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~eq relative to Ow, the reaction quotient calculated from the first 40 minutes of data 

and using equation (5.5). 

Caution must be used, however, in interpreting the results from these 

long-term adsorption studies because of the limited data that was obtained. More 

work, particularly in examining the effects of pH on the amount of adsorption at 

equilibrium, is needed in order to facilitate comparisons with the short-term data. 

Desorption Studies. Desorption of perylene from the silica surface of 

fluorescence cells was investigated in order to compare the reaction rates with those 

observed in the long-term adsorption studies. The experimental conditions, therefore, 

were equivalent to those utilized in the long-term adsorption studies. The silica 

surface, which had been pre-equilibrated with perylene solutions, was exposed to 

fresh salt solutions of the same pH and ionic strength in order to facilitate desorption 

of the perylene. Fluorescence data from the desorption studies was fitted with 

equation (5.7) and the various parameters were determined for each experiment. 

The results from a typical desorption experiment are shown in Figure 5, along 

with the optimized parameters obtained from the model fit. Again, it is apparent that 

the fluorescence data cannot be modeled with a single exponential equation. Data 

for all of the desorption studies are listed in Table V. In general, the characteristic 

times for desorption were significantly smaller than those observed in the adsorption 

studies. Also, the fraction of perylene that desorbed with a characteristic time r 1 was 

generally less than the fraction of perylene which was adsorbed in the faster 

adsorption step. As for the long-term adsorption studies, there were no obvious 
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Desorption ofperylene from fused silica in 0.1 M NaCl at pH 4. Rapid 
mixing conditions were maintained. The dashed line represents the best 
fit of Expt 4 data utilizing a single exponential decay expression 
[i.e., equation (5.3)) 
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Table V. Desorption Results.• 

Fractionb Extractedc 
rt f2 Fast Mass 

(min) (min) Desorption Recovery 

0.001.M 
NaCl 

Expt 1 NDd ND ND 99% 

Expt 2 c 0.42 7.06 28.3% 

1.06 18.26 49.3% 88% 

0.01 .M 
NaCl 

Expt 3 1.37 13.85 27.5% 87% 

0.1 M 
NaCl 

Expt 4 0.11 6.00 39.8% 95% 

lmM 
Ca2+ c 

Expt 5 0.14 11.78 37.5% 86% 

a pH 4, rapid mixing. b Calculated as Mi/(M1 + M2). c Calculated after methanol 
extraction as FMcoH/Fads· d ND, not determined. e Two consecutive desorption studies 
were performed in Expt 2. f 0.1 M total ionic strength. · 
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trends in the desorption model parameters with varying ionic strength. 

The desorption reactions were monitored until no further change in perylene 

fluorescence intensity was apparent; the time periods required for stabilization 

ranged from 60 to 90 minutes. It is uncertain, however, whether the desorption 

reactions were truly equilibrated after these time periods. For example, the 

adsorption constant which would be calculated at the end of the desorption study 

shown in Figure 5 is ~2.48 mL/cm2
• This constant is higher than 2.04 mL/cm2

, the 

value of ~eq calculated from the adsorption study (Table IV). It appears likely, 

therefore, that a relatively small fraction of perylene desorbs from the silica surface 

beyond the period of time examined in these studies and at a much slower rate than 

was observed here. 

At the end of each experiment, the inorganic surface of the fluorescence cells 

was extracted with methanol and the adsorbed perylene concentrations were 

determined by fluorescence measurements. After the addition of methanol, the 

contents of the cells were stirred and fluorescence intensities were monitored with 

time. The perylene was completely extracted from the cell walls in 5 to 10 minutes 

for all of the experiments, as indicated by unchanging fluorescence measurements 

after these time periods. 

From the extracted perylene concentrations, mass balance calculations were 

made and are listed in Table Vas the fraction of adsorbed perylene (i.e., determined 

from the numerator in equation [5.8]) recovered by methanol extraction (i.e., direct 

measurement). Over 85% of the adsorbed perylene was recovered by methanol 
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extraction in all of the experiments. In particular, in the one experiment for which 

perylene was extracted directly after the adsorption study (Expt 1 ), almost all of the 

adsorbed perylene was recovered (Table V). The lower recoveries in the other 

experiments are believed to be artifacts resulting from the additional sample 

manipulations which were necessary for the desorption studies; for these experiments, 

any errors introduced in the manipulations are propagated throughout the study. An 

equilibrium adsorption constant was calculated for Experiment 1 utilizing the direct 

measurement of perylene adsorbed to the silica surface as determined by methanol 

extraction; this value compares very well with the other values of ~eq which were 

calculated using the total amount of perylene added and the final dissolved 

concentrations and inferring the amount sorbed by difference (Table IV). 

