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Figure 5. Desorption of perylene 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.*

Fraction® Extracted®
Ty T, Fast Mass
, (min) (min) | Desorption Recovery
0.001M |
NaCl
Expt 1 ND¢ ND ND 99%
Expt 2°¢ 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%
1 mM
Ca2+ f
Expt 5 0.14 11.78 37.5% 86%

® pH 4, rapid mixing. ® Calculated as M,/(M, + M,). ¢ Calculated after methanol
extraction as Fyy,on/Fae ¢ ND, not determined. ® 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/cm? This constant is higher than 2.04 mL/cm?, the
value of K. 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 V as 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 K, 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 inferred 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 (y,") 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 ¥y,”
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
Ca** 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 VL

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 Ca?* (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 y," 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 y,* were
then calculated after correcting for the energy "cost" of melting the solid solute. The

values of y;" 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.*®

SiOH,* = SiOH + H* pK,, =-32

SIOH = SiO" + H* pK, = 72

Na* + SiOH « SiO-Na + H* PKyw = 67

Ca®* + SIOH «SiO-Ca* + H* PKep, = 3.8
Ca?* + H,0 + SiOH = SiO-CaOH + 2H* PKeoe = 3.8

C, = 1295 F/m?
C, = 02 F/m?

N, = § sites/nm?

? Constants from Rea and Parks (1990) are for use with a triple layer surface
complexation model. ® 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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Figure 6. 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 Ca?*. The data in Figure 2 was presented in terms of
a reaction quotient, Q,, and also in terms of a characteristic time for initial
adsorption, 7. 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, « 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 @ and Q, 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 y,” 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,”
increases with increasing ionic strength (Table I), a concurrent increase in @ 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 y;" 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 Ca**. At pH 4, very little Ca?* is associated with
the inorganic surface (Figure 6d) and the effect of Ca** on the rate of perylene
adsorption is minimal relative to a NaCl solution (Figure 7). At pH 7 and 10,
however, the binding of Ca’* is appreciable at the silica surface; large differences in
adsorption rates relative to those for NaCl solutions are also observed for samples
with Ca** at these pH values.

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

perylene adsorption, the presence of surface-bound Ca** appears to favor the rate of



278

adsorption. The reasons for these observations are not clear. It may be possible that
the presence of Ca** 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 Ca?*.

For the few long-term adsorption studies performed, ionic strength effects
analogous to those observed for the rate of adsorption were not seen. For exémple,
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 Ca** 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 in 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 in 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;* 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 v,”. If the

data in Figure 8 are examined on a small scale, differences in K, are observed for
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all of the studies which utilized different inorganic surfaces. If the data are examined
over the entire raﬁge 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 y;* ~ S 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 magnitude 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 f_. In this study, the adsorption reactions reached
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equilibrium in approximately 2%2 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, 1991a,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.
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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 Ca**. 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 Ca** 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 Ca**
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 2% 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 Ca?* 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 Ca** relative to NaCl 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.



288
REFERENCES

Backhus, D.A. (1990), Colloids in Groundwater: Laboratory and Field Studies of
Their Influence on Hydrophobic Organic Contaminants, Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA.

Backhus, D.A. and P.M. Gschwend (1990), Fluorescent Polycyclic Aromatic
Hydrocarbons as Probes for Studying the Impact of Colloids on Pollutant
Transport in Groundwater, Environ. Sci. Technol., 24, 1214-1223.

Ball, W.P. and P.V. Roberts (1991a), Long-Term Sorption of Halogenated Organic
Chemicals by Aquifer Material. 1. Equilibrium, Environ. Sci. Technol., 25,
1223-1237.

Ball, W.P. and P.V. Roberts (1991b), Long-Term Sorption of Halogenated Organic
Chemicals by Aquifer Material. 2. Intraparticle Diffusion, Environ. Sci.
Technol., 25, 1237-1249.

Chiou, C.T., LJ. Peters and V.H. Freed (1979), A Physical Concept of Soil-Water
Equilibria for Nonionic Organic Compounds, Science, 206, 831-832.

Chiou, C.T., LJ. Peters and V.H. Freed (1981), Soil-Water Equilibria for Nonionic
Organic Compounds, Science, 213, 683-684.

Curtis, G.P., M. Reinhard and P.V. Roberts (1986a), Sorption of Hydrophobic
Organic Compounds by Sediments, in Geochemical Processes at Mineral
Surfaces, J.A. Davis and K.F. Hayes, eds., ACS Symp. Ser. 323, 191-216.

Curtis, G.P., P.V. Roberts and M. Reinhard (1986b), A Natural Gradient Experiment
on Solute Transport in a Sand Aquifer. 4. Sorption of Organic Solutes and its
Influence on Mobility, Water Resour. Res., 22, 2059-2067.

Davis, H.G. and S. Gottlieb (1962), Density and Refractive Index of Multi-ring
Aromatic Compounds in the Liquid State, Fuel, 8, 37-54.

DiToro, D.M. and L.M. Horzempa (1982), Reversible and Resistant Components of
PCB Adsorption-Desorption: Isotherms, Environ. Sci. Technol., 16, 594-602.

Faughnan, J. (1981), SURFEQL/MINEQL Manual, Caltech, Pasadena, Unpubl.
Gschwend, P.M. and S.C. Wu (1985), On the Constancy of Sediment-Water Partition

Coefficients of Hydrophobic Organic Pollutants, Environ. Sci. Technol., 19,
90-96.



289

Israelachvili, J.N. (1985), Intermolecular and Surface Forces, Academic Press, London.

Kalyanasundaram, K. (1987), Photochemistry in Microheterogeneous Systems, Academic
Press, Orlando, FL.

