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in the system until a plateau was reached at maximum adsorption. Because the
alumina concentrations were low in the isotherm experiments, the adsorption
densities observed were significantly higher than those obtained in the adsorption
envelope studies. At pH 4, the surface coverage of the alumina particles approached
100% with humic acid, while the maximum surface coverage using fulvic acid was
calculated to be less than 40%.

The adsorption isotherms in Figures 3 and 4 were fit with equation (3.2).
Values for the Langmuir parameters K, and I, are listed in Table V for the various
systems. In all cases, the observed isotherms showed a reasonably good fit to the
Laﬁgmuir equation. Langmuir-type isotherms have been observed previously for
humic material adsorption on mineral surfaces and soils (Tipping, 1981; Bales and
Morgan, 1985; Murphy et al., 1990; Jardine et al., 1989).

Complexes formed between mineral surfaces and NOM are not completely
understood because of the heterogeneity and complexity of organic matter. For
mineral surface reactions, the most accessible characteristic of humic material is its
functional group behavior; stereochemistry is also of great importance, but this
characteristic is relatively poorly defined in the absence of complete structural
information (Sposito, 1984, 1989).

The mechanisms by which humic substances are thought to adsorb to mineral
surfaces and soils have been deduced from studies in which model organic

compounds of known molecular structure and possessing functional groups
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Table V. Langmuir Isotherm Parameters.?

Humic Acid Fulvic Acid
Kaas Tm Ko I
0.001M NaCl
pH 4 4.25 91.81 151 61.42
pH 7 734 28.81 ND® ND
pH 10 9.78 9.16 ND ND
0.01M NaCl
pH 4 747 88.03 1.52 61.59
pH 7 491 38.77 ND ND
pH 10 453 14.36 ND ND
0.1M Na(l
pH 4 4.56 99.74 0.76 66.89
pH 7 3.42 56.38 ND ND
pH10 257 2156 ND ND
1mM Ca?* ¢ '
pH 4 758 124.51 0.98 66.87
pH 7 472 85.84 ND ND
pH 10 170 79.13 ND ND

2 From equation (3.2). Units are K, (L/mg), I, (mg/g).
® ND, not determined. € 0.1 M total ionic strength.
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characteristic of NOM were reacted with hydrous oxide surfaces (e.g., Kummert and
Stumm, 1980). Descriptions of these mechanisms and their applicability to NOM
adsorption have been discussed by Sposito (1984, 1989). The principal mechanisms
thought to be operative in the adsorption of humic material on mineral surfaces
include anion exchange, bridging (water or cation), hydrophobic bonding
(i.e., repulsion of hydrophobic moieties from water and/or van der Waals forces),
and ligand exchange.

Of the principal adsorption mechanisms, the most important is considered to
be ligand exchange. Ligand exchange refers specifically to direct bond formation
between a carboxylate group and either AI(III) or Fe(Ill) in minerals possessing
inorganic hydroxyl groups (Sposito, 1984, 1989). The chemical bonds formed in the
inner-sphere complexes are stronger than the electrostatic bonds involved in anion
exchange or in the two bridging mechanisms. Evidence for ligand exchange in
carboxylate adsorption reactions of humic substances with mineral surfaces is
abundant though indirect (e.g., Tipping, 1981; Davis, 1982); adsorption is thought to
be analogous to inorganic oxyanion ligand-exchange reactions.

Ligand-exchange complexation reactions have been observed in adsorption
studies of organic acids on hydrous oxide surfaces. The most convincing arguments
for inner-sphere complex formation are those from spectroscopic studies. Stumm and
coworkers (Furrer and Stumm, 1986; Hering and Stumm, 1991) have examined the
ligand-enhanced dissolution of alumina and have used these studies and fluorescence

spectroscopic information to deduce that adsorbed organic acids form inner-sphere
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complexes with AI(IIT). Yost et al. (1990) studied the adsorption of salicylate on

goethite using an in situ cylindrical internal reflection (CIR) FTIR spectroscopic
method. At low surface coverages the salicylate formed a chelate structure in which
one carboxylic oxygen and the ortho phenolic oxygen bound one Fe(IIl) atom of the
goethite surface (inner-sphere complex). At higher surface coverages the chelate
complex coexisted with interfacially-bound salicylate ions which were presumably held
via an electrostatic outer-sphere complex or a weak bridging bidentate complex.
Adsorption of humic substances by a ligand-exchange mechanism is thought

to proceed by the following sequence (Sposito, 1984, 1989; Murphy et al., 1990):

>SOH + H* = >SOH, (3.35)
>SOH, + Hu-C(0)O~ = >SOH, 0 C(O)-Hu (3.6)
>SOH, 0 ~C(0)-Hu = >SOC(O)-Hu + H,0 (3.7)

where >SOH represents a surface hydroxyl group on the mineral (S is the metal
cation AI(IIT) or Fe(IlI)) and Hu-COO" represents the humic carboxyl group. The
protonation step in equation (3.5) is thought to make the surface hydroxyl group
more exchangeable, but may not be necessary if the concentration of humic carboxyl
groups is sufficiently high (Sposito, 1984). Humic carboxyl groups may then form
outer-sphere complexes with the protonated surface hydroxyl groups (equation (3.6)),
and ligand exchange occurs in equation (3.7) in which Hu-COO' replaces OH, and

forms an inner-sphere complex with the metal cation.
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The pH dependence observed in Figure 2 has been attributed previously to
a ligand-exchange mechanism (Tipping, 1981; Davis, 1982; Murphy et al., 1990). In
general, the amount of NOM adsorbed on mineral surfaces and soils tends to
decrease as the pH increases above ~4. The protonation step (equation (3.5)) is
partly responsible for this observation; as the pH increases, the concentration of
protonated surface hydroxyls decreases. Another factor in the effect of pH on the
adsorption of oxyanions is the pK, of the conjugate Brgnsted acid. The concentration
of oxyanions increases with increasing pH, thus favoring more adsorption at pH
values above the pK,. The adsorption envelope, therefore, is the resultant of a
competition for H* by the anion and the mineral surface and may be characterized
by the mineral pH,,,. and the pK, of the sorbate (Sposito, 1989). If several protonated
species of an oxyanion exist, such as for humic substances, the adsorption envelope
shows a monotonic decline with increasing pH value. The ligand-exchange
mechanism (equations (3.5)-(3.7)) is consistent with these observations in that it
predicts decreasing adsorption as the protonation of the surface decreases but
increasing adsorption as the protonation of the oxyanion decreases (Sposito, 1989).

The effect of pH on the extent of adsorption may also result from mechanisms
other than ligand exchange. Similar adsorption envelopes and pH dependence should
be exhibited by an anion-exchange mechanism. Anion exchange can be represented

by the following reaction:

>SOH, Cl~ + Hu-C(0)0~ = >SOH, 0 C(O)-Hu + CI~ (3.8)
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in which a humic carboxyl group replaces an anion (chloride in this example)
previously bound in an outer-sphere complex. This mechanism is not observed often
because of the weakness of the electrostatic bonds involved, but may be prominent
in acidic systems with metal oxides as sorbents (Sposito, 1984, 1989). For example,
Jardine et al. (1989) observed that ~25% of the total DOC adsorbed on a soil
sample could be attributed to an anion-exchange mechanism.

From the data in Figures 2 through 4, it is not possible to validate or refute
the presence of an anion-exchange mechanism at low pH values (pH < pH,, ). In a
NaCl medium, it may be argued that increases in the Cl° concentration should
decrease the adsorption of humic substances for an anion-exchange mechanism in
accordance with equation (3.8). From the data in Table V (T, versus [NaCl]),
therefore, fulvic acid would not appear to adsorb by anion exchange. Humic acid
does show an initial decrease in I, when the NaCl concentration is increased from
1 to 10 mM, but then I, increases for 0.1 M NaCl. Thus the presence or absence of
anion exchange for humic acid can not be determined from these data.

The above analysis is questionable, however, in determining the presence of
an anion-exchange mechanism for humic substances. Increases in electrolyte
concentrations can also affect adsorption through electrostatic interactions, such as
decreasing the repulsion between uncomplexed carboxyl groups of adsorbed humic
material. Decreases in adsorption with increasing electrolyte may be attributed to
mechanisms other than anion exchange. For example, Stone (1989) studied the

hydrolysis of the anionic carboxylic acid ester monophenyl terephtalate (MPT) in the
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presence of alumina and concluded that the adsorption of MPT" on alumina could
be fully accounted for using an inner-sphere surface complex formation model. The
decrease in MPT" adsorption with increasing Cl" concentration was attributed to the
loss of protonated hydroxyl sites because of outer-sphere complex formation with CI..
At high pH values, an anion-exchange mechanism cannot account for the
observed adsorption of humic substances on alumina (Figures 2-4). The significant
amount of adsorption at pH values > pH,, implies that other mechanisms of
adsorption are operative in the system. The most plausible mechanisms for NaCl
electrolyte solutions are ligand exchange and hydrophobic bonding. Of these two,
ligand exchange is considered to be more important for the reasons discussed above.
However, there may be situations in which hydrophobic bonding is significant.
Jardine et al. (1989), for example, examined the adsorption of DOC on a soil
sample at two different temperatures and observed that the adsorption was relatively
insensitive to temperature. The reaction was slightly endothermic (4 to 8 kJ/mol), as
evidenced by higher amounts of adsorption at the higher temperature. Because
ligand-exchange reactions generally are highly exothermic (necessary to offset the
decrease in solute entropy upon adsorption), they concluded that ligand exchange was
not a plausible mechanism. The absence of an increase in pH accompanying
adsorption further supported their contention that ligand exchange was insignificant
[equation (3.5)]. Instead, Jardine et al. (1989) suggested the DOC adsorption
mechanism was physical adsorption driven by favorable entropy changes

(i.e., hydrophobic bonding). They strengthened this argument by examining the
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adsorption of fractionated DOC solutions. Of the total DOC adsorbed by the soils,
over 80% was hydrophobic organic solutes.

Hydrophobic bonding has been discussed in some detail in Chapter 2 and has
been thoroughly reviewed elsewhere (Tanford, 1980; Israelachvili, 1985; Voice
and Weber, 1983). Van der Waals dispersion interactions may be as important to
NOM-mineral associations as they are to organic compound-NOM reactions
(Sposito, 1989). The van der Waals bonding forces between polymeric humic material
and atoms in a mineral surface can be quite strong and relatively long-range
(i.e., greater than atomic distances). The effects of van der Waals interactions are
especially apparent when ionization of acidic functional groups on large organic
molecules is suppressed, as for solutions of high ionic strength or when the pH value
is such as to make the net charge on the molecules vanish (Sposito, 1984).

Hydrophobic bonding similar to that observed by Jardine et al. (1989) may
partly explain the fractionation and preferential adsorption of NOM that has been
observed in previous studies. Davis and Gloor (1981) found that adsorption of NOM
by alumina increased with the molecular weight of the organic material.
Murphy et al. (1990) found that the amount of humic substances adsorbed on a
specific mineral substrate was positively correlated to the aromaticity and molecular
weight and negatively correlated to the O/C ratio (i.e., polarity) of the organic
material. Humic acids were found to be more strongly adsorbed than fulvic acids, in
agreement with the observed correlations. The combined results indicate, therefore,

that the more hydrophobic NOM (humic acid) adsorbed preferentially relative to
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more hydrophilic NOM (fulvic acid).

Comparable results were observed in this study, which utilized humic materials
similar to some examined by Murphy et al. (1990). The adsorption density for humic
acid was always higher than that for fulvic acid at the same pH and ionic strength
(Figures 2-4, Table V). In Tables I and 1II, it is observed that humic acid is larger
(1100 versus 800 daltons), more aromatic (f, of 0.42 versus 0.28) and less polar
(O/C of 0.54 versus 0.57) than fulvic acid.

Murphy et al. (1990) concluded that humic substances with higher molecular
weight are more strongly adsorbed because their carboxyl group content is greater
on a molar basis. However, at least for Suwannee River humic and fulvic acid, this
conclusion is not valid because the carboxyl content of the two humic substances is
similar (~5 COO" groups per molecule). Likewise, the use of a ligand-exchange
mechanism by Murphy et al. (1990) to describe all the observed humic material
adsorption in their study is questionable, particularly for the peat humic
acid/hematite system. The extent of adsorption for peat humic acid did not decrease
with increasing pH, as would be predicted for a ligand-exchange mechanism. Instead,
a hydrophobic-bonding mechanism appeafs to be operative, which accounts for at
least a fraction of the adsorption.