The extraction of the cell walls with methanol and the recovery of perylene 

give a direct observation of the mass of perylene adsorbed to the inorganic surface. 

Without this information, the decay in fluorescence intensity with time 

( e.g., Figure 4) is only a measure of perylene being lost from solution. Because other 

processes may also deplete the concentration of perylene in the aqueous phase 

(e.g., volatilization, photodegradation, etc.), adsorption of perylene to inorganic 

surfaces can only be inf erred in the absence of mass balance data. 

Nature of HOC-Mineral Surface Interaction. The focus of this study was 

principally on the initial kinetics of the adsorption and desorption reactions between 

perylene and fused silica. From the results obtained in this study and from other 

studies, an attempt at understanding the mechanisms by which nonpolar, nonionic 
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HOC associate with inorganic surfaces can be made. 

A principal hypothesis guiding this study was that the rate and extent of 

adsorption of HOC by a bare mineral surface should depend on the aqueous activity 

coefficient (yt) of the hydrophobic solute and on the relative hydrophobicity of the 

bare mineral surface. Any observed changes in the rate or extent of adsorption would 

therefore result because of a change in either one or both of these parameters. 

In order to gain insight into the molecular-level adsorption mechanism, the 

effects of aqueous chemistry on HOC association with mineral surfaces must be 

understood. Changes in the aqueous chemistry can affect both HOC and mineral 

surface properties, as well as their interactions with water and each other. Examples 

of these changes are the "salting out" of HOC with increasing salinity and the 

protonation-deprotonation of surface hydroxyl groups in metal oxides. Because Yt 

and the surface hydrophobicity of silica are both affected by aqueous chemistry 

conditions, interpretation of the effects of pH, ionic strength and the presence of 

Ca2
+ on perylene adsorption by fused silica surfaces can be complicated. 

The inorganic surfaces utilized in this study were the interior walls of 

fluorescence cells. In order to characterize the effects of solution chemistry on the 

silica surface, surface chemical reactions of the cell walls were modeled utilizing 

SURFEQL and equilibrium constants from Rea and Parks (1990). SURFEQL is a 

computer code adapted from MINEQL (Westall et al., 1976) to solve equilibrium 

surface speciation calculations (Faughnan, 1981). The model-dependent equilibrium 

constants from Rea and Parks (1990) are applicable for use with the triple layer 
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surface complexation model. The intrinsic equilibrium constants were originally 

determined for pyrogenic silica and were utilized (with slight modifications) by Rea 

and Parks (1990) to simulate inorganic ion adsorption on quartz. The pertinent 

reactions and corresponding equilibrium constants applicable to this study are shown 

in Table VI. 

The surface speciation of fused silica for the solution chemistry conditions of 

this study is shown in Figure 6. As can be seen, the neutral surface hydroxyl groups 

dominate the distribution over the pH range of most natural waters, and the 

adsorption of metal cations becomes important only for neutral to high pH 

conditions. In NaCl solutions, the net charge on the silica surface is negative above 

approximately pH 2. In the presence of 1 mM Ca2
+ (0.1 M total ionic strength), the 

net charge at the surface becomes positive above pH 4 because of the surface 

exchange reactions in which some bivalent cations replace protons at surface hydroxyl 

sites (Table VI, Figure 6d). 

