibrium-sorption model to obtain sorption kinetic parameters which, in turn, are used to evaluate the proposed kz-f, model. Mechanistic interpretations of the impact of cosolvent on sorption dynamics, based on inferred similarity to polymersolvent systems, are discussed. Theory
 
 Sorption of nonionic, low-polarity organic chemicals has been modeled as a partitioning of hydrophobic solutes from a polar solvent (water) into sorbent organic matter (14,15), which has been shown to be a flexible, cross-linked, amorphous, polyelectrolytic polymer (16,17). Rate-limited diffusion of sorbate within sorbent organic matter has been suggested as a primary cause for the nonequilibrium sorption of HOCs [see Brusseau and Rao (18) and references cited therein] and the results of recent experiments support this proposal (9,194’1). The permeation of small molecules through polymers is a function of several factors, including the size and shape of the sorbate and the nature and conformation of the polymer (22, 23). The conformation of a polymer is, in turn, influenced by the nature of the local environment. This synergism means that sorbate diffusion can be affected by perturbations of the local environment. For example, the expansion or contraction of a polymer in response to changes in solvent polarity can affect the permeation of a sorbate through that polymer. A hydrophobic polymer will be in a relatively condensed state when water is the sole solvent. A reduction in polarity of the solvent, as achieved by addition of an organic cosolvent such as methanol, will result in an expansion or “swelling” of the polymer. Concomitantly, the permeation of sorbate will be enhanced. The impact of polymer swelling on the diffusion of permeants (Le., increased diffusion coefficients) has been well established in polymer science. A similar mechanism was proposed as being responsible for the observed differences in recovery of organic contaminants from pond sediment using different solvents ( 2 4 ) . The preceding discussion provides a conceptual basis for the semiempirical model presented below that quantitatively describes the impact of cosolvents on the kinetics of sorption of organic solutes. A log-linear cosolvency model, relating the equilibrium sorption constant (K,) to the volume fraction of cosolvent (f,),for sorption of organic solutes from binary mixed solvents was presented by Rao et al. (5). The relationship between K , and f, has the form (1) log Kp,m = log Kp,w - a g f c where K,,,, and Kp,ware the equilibrium sorption constants (mL g-l) for the mixed-solvent and aqueous systems, respectively. In eq 1, CT represents the cosolvency power of the cosolvent expressed as the slope of the HOC solubilization profile (i.e., log solubility versus f,) and cr is an empirical constant that represents any deviation of the sorption f, functionality from that observed for solubility. The latter term is generally considered to represent solvent-sorbent interactions. An empirical model relating the first-order, reverse sorption rate constant ( k 2 , h-l) to K , was presented by Brusseau and Rao (25). This relationship, determined from data comprising a broad spectrum of nonionic, low904
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 polarity organic solutes and a number of soils, sediments, and aquifer materials in aqueous systems, has the form log h, = a log K , + b (2)
 
 A model describing the influence of cosolvent on k z can be developed by coupling eqs 1 and 2 (12): (3) log k2,m = log k,,w + 4fc where k2,? and kz,ware the reverse sorption rate constants for the mixed-solvent and aqueous systems, respectively, and 4 = -acrr. Based on eq 3, a log-linear functionality between k 2 and f, is expected. Note that this approach assumes that the kz-Kp relationship for mixed-solvent systems will be of the same nature (Le., log-log linear inverse) as that reported by Brusseau and Rao (25) for aqueous systems. The validity of this assumption will be tested and discussed below. Materials and Methods
 