From the discussion above, it becomes obvious that separating the energy of
adsorption into its individual components [e.g., equation (3.4)] is very difficult
because the mechanisms of adsorption for NOM on mineral surfaces are not well

understood. In natural systems, it is plausible that no one adsorption mechanism
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operates entirely in the absence of other mechanisms. One or more of the principal
adsorption mechanisms and possibly others are expected to be operative when NOM
reacts with mineral surfaces (Sposito, 1984). For instance, it is expected that
protonation plays a role in adsorption in acidic media, as does negative adsorption
when the net mineral surface charge is negative.

Although the adsorption mechanisms in this study are not clearly defined, a
qualitative interpretation of the adsorption processes can be made utilizing the
Langmuir isotherm parameters (Table V). Using this methodology, Tipping (1981)
was able to elucidate the adsorption mechanism of an aquatic humic substance onto
iron oxides. |

The data for humic acid in Table V show that the decrease in the extent of
adsorption with pH (Figure 2) is due mainly to a decrease in the number of available
adsorption sites (i.e., I';,). As discussed earlier, this observation is consistent with both
a ligand-exchange mechanism, as well as an anion-exchange mechanism, at lower pH
values. At higher pH values the adsorption cannot be attributed to anion exchange.
Therefore, the observed decrease with pH is due to ligand exchange. For NaCl
concentrations of 10 mM and 0.1 M, the decrease in adsorption with pH is also
caused by a decrease in the affinity between the humic acid and the alumina surface
(i.e., K,4)- Tipping (1981) attributed this to increasing electrostatic repulsion between
humic substances and the mineral due to a progressive increase in deprotonated
surface hydroxyl groups (>FeO).

This argument, however, does not explain the results observed at 1 mM NaCl
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concentrations. As the pH increases at this ionic strength, K, also increases. The
only plausible explanation for this observation appears to be the presence of a
cation-bridging adsorption mechanism. In this mechanism, Na* would be attracted
to the surface as the pH increases because of the increase in >AlO™ groups; the
humic carboxyl groups would then attach directly to the bound Na*. The formation
of >AlO'Na* becomes increasingly significant above pH 7 (Stone, 1989). However,
the total number of adsorption sites would not increase significantly because of the
relatively small fraction of >AlO" sites that are present even at pH 10 (Figure 1a).

Cation bridging cannot explain, however, the transition that occurs between
1 mM and 10 mM NaCl solutions. For example, the concentration of >AlONa*
groups increases with increasing NaCl concentrations (Stone, \\1989); thus, cation
bridging should be even more important at higher NaCl concentrations. The observed
K,4 values, therefore, must result from the different adsorption mechanisms which
are present and interact in complex fashions. The enhanced cation bridging expected
at higher NaCl concentrations, for example, may be offset by the increased
electrostatic repulsion between uncomplexed carboxylate groups in the adsorbed layer
as the surface coverage increases. Also, it is uncertain how hydrophobic bonding may
affect the affinity observed here.

For fixed pH values, changes in NaCl concentration also affect the adsorption
of humic substances. Increases in the adsorption of humic acid with increasing NaCl

concentration (Figure 3a,b,c; Table V) are attributed mostly to an increase in the

number of available adsorption sites. At all pH values, I',, increases with an increase
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from 1 mM to 0.1 M NaCl, while K, generally decreases. The increase in electrolyte
at pH 4 and 7 increases the number of protonated surface hydroxyls (Figure 1a,b,c);
ligand exchange is thus enhanced by additional adsorption sites. At pH 10, the
increase in NaCl concentration enhances cation bridging and decreases the
electrostatic repulsion between the alumina surface and humic material, as well as
between unbound humic carboxyl groups. The adsorption of fulvic acid at pH 4
follows a similar trend with increasing NaCl concentration (Figure 4a, Table V).

In basic media (pH > 7), the presence of bivalent cations introduces another
adsorption mechanism relative to electrolytes containing only monovalent cations.
The additional mechanism now postulated to occur in basic media is water bridging,
a process similar to the cation bridging mechanism discussed earlier. The major
difference between the two is the presence or absence of water molecules solvating
the exchangeable cation at the humic carboxyl adsorption site. Whether water
bridging or cation bridging occurs during the adsorption of an anion by a surface
bearing solvated exchangeable cations depends on the relative Lewis base character
of the functional group and the relative Lewis acid character of the exchangeable
cation (Sposito, 1984, 1989). For example, carboxylate groups on humic substances
may adsorb on mineral surfaces through cation bridging in the presence of Na* and
through water bridging when Ca®* is present.

In addition to water bridging, bivalent cations ‘most likely modify other
adsorption mechanisms at all pH values. For example, Ca** alters electrostatic

interactions relative to NaCl solutions and may also form soluble complexes with
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natural organic ligands.

Tipping (1981) found that the adsorption of aquatic humic substances by
goethite at fixed ionic strength approximately doubled in the presence of bivalent
cations at a total concentration of 3.3 x 10* M (61.5 uM Mg**, 263 uM Ca®*). The
extent of adsorption still decreased with increasing pH, but the isotherm did not
conform to the Langmuir equation because of the additional adsorption capacity. He
proposed that adsorption of organic material was increased by the formation of
complexes with the bivalent cations which then allowed more humic molecules to
adsorb to the oxide surface. Since the effect was seen at pH 6, it is unlikely that
water bridging was contributing extra adsorption sites. Also, it was postulated that the
bivalent cations reduced the electrostatic repulsion between humic molecules at the
goethite surface more effectively than did the monovalent cations and protons.

Davis (1982) studied the effect of varying Ca** concentrations at constant ionic
strength (0.01 M) on DOC adsorption by alumina. Significant changes were observed
under acidic and alkaline conditions at a Ca?* concentration of 4 x 10° M relative to
a NaCl solution. For pH < 7, the amount of DOC adsorbed was less than that for
the NaCl solution, while at pH values > 7 the presence of Ca** enhanced adsorption.
At lower Ca?* concentrations, smaller, but similar effects were observed.

The effect of Ca®* on the adsorption of humic and fulvic acid by alumina was
investigated in this study. The presence of 1 mM Ca** (0.1 M total ionic strength)
increased the adsorption of humic acid at all pH values relative to NaCl solutions,

but had little effect on the adsorption of fulvic acid at pH 4 (Figures 3d and 4b,
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Table V). Despite the increase in adsorption for humic acid, Langmuir-type
isotherms were observed in the presence of Ca?* for all of the studies, in contrast to
the observations of Tipping (1981).

In the presence of Ca?*, the enhanced adsorption observed for humic acid at
pH 10 resulted mainly from an increase in adsorption sites (Table V) which were
created through water bridging. At pH 4 and 7, however, the increased adsorption
of humic acid most likely occurred because of a decrease in electrostatic repulsion
between unbound humic carboxyl groups. Since the concentration of deprotonated
surface hydroxyl groups is relatively low at these pH values, the binding of Ca** by
surface adsorption sites at pH 7 and, particularly, at pH 4 is unlikely. This argument
was verified by the experimental observation that Ca** was bound significantly to the
bare aluminum oxide particle surfaces only at pH 10. The argument is also supported
by the data in Table V; while the presence of Ca** increases I',, for humic acid at pH
4 and 7 approximately the same amount, the increase in ", at pH 10 is significantly
higher and approaches the value observed at pH 7.

The relative importance of different adsorption mechanisms changes with
solution composition for a particular humic material, as has been discussed. The
absence of enhanced adsorption of fulvic acid in the presence of Ca** at pH 4
indicates that different adsorption mechanisms are operative for humic and fulvic
acid under similar solution conditions or, more accurately, that the mechanisms have
different relative importance in humic versus fulvic adsorption. Other differences

between humic and fulvic adsorption which have been previously discussed seem to
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support this argument:

(1) The adsorption of fulvic acid appears to show more dependence on pH
than does humic acid adsorption (Figure 2).

(2) Despite having similar functional groups and carboxyl contents, the affinity
between humic acid and alumina is much larger than that between fulvic acid and
alumina for the same pH and ionic strength (K, in Table V).

(3) The increased adsorption of humic acid relative to fulvic acid agrees with
predictions from correlations based on aromaticity, molecular weight and polarity
(i.e., parameters describing hydrophobicity).

It was instructive, therefore, to investigate more closely the differences
between humic and fulvic acid adsorption on alumina. Although the adsorption of
humic and fulvic acid both followed Langmuir-type isotherms, the data at lower
concentrations tend to be minimized by plots such as Figures 3 and 4. By plotting
measured adsorption densities against the values "predicted” from the Langmuir fit,
linear graphs can be generated to observe how well the Langmuir equation fits each
data point of the adsorption isotherm (Figure 5).

The slope of each line in Figure S is unity by definition. In Figure Sb, the
Langmuir equation fits every data point extremely well for the fulvic acid adsorption
data presented. All other fulvic acid adsorption isotherms had equally good fits to
Langmuir isotherms. For humic acid (Figure 5a) the higher adsorption densities
showed a similarly good fit to the Langmuir equation. However, the lowest measured

adsorption density data point was lower than that predicted from the Langmuir



Figure S.

147

100
[4 ]
£ (a) S
£
= o
<'< 80}t
)
~
<
T o
o0 60
E
>
-
pL 40F
8 %
C
R
5 20
} 9.
o o)
o0
©
<
[o] 1 1 t 1 ]
0 20 40 60 80 100
Langmuir-Fitted Adsorption Density
75
b
£ (b)
<'t 60
=)
S~
<
w
& as|
£
>
=
e 30}
[
()
o
o
a 15|
t v
o)
(2]
©
<
(o] ! 1 i L ]
o) 15 30 45 60 75

Langmuir-Fitted Adsorption Density

Humic material adsorption on alumina in 0.001 M NaCl at pH 4. Plots
show measured adsorption densities versus adsorption densities
calculated from the fitted Langmuir models. The slope of each line is
unity (the values from the Langmuir model are plotted against
themselves). a) Humic acid. b) Fulvic acid.




148

equation. Upon examining other adsorption data sets with this technique, it was
observed that all humic acid isotherms at pH 4 and 7 consistently had similar
deviations from the Langmuir equation for the lowest adsorption density data point.
This deviation was observed for all NaCl concentrations, as well as in the presence
and absence of Ca?*. At pH 10, however, the figures looked like those for fulvic acid,
the Langmuir equation fit each point equally well.

By presenting the isotherm data as the extent of adsorption versus initial
NOM concentration, the same grouping of experimenfs as above is observed
(Figures 6 and 7). In Figure 7, the extent of fulvic acid adsorption continually
decreases as the initial fulvic acid concentration is increased. This is observed for all
NaCl concentrations, as well as in the presence of Ca?*. Similar decreases are
observed for humic acid adsorption at pH 10 (Figure 6¢,d). The plots are different,
however, for humic acid at pH 4 and 7 (Figure 6a,b,d). The extent of adsorption in
these studies increases initially before decreasing monotonically with increasing
humic acid concentration.

The results observed for humic acid in Figure 6 appear to show that some
type of cooperative adsorption occurs between humic acid molecules at low surface
coverage at pH 4 and 7. A preliminary adsorption study at very low initial humic acid
concentrations was re-evaluated to examine if cooperative adsorption could be
observed at low surface coverages. The results of this experiment are shown in
Figure 8. The classical "S-shaped" isotherm is indeed observed for humic acid at

initial concentrations below 0.5 mg/L.
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S-curve isotherms have been shown to occur as a result of cooperative
interactions among adsorbed molecules (Giles, 1974a,b). These interactions cause the
adsorbate to become stabilized on the surface, and they produce an enhanced affinity
between the surface and adsorbate as the surface coverage increases. S-type
isotherms are often observed in the adsorption of surfactants from solution and the
mechanisms of adsorption in each region are relatively well-understood (Fuerstenau
and Wakamatsu, 1975; Chandar et al., 1987; Holsen et al., 1991). In most cases of
organic adsorption, the cooperative effects beﬁveen adsorbate molecules result from
hydrophobic interactions; for example, the interaction of each -CH,- group
contributes ~RT to the total energy of adsorption for aliphatic organic compounds
(Tanford, 1980; Israelachvili, 1985; Liang and Morgan, 1990a,b).

A useful way of comparing humic versus fulvic acid adsorption on alumina is
to examine the relative amounts of carboxyl groups in the adsorbed layer at
maximum adsorption. Although humic and fulvic acid have very different adsorption
densities (I",, ~100 versus ~67 mg/g, respectively) and surface coverages (~100%
versus ~33%) at saturation, they are expected to have relatively similar numbers of
carboxyl groups bound if ligand exchange is the dominant adsorption mechanism for
both organic materials.