The effect of solution chemistry on HOC can be quantified with an aqueous 

activity coefficient; values of Yt for perylene were calculated in Chapter 2 for the 

different solution conditions of this study. Briefly, the solubility of perylene in salt 

solutions was estimated using the Setschenow relationship and data from MacKay 

and Shiu (1977) for the solubility of perylene in distilled water. Values of Yt were 

then calculated after correcting for the energy "cost" of melting the solid solute. The 

values of Yt for perylene in varying salt solutions are listed in Table I. 
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Table VI. Reactions and Intrinsic Equilbrium Constants for Surface 
Ionization and Electrolyte Adsorption on Fused Silica. a,b 

SiOH .., Sio• + H+ 

Na+ + SiOH .., SiO-Na + H+ 

Ca2+ + Si OH .., SiO-Ca + + H+ 

Ca2+ + H20 + SiOH .., SiO-CaOH + 2H+ 

PK.1 = -3.2 

PK.2 = 7.2 

p•KNa+ = 6.7 

p·~+ = 3.8 

p•KeaoH+ = 3.8 

C1 = 1.295 F /m2 

Cz = 0.2 F/m2 

N, = 5 sites/nm2 

• Constants from Rea and Parks (1990) are for use with a triple layer surface 
complexation model. b The formulas of surface complexes indicate the assumed 
location of constituents of the complex. The entire surface complex is located directly 
on the surface unless a dash is present in the formula. If a dash is present, everything 
to the left of the dash is located on the surface and everything to the right of the 
dash is located in the outer Helmholtz plane. 
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(a) 
>SiOH 

>SiO-Na 

pH 

(b) 

>SiOH 

pH 

Surface speciation of fused silica from pH 4-11 using a triple layer 
model and the surface acidity and adsorption constants from Table VI. 
a) 0.001 M NaCl. b) 0.01 M NaCl. 
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By understanding how changes in aqueous chemistry affect the properties of 

the silica surface and dissolved perylene, an idea of the important processes driving 

the adsorption reaction can be obtained. In Figure 2 it was observed that the 

short-term adsorption of perylene on the silica surface was affected by the pH, ionic 

strength, and the presence of Ca2
+. The data in Figure 2 was presented in terms of 

a reaction quotient, Qw, and also in terms of a characteristic time for initial 

adsorption, r. In order to facilitate comparison between these two parameters, the 

reciprocal of r can be calculated. This parameter, a, is typically thought of as a mass 

transfer coefficient as discussed previously. Because of the ill-defined roles of mass 

transfer and chemical reactions in this study, a is used here only as a measure of the 

initial rate of adsorption (e.g., an observed rate constant). Values of a were 

calculated and are listed in Tables II and III for the short-term adsorption 

experiments. Values of a versus ionic strength are shown in Figure 7 for the 

experiments in Table II. As might be expected, the plots of a and Qw in Figures 2a 

and 7 have similar trends. 

If the rate of perylene adsorption to an inorganic surface is dependent on the 

fugacity of the hydrophobic solute and the adsorption mechanism is not too 

complicated, an increase in Yt should result in a faster rate of adsorption. Likewise, 

if a mineral surface is "hospitable" to a hydrophobic molecule, one might expect the 

rate of adsorption to depend on the degree of this characteristic. Because y t 

increases with increasing ionic strength (Table I), a concurrent increase in a would 

be expected for systems in which the energy driving adsorption results from solute 
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fugacity. This may explain the trend observed at pH 4 in Figure 7. Because very little 

charge is developed on the silica surface at pH 4, the surface charge density is 

relatively low (Figure 6). Regardless of the composition of the background 

electrolyte, essentially 100% of the sites are neutral hydroxyl groups. 

A similar increase in a with increasing ionic strength is not observed in NaCl 

solutions at pH 7. Because changes in pH have little effect on rt in the samples of 

this study, a similar driving force to that exerted at pH 4 should be operative at 

pH 7; therefore, the surface properties would appear to be impeding the rate of 

adsorption somewhat at this pH value. In Figure 6, it is observed that increases in 

the NaCl concentration at pH 7 result in increasing amounts of Na+ bound at the 

silica surface. At pH 10, the fraction of sites binding Na+ becomes quite significant 

with increasing ionic strength. Not too surprisingly, a considerable decrease in a with 

increasing NaCl concentration at pH 10 is observed. 

Trends between the silica surface speciation and rates of perylene adsorption 

can also be seen in the presence of Ca2+. At pH 4, very little Ca2+ is associated with 

the inorganic surface (Figure 6d) and the effect of Ca2+ on the rate of perylene 

adsorption is minimal relative to a NaCl solution (Figure 7). At pH 7 and 10, 

however, the binding of Ca2+ is appreciable at the silica surface; large differences in 

adsorption rates relative to those for NaCl solutions are also observed for samples 

with Ca2+ at these pH values. 