Karickhoff, S.W., D.S. Brown and T.A. Scott (1979), Sorption of Hydrophobic
Pollutants on Natural Sediments, Water Res., 13, 241-248.

Karickhoff, S.W. (1980), Sorption Kinetics of Hydrophobic Pollutants in Natural
Sediments, in Contaminants and Sediments, Vol. 2, R.A. Baker, ed., Ann Arbor
Science Publishers, Inc., Ann Arbor, MI, 193-205.

Karickhoff, S.W. (1984), Organic Pollutant Sorption in Aquatic Systems, J. Hydr. Eng.,
110, 707-735.

Keoleian, G.A. and R.L. Curl (1989), Effects of Humic Acid on the Adsorption of
Tetrachlorobiphenyl by Kaolinite, in Aquatic Humic Substances: Influence on
Fate and Treatment of Pollutants, 1.H. Suffet and P. MacCarthy, eds.,
ACS Symp. Ser. 219, 231-250.

Klevins, H.B. (1950), Solubilization of Polycyclic Hydrocarbons, J. Phys. Colloid
Chem., 54, 283-298.

Liang, L. and J.J. Morgan (1990a), Chemical Aspects of Iron Oxide Coagulation in
Water: Laboratory Studies and Implications for Natural Systems, Aquatic Sci.,
52, 32-55. ‘

Liang, L. and J.J. Morgan (1990b), Coagulation of Iron Oxide Particles in the
Presence of Organic Materials, in Chemical Modeling of Aqueous Systems 11,
D.C. Melchior and R.L. Bassett, eds., ACS Symp. Ser. 416, 293-308.

Liljestrand, H.M. and Y. Shimizu (1991), Sorption of Organic Pollutants onto Natural
Solid Components in Aquatic Environments, in Water Pollution: Modelling,
Measuring and Prediction, L.C. Wrobel and C.A. Brebbia, eds., Elsevier
Applied Science, London, 399-409.

Mackay, D. and W.Y. Shiu (1977), Aqueous Solubility of Polynuclear Aromatic
Hydrocarbons, J. Chem. Eng. Data, 22, 399-402.

Means, J.C., S.G. Wood, JJ. Hassett and W.L. Banwart (1980), Sorption of
Polynuclear Aromatic Hydrocarbons by Sediments and Soils, Environ. Sci.
Technol., 14, 1524-1531.



290

Morel, F.M.M. and P.M. Gschwend (1987), The Role of Colloids in the Partitioning
of Solutes in Natural Waters, in Aquatic Surface Chemistry, W. Stumm, ed.,
Wiley-Interscience, New York.

- Murphy, E-M., JM. Zachara and S.C. Smith (1990), Influence of Mineral-Bound
Humic Substances on the Sorption of Hydrophobic Organic Compounds,
Environ. Sci. Technol., 24, 1507-1516.

O’Conner, D.J. and J.P. Connolly (1980), The Effect of Concentration of Adsorbing
Solids on the Partition Coefficients, Water Res., 14, 1517-1523.

Parker, C.A. (1968), Photoluminescence of Solutions, Elsevier Publishing Company,
Amsterdam.

Rea, R.L. and G.A. Parks (1990), Numerical Simulation of Coadsorption of Ionic
Surfactants with Inorganic Ions on Quartz, in Chemical Modeling of Aqueous
Systems II, D.C. Melchior and R.L. Bassett, eds., ACS Symp. Ser. 416, 260-271.

Schwarzenbach, R.P. and J. Westall (1981), Transport of Nonpolar Organic
Compounds from Surface Water to Groundwater. Laboratory Sorption
Studies, Environ. Sci. Technol., 15, 1360-1367.

Shimizu, Y. and H.M. Liljestrand (1991), Sorption of Polycyclic Aromatic
Hydrocarbons onto Natural Solids: Determination by Fluorescence Quenching
Method, Wat. Sci. Tech., 23, 427-436.

Stumm, W. and J.J. Morgan (1981), Aquatic Chemistry, 2nd ed., Wiley-Interscience,
New York.

Tanford, C. (1980), The Hydrophobic Effect: Formation of Micelles and Biological
Membranes, 2nd ed., Wiley, New York.

Turro, NJ. (1978), Modern Molecular Photochemistry, The Benjamin/Cummings
Publishing Co., Inc., Menlo Park, CA.

Voice, T.C., C.P. Rice and W.J. Weber, Jr. (1983), Effect of Solids Concentration on
the Sorptive Partitioning of Hydrophobic Pollutants in Aquatic Systems,
Environ. Sci. Technol., 17, 513-518.

Voice, T.C. and W.J. Weber, Jr. (1983), Sorption of Hydrophobic Compounds by
Sediments, Soils and Suspended Solids-I: Theory and Background, Water Res.,
17, 1433-1441.



291

Voice, T.C. and W.J. Weber, Jr. (1985), Sorbent Concentration Effects in Liquid/
Solid Partitioning, Environ. Sci. Technol., 19, 789-796.

Westall, J.C., J.L. Zachary and FM.M. Morel (1976), MINEQL, a Computer
Program for the Calculation of Chemical Equilibrium Composition from
Aqueous Systems, Technical Note, No. 18, Parsons Lab, MIT, Cambridge.

Yalkowsky, S.H. and S.C. Valvani (1979), Solubilities and Partitioning 2.
Relationships between Aqueous Solubilities, Partition Coefficients, and
Molecular Surface Areas of Rigid Aromatic Hydrocarbons, J. Chem. Eng.
Data, 24, 127-129.



292



293

Chapter 6

CONCLUSIONS
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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)
PAH 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 PAH 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 PAHs. 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 biﬁd 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 2%z 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 10-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 hydrophqbic 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 Ca?* 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.