The carboxyl group content of Suwannee River fulvic acid has been
determined to be 6.1 mmol/g by potentiometric titration (Bowles et al., 1989) and
6.8 mmol/g by methylation and '"H-NMR (Noyes and Leenheer, 1989); humic acid

has 4.9 mmol/g of carboxyl groups as determined by potentiometric titration
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(Thorn, 1989). Using these values and the data from Tables III and V, the

carboxylate adsorption densities can be calculated at saturation for humic and fulvic
acid. These values are listed in Table VI for the experiments conducted at pH 4.

At low NaCl concentrations, the number of carboxyl groups present in the
adsorbed layer for humic acid is ~3.3 COO"/nm?. The majority of these carboxyl
groups are most likely bound directly to the alumina surface via inner-sphere
complexes because the concentration of NaCl is not expected to favor adsorption
mechanisms other than ligand exchange. Significant hydrophobic bonding is not
expected because the low electrolyte concentration would not effectively screen the
large electrostatic repulsion which would exist if a substantial number of unbound
carboxylate anions are present in the adsorbed layer.

The maximum amount of fulvic carboxyl groups present in the adsorbed layer
at pH 4 is also ~3.3 COO’/nm?, and most of these carboxyl groups are also thought
to be bound directly to the surface as inner-sphere complexes for reasons similar to
those for humic acid. The relative insensitivity of fulvic carboxylate adsorption
densities to the solution composition (Table VI) indicates that adsorption
mechanisms other than ligand exchange are not operative for fulvic acid. At high
electrolyte concentrations, hydrophobic bonding, if it were to occur, should be
particularly enhanced for fulvic acid relative to humic acid because any electrostatic
repulsion between unbound anionic groups would be smaller (fulvic acid only covers

1/3 of the surface at maximum adsorption).
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Table VI. Carboxylate Adsorption Density.*>*

Humic Acid
0.001 M NaCl 34
0.01 M Na(Cl 32
0.1 M NaCl 3.7
1 mM Ca?*© 4.6

3 Units of COO™/nm?>
® From maximum adsorption densities at pH 4.
©SA = 80 m%/g.

¢ Values correspond to 6.1 and 6.8 mmol/g carboxyl groups.

€ 0.1 M total ionic strength.

Fulvic Acid ¢

28-3.1
28-32
3.1-34
3.1-34
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As the NaCl concentration is increased at pH 4, the humic carboxylate
adsorption value increases to 3.7 COO"/nm? (0.1 M NaCl solution); the presence of
1 mM Ca®* at this same ionic strength further increases the amount adsorbed to
4.6 COO’/nm’. Assuming that a maximum of 3.3 COO/nm’ can be bound as
inner-sphere complexes, the additional carboxyl groups must then be held in the
adsorbed layer by a hydrophobic-bonding mechanism. This mechanism becomes
favored only when the electrostatic repulsion between unbound anionic groups
becomes effectively screened as discussed previously (Sposito, 1984). Other possible
adsorption mechanisms are not thought to be operative for these solution conditions;
for example, 1 mM Ca** at pH 4 is not expected to enhance adsorption of humic
substances by water bridging. Instead, the increase in adsorption in the presence of
Ca’* occurs because the bivalent cation is more effective than Na* in neutralizing the
anionic charge in the adsorbed layer (Tipping, 1981; Davis, 1982).

The observed differences between humic and fulvic acid adsorption on
aluminum oxide particles, therefore, appear to result from the presence of different
adsorption mechanisms. For fulvic acid at pH 4, ligand exchange is the most
important adsorption mechanism regardless of solution composition. The lack of
enhanced adsorption at high ionic strength and, particularly, in the presence of Ca**
indicates that most of the fulvic carboxyl groups are bound directly to the alumina
surface via inner-sphere complexes and few unbound anionic groups are present in
the adsorbed layer.

Ligand exchange is also thought to be a major adsorption mechanism for
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humic acid for all solution compositions. However, other mechanisms may contribute
to adsorption as the solution composition and humic acid concentration change. At
pH 4 and 7, initial adsorption of humic acid at low organic material concentrations
appears to be enhanced by cooperative effects between adsorbate molecules. At low
NaCl concentrations, ligand exchange is the dominant adsorption mechanism at all
pH values; cation bridging may be important at very high pH. As the NaCl
concentration increases, hydrophobic bonding becomes more effective at pH 4 and 7
and cation bridging becomes increasingly important at pH 10. Adding Ca** ions to
the solution has two major effects; at pH 10 it enables water bridging to occur and
at all pH values it helps decrease electrostatic repulsion in the adsorbed layer.
The supposition that fulvic acid does not adsorb by hydrophobic bonding
agrees with its relative solubility, polarity, and aromaticity relative to humic acid.
Fulvic acid, by operational definition, is a relatively hydrophilic organic acid and
remains soluble under all pH conditions. It is the dominant humic substance in
natural waters (Thurman, 1985). Because fulvic acid contains fewer aromatic groups
and is much more aliphatic than humic acid (Table I), its electronic polarizability is
less than that for humic acid (Israelachvili, 1985). Therefore, it is not able to interact
with a mineral surface through van der Waals interactions as effectively as humic
acid. Because fulvic acid does not participate in hydrophobic bonding, its adsorption
shows more dependence than humic acid on increases in pH (Figure 2). Hydrophobic
bonding attenuates the decrease in adsorption by a ligand-exchange mechanism as

the solution pH increases.
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From the adsorption data presented, it appears that a maximum of
~3.3 carboxyl groups per nm’® can be bound directly as inner-sphere complexes by
the alumina surface. This value is much lower than 16.9 nm?, the site density of the
aluminum oxide surface determined by fluoride adsorption/desorption (Table III).
The carboxylate adsorption density is closer, however, to the site densities obtained
by other researchers using saturation or (strictly) fluoride adsorption methods
(Table IV). Also, it is in excellent agreement with the value of ~3.4 COO/nm?
calculated using the maximum adsorption of benzoic acid observed on alumina by
Kummert and Stumm (1980).

The discrepancy between the site density determined by fluoride
adsorption/desorption and the observed carboxylate adsorption density most likely
results from the fact that F~ is more electronegative than most carboxylate groups.
Thus, more of the actual hydroxyl sites can be exchanged with fluoride ions as
opposed to carboxylate ions. This brings up an interesting dilemma in the appropriate
choice of a probe for determining experimental surface site densities (i.e., exchange
capacities) of minerals. It would appear that exchange capacities should be
operationally defined by use of appropriate probes whose characteristics are similar
to the desired adsorbate(s). Therefore, it is conceivable that a properly characterized
mineral might have more than one exchange capacity defined (e.g., capacities defined

for H*, COO’, HPO/? etc. exchange).
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SUMMARY AND CONCLUSIONS

This study investigated the adsorption of Suwannee River humic substances
on colloidal-sized aluminum oxide particles in order to elucidate how solution
chemistry affe(cts the formation and nature of organic surface coatings. It is
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 will bind pollutant molecules dissimilarly. Because the
different adsorption mechanisms are affected by the aqueous chemistry of natural
waters, a systematic study of the effects of pH, ionic strength and background
electrolyte composition on humic material adsorption was performed.

The amount of humic and fulvic acid adsorbed onto aluminum oxide particles
decreased with increasing pH values for all solutions of constant ionic strength. In
NaCl solutions at fixed pH values, the adsorption of humic material generally
increased with increasing ionic strength; the increase was particularly notable at
neutral to basic pH values. The presence of Ca?* enhanced the adsorption of humic
acid relative to NaCl solutions, and was especially significant at pH 10. Adsorption
densities for both humic and fulvic acid showed good agreement with Langmuir
isotherms. Qualitative interpretations of the adsorption processes were made utilizing
the Langmuir isotherm parameters K, and T'_.

The adsorption density of humic acid on alumina was always observed to be
higher than that of fulvic acid for identical solution conditions. The increased

adsorption of humic acid relative to fulvic acid agreed with predictions from
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correlations based on aromaticity, molecular weight and polarity. Other differences
in the adsorption of humic and fulvic acid were: (1) the adsorption of fulvic acid
showed more dependence on pH than did humic acid; (2) the affinity of alumina for
humic acid was much larger than for fulvic for identical solution conditions; and
(3) the presence of Ca’* at pH 4 enhanced the adsorption of humic acid but had
little effect on fulvic acid adsorption.

The observed differences between humic and fulvic acid adsorption on
alumina appeared to result from the presence of different adsorption mechanisms.
For fulvic acid, ligand exchange was the most important adsorption mechanism
regardless of solution composition. Although ligand exchange was also a major
adsorption mechanism for humic acid, other mechanisms contributed as the solution
composition and humic acid concentration changed. At pH 4 and 7, adsorption of
humic acid at low initial concentrations was enhanced by cooperative effects between
adsorbate molecules. As the NaCl concentration increased, hydrophobic bonding
became more effective for humic acid at pH 4 and 7 while Na* bridging became
increasingly important at pH 10. Adding Ca®* ions to the solution had two major
effects: at pH 10 it enabled water bridging to occur and at all pH values it helped
decrease electrostatic repulsion in the adsorbed layer.

Carboxyl group densities in the adsorbed layer were calculated for humic and
fulvic acid at maximum adsorption. From the adsorption data, it appears that a
maximum of 3.3 carboxyl groups per nm’ are bound directly as inner-sphere

complexes by the surface of the aluminum oxide particles used here. This value is in
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good agreement with experimental site densities determined by other researchers
using saturation and fluoride adsorption techniques and agrees very well with a

previously determined maximum adsorption density for benzoic acid.
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Chapter 4

BINDING OF A FLUORESCENT HYDROPHOBIC
ORGANIC PROBE BY DISSOLVED
HUMIC SUBSTANCES AND ORGANICALLY-

COATED ALUMINUM OXIDE SURFACES
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ABSTRACT

The binding of perylene by Suwannee River humic substances in the presence
and absence of colloidal-sized aluminum oxide particles was examined using a
fluorescence quenching technique. The fluorescence of perylene associated with
dissolved and adsorbed humic substances appeared to be fully quenched as evidenced
by quantum yields which approached zero for all complexes. Binding of perylene by
the humic material was complete within 3 minutes after spiking the samples with the
hydrophobic probe. In the absence of alumina, both humic and fulvic acid were able
to bind perylene and the partition coefficients varied inversely with pH and NaCl
concentrations. The presence of Ca®* had little effect on the binding of perylene by
either of the dissolved humic substances. The adsorption of humic and fulvic acid
onto alumina decreased their ability to bind perylene. For all solution conditions
examined, association of perylene with adsorbed fulvic acid was never detected. In
NaCl solutions, partition coefficients for adsorbed humic acid at low pH were
approximately half the values of those for dissolved humic acid; at neutral to high
pH, alumina-bound humic acid did not bind perylene in NaCl solutions. In contrast
to the results observed for dissolved humic acid, the presence of Ca’* greatly
enhanced the binding of perylene by adsorbed humic acid. A major effect of solution
chemistry is to alter the mechanisms by which humic substances adsorb to alumina,
and different adsorption mechanisms determine how tightly organic material is bound
to the surface. The ability of weakly-adsorbed humic acid to bind perylene, and

possibly many of its other properties, approaches that of the dissolved species.
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INTRODUCTION

The geochemistry, and ultimately the fate, of organic compounds is strongly
dependent on chemical reactions that occur at the solid-liquid interface of particles.
These reactions can greatly affect the mobility, bioavailability, reactivity and toxicity
of organic compounds. The partitioning of nonionic hydrophobic organic compounds
(HOCQ) in surface soils and sediments has been shown to depend primarily on the
hydrophobicity of the compound and the fraction of organic carbon (f,) in the
sorbent (Karickhoff et al., 1979; Means et al.,, 1980; Chiou et al., 1979, 1981). The
importance of the organic carbon content of sediments and soils suggests that various
components of natural organic material (NOM) bind nonionic HOC in solution and
at mineral surfaces.

Partitioning of HOC between NOM and water has been modeled analogously
to the dissolution of the compound in an organic solvent; in this case, the NOM
forms a "microscopic organic phase." The mechanism of partitioning results from the
"hydrophobic interaction," a combination of relatively small van der Waals bonding
forces and a substantial thermodynamic gradient which drives the organic molecules
out of aqueous solution (Voice and Weber, 1983). The van der Waals attraction
forces between organic molecules are generally dominated by London dispersion
forces (induced dipole-induced dipole) with smaller or no contributions from Keesom
orientation forces (dipole-dipole) and Debye induction forces (dipole-induced
dipole). The thermodynamic driving force is the increase in entropy upon breakdown

of the highly-structured coordination shell of water molecules surrounding the
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hydrophobic solute. The hydrophobic interaction has been discussed in detail by
Tanford (1980) and Israelachvili (1985).