Interestingly, while the binding of Na+ to silica suppresses the initial rate of 

perylene adsorption, the presence of surface-bound Ca2+ appears to favor the rate of 
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adsorption. The reasons for these observations are not clear. It may be possible that 

the presence of Ca2+ near the surface somehow alters the structure of water (i.e., the 

organization of water molecules) in the interfacial region in a manner which makes 

the surface more receptive to hydrophobic molecules. While the presence of 

Na+ at the silica surface also influences the rate of perylene adsorption, the effect 

is opposite to that observed for Ca2+. 

For the few long-term adsorption studies performed, ionic strength effects 

analogous to those observed for the rate of adsorption were not seen. For example, 

although the rate of perylene adsorption at pH 4 varied with ionic strength 

(Figure 7), the extent of adsorption appeared to be insensitive to the background 

electrolyte (Table IV). Whether Ca2+ and Na+ would have affected the extent of 

perylene adsorption on the silica surface at higher pH values is unknown; long-term 

adsorption data were not available at higher pH values. More work needs to be done 

to determine if changes in aqueous chemistry affect the extent of adsorption of a 

HOC on inorganic surfaces. 

The fact that an equation with two exponential terms was required to fit the 

kinetic adsorption and desorption data in the long-term adsorption studies is 

puzzling. There is precedence, however, in analyzing adsorption/ desorption data in 

this manner. For example, Karickhoff (1980, 1984) proposed a two-stage kinetic 

model to describe the sorption of HOC by sediments. The model assumed that two 

types of surfaces existed with which HOC solute molecules could associate. Kinetic 

factoring was modeled by allowing one component to react rapidly ( equilibration 
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within a few minutes) while the other reacted much slower (characteristic times 

ranging from minutes to weeks). 

The model proposed by Karickhoff (1980, 1984) seems appropriate for use 

with natural sorbents (e.g., sediments and soils) in which two possible reservoirs for 

HOC can be readily identified: an organic compartment and an inorganic 

compartment. The fast step would therefore be characteristic of partitioning into 

organic material, while the slow step would be indicative of adsorption to mineral 

surfaces and, particularly, diffusion into constricted internal pores in the mineral 

matrix or between layers of expanding clay minerals. 

In this study, no organic material was present m the system and a 

nonexpanding mineral with negligible surface porosity was the sorbent. It appears, 

therefore, that two processes may be operative in the adsorption of HOC to 

inorganic surfaces which have not been observed previously. Alternatively, it may be 

argued that more than two processes are occurring and that a two-exponential 

equation merely fits the observed data because of the relatively large number of 

fitting parameters. Attributing the observed data to the presence of different surface 

sites does not seem warranted, considering that adsorption of HOC on inorganic 

surfaces is postulated to be driven primarily by the hydrophobic effect. 

The nature of the two processes which appear to be operative m the 

adsorption reaction is not clear; possible mechanisms include solute diffusion on the 

mineral surface, the displacement of water molecules at the mineral surface by 

adsorbing solute molecules, solute diffusion through water at the solid-liquid 
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interface, and/ or the perturbation and restructuring of water molecules in the 

interfacial region during HOC adsorption. 

The resolution of the long-term kinetic data into two characteristic parts was 

not observed for the short-term adsorption data. It may be that the lower rate of 

mixing utilized in the short-term studies enhanced the contribution of mass transfer 

to the overall rate of perylene adsorption and thereby obscured the presence of the 

two characteristic times for adsorption observed in more vigorously mixed samples. 

Prior studies of nonpolar HOC adsorption on inorganic surfaces have 

conflicted on the role of the mineral surface in the adsorption process. For example, 

Schwarzenbach and Westall (1981) and Murphy et al. (1990) observed that the type 

of surface was important in the adsorption of HOC in their studies; however, 

Keoleian and Curl (1989) and Backhus (1990) both found that differences in HOC 

sorption among the sorbents they studied could be explained solely by differences in 

surface area. Data from these studies are shown in Figure 8 along with the 

equilibrium results obtained in this work. Data are shown only for nonpolar, nonionic 

HOC for the reasons discussed in the Introduction. 