 Materials. Miscible displacement experiments were performed with naphthalene, anthracene, phenanthrene, and diuron [3-(3,4-dichlorophenyl)-l,l-dimethylurea], a substituted urea herbicide, using columns packed with one of two samples of a sandy soil (Eustis fine sand). The organic carbon content of one sample was 0.39% (26),and 0.74% for the other (10);the sand fraction comprised over 96% of total mass for both samples. This soil has been used in several previously reported studies (cf. refs 7, 9, 12, 19-21, and 26). Tritiated water was employed as a nonsorbing tracer to characterize the hydrodynamic properties of the columns. Analytical grade chemicals and HPLC grade solvents (Fisher Scientific) were used for all experiments. Experimental Procedures. The experimental apparatus and methodology were similar to those employed by Brusseau et al. (26) and Lee et al. (27). Briefly, the miscible displacement technique consists of displacing, under saturated, steady water flow conditions, a solution containing the solute of interest through a column packed with the selected soil. The effluent from the column is either collected with a fraction collector or may be connected directly to a flow-through detector. The columns were Altex/Beckman preparative chromatography columns (no. 252-18) made of precision-bore borosilicate glass, with an internal diameter of 2.5 cm. Two HPLC pumps (single piston or syringe) were connected to the column, with a switching valve placed in-line to facilitate switching between solutions that did or did not contain the solute of interest. The system was designed so that the solute contacted only stainless steel, glass, or Teflon. Properties of the columns and experimental conditions were as follows: bulk density 1.7 g ~ m -porosity ~, 0.38 ~ m - pore-water ~, velocity approximately 20 or 80 cm/h, length 5 cm. A flow-through, variable-wavelength UV detector (Gilson Holochrome) was used to continuously monitor concentrations of naphthalene in the column effluent. The wavelength used for each experiment was determined by selecting for maximum UV absorbance. A flow-through fluorometer (Gilson 121) was used to continuously monitor anthracene concentrations. A 350-nm excitation filter and a 420-nm emission filter were employed. Output for the naphthalene and anthracene experiments was recorded on a strip chart recorder (Fisher, Recordall Series 5000). Effluent fractions were collected for phenanthrene and analyzed by HPLC (Waters). Effluent fractions were also collected for the tritiated water and diuron (i.e., 14C) experiments. The activities of these two in the effluent fractions were measured by radioassay using liquid scin-
 
 tillation counting (Beckman LS-7800). In-line detection and fraction collection with postanalysis have been shown to produce equivalent results (26). The base solution for all experiments comprised mixtures of HPLC-grade water and methanol, with a matrix of 0.01 N CaCl,. Solutions were filter sterilized with 0.45-pm filters prior to use. Influent solutions were prepared by diluting aliquots of a stock solution with electrolyte solution until the desired concentration was achieved, which was generally 5-2570 of the solubility. T o condition the soil to the solvent, each column was flushed with approximately 50 pore volumes of the appropriate solvent prior to the experiments to be performed with that solvent. This has been shown to be sufficient for conditioning a soil to a change in solvent ( I O ) . An experiment was performed after one column had been subjected to cosolvent fractions up to 1 to assess the long-term impact of methanol on the soil. The results obtained from the experiments performed before and after exposure to methanol were not significantly different, which suggests that methanol had little effect on the long-term retention capacity of the soil. Similar results were reported by Wood et al. (10). Since sorption was similar before and after exposure to methanol, and given that organic matter is the primary source of retention, it may be concluded that the long-term sorptive properties of organic matter were not significantly affected by exposure to methanol. The impact of methanol on the hydrodynamic and dispersive properties of the soil was evaluated by performing experiments with tritiated water a t different cosolvent fractions. The breakthrough curves obtained for all cosolvent fractions were identical, which suggests that methanol did not affect the hydrodynamic or dispersive properties of the columns. This observation was also reported by Wood et al. (10). A typical experiment involved continuous injection of the influent solution until the concentration of the solute in the effluent (C) equaled that in the influent (eo), Le., C/C, = 1. A solution not containing the solute of interest was then displaced through the column until C/Co = 0. Mass balance for each experiment was checked by comparing the zeroth moment (Le., area under the breakthrough curve) to the measured pulse (i.e., pore volumes of solution purnped into the column). Mass recoveries were approximately 100% for all experiments. Data Analysis. The various models available for simulating nonequilibrium sorption are reviewed elsewhere (18, 29). The results of the miscible displacement experiments employing the sorbing solutes were analyzed by using a first-order bicontinuum model. This model has been successfully used to model nonequilibrium sorption and transport of organic chemicals (cf. refs 9, 18-21, 26, and 2 7 ) . With the first-order model, sorption is conceptualized to occur in two domains:
 