Recently, much work has been focused on studying the binding of hydrophobic
pollutants by dissolved organic material (DOM) in solution (e.g., Carter and
Suffet, 1982; McCarthy and Jiminez, 1985; Chiou et al., 1986, 1987; Garbini and
Lion, 1985, 1986; Gauthier et al.,, 1986, 1987; Traina et al., 1989; Backhus and
Gschwend, 1990). Collective results from these studies suggest that the binding of
hydrophobic organic pollutants by DOM depends on the chemical and structural
characteristics (i.e., the "quality") of the DOM and may depend on the aqueous
chemistry of the system.

In the environment, organic material adsorbs at particle surfaces and can
dominate the properties of the solid-liquid interface. While only a fraction of the
NOM in aquatic systems may be adsorbed on particle surfaces, the solid surface may
be entirely covered by organic material and thus exhibit the physical and chemical
properties of the organic matter. In effect, the adsorbed species may be thought of
as an organic "film" coating particle surfaces. These organic surface coatings modify
particle-pollutant interactions which occur at the solid-liquid interface or on particle
surfaces. Because stabilization of particles by NOM is a common observation, the
transport and fate of NOM, particles and particle-reactive compounds in natural
waters are complex, interdependent processes.

Very few studies have investigated the association of HOC with mineral-bound

NOM. Backhus and Gschwend (1990) examined groundwater samples from three
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different monitoring wells in order to determine the in situ organic material’s ability
to bind polycyclic aromatic hydrocarbons (PAHs). They spiked both whole and
ultrafiltered (500 molecular weight cutoff) samples with PAH probes. The unaltered,
whole samples were believed to contain organic colloids and/or inorganic colloids
with organic coatings. Analysis and characterization of the organic material in
solution versus that on particle surfaces were not made, nor was the fractional
binding of perylene between dissolved and adsorbed organic material determined.

Garbini and Lion (1985) used an equilibrium headspace technique to examine
the binding of the relatively volatile compounds trichloroethylene and toluene by a
commercial humic acid and by alumina particles coated with the same humic acid.
They observed that association of the solutes with dissolved humic acid was nearly
three times as much as that with humic acid adsorbed on alumina, suggesting that the
sorptive capacity of humic acid was reduced by the presence of a hydrous oxide
surface. They hypothesized that the observed reduction was because of differences
in the physical and/or chemical nature of free versus adsorbed humic acid, selective
adsorption of a certain fraction of humic acid to the alumina surface, and/or pH
differences in aqueous phases containing the respective sorbents (i.e., pH was not
controlled in their experiments).

Murphy et al. (1990) examined the sorption of carbazole, dibenzothiophene
and anthracene onto hematite and kaolinite which had been coated with natural
humic substances. Because the observed sorption isotherms were nonlinear, they

hypothesized that adsorption onto rather than partitioning into the surface organic
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phase was the sorption mechanism. Anthracene, the most hydrophobic compound,
showed the greatest binding while the humic substance with the highest aromaticity,
peat humic acid, was the strongest sorbent. The particular mineral used influenced
the amount of binding observed; however, because binding measurements were not
made in the absence of minerals, the effect of mineral surfaces on the ability of
humic substances to bind hydrophobic organic compounds could not be determined.

This study investigated the abili‘ty of adsorbed humic substances to bind
nonpolar HOC relative to "freely dissolved" humic material. A principal hypothesis
was that the conformation and polarity of humic substances play important roles in
their adsorption onto mineral surfaces and in their ability to bind hydrophobic
pollutants both in solution and at the solid-liquid interface. Because the conformation
and polarity of humic materials and the mechanisms of their adsorption onto mineral
surfaces are affected by the aqueous chemistry of natural waters, a systematic study
of the effects of pH, ionic strength and the presence of bivalent cations was
undertaken. The objectives of this study, therefore, were to (1) determine the amount
of binding of a hydrophobic organic probe by dissolved (i.e., not adsorbed) humic
material, (2) quantify the amount of binding of the probe by adsorbed humic
substances, and (3) investigate the effects of different adsorption mechanisms on the
ability of adsorbed humic substances to bind the probe.

Several methods have been used previously to study the partitioning of HOC
between NOM and water, including dialysis, reverse phase separation, ultrafiltration

and centrifugation. These methods rely on the separation of NOM from the aqueous
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phase to quantify the amount of pollutant associated with organic material. The
inability to completely separate NOM from water has resulted in observations of a
"solids effect" in some studies (Carter and Suffet, 1982; Landrum et al.,, 1984;
Gauthier et al., 1986; Murphy et al., 1990), in which the measured carbon-normalized
partition coefficient decreases with increasing concentrations of organic carbon. In
studies which used techniques that did not require a separation (e.g., headspace
analysis and fluorescence quenching), a solids effect was not observed (Garbini and
Lion, 1985; Gauthier et al., 1986, 1987). Problems with separating NOM from water
have been recognized previously as the cause for observed solids effects (Gschwend
and Wu, 1985; Morel and Gschwend, 1987; Voice et al,, 1983; Voice and
Weber, 1985). Therefore, methods capable of measuring the concentrations in situ
are ideal because separation difficulties may introduce artifacts in the determination
of partition coefficients.

An important objective of this study was to distinguish between association of
the hydrophobic probe with humic substances in solution versus humic material
adsorbed on the aluminum oxide surface. This was necessary in order to avoid a
separation and resuspension of adsorbed humic material before a partitioning
experiment. There was concern that separation of the humic substances adsorbed to
the alumina surface from that remaining in solution would disrupt equilibria and lead
to variable estimates of binding constants, much like that observed upon separating

pollutants equilibrated between two phases (Gauthier et al., 1986).
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In order to elucidate the effects of aqueous chemistry apart from the effects
of the quality of natural organic material (e.g., Gauthier et al,, 1987; Garbini and
Lion, 1986; Chiou et al., 1986), well-characterized humic materials were chosen as
models to represent NOM. Aquatic humic substances constitute 40 to 60 percent of
the dissolved organic carbon, and are the largest fraction of NOM, in water
(Thurman, 1985).

Commercially-available colloidal-sized aluminum oxide particles (Aluminum
Oxide C) were used in this study as a model for mineral surfaces. These small
(26 nm) particles have high specific surface areas and can form relatively stable
particle suspensions. Alumina has a relatively high zero point of charge (pH,,. ~8.5),
and thus is a good sorbent for organic acids. Because Aluminum Oxide C has been
used for adsorption studies by previous researchers (e.g., Kummert and Stumm, 1980;
Bales, 1984; Davies, 1985; Schultess and Sparks, 1987), its surface characteristics are
relatively well-known.

Perylene was the fluorescent probe chosen to model hydrophobic organic
pollutants. This nonpolar, nonionogenic PAH compound was selected in order to
eliminate or minimize possible adsorption mechanisms other than the effect of
hydrophpbic interactions in the binding reaction. PAHs have been used previously
as models for nonionic HOC (e.g., Karickhoff et al., 1979; Landrum et al., 1984;
Whitehouse, 1985; McCarthy and Jiminez, 1985; Gauthier et al., 1986, 1987

Traina et al., 1989; Backhus and Gschwend, 1990). PAH compounds fluoresce in
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aqueous solution, but the fluorescence is quenched when they are associated with
NOM. Thus, the fraction of perylene associated with NOM can be determined

without separating the NOM from the aqueous phase.
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EXPERIMENTAL

Apparatus. Fluorescence measurements were made on a Shimadzu Model
RF-540 Recording Spectrofluorophotometer with a right angle geometric sample
chamber configuration. The excitation source was a 150W xenon-arc lamp and
excitation and emission wavelengths were obtained with off-plane concave diffraction
grating (900 lines/mm) monochromators. Fluorescence measurements for perylene
and rhodamine 110 were made at the excitation/emission wavelengths of 432/470
and 496/520 nm, respectively, with slits set for bandwidths of 10 nm on both the
excitation and emission monochromators.

Absorbance measurements were made on a Hewlett Packard 8451A Diode
Array Spectrophotometer at the appropriate wavelengths to correct for the
inner-filter effect. The spectral bandwidth was fixed at 2 nm. The spectrophotometer
was equipped with a Hewlett Packard 89055A cell stirring module to allow mixing
in the cells.

Fused silica fluorescence cells (Spectrosil, Starna Cells Inc.) with Teflon
stoppers were used for both fluorescence and absorbance measurements. Fused silica
cells contribute very little background fluorescence relative to quartz cells and are
generally recommended for fluorescence work. The cells had a path length of 10 mm.

The pH of all aqueous solutions was measured with a Radiometer Model
PHMS84 Research pH Meter using a Radiometer GK2401C glass combination

electrode. The pH meter was calibrated with NBS buffers.
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Materials. (A) General. All reagents not specifically referred to were of
analytical grade or better and were used without further treatment. All aqueous stock
solutions were filtered through 0.2 um pore polycarbonate Nuclepore filters.

(B) Fluorescent Probes. The hydrophobic probe used in this study was
perylene (Aldrich, 99+ % pure). Relevant chemical and physical properties of
perylene are listed in Table I. The conservative probe, rhodamine 110 (Lasergrade),
was obtained from Kodak. Both were used without further purification.

A concentrated stock solution of rhodamine 110 (2.7 g/L, 7.4 mM) was
prepared in methanol (Fisher, Spectroanalyzed). Because of its relatively low
solubility in methanol, perylene was first dissolved in chloroform (J.T. Baker,
Photrex) and an aliquot of this solution (120 mg/L, 475.6 uM) was then spiked into
methanol to obtain the desired stock concentration. Finally, an aliquot of the
concentrated stock of rhodamine 110 was spiked into the perylene stock to obtain the
final working stock solution (120 pg/L (475.6 nM) perylene, 30 ug/L (81.8 nM)
rhodamine 110 in methanol with 0.1% (v/v) chloroform). This solution was stored
in the dark at 4°C in an amber borosilicate glass bottle to prevent photodegradation
and/or volatilization. Aliquots of the solution were allowed to equilibrate (in the
dark) at room temperature for at least 24 hours before use in the experiments.

(C) Humic Substances. Well-characterized humic materials were obtained
from the International Humic Substances Society (IHSS) and used without further
purification. Suwannee River standard humic acid and Suwannee River standard

fulvic acid were isolated from the Suwannee River which drains the Okefenokee
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Table I. Chemical and Physical Properties of Perylene.

Formula CyHy,
FW (g/mol) 252.32
Solid Density 135
(g/cm’)
mp (°C)* 277-279
¢F b -~ 1.0
Molecular Length € 10.5
(A)
Total Surface Area® 251.5
9]
Molar Volume ° 202
(mL)
log K, (M/M) ¢ 6.50
distilled!  (ug/L) 0.4
water
solubility (nM) 1.585
Y & (x 107)
Distilled Water 8.721
0.001 M NacCl 8.727
0.01 M NacCl 8.793
0.1 M NaCl 9.461

*Supplied by Aldrich. *Quantum yield in aqueous solution [25°C] (Turro, 1978).
‘Estimated for major-axis from data of Klevins (1950). Yalkowsky and
Valvani (1979). °Estimated from correlation with solid density using data of Davis
and Gottlieb (1962). ‘MacKay and Shiu (1977). ECalculated in Chapter 2.
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Swamp in southern Georgia. Isolation procedures and characterization of these
materials have been reported (Averett et al., 1989). Chemical properties of the humic
and fulvic acids are shown in Table II and some physical properties are listed in
Table III.

Because the humic materials received are very hygroscopic, they were stored
in a desiccator until needed. Concentrated stock solutions were prepared by
dissolving weighed amounts of the humic material in deionized, distilled water
(D,H,0). The solutions were mixed and allowed to stand in the dark for at least 24
hours. The humic stock solutions were filtered through prewashed 0.2 um pore
polycarbonate Nuclepore filters to remove possible particle contamination and were
then stored in amber borosilicate glass bottles similarly to the perylene solution.

Absorbance spectra and measurements at the wavelength of 250 nm were
taken of the humic and fulvic acid stock solutions before and after filtering to check
for possible loss and/or fractionation of material. No such effects were observed.

(D) Alumina. The hydrous oxide particles used in this study were y-AlLO,
(Degussa, Aluminum Oxide C). Aluminum Oxide C is produced by flame hydrolysis
of anhydrous aluminum chloride and Debye-Scherrer x-ray diffraction patterns reveal
that it has primarily a gamma structure with a slight delta structure. The chemical
purity is >99.6% and the density is 2.9 g/cm’. Pretreatment and preparation cf stock
particle suspensions have been reported in Chapter 3. The average particle diameter
from TEM was 26 nm with a range observed from 14-50 nm. Additional data for the

aluminum oxide particles are listed in Table IV.




Table II. Chemical Properties of IHSS Standard Suwannee River Humic Substances.