From Figure 8, it appears that both arguments on the role inorganic surfaces 

play in adsorption may be correct, depending on the scale of y t used to evaluate the 

data. In the studies of Schwarzenbach and Westall (1981) and Murphy et al. (1990), 

there were discrepancies among the values obtained when different sorbents were 

used. However, these studies were not performed over a wide range of y t. If the 

data in Figure 8 are examined on a small scale, differences in ~ eq are observed for 
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282 

all of the studies which utilized different inorganic surfaces. If the data are examined 

over the entire range of solutes, however, a clear correlation exists when the 

adsorption constants are normalized by the surface area of the minerals. As discussed 

by Backhus (1990), the lower limit of this correlation appears to be Yt ~ 5 because 

experimental artifacts become increasingly large for less hydrophobic solutes. 

The normalization of adsorption constants by the surface area of the mineral 

in HOC-mineral systems is entirely analogous to the normalization of partition 

coefficients by the fraction of organic carbon in HOC-sediment systems. In the latter 

case, a first approximation reduces the dependence of partition coefficients to 

sorption on organic matter only. Therefore, unnormalized partition coefficients which 

tend to be variable over several orders of magni-tude for a given solute with different 

solids can be reduced to normalized coefficients which generally vary only by factors 

of three to five for a given solute (Curtis et al., 1986a). As discussed by 

Karickhoff (1984), initial model development for describing adsorption reactions in 

complex systems depends on elucidating the essential phenomenological behavior 

while neglecting "second-order" effects. In this context, adsorption of a particular 

HOC to inorganic surfaces is observed to depend primarily on the surface area of the 

mineral. Variations in the extent of adsorption for different types of inorganic 

surfaces are then observed to be second-order effects. 

Kinetics of Adsorption on Silica versus Natural Sorbents. The kinetic results 

observed above for the adsorption of perylene by fused silica contrast with those 

using natural materials with low foe. In this study, the adsorption reactions reached 
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equilibrium in approximately 2½ to 4 hours. These relatively short times agree 

qualitatively with the observations of Keoleian and Curl (1989) and Backhus (1990), 

who observed that adsorption equilibration was reached after two hours and ten 

hours, respectively. 

The times required to reach sorption equilibrium in natural aquifer material, 

however, have been reported to be from days to years (Curtis et al., 1986b; Ball and 

Roberts, 199la,b ). The long equilibration times necessary for natural materials are 

thought to reflect an intraparticle process whereby a hydrophobic solute is slowly 

incorporated into either particle aggregates or sorbent components (Karickhoff, 

1984 ). The incorporation into the sorbent matrix is postulated as being responsible 

for the relative resistance to extraction observed for some sorbed chemicals. This 

behavior is exemplified by the increasingly difficult recovery of sorbed compounds 

as the incubation time increases; observations of the phenomena have been described 

as an "aging" of the sorbed compound (Voice and Weber, 1983). 

Ball and Roberts (1991a,b) found that the sorption of tetrachloroethene 

(PCE) and tetrachlorobenzene (TeCB) onto sandy aquifer material required contact 

times on the order of tens to hundreds of days to reach equilibrium and that physical 

adsorption to mineral surfaces appeared to be the most significant contribution to the 

total amount of PCE and TeCB sorbed. They also reported that although TeCB was 

sorbed ~40 times more strongly than PCE, the rate of sorptive uptake for TeCB was 

slower than that for PCE. This inverse relationship between the rate of adsorption 

and the strength of adsorption has been reported previously (Karickhoff, 1980, 1984). 
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The rate of sorptive uptake was modeled by Ball and Roberts (1991b) utilizing 

an intraparticle diffusion model which incorporated retarded transport in the 

constricted internal pores. The model, which predicts that the apparent pore diffusion 

rates will be inversely proportional to retardation, successfully described the relative 

rates of adsorption for PCE and TeCB. The interpretation of retarded diffusion in 

constricted pores concurred with the observation that extremely long extraction times 

(230 days) were required to recover the sorbed compounds from unaltered material, 

while a shorter time (30 days) was sufficient for extracting pulverized material. 