 SI = FK,C
 
 (4)
 
 dS,/dt = klS, - k,Sz
 
 (5)
 
 where C is the solution-phase solute concentration ( M / L 3 ) , SI is the sorbed-phase concentration ( M / M ) in the “instantaneous” domain, S , is the sorbed-phase concentration ( M / M ) in the rate-limited domain, K , is the equilibrium sorption constant (L3/M),F is the fraction of sorbent for which sorption is instantaneous, t is time, and k, and h, are forward and reverse first-order rate constants ( l / T ) , respectively. The following nondimensional equations describe the transport of sorbing solutes during one-dimensional, steady
 
 water flow in a homogeneous porous medium: dC*/dp
 
 + (PR
 
 -
 
 +
 
 1) dC*/ap (1 - P)R dS*/dp = (1/P) d2C*/dX2 - dC*/dX (6)
 
 (1- 0)R dS*/dp = w(C* - S*)
 
 (7)
 
 where
 
 c* = c/c, P = vl/D
 
 (8b)
 
 s*= S*/(l- F)K,C, R = 1 + (p/B)K,
 
 (8c) (8d)
 
 p = vt/l
 
 (84
 
 P = [1 + F(p/@K,I/R
 
 (80
 
 x =x/l
 
 (8g)
 
 = kz(1 - ~ ) R ~ / I J
 
 (8h)
 
 and where D is the dispersion coefficient ( L 2 / T ) u, is the average pore-water velocity ( L I T ) ,x is distance ( L ) ,1 is column length ( L ) p, is dimensionless time in pore volumes, p is bulk density ( M / L 3 )0, is volumetric soil-water content, P is the Peclet number, which represents the dispersiveflux contribution to transport, R is the retardation factor, which represents the effect of sorption on transport, /3 is the fraction of instantaneous retardation, and w is the Damkohler number, which is a ratio of hydrodynamic residence time to characteristic time for sorption. These last two terms specify the degree of nonequilibrium existent in the system, which decreases as either of the two increase in magnitude. Knowledge of the following parameters is required to run the model: P, R , 6, w , and To,the size of the input pulse in pore volumes. The value for P was obtained from the breakthrough curve of a nonsorbing solute, tritiated water, using a nonlinear, least-squares optimization program (28) to solve the advective-dispersive local equilibrium transport model. The value for R, and thus K , (see eq 8d), was obtained by moment analysis (26). The size of the solute pulse, To,is known from measurement. The two unknown parameters are thus and w. A nonlinear, least-squares optimization program (28) was used under flux-type boundary conditions to determine values for the two unknowns. Parameter values for the bicontinuum model simulations are given in Table I. Values for k, and F , which are also presented in Table I, were calculated by using the values of P and w determined through optimization (see eqs 8f and 8h). The 95% confidence intervals for k z and F were calculated by using first-order uncertainty analysis.
 
 Results and Discussion Preliminary Analyses. Breakthrough curves for tritiated water were symmetrical, whereas those for the sorbing solutes were asymmetrical and exhibited some degree of “tailing” (delayed approach to C/Co = 1 or 0). This behavior suggests that the nonequilibrium is caused by a sorption-related rather than transport-related mechanism (9,181. Examples of the BTCs are shown in Figure 1. Inspection of these data, which are representative of all BTCs obtained, reveals that the optimized model simulations provided very good descriptions of the experimental results. Inspection of Table I shows that the K , values decrease with increasing f,. Regression analysis reveals that the Environ. Sci. Technol., Vol. 25, No. 5, 1991 905
 
 Table I. Parameter Values"
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 4.86 3.18 2.45 1.44 140.0 17.67 2.79 1.21 18.98 8.33 3.44 1.95 19.66 10.92
 