Elemental Analysis (%) 2 and Atomic Ratios °

(Ash-Free and Moisture-Free Basis)

C H (o) N S P Total Ash o/c® H/cP /NP
Humic Acid 54.22 414 39.00 121 0.82 0.01 99.40 319 0.54 091 5225
Fulvic Acid 53.75 429 40.48 0.68 0.50 0.01 99.71 082 0.57 0.95 92.18
# Supplied by International Humic Substances Society (IHSS).
® Calculated from elemental analysis.
—_
Structural Carbon Distributions 2 ]
(% of Total Carbon)
Ketone-C ccaarm)yll-/c Aromatic-C Altl;:ztli-c(:, . i—ﬁlhcl:)tic M i?'(;:tic spZ sp3 Aromathi ty
(220-180) (180-160) (160-105) (105-90) (90-60) (60-0) (220-90) (90-0) fa
Humic Acid 7 16 2 6 12 17 7 29 042
Fulvic Acid 6 19 28 5 15 27 58 42 0.28
group density © 1.74 1.878 1.601 1.601 1.620 0.72

(g/mL)

2 Determined from liquid-state *3C NMR [ppm range shown in parentheses] (Thorn, 1989).

be _ ..
f, = spectrum area from 160-105 ppm divided by total spectrum area.

€ Group density contribution to calculated density (Brown and Leenheer, 1989).
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Table III. Physical Properties of IHSS Standard Suwannee River Humic Substances.

Humic Acid Fulvic Acid
Radius of Gyration (A)

pH 6 11.1 7.2

pH 9 114 7.7
M, (daltons) 1100 ® 800 °
Density (g/mL) © 1.508 1.427
Vapp (mL/8) 0.6631 0.7008

V, (mL/mole) 730 560

# Determined by small-angle X-ray scattering (Aiken et al., 1989).
® Determined by vapor-pressure osmometry (Aiken et al., 1989).

¢ Calculated from structural carbon distributions (Table III).

4 M, + Density.
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Table IV. Surface Properties of Aluminum Oxide.?

Formula v-ALO,
Specific Surface Area (m?/g) 80
(EGME Retention)
Exchange Capacity (mmoles/g) 2.24
(Fluoride Adsorption/Desorption)
Site Density (nm2) 169
Surface Acidity Constants
Model Diffuse Layer Stern Layer
C, (F/m?) - 6.0 5.4
pK,* 6.8 7.7 8.2
pK,* 10.0 9.3 8.8
pPH,,. 8.4 8.5 8.5

2 Data from Chapter 3.
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Procedure. (A) General. Unless specified otherwise, all experiments were
performed at room temperature (23° C) in an open system (i.e., aqueous solutions
were equilibrated with the surrounding atmosphere). The open system is a model
which approximates the carbonate system of natural waters by equilibrating water
with the atmosphere containing CO, , at a constant partial pressure (Stumm and
Morgan, 1981). For waters which are in equilibrium with the atmosphere, the huge
reservoir of CO, ,, imparts a significant buffering action above pH 7.

Aqueous solutions were prepared with distilled, deionized water (D,H,0)
(Corning Mega-Pure™ System). Polycarbonate filters (Nuclepore, Pleasanton, CA)
with pore sizes of 15 or 50 nm were used for all aluminum oxide particle separations.

Fluorescence cells were cleaned by repeated soaking and rinsing, first
with methanol and then D,H,0. Cell cleanliness was monitored with fluorescence and
absorbance measurements. All other glassware was cleaned by soaking in
either 4 M HNO, or 4 M HC], rinsing repeatedly with D,H,O, and drying in an
oven at 110° C.

Absorbance spectra were taken to determine the possible wavelengths which
could be used for excitation of perylene and rhodamine 110. Fluorescence emission
spectra were obtained by exciting the compounds at the wavelength of an absorption
band in order to determine wavelengths at which fluorescence could be observed.
The fluorescence emission spectrum of a pure substance is independent of the
wavelength of excitation (Parker, 1968). Finally, fluorescence excitation spectra were

recorded and an appropriate pair of excitation/emission wavelengths were selected
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for each compound. Wavelength pairs were chosen to maximize the fluorescence
intensity and minimize the background interference (e.g., from quencher fluorescence
and/or the Raman scattering of water).

(B) Adsorption of Humic Substances. Adsorption isotherms of humic and
fulvic acid on alumina were obtained at constant pH and ionic strength values. Very
low solids concentrations (~20 mg/L) were used in order to maximize the adsorption
density (i.e., obtain high surface coverages) and minimize the effects of particle
coagulation in the adsorption experiments and, particularly, in the subsequent
partitioning experiments.

Sample solutions were prepared by adding appropriate amounts of
concentrated salt solution(s) and varying amounts of humic material stock solutions
to D,H,0O in Erlenmeyer flasks and adjusting the pH with 0.1 M HCI and/or
0.1 M NaOH. The samples were stirred until no further pH change was observed,
indicating that they had reached equilibrium with the atmosphere. Aliquots of the
working alumina suspension were then added to obtain the proper (calculated) solids
concentration, and the pH was adjusted if necessary. The samples were then removed
from the stirrer and the flasks were covered with parafilm and stored in the dark.
The samples were not mixed during the adsorption period in order to avoid
coagulation of the particles.

After a 24-hour adsorption period, the pH of each sample was checked and
a 3-mL aliquot was removed for the partitioning experiment. The remaining portion

of each sample was analyzed to determine the quantity of humic material adsorbed
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on the aluminum oxide particles. Organic carbon concentrations were measured with
a Shimadzu Model TOC-500 total organic carbon analyzer.

Humic material blanks (no alumina) were prepared at the same DOM
concentrations as the adsorption samples and were used in the partitioning
experiment. The humic blanks and sample aliquots removed for the partitioning
experiment were usually used immediately and always within one day to minimize the
effects of hydrolysis of the acids (Bowles et al.,1989).

(C) Partitioning of Perylene. The fluorescence quenching method used for
perylene was adapted from Backhus and Gschwend (1990). A typical experiment
consisted of pipetting 3 mL of a sample of known pH, ionic strength and total
humic/fulvic acid concentration (either free in solution, adsorbed onto alumina or
a combination of the two) into a fluorescence cell containing a micro stir bar and
recording the absorbance and fluorescence intensities at the excitation/emission
wavelengths for perylene and rhodamine 110. These values reflect the background
intensities of solution components. The sample was then spiked with 10 uL of the
combined perylene-rhodamine 110 stock solution and was immediately placed in the
stirring module of the spectrophotometer. While mixing, the lid to the sample
compartment was closed to prevent photodegradation.

After 3 minutes, the cell was placed in the spectrofluorophotometer and a
fluorescence measurement for perylene was made. The sample was then returned to
the spectrophotometer for an absorbance measurement and further mixing. This

procedure was repeated for a total elapsed time of 40 minutes. When the rate of
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change of perylene fluorescence intensity decreased sufficiently (after 20 minutes),
fluorescence measurements were made for rhodamine 110 as well.

The initial perylene concentration of the samples after spiking was nominally
0.4 pg/L (1.6 nM) while the thodamine 110 concentration was nominally 0.1 pg/L
(0.27 nM). In order to account for the slight variation in spiking volume between the
different samples, the corrected perylene fluorescence intensities were normalized by
the mean of the corrected rhodamine 110 fluorescence intensities.

Data Treatment. (A) Adsorption of Perylene to Glassware. For very
hydrophobic PAH probes which sorb appreciably to inorganic surfaces, adsorption
of the probe to fluorescence cell walls greatly decreases the solute concentration in
aqueous solution. The observed decreases in fluorescence intensities are then not
only caused by NOM static fluorescence quenching, but also by the adsorption of the
PAH to glassware (i.e., a removal of the probe from solution). Backhus and
Gschwend (1990) derived the following equation to describe observed fluorescence
versus time by assuming that a first-order reaction described the PAH sorption to

glassware:

k. F.  k F
F = w w - (4.1)
k+k.  k +k exp[-(k, + k)11

-w

where F,” = [PAH;] - [PAH-OC] at time zero and k, and k_, are the first-order
forward and reverse rate constants for wall adsorption. [PAH;] and [PAH-OC] are

the total PAH concentration and the mass of PAH bound by NOM per unit volume
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of sample, respectively. By fitting equation (4.1) to experimental data and back-
extrapolating to t = 0, they obtained the hypothetical fluorescence values which
would have been observed had the PAH not been adsorbing to glassware.

(B) Binding of Perylene by Dissolved Humic Substances. Most analyses using
fluorescence quenching techniques to determine partition coefficients rely on the
assumption that only the free PAH solute contributes to the observed fluorescence.
The assumption is valid only if the fluorescence of the PAH associated with NOM
is totally quenched (i.e., that the fluorescence quantum yield of the PAH-NOM
complex, ¢, is zero). However, for different types of NOM, or as chemical conditions
of the system change, this assumption may not be valid and must be verified.

Backhus and Gschwend (1990) showed that if the fluorescence of a PAH
probe associated with one type of NOM (e.g., dissolved humic material in this study)

is not totally quenched, than the observed fluorescence of the probe is described by:

F = [PAH,] (fraction dissolved + &(fraction bound)) (4.2)

The fractions of the PAH probe in solution and associated with dissolved humic

substances are given by the following two expressions:

PAH
fraction dissolved = [PAR,] 1 (4.3)
[PAH,] 1 +K_[OC]

[PAH-OC] _ _ K, [OC] (4.4)

fraction bound =
[PAH,] 1 + K _[OC]
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where [PAH,] is the dissolved PAH concentration, K. is the partition coefficient
normalized to carbon, and [OC] is the organic carbon concentration of the dissolved
humic material. By combining the above equations, Backhus and Gschwend (1990)
showed that the fluorescence ratio may be written as a function of [OC]:

1 + ¢k, [OC]
1 + K, [OC]

F
[PAH,]

«%= (4.5)
With this formulation, as [OC] = , the normalized fluorescence asymptotically
approaches ¢. The K. can be obtained from the curve as the value of [OC]" at the
point where F/F, = (1 + ¢)/2.

(C) Binding of Perylene By Dissolved and Adsorbed Humic Substances.
In natural waters, NOM adsorbs at mineral surfaces; thus, a second "compartment”
of organic material which may bind the PAH probe is now considered to be present
in the system. In this study, the second compartment of NOM is humic material
adsorbed at and coating the aluminum oxide surface. In the presence of dissolved

and adsorbed humic substances, the fluorescence intensity of the PAH probe may

now be described by:

fraction dissolved
F « [PAH_] |+ & (fraction bound-free Hu) (4.6)
+ &y (fraction bound-adsorbed Hu)

where the extra term relative to equation (4.2) represents the probe associated with

the organic coating on alumina particles. The fractions of the PAH probe in solution,
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associated with dissolved humic material, and associated with humic material

adsorbed at the aluminum oxide surfaces are given by:

fraction dissolved = L 4.7)

1 + K, [OC] + Kn[OCl,

: K, [10C]
fraction bound-free Hu = (4.8)
1 + K, [OC] + K.[OCl,

K.[OC
fraction bound-adsorbed Hu = e[ OC1, - (4.9)
1 + K, [OC] + K2[OC],

where the superscript and subscript "B" signifies adsorbed humic material. Combining
the above equations gives an expression describing the fluorescence ratios analogous

to that derived by Backhus and Gschwend (1990):

F
[PAH,]

1 + K, [OC] + b,Kn[OC],

(4.10)
1+ K,[OC] + K,.[OC],

« £ .
FO

The normalized fluorescence intensity is now observed to be a function of two
variables, [OC] and [OC]g. In applying equation (4.10) to experimental data, the
values of ¢ and K, were obtained from prior experiments without aluminum oxide
particles present (i.e., humic material blank solutions or "homogeneous" solutions).
Utilizing these previously determined values, the values for ¢ and K, ° were

determined for systems having both dissolved and adsorbed humic material present.
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RESULTS AND DISCUSSION

Fluorescence Quenching for Unstable Particle Suspensions. The fluorescence
quenching method used in this study to monitor perylene concentrations was adapted
from Backhus and Gschwend (1990). Because the background fluorescence intensity
from solution components was determined for each sample prior to spiking with
perylene, the method was intended for use with stable colloid sample suspensions.

However, for a few samples containing the organically-coated aluminum oxide
particles it was noted that coagulation and sedimentation of the particles were
probably occurring in the fluorescence cells during the course of the quenching
portion of the experiment. This hypothesis was based on the following observations:

(1) The corrected fluorescence intensities of the samples at time zero
[obtained from equation (4.1)] were higher than expected and were sometimes even
higher than the corrected fluorescence intensity of the blank sample.

(2) The values of the first-order forward rate constants for loss of perylene to
wall adsorption [k, in equation (4.1)] were abnormally high relative to other samples.