The long extraction times required by Ball and Roberts (1991a,b) are similar 

to previously reported results for quantitative recovery of highly sorbed HOC solutes 

from natural materials (Karickhoff, 1984). These observations can be compared to 

the methanol extractions performed in this study. For the nonporous fused silica 

surface used here, quantitative recovery of the adsorbed perylene was accomplished 

in 5 to 10 minutes. 



285 

SUMMARY AND CONCLUSIONS 

This study investigated the sorption of a fluorescent hydrophobic organic 

probe on an inorganic surface. The focus of the investigation was principally on the 

initial kinetics of the adsorption and desorption reactions between perylene and fused 

silica. Perylene, a nonpolar hydrophobic organic compound (HOC), was selected in 

order to eliminate or minimize possible sorption mechanisms other than hydrophobic 

interactions, while the interior walls of fluorescence cells were chosen as the model 

mineral surface in order to eliminate separation of the solid and aqueous phases. A 

principal hypothesis was that the rate and extent of adsorption would be dependent 

on the aqueous activity coefficient of perylene and the relative hydrophobicity of the 

silica surface. Because both of these parameters are affected by solution chemistry, 

a study of the influence of pH, ionic strength and background electrolyte composition 

on the rate and extent of adsorption was performed. A primary goal was to elucidate 

the role of a mineral surface in the adsorption process. 

Fluorescence was utilized to monitor the loss of perylene from aqueous 

solution. The rate of perylene adsorption on silica was observed to increase with 

increased mixing. The effects of solution chemistry on the short-term adsorption of 

perylene were significant. At constant ionic strength the rate of adsorption decreased 

with increasing pH for all samples, both in the presence and absence of Ca2
+. In 

NaCl solutions, increases in the electrolyte concentration resulted in an increase, no 

change, and a decrease in adsorption rates for samples at pH 4, 7, and 10, 

respectively. The presence of Ca2
+ had little effect on the rate of perylene adsorption 
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at pH 4 relative to NaCl solutions; however, at pH 7 and 10 the presence of Ca2+ 

greatly increased the adsorption rate relative to NaCl solutions of similar total ionic 

strength. 

In contrast to the short-term adsorption results, there were no obvious trends 

with varying solution chemistry for the long-term adsorption studies and for the 

desorption studies. The time required to reach equilibrium in the long-term 

adsorption studies ranged from 2½ to 4 hours, while an apparent equilibrium was 

attained in 60 to 90 minutes for the desorption studies. Quantitative recovery of 

adsorbed perylene from the nonporous fused silica surface was observed after a 5-

to 10-minute methanol extraction. 

The aqueous activity coefficient of perylene and the surface speciation of silica 

were determined for the solution chemistry conditions examined in an attempt to 

correlate observed adsorption rates with solute and surface properties. Changes in 

the observed rate of adsorption at pH 4 appeared to depend solely on the fugacity 

of perylene, because little change in the surface speciation of silica occurred with 

varying salt composition at this pH value. At pH 7 and 10, however, the binding of 

cations at the inorganic surface becomes significant. In NaCl solutions at pH 7, little 

variation in the rate of adsorption was observed with increasing ionic strength 

because the increased binding of Na+ at the silica surface apparently offset the 

increasing perylene fugacity. At pH 10, the decreasing surface affinity for perylene 

suppressed the solute's increasing fugacity and the rate of adsorption decreased with 

increasing NaCl concentration. Binding of Ca2+ at the silica surface had an effect on 
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the rate of perylene adsorption opposite to that of Na+; at pH 7 and 10, the rate of 

adsorption increased in the presence of Ca2
+ relative to Na Cl solutions. 

From the long-term adsorption data, it appears that two ( or possibly more) 

different processes are operative in the adsorption of nonpolar HOC to bare mineral 

surfaces. The nature of these processes is not clear, but may relate to the structure 

of water in the solid-liquid interfacial region. 

The role of a mineral surface in the adsorption of nonpolar HOC has been 

debated by previous researchers. It is proposed in this chapter that normalization of 

an adsorption constant by the area of a mineral surface is analogous to the 

normalization of a partition coefficient by the fraction of organic carbon in a sorbent. 