 0.57 (0.55-0.60) 0.63 (0.59-0.66) 0.61 (0.58-0.64) 0.71 (0.64-0.78) 0.52 (0.34-0.70) 0.54 (0.52-0.56) 0.66 (0.63-0.68) 0.78 (0.72-0.85) 0.75 (0.74-0.76) 0.69 (0.68-0.70) 0.68 (0.66-0.70) 0.80 (0.79-0.81) 0.47 (0.45-0.49) 0.58 (0.56-0.60) 0.49 (0.47-0.51) 0.48 (0.47-0.49)
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 0.94 0.53 0.35 0.11 33.65 3.90 0.42
 
 7.4 (6.0-8.8) 11.5 (8.1-14.9) 18.5 (14.9-22.1) 26.5 (7.4-45.6) 0.6 (0.1-1.1) 2.9 (2.5-3.3) 21.4 (17.6-25.2) 169.0 (60.0-278.0) 0.4 (0.3-0.5) 0.8 (0.7-0.9) 1.0 (0.8-1.2) 2.0 (1.8-2.2) 0.3 (0.2-0.4) 0.6 (0.5-0.7) 0.6 (0.5-0.7) 0.8 (0.7-0.9)
 
 0.46 (0.42-0.50) 0.46 (0.41-0.51) 0.34 (0.29-0.39) 0.05 (0.01-0.27) 0.52 (0.34-0.70) 0.52 (0.50-0.54) 0.46 (0.43-0.49) 9670) compared to the absence of these two control technologies, but also the mutagenic potency of the emissions (by -7070, 4 9 ) and the mutagenic emission factor (by -6070, -S9) compared to that of staged combustion alone. The mutagenic emission factor in the presence or absence of S9 was similar to that obtained for the burning of fuel oil for residential heating (- 1 revertant/kg of fuel X lo5, +S9). Mutagenicity bioassays suggested that -70-90% of the mutagenic activity of the organic emissions in the absence of S9 may be due to nitroaromatics. However, chemical analysis for a variety of nitroaromatics indicated the presence of only a few such compounds at detectable levels. In the presence of S9, the mutagenic potency of the organic emissions was increased -50% by the addition of reburning. This is consistent with the conversion by reburning of nitroaromatics, which are mutagenic in the absence of S9, to polycyclic aromatic hydrocarbons (PAHs),which are mutagenic in the presence of s9. Introduction
 
 The diminishing availability of land for the disposal of municipal and hazardous waste has given added importance to alternative approaches to waste management, such 910
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 as incineration ( I ) . However, as with landfills, incinerators also must be designed and used in ways that minimize risks to human health and to the environment. One component of incinerator emissions that poses potential health effects is the vapor- and particulate-phase organic products of incomplete combustion (PICs). These organics are present to some extent in emissions from all combustion processes and have, in general, been found to be carcinogenic in humans and rodents and to be mutagenic in bacteria and mammalian cells (2). A second concern posed by incineration is the generation and release of nitrogen oxides (NO,), which exhibit a variety of adverse health effects ( 3 ) and contribute to the degradation of air quality as well as to acid precipitation and forest damage ( 4 )* Extensive studies (reviewed in ref 5) have demonstrated that two in-furnace NO, control technologies, staged combustion and reburning, can reduce NO, emissions by >50%, depending on the fuel source and combustion conditions. Recently, these technologies were shown to reduce NO, emissions by 96% when applied to the incineration of a nitroaromatic pesticide that was composed of 55% by weight dinoseb (2-sec-butyl-4,6-dinitrophenol)in a fuel oil/xylene solvent (5). However, the question arises as to what effect these NO, control technologies have on the amount of mutagenic and potential carcinogenic activity associated with the PICs in these emissions. A comprehensive review (6) has shown the usefulness of mutagenicity bioassays for evaluating the health effects of airborne mutagens and potential carcinogens present in the PICs from a variety of combustion emissions. In particular, mutagenicity bioassays have been used to characterize ambient air impacted by emissions from the combustion of municipal waste (7) and polyethylene plastic
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