(3) The net fluorescence intensities for the conservative dye rhodamine 110
decreased systematically over the time period of 20 to 40 minutes (the time period
for which the fluorescence was measured for rhodamine 110).

These anomalies were observed because the background fluorescence values,
measured before spiking the samples with perylene, were assumed to remain constant

for the 40-minute period.
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Upon checking the absorbance values (used for the inner-filter corrections)
of these particular samples, an "exponential-type" decay in absorbance versus time
was observed (Figure 1b). For all of the "stable" particle suspensions, as well as the
samples without aluminum oxide particles present (i.e., those containing only
dissolved humic substances or blanks), the absorbance values were scattered around
a constant value (Figure la,c). Because absorbance does not detect the low
concentrations of perylene and rhodamine 110 in the samples (Chapter 2), the values
only reflect the sample solution components (e.g., NOM and particle concentrations).

The sample suspensions which were observed to be coagulating and settliﬁg
all had a low amount of NOM in the system. It appeared that the adsorbed humic
substances moved the particles in these suspensions close to the region where they
had a low stability, and further increases in NOM restabilized the particles (Figure 1)
as Liang and Morgan (1990a,b) had observed for submicron hematite particles. Upon
particle sedimentation, the background fluorescence (most of which resulted from
scattering due to particles) decreased for both perylene and rhodamine 110. By using
the initial background fluorescence intensities to correct all data, the artifacts
observed above [(1) and (2)] were introduced.

The apparent exponential decrease in absorbance versus time most likely
resulted from sedimentation and removal of the particles from the path of
fluorescence detection. To a first approximation, the rate of sedimentation can be

modeled from (Stumm and Morgan, 1981):
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Figure 1. Absorbance as a function of time for suspensions of aluminum oxide
particles with varying total concentrations of humic acid in 0.001 M
NaCl at pH 4. The alumina solid concentrations were 20 mg/L.
a) 0.43 mg/L humic acid. b) 0.86 mg/L humic acid. ¢) 1.72 mg/L
humic acid.




a _ ; _y (4.11)

where M is the mass of aluminum oxide particles in the system and J,, and J,,, are
the input and removal fluxes, respectively, of the particles. Fdr systems with no
material added, the input flux is zero. Assuming the removal rate is proportional to
the total amount of material present, that is, J_,, = kM, where k is the rate constant

for the removal of material from the system, equation (4.11) may be written:

aM _ _u (4.12)
dt

Solving equation (4.12), and assuming the observed absorbance and fluorescence
intensities are proportional to the particle mass present, gives:
AL (4.13)
4, F
where A and F denote the absorbance and fluorescence intensities, respectively.
The validity of the assumption that A, F « M can be observed in Figure 1b. Since the
four absorbance data sets are tracking the same process, the curves are, and should

be, parallel with the same decay time constant. The fluorescence decay curves will

likewise have the same decay time constant.
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The approach used to correct the background fluorescence intensities for the
unstable sample particle suspensions was to (1) fit exponential decay curves to the
absorbance data for the four different wavelengths, (2) use the average values from
these fits to generate new background fluorescence intensities (which were now
functions of time), and (3) subtract these new background values from the measured
values. The corrections for sedimentation were made only to those particle
suspensions for which an obvious decrease in absorbance versus time occurred for
all four wavelengths. The absorbance curves for all four wavelengths were always
parallel for a particular sedimenting sample. After background fluorescence
intensities were corrected for the sedimenting suspensions, values of k, for these
samples were observed to be similar to other samples and the fluorescence intensity
of rhodamine 110 was relatively constant throughout the experiment. Thus, the
success of the corrections was confirmed by eliminating the experimental artifacts
which initially revealed the behavior of the unstable particle suspensions.

Binding of Perylene by Dissolved and Adsorbed Humic Substances.
A nonlinear least-squares curve-fitting program was used to fit equation (4.1) to the
measured fluorescence intensities of all the samples spiked with perylene, and the
extrapolated initial fluorescence values at time zero were determined (Figure 2).
Partition coefficients and quantum yields for the perylene-DOM complexes
(i.e., K., ¢) were determined by analyzing the initial fluorescence intensities of humic
material blank solutions using equation (4.5). Results for a typical experiment are

shown in Figure 3a, in which the normalized fluorescence intensities obtained
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Figure 2. Perylene binding by dissolved humic acid in 0.1 M NaCl solutions at
pH 4. Nominal perylene concentration for each sample is 0.4 pg/L
(1.6 nM). Each curve shows the adsorption of perylene to cell walls
versus time.
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from back-extrapolation to t = 0 are plotted as a function of DOM concentration.

The samples containing both dissolved and adsorbed humic material were
analyzed similarly with equation (4.1) to determine fluorescence values at time zero.
The values of K and ¢ obtained from the humic material blank solutions and the
respective fractions of free and adsorbed humic substances (i.e., [OC] and [OC];)
obtained from TOC analysis were then utilized in equation (4.10) in order to
determine partition coefficients and quantum yields for the humic substances which
were adsorbed to aluminum oxide particles (i.e., K..°, ¢3p). Figure 3b shows the results
for a typical study; the homogeneous data (no alumina present) are replotted from
Figure 3a for comparison. For the same total amount of humic acid, the presence of
aluminum oxide particles diminished the ability of humic acid to bind perylene. For
this particular system, the association of the probe with dissolved humic acid was
nearly two times that with the humic acid adsorbed on alumina surfaces.

The method above was used to determine all partition coefficients for the
humic substances which were adsorbed to aluminum oxide surfaces. The method
assumes that the humic substances which are not adsorbed to alumina have the same
properties and characteristics as the humic material blank solutions, and thus the
partition coefficients and quantum yields of the dissolved material can be utilized to
calculate the partition coefficients and quantum yields of the adsorbed material. The
major criterion for this method, therefore, is that the adsorption process does not

fractionate the humic substances.
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Nominal perylene concentration for each sample is 0.4 pg/L (1.6 nM).
a) Perylene fluorescence as a function of total humic acid for
homogeneous samples (i.e., all humic acid is dissolved in solution).
b) Comparison of homogeneous samples with heterogeneous samples

(i.e., those

containing both dissolved and adsorbed humic acid).




200

Humic substances are by definition a complex, heterogeneous mixture of
organic compounds; they comprise one of the most widely distributed classes of
natural products on Earth (Aiken et al., 1989). Humic substances are heterogeneous
with respect to the diversity of molecules that compose the mixture, and with respect
to the diverse functional groups, structural units, and configurations that compose
individual molecules (Leenheer et al., 1989). Because of the heterogeneous nature
of humic materials, the use of "average" chemical and physical properties to
characterize their reactions in the environment may not be valid. For example, Davis
and Gloor (1981) found that higher molecular weight DOM was preferentially
adsorbed to an aluminum oxide surface; thus, the process of adsorption fractionated
the DOM with the more hydrophobic compounds adsorbed to the alumina surface
and the more hydrophilic compounds remaining in solution.

Although the humic substances used in this research were isolated fractions
(Malcolm et al., 1989), they still are not homogeneous mixtures. This can be shown
by comparing the different types of molecular weights determined for both humic and

fulvic acid:
M
DP = —= (4.14)
Mll
where DP is the degree of polydispersity, and M,, and M, are the weight-average and

number-average molecular weights, respectively. The degree of polydispersity is often

used in polymer science as an indicator of sample dispersity. For a monodisperse
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sample, DP has a value of unity. From molecular weight measurements of the humic
substances used in this study (Aiken et al.,, 1989; Beckett et al., 1987,
Reid et al., 1990), the degree of polydispersity is approximately 1.66-1.83 for fulvic
acid and 2.78-3.87 for humic acid.

From the polydispersity data, therefore, it can be seen that neither Suwannee
River humic acid nor fulvic acid are homogeneous mixtures. The method used by
Beckett et al. (1987) to determine molecular weights (field flow fractionation or
FFF), in fact, utilizes the ability to fractionate mixtures based on the different
diffusion coefficients of sample species. An empirical size fractionation of Suwannee
River humic acid has also been accomplished with gel permeation chromatography
(Green et al., 1992).

If significant fractionation of the humic substances by adsorption onto alumina
occurred in this study, the method utilized to determine K ® and ¢, would not be
valid. Murphy et al. (1990) examined whether the fractionation of Suwannee River
humic acid could be detected in an adsorption/partitioning experiment. In their
experiment, Suwannee River humic acid was sequentially reacted with hematite to
determine if the characteristics of the humic coating would change upon sequential
adsorption to clean mineral surfaces; the nonsorbed supernatant in each batch
reaction was used for the subsequent reaction with clean hematite. They postulated
that if fractionation occurred, both the extent of humic acid adsorption onto hematite
and the cosorption of a hydrophobic compound would not remain constant for the

sequential reactions. However, they found that neither the fractional adsorption of
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humic acid nor the relative amount of the hydrophobic compound bound by the
humic-coating changed significantly between successive batch experiments.

The results of Murphy et al. (1990) show that Suwannee River humic acid
does not fractionate appreciably upon adsorption to a mineral surface. They
concluded that the characteristics of the humic acid which affect its adsorption to
mineral surfaces and its ability to bind hydrophobic compounds are uniform.
Therefore, the method utilized in this study to determine K 2 and ¢ should be valid;
although Murphy et al. (1990) did not examine fulvic acid, it should not fractionate
in the present study because it is less polydisperse than Suwannee River humic acid,
as shown by its lower degree of polydispersity. This assumption is supported by the
observations of Aiken et al. (1989). They reported that although Suwannee River
fulvic acid is definitely a heterogeneous mixture, the material in water is relatively
monodisperse with respect to size and weight.

The partition coefficients for perylene binding to dissolved and adsorbed
humic material are listed in Table V for the conditions which were investigated. The
effects of varying aqueous chemistry conditions and of adsorbing humic material onto
the aluminum oxide surface on the partitioning of perylene are summarized in
Figure 4. Only a few experiments (pH 4) were performed with fulvic acid because of
its lower ability to bind perylene and its lower adsorption to aluminum oxide particles
relative to humic acid (Chapters 2 and 3). The respective partition coefficients were

determined utilizing the methods described above.




Table V. Partition Coefficients and Quantum Yields
for Perylene and Humic Substances.®

Dissolved Humic Adsorbed Humic
Substance Substance
B
(xll%ss) (xld(,)lz) (x10%) (x;p(l)alz)
Humic
Acid
pH 4 | 0.001M NaCl 11.279 @) 6.678 1
0.01M NaCl 10.314 1 4.469 <1
0.1M NaCl 8.869 (30) 4.719
1 mM Ca?*¢ 9.292 <1 5.474 2
pH 7 | 0.001M NaCl 9.582 <1 < 0.31° 90
0.01M NaCl 8.991 («1) < 0.29 100
0.1M NaCl 4.689 «1 < 0.15 100
1 mM Ca?*¢ 4.096 <1 1.036 100
pH 10 | 0.001M NaCl 5.096 (2) < 0.15 10
0.01M NaCl 1.946 «1 < 0.07 100
0.1M NaCl 0.716 2 < 0.06 100
1 mM Ca**© 0.601 20 0.273 10
Fulvic
Acid
pH 4 | 0.001M NaCl 1.494 600 < 0.03 3x10°
0.01M NaCl 1374 70 < 0.02 4x10°
0.1M NaCl 1.194 90 < 0.02 2x10°
1 mM Ca?*© 1276 70 < 0.03 2x108

® Units of K., K,.” are mL/g-C. (¢) denotes negative value. ® Indicates no binding
observed. Value shown is a calculated upper limit based on the standard deviation
of fluorescence measurements for the dissolved humic substances. € 0.1 M total ionic

strength.
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Figure 4. Binding of perylene by dissolved and adsorbed humic material. Symbols
connected by lines are experiments in NaCl solutions. Single (bold)
points at 0.1 M ionic strength refer to experiments with 1 mM Ca?*.
a) Partition coefficients for humic acid versus ionic strength at pH 4.
b) Partition coefficients for humic acid versus ionic strength at pH 7.
Coefficients for adsorbed humic acid in NaCl samples are upper
estimates (See text and Table V).
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c) Partition coefficients for humic acid versus ionic strength at pH 10.
Coefficients for adsorbed humic acid in NaCl samples are upper
estimates (See text and Table V). d) Partition coefficients for fulvic
acid versus ionic strength at pH 4. Coefficients for all adsorbed fulvic
acid samples are upper estimates (See text and Table V).
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Partition coefficients for perylene binding to dissolved humic acid showed a
large dependence on pH and NaCl concentrations. As the pH increased from 4 to
10 for a constant ionic strength, a decrgase in the binding of perylene was observed
for all dissolved humic acid samples (Table V). For example, at fixed ionic strengths,
K,.(HA) decreased 50 to 95% when the pH was raised from 4 to 10 with the biggest
decrease occurring at 0.1 M NaCl. Increases in the NaCl concentration caused a
decrease in the partition coefficients for dissolved humic acid regardless of pH
(Table V, Figure 4a,b,c); an increase in the ionic strength from 1 mM NaCl to
0.1 M Na(Cl decreased K, (HA) 20 to 85% for fixed pH values, with the greatest
decrease observed at pH 10.