The adsorption of a particular HOC to inorganic surfaces would thus depend 

primarily on the surface area of the mineral, while variations in the extent of 

adsorption for different types of minerals will be second-order effects. 
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The objective of this research was to investigate sorption reactions of 

hydrophobic organic compounds (HOC) under laboratory conditions selected to 

model natural water systems. Polycyclic aromatic hydrocarbons (PAHs) were utilized 

as surrogates for HOC because (1) PAH compounds fluoresce in aqueous solution, 

thus very low solute concentrations can be measured by fluorescence techniques, (2) 

P AH compounds are nonpolar molecules and therefore all sorption interactions 

between the organic solutes and sorbents are primarily controlled by hydrophobic 

interactions, and (3) PAH compounds are among the most widespread of all 

hydrophobic organic pollutants and are known to be risks to human health. 

Hydrophobic compounds, as their name implies, have relatively low solubilities 

in water and tend to adsorb at surfaces and, particularly, associate with natural 

organic material (NOM) in the environment. An understanding of adsorption 

mechanisms, therefore, is an important key to describing the fate of HOC in the 

environment because sorption reactions directly affect the mobility, chemical 

reactivity, bioavailability, and toxicity of hydrophobic compounds. 

In Chapter 2, the binding of anthracene, pyrene and perylene by well

characterized humic substances was examined. A major goal was to elucidate the 

fundamental mechanisms by which these compounds associate with dissolved humic 

material. Two molecular-level models of HOC-NOM interactions were presented. 

The first model views the interaction as a dissolution of the solute into an organic

like phase present in NOM. The second model pictures the HOC-NOM association 

as a process which involves the solute fitting into voids or cavities which exist in the 
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NOM structure. Because these two models have different interaction schemes, their 

dependence on changes in aqueous chemistry will be different. By varying the pH, 

ionic strength and composition of the background electrolyte, the influence of 

solution chemistry on carbon-normalized partition coefficients should thus distinguish 

between the two models. 

The binding of P AH solutes by dissolved humic material was observed to be 

complete always within 3 minutes and at times within 20 seconds. In general, 

increases in salt concentration decreased the binding of P AHs. This observation 

suggests that the humic material utilized in this study does not form "microscopic 

organic environments" into which HOC can dissolve. This conclusion is supported by 

the relatively low molecular weight of the humic substances. Instead, the picture of 

humic material as an open structure with hydrophobic cavities seems more plausible. 

Because the dimensions and hydrophobicity of the voids would be sensitive to 

variations in solution chemistry, a subsequent change in the ability to bind HOC 

would occur similarly to the trends observed in Chapter 2. 

In Chapter 3, the adsorption of humic substances on colloidal-sized aluminum 

oxide particles was investigated in order to study the formation of organic coatings 

on mineral surfaces. It was postulated that the mechanisms by which humic material 

is adsorbed to minerals greatly influence the type of surface complex which is 

formed, and that different types of surface complexes bind pollutant molecules 

dissimilarly. 

Adsorption densities for both humic and fulvic acid showed good agreement 
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with Langmuir isotherms, and qualitative interpretations of the adsorption processes 

were made utilizing parameters from the Langmuir model. Several differences in the 

adsorption of humic and fulvic acid were noted, and these differences appeared to 

result from the operation of different adsorption mechanisms. For fulvic acid, ligand 

exchange was the most important adsorption mechanism for all conditions examined. 

Although ligand exchange was also a major adsorption mechanism for humic acid, 

other mechanisms contributed to adsorption as the solution composition and humic 

acid concentration changed. The additional mechanisms were postulated to be 

hydrophobic bonding, Na+ bridging and water bridging. 

The results obtained in Chapter 3 were utilized in Chapter 4 where the 

binding of perylene by organically-coated particles was examined. The association of 

perylene with humic substances adsorbed on aluminum oxide particles versus the 

same humic material freely dissolved in aqueous solution was compared. It was 

postulated that the mechanisms by which humic substances are adsorbed to minerals 

greatly influence the ability of the adsorbed humic material to bind nonpolar HOC. 

For all systems examined, adsorption of the humic substances on alumina 

decreased the ability of humic material to bind perylene. The effect of solution 

chemistry, apart from its influence on changing the characteristics of the dissolved 

material, was to alter the mechanisms of humic material adsorption on alumina. 

Different adsorption mechanisms will determine how tightly bound organic material 

is held at mineral surfaces. The ability of weakly-adsorbed humic acid to bind 

perylene, and possibly many of its other properties, approaches that of dissolved 
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humic material. 

In the absence of sufficient amounts of organic carbon, adsorption of HOC 

to bare mineral surfaces may be an important reaction in natural waters. In 

Chapter 5, the adsorption of perylene on fused silica was examined. The focus of the 

investigation was principally on the initial rates of adsorption and desorption. A key 

hypothesis was that the rate and extent of adsorption should be dependent on the 

fugacity of perylene and the relative surface hydrophobicity of silica. Because both 

of these parameters are affected by solution chemistry, the influence of pH, ionic 

strength and background electrolyte composition on adsorption was examined. 

Although the rate of perylene adsorption on silica appeared to correlate with 

increasing solute fugacity and increasing surface hydrophobicity in the short-term 

adsorption studies, no obvious trends with varying solution chemistry were observed 

in limited long-term adsorption and desorption studies. The time required to reach 

equilibrium in the long-term adsorption studies ranged from 2½ to 4 hours, while the 

desorption reaction was apparently equilibrated in 60 to 90 minutes. Quantitative 

recovery of adsorbed perylene from the nonporous fused silica surface was observed 

after a 5- to IO-minute methanol extraction. From the long-term data, it appeared 

that two different processes were operative in the adsorption of perylene on silica. 

The nature of these processes is not clear, but may relate to the structure of water 

at the solid-liquid interface. 

A primary goal in Chapter 5 was to elucidate the role of mineral surfaces in 

the adsorption of nonpolar HOC. It was proposed in that chapter that normalization 
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of adsorption constants by mineral surface areas is analogous to the normalization 

of partition coefficients by the fraction of organic carbon in sorbents. Adsorption of 

a particular HOC thus depends primarily on the exposed surface of the mineral, 

while variations in the extent of adsorption for different types of minerals are 

second-order effects. 

In many research projects the questions that are generated during an 

investigation appear to outnumber the answers that are being obtained (Could this 

be a cruel trick of the second law of thermodynamics?). This is particularly evident 

in thesis research, which often is conducted within limited time-frames and, more 

importantly, with limited knowledge at the start of the project (How many times can 

one researcher think to himself: "If only I had known this before!!!?"). True to form, 

the results presented in this thesis leave many questions unanswered. Several of these 

questions, and possible future research opportunities are: 

(1) Will all interaction mechanisms between nonpolar hydrophobic pollutants 

and NOM be similar to that observed in this study? For example, the molecular

level interactions for electron-rich hydrophobic compounds (e.g., PAHs) and 

electron-deficient compounds ( e.g., PCBs) with natural organic material may be 

drastically different. This problem needs to be addressed with additional 

investigations of varying classes of organic pollutants and with either 

well-characterized and/or fractionated humic material or model compounds which 

can act as surrogates for humic substances. 
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(2) Is the binding of HOC by NOM a reversible reaction? Although the 

sorption/partitioning of HOC with organic material is often studied, the 

corresponding desorption reactions are seldom investigated. The rate of release of 

hydrophobic pollutants from NOM needs to be studied in order to obtain a better 

understanding of the fate of pollutants. 

(3) What are organic coatings? In the environment NOM adsorbs at particle 

surfaces and can dominate the properties of the solid-liquid interface. As was 

observed in Chapter 4, particle-contaminant interactions depend to a great degree 

on the physical and chemical characteristics of the organic "film" which is coating 

particles. It is necessary, therefore, to gain a better understanding of what these 

characteristics may be. 

( 4) What is water? The answer to this seemingly trivial question is of great 

importance if we are going to comprehend HOC-water interactions. A better 

understanding of the structure of water is needed, particularly the structure of 

coordination shells which solvate nonpolar molecules and the structure of water at 

solid-liquid interfaces. This information would provide insight to the observations of 

Chapter 5. For example, what are the two different processes that apparently are 

operative in the adsorption of perylene to silica? When adsorbed at a fused silica 

surface, why do Ca2+ and Na+ have opposite effects on the rate of perylene 

adsorption? 

A better understanding of the four topics above would prove useful in better 

predictions of the fate of hydrophobic organic pollutants in the environment. 