The ability of fulvic acid to bind perylene showed a similar dependence
(20% decrease) on increasing NaCl concentration at pH 4 (Table V). However,
because partition coefficients for dissolved fulvic acid were almost an order of
magnitude smaller than K (HA) for identical solution conditions, only a barely
perceptible decrease in K (FA) is observed with increasing ionic strength
(Figure 4d).

The presence of Ca?* had little effect on the binding of perylene by either
DOM when compared to NaCl solutions of the same ionic strength (Figure 4). For
example, 1 mM Ca?* (0.1 M total ionic strength) at pH 7 and 10 caused a small
decrease in the ability of dissolved humic acid to bind perylene (13 and 16%,
respectively), while both humic and fulvic acid showed a slight increase (5 and 7%,

respectively) in the partition coefficient at pH 4 (Table V).
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The effects of aqueous chemistry on perylene binding by the dissolved humic
substances used in this study have been discussed in Chapter 2. Briefly, variations in
solution chemistry cause changes in the aqueous activity coefficient of the
hydrophobic probe perylene, as well as changes in the conformation and polarity of
DOM. Although the aqueous activity coefficient of perylene is the most important
parameter overall for determining order-of-magnitude effects, it is not as sensitive
to changes in solution chemistry as are the conformation and polarity of dissolved
humic materials, which subsequently affect the hydrophobic environment of DOM
and its ability to bind nonpolar organic molecules.

At constant ionic strength, for example, increases in pH progressively
deprotonate DOM molecules but have little effect on the aqueous activity coefficient
of nonpolar organic molecules (i.e., y;* ® constant). Deprotonation increases the
polarity of DOM and decreases its hydrophobicity and ability to bind perylene. For
fixed pH values, increases in electrolyte concentrations tend to "salt out” hydrophobic
organic compounds (i.e., y;” increases) but also compress DOM molecules by
electrostriction (Leenheer et al., 1989). This compression decreases the size of the
voids in dissolved humic material into which perylene can partition. Because the
DOM is affected more than perylene’s activity coefficient by the increase in
electrolyte, the amount of the probe bound by DOM decreases.

In order to study the ability of organically-coated mineral surfaces to bind
perylene, experiments were carried out in which humic substances were adsorbed to

aluminum oxide particles. To facilitate comparison between the presence and
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absence of the hydrous oxide surface, experimental conditions were identical to those
for the homogeneous systems.

In all cases, the presence of the aluminum oxide surface decreased the ability
of humic and fulvic acid to bind perylene. At pH 4, the partition coefficients for
adsorbed humic acid were 45 to 60% of those for dissolved humic acid at identical
NaCl concentrations (Table V, Figure 4a). At pH 7 and 10, no partitioning of
perylene into alumina-bound humic acid was observed regardless of NaCl
concentration. Likewise, at pH 4 and various NaCl concentrations, perylene was not
able to partition into surface-bound fulvic acid.

In contrast to the results observed for dissolved humic acid, the presence of
1 mM Ca?* had a large effect on the adsorbed humic acid partition coefficient. For
all pH values examined, the presence of Ca?* increased K *(HA) and was especially
significant at pH 7 and 10 (Table V, Figure 4a,b,c). For fulvic acid, however, the
presence of Ca’* had little effect on the alumina-bound partition coefficient, much
like what was observed previously in the absence of the aluminum oxide surface.

The ability of adsorbed humic substances to bind HOC is dependent on
several different parameters. Some of these parameters, such as aqueous chemistry
conditions and the "quality” of the humic material (e.g., size, aromaticity, polarity),
affect dissolved humic substances also, as discussed above. Another variable affecting
the partitioning of compounds to surface-bound humic substances appears to be the
mechanisms by which humic substances are adsorbed to hydrous oxide surfaces. The

mechanisms of adsorption for humic substances onto mineral surfaces are discussed
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by Sposito (1984, 1989), and the adsorption of Suwannee River humic material onto
aluminum oxide has been discussed for these particular systems in Chapter 3.

At pH 4, adsorbed fulvic acid did not measurably bind perylene, although the
fluorescent probe did partition into dissolved fulvic acid appreciably (Figure 4d). In
Chapter 3, it was argued that fulvic acid adsorbs to aluminum oxide particles
principally through a ligand-exchange mechanism for the conditions studied here.
Enhanced adsorption of fulvic acid by a hydrophobic-bonding mechanism does not
occur because fulvic acid is relatively hydrophilic and because most of the fulvic
carboxyl groups are postulated to be bound directly to the surface. Since its carboxyl
groups form inner-sphere complexes with Al(III), adsorbed fulvic acid molecules are
bound tightly to the alumina surface. This, along with the relatively small size of
fulvic acid molecules (800 daltons), severely restricts any fulvic acid conformational
changes necessary to bind perylene. The conformational entropy effects may be
considered as analogous to those observed with polymer adsorption on surfaces; high
molecular weight polymers adsorb preferentially to smaller ones at equilibrium
because of their smaller conformational entropy loss on adsorption and their greater
opportunities to form favorable contacts with the surface (O’Melia, 1988).

The presence of 1 mM Ca®** (0.1 M total ionic strength) at pH 4 had little
effect on the ability of adsorbed fulvic acid to bind perylene. This is not surprising,
based on the postulated adsorption mechanisms for fulvic acid described above and
in Chapter 3. The presence of bivalent cations has little effect on the adsorption of

fulvic acid because of its relatively small size and hydrophilic character and because
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most of its anionic functional groups (i.e., carboxyl groups) are postulated to be
bound directly to the surface as inner-sphere complexes. The lack of enhanced fulvic
acid adsorption to alumina and perylene binding by adsorbed fulvic acid in the
presence of Ca** both relate to the absence of significant hydrophobic effects among
adsorbed fulvic acid molecules.

The pH and ionic strength dependence of the adsorbed humic acid’s ability
to bind perylene in NaCl solutions is a similar, albeit magnified, effect to that
observed for dissolved humic acid. As described above, the additional effects relative
to those for the dissolved species are postulated to result from the mechanisms by
which the humic acid is adsorbed to the aluminum oxide surface.

Ligand exchange is thought to be the major adsorption mechanism for humic
acid for all solution compositions. In contrast to fulvic acid, however, other
mechanisms contribute to the adsorption of humic acid (Chapter 3). In NaCl
solutions, for example, hydrophobic bonding appears to be operative at pH 7 and,
particularly, at pH 4 while Na* bridging becomes important at pH 10.

In the absence of bivalent cations, there is significant binding of perylene by
adsorbed humic acid only at pH 4 (Table V). Partitioning of the probe can occur
because of the relatively low polarity of humic acid at this pH value, and because a
fraction of the humic acid is adsorbed on aluminum oxide particles by relatively weak
hydrophobic bonding forces. Also, because the hydrophobic attraction between humic
acid and the alumina surface is relatively weak, the adsorbed molecules may be able

to change their conformation at the surface if necessary to bind perylene. Finally,
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although ligand exchange is the predominant mechanism by which humic acid is
adsorbed to alumina at this pH, the larger size of humic acid relative to fulvic acid
may allow the tightly-bound molecules to assume more favorable conformations at
the surface. Although the ability to change its conformation must help adsorbed
humic acid in binding perylene, it is not as effective as if the humic acid molecules
were freely dissolved (Figure 4).

In NaCl solutions, partitioning of perylene into adsorbed humic acid is not
observed at pH 7 and 10. At these pH values, the polarity of humic acid molecules
is much higher than at pH 4. The adsorbed humic acid most likely is bound tightly
at the alumina surface by inner-sphere complexes because hydrophobic bonding is
not postulated to be a major adsorption mechanism at these pH values. Although
Na* bridging may occur at pH 10 (forming outer-sphere complexes), the higher
polarity of humic acid will tend to restrict conformational changes even for these
weakly-bound molecules. Therefore, although freely dissolved humic acid is capable
of binding perylene at neutral to high pH values, the combination of high polarity
and restricted conformations at the aluminum oxide surface prove to be too
unfavorable for binding of the probe by the adsorbed species.

As shown in Figure 4, the presence of 1 mM Ca’* at a total ionic strength of
0.1 M has a large effect on the adsorbed humic acid partition coefficient. Adding
Ca’* ions to the solution has two major effects on the operative adsorption
mechanisms for humic acid: (i) at pH 10 (and possibly at pH 7) it enables water

bridging to occur and (ii) it helps decrease electrostatic repulsion in the adsorbed
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layer at all pH values (Chapter 3). The decrease in electrostatic repulsion, in turn,
enables more hydrophobic bonding to occur at pH 4 and 7. As the pH increases in
these systems, adsorbed humic acid is expected to be less tightly-bound to alumina
surfaces and its characteristics, therefore, should become more like those of the
dissolved species. In Figure 4, this is exactly what is observed. As the pH increases
in the presence of Ca**, K 2 is seen to approach the values of K, for humic acid.
This is not too surprising because, logically, weakly-adsorbed humic material should
have properties approaching those of their dissolved counterparts, while strongly
adsorbed NOM will be less like dissolved material.

The decrease in the binding of perylene observed in this study by adsorbed
humic substances relative to the dissolved species is similar to the results obtained
by Garbini and Lion (1985). They examined the partitioning of the relatively volatile
compounds trichloroethylene and toluene to a commercial humic acid and to alumina
particles coated with the same material and observed that binding of the solutes by
dissolved humic acid was nearly three times that by alumina-bound humic acid. They
hypothesized that the observed reduction was because of differences in the physical
and/or chemical characteristics of free versus adsorbed humic acid, selective
adsorption of certain fractions of humic acid (i.e., fractionation), and/or uncontrolled
solution chemistry conditions.

Several problems with the study of Garbini and Lion (1985), however, limit
its usefulness in relation to natural aquatic systems; The organic substances utilized

in their study were commercial humic acids which were not purified prior to use. The
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use of commercial humic acids as analogues of NOM has been criticized because the
commercial materials have extremely high ash contents and are not generally
representative of NOM (Malcolm and MacCarthy, 1986; Chiou et al., 1987,
MacCarthy and Malcolm, 1989). The method used to bind the humic acid to alumina
surfaces involved drying the coated particles at 105°C. The effect of this procedure
on the results is uncertain, but does not represent naturally-occurring processes.
Finally, it is unclear if the behavior of significantly hydrophobic pollutants can be
predicted from the volatile, and appreciably soluble, organic compounds used by
Garbini and Lion (1985); this last concern, however, is probably unwarranted
considering the similar results obtained in this study for perylene.

In contrast to Garbini and Lion (1985), solution chemistry was controlled in
this study. Also, fractionation was not expected to occur for the materials utilized
here based on the observations of Murphy et al. (1990). Therefore, although the
magnitudes of these two effects are unclear in the work of Garbini and Lion (1985),
they were insignificant in this study. The reduction in the ability of adsorbed humic
substances to bind perylene relative to the dissolved material appears to result from
the different characteristics of adsorbed versus dissolved NOM. The mechanisms by
which humic substances are adsorbed to mineral surfaces control the magnitude of
these changes. For example, the properties of weakly-adsorbed NOM tend to
approach those of dissolved material as observed in Figure 4. In all cases, however,
the binding capacity of NOM is expected to be reduced by the presence of mineral

surfaces because of the conformational entropy losses upon adsorption. Finally, even
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for weakly-adsorbed NOM, the regions of the molecules involved in binding with the
surface (i.e., through hydrophobic bonding) are most likely the same regions which
are important for binding of hydrophobic organic compounds. Upon adsorption to
mineral surfaces, therefore, these sites are then unavailable for binding nonpolar
compounds. |

It is unclear how important the effects of adsorbed NOM may be in
determining the partitioning of HOC in natural water systems. Backhus and
Gschwend (1990) examined groundwater samples from a site recharged with
secondary-treated sewage in order to determine the in situ organic material’s ability
to bind perylene. They observed that samples from wells within the contaminant
plume showed temporal variation in the ability of the organic material present to
bind perylene. They postulated that the temporal variability in K, values may have
resulted from compositional or configurational differences in the organic material or
from varying solution composition. They concluded that the organic material which
did not bind perylene, although present at roughly the same concentrations and
composed of similar structural elements, was simply "denatured" and unable to bind
the probe.

A possible explanation for the observations of Backhus and Gschwend (1990)
can be proposed based on the results of this study, as well as the results of Garbini
and Lion (1985). It is conceivable that the temporal variation in the organic
material’s ability to bind perylene depended on whether the organic substances

present were freely dissolved species or whether they were adsorbed to mineral
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surfaces. For the pH values of the groundwater samples (pH~6), the difference in
observed partition coefficients could be significant as shown in Figure 4b and
Table V, particularly if bivalent cations were not present. Although the groundwater
samples examined by Backhus and Gschwend (1990) were believed to contain organic
colloids and/or inorganic colloids with organic coatings, analysis and characterization
of the organic material in solution versus that on particle surfaces were not made.
Also, solution concentrations of major ions in the samples were not reported.
Therefore, the hypothesis that adsorption of the organic substances to mineral
surfaces was the process that "denatured" the material cannot be substantiated.

A final point worth noting concerns the methods which have been utilized to
investigate the binding of HOC by adsorbed NOM. The techniques used by Garbini
and Lion (1985) (equilibrium headspace analysis) and Murphy et al. (1990)
(centrifugation followed by C counting) both are subject to errors resulting from
solute adsorption to the bare mineral surface.

Curtis et al. (1986) performed sensitivity analysis on the relative contributions
of solute adsorption on mineral surfaces and solute binding by organic matter for
HOC without functional groups. They showed that adsorption to mineral surfaces
becomes more important for increasingly soluble organic compounds, decreasing
values of f,, and increasing specific surface area of the bare mineral. Thus, the
dominance of one or the other contribution to hydrophobic solute binding depends
on K ,, K, and/or K 5, f ., and the surface area of the mineral sorbent which is

exposed to the solute.
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Murphy et al. (1990) recognized the potential importance of adsorption to
mineral surfaces in their system and attempted to remove this contribution to solute
binding by performing mineral blank (i.e., sorbent with no organic coating)
experiments. As they noted, a rigorous calculation of the mineral surface contribution
to solute binding requires that the exposed (i.e., bare) surface area of the (partially)
organically-coated mineral be known. Based on the assumption that plateaus in
adsorption density isotherms corresponded to monolayer coverages, they calculated
fractional coverages of the organic coatings on mineral surfaces for each data point.

A correction of this type, however, has the potential for many errors and is
extremely dependent on the assumptions made. For example, Murphy et al. (1990)
assumed that the organic coatings were uniform on hematite particles, but that humic
material adsorption was limited to the edge sites of kaolinite. This meant that most
of the kaolinite surface comprising the basal plane was assumed not to be covered
with an organic coating. Therefore, while fractional coverage of hematite was
estimated to vary from 1 to 96% with increasing f,_, the organic coverage of kaolinite
ranged from 7% to approximately two monolayers only on the edge sites. As might
be expected, the corrections made by Murphy et al. (1990) for solute adsorption to
kaolinite were larger than to hematite because more of the mineral surface was
exposed. Also, the correction for mineral adsorption had the greatest effect at the
lowest values of f_ (i.e, lowest coverages of organic coating). It is
uncertain how significant the errors may be in using the correction procedure

of Murphy et al. (1990); they found, for example, that the K, values
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calculated were relatively insensitive to the estimated exposed surface area of
the minerals.

In their study of toluene and trichloroethylene binding by organically-coated
alumina particles, Garbini and Lion (1985) did not account for the possibility of
solute adsorption to bare alumina surfaces. Although Garbini and Lion (1985) used
relatively high organic carbon mass fractions (f,, values of 0.40 and 0.54) in their
experiments, the calculations of Curtis et al. (1986) indicate that solute adsorption
to the alumina surface may have been important. Adsorption to the alumina surface
may have been significant because of the appreciably soluble (and volatile) organic
solutes used by Garbini and Lion (1985).

In contrast to the methods used by Murphy et al. (1990) and Garbini and
Lion (1985), the technique (fluorescence quenching) utilized in this study to
investigate the binding of perylene by alumina-bound humic material is not subject
to errors resulting from adsorption of the probe to inorganic surfaces. The
fluorescence quenching method determines only the amount of the fluorescent
organic probe associated with NOM. This is because an inorganic surface, such as
aluminum oxide, cannot quench the fluorescence of organic molecules which are
merely adsorbed onto it (Chapter 2). The use of inorganic materials as substrates for
studying the photochemistry of adsorbed organic molecules and the use of fluorescent
organic molecules to probe the solid-liquid interfacial region of inorganic colloids has

been extensively documented (Kalyanasundaram, 1987).
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Kinetics of the Partitioning Reaction. Using the fluorescence quenching
method of Backhus and Gschwend (1990), the kinetics of the binding reaction are
observed indirectly because of the competing reactions (association with NOM versus
adsorption to the fluorescence cell walls). In a sense, the rate of PAH binding by
NOM must be known a priori because a key assumption of the technique is that the
rate of PAH binding by NOM is fast relative to the rate of PAH adsorption to the
cell walls. By allowing the partitioning reaction to reach equilibrium before the initial
measurement is taken, subsequent decreases in fluorescence are then attributed to
adsorption of the PAH to cell walls.

In the presence and absence of NOM, measurements of the perylene
fluorescence intensity decreased exponentially with time, in accordance with
equation (4.1). The binding of perylene by dissolved and adsorbed humic material
was observed to be relatively fast; the distinct and parallel curves obtained for
various concentrations of NOM (e.g., Figure 2) indicated that the binding of perylene
by the NOM was complete within 3 minutes, the time allotted before taking the first
measurement.

The relatively fast rates observed for perylene binding by dissolved and
adsorbed humic substances agree with previous studies of the kinetics of PAH
partitioning to DOM. No kinetic information has been reported, however, for the
binding of hydrophobic organic compounds by well-characterized, organically-coated
hydrous oxide surfaces.

In Chapter 2, it was reported that the binding of anthracene and pyrene by the
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dissolved humic material utilized in this study was observed to be very fast.
Association appeared to be complete within 20 seconds for many samples, and never
took longer than 3 minutes to reach an apparent equilibrium. Gauthier et al. (1986)
found that equilibration of PAH solutions (anthracene, phenanthrene, pyrene) after
adding DOM was very rapid, requiring less than 1 minute. McCarthy and Jiminez
(1985) observed that the rate of binding of benzo[a]pyrene by Aldrich humic acid was
also rapid. An apparent equilibrium was obtained within 5 to 10 minutes after the
addition of DOM. Backhus and Gschwend (1990) found that the association of
perylene with Aldrich humic acid, bovine serum albumin, and unaltered groundwater
samples containing NOM was complete within 3 minutes. As discussed above, the
groundwater samples were believed to contain organic colloids and/or inorganic
colloids with organic coatings.

The kinetic results observed above for the binding of perylene by adsorbed
humic material contrast with those using sediments and soils as sorbents. The times
required to attain sorption equilibria in the latter systems are usually reported to be
from hours to days, but in reality may proceed indefinitely (Karickhoff, 1984).
Karickhoff (1980) has proposed that there are two kinetically distinct components to
sorption reactions onto sediments, a rapid component requiring at most a few
minutes to reach equilibrium and a much slower component requiring up tc weeks
to equilibrate. The latter component is thought to reflect an intraparticle process
whereby a compound is slowly incorporated into either particle aggregates or sorbent

components (Karickhoff, 1984). The incorporation into the sorbent matrix is
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contemplated 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).

The differences observed between binding of hydrophobic organic compounds
by DOM and by soils and sediments have been attributed previously to the presence
of mineral surfaces and/or high molecular weight organic material in soils and
sediments (Karickhoff, 1984). For example, organic material existing in sediments
and soils consists of relatively insoluble, high molecular weight macromolecules
compared to organic material which is present in natural waters (i.e., the humic
substances used in this study). While molecular weights of aquatic humic acids are
generally in the range from 1000 to 10,000, those for soil humic acids have been
reported to be from 2600 to more than 1 million (Kile and Chiou, 1989), and the
largest fraction of humic substances in lake sediments falls into the molecular weight
ranges 5000-100,000 and > 100,000 (Ishiwatari, 1985).

Organic substances in sediments and soils, therefore, may be composed of
material similar to the humin-kerogen structures proposed by Freeman and
Cheung (1981). They hypothesized NOM in sediments to be a humic-kerogen gel
affixed to mineral surfaces and pictured it as highly branched polymer chains forming
complex three-dimensional networks. Absorbed liquids in these systems would cause

the network to swell and form a gel. Diffusion of organic solutes into such a
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three-dimensional network and their subsequent incorporation into a gel would agree
with the slower observed rates for partitioning into sediment and soil organic matter.

The slow rates of binding of hydrophobic organic compounds by sediments
and soils have also been attributed to adsorption of the compounds by mineral
surfaces. For example, Ball and Roberts (1991a,b) found that sorption of organic
chemicals onto sandy aquifer material required contact times on the order of tens to
hundreds of days to reach equilibrium, with physical adsorption to mineral surfaces
the most significant contribution to the total amount sorbed. The rate of sorptive
uptake was modeled successfully with an intraparticle diffusion model incorporating
retarded transport in the constricted internal pores. This interpretation 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.

As discussed earlier, however, the fluorescence quenching technique utilized
in this study to investigate the binding of perylene by alumina-bound humic
substances does not measure adsorption of the fluorescent probe to the aluminum
oxide surface. Therefore, the rates observed here are indicative only of the
partitioning reaction to NOM. It is realistic to believe that any adsorption of perylene
that was occurring on the bare surfaces of the aluminum oxide particles was much
slower, based on the loss of the organic probe to the fluorescence cell walls. For
example, it appeared that an apparent equilibrium for perylene adsorption to the cell

walls was reached only after a contact time of a few hours (Chapter 5).
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Quenching Efficiency. The quantum yields obtained for perylene associated
with dissolved humic and fulvic acid (Table V) are thought to be accurate since
relatively large decreases in the fluorescence ratio are observed with increasing
concentrations of DOM. All curves obtained using Equation (4.5) for the various
perylene-DOM systems asymptotically approached quantum yields of zero as
[OC] = «. Most quantum yields for the adsorbed humic substances, however, are not
credible because of the absence of significant binding of perylene. The only reliable
values of ¢y are those at pH 4 and those for systems in which Ca** was present.

Few published results are available for the quantum yields of PAH-NOM
complexes. Backhus and Gschwend (1990) found that Aldrich humic acid fully
quenched the fluorescence of perylene associated with it (¢ = 0), while bovine serum
albumin quenched only 42 percent of the associated perylene fluorescence
(¢ = 0.58). The observations of Gauthier et al. (1986) suggest that values of zero for
¢ are found for a wide variety of humic and fulvic acids. They argued that the
appearance of linear Stern-Volmer plots indicates that binding of PAH compounds
by organic matter results in complete quenching of probe fluorescence. However, as
noted by Backhus and Gschwend (1990), caution must be used in interpreting
Stern-Volmer plots. For example, any deviations from linearity may be subtle and
easily overlooked, particularly if there is significant scatter in the data or if the ratio

F,/F is relatively low (<1.2) as shown in Chapter 2.
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SUMMARY AND CONCLUSIONS

This study investigated the ability of Suwannee River humic substances which
were adsorbed on an aluminum oxide surface to bind a fluorescent organic probe
relative to the freely dissolved humic material. It was postulated that the mechanisms
by which the humic substances are adsorbed to mineral surfaces greatly influence the
ability of the adsorbed humic material to bind nonpolar hydrophobic pollutants.
Because the adsorption mechanisms are affected by solution chemistry, a systematic
study of the influence of pH, ionic strength and background electrolyte composition
on carbon-normalized partition coefficients was performed.

A fluorescence quenching technique was utilized to quantify the amount of the
nonpolar hydrophobic probe which was bound by adsorbed and dissolved humic
material. The binding of perylene by dissolved and adsorbed humic substances was
observed to be relatively fast; an apparent equilibrium was obtained within 3 minutes
after spiking the samples with the probe. The fluorescence quantum yields for
perylene associated with the dissolved humic substances approached zero for the
systems examined. Although the quantum yields for the adsorbed humic material-
perylene complexes also approached zero, they may not be credible because of the
low amount of perylene which was bound.

In the absence of an aluminum oxide surface, both humic and fulvic acid were
able to bind the organic probe perylene. The binding of perylene by dissolved humic
acid showed a large dependence on pH and NaCl concentrations. Partition

coefficients for dissolved humic acid decreased with both increasing pH (fixed ionic
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strength) and increasing ionic strength (fixed pH). The ability of dissolved fulvic acid
to bind perylene showed a similar dependence on increasing ionic strength; however,
the partition coefficient for fulvic acid was almost an order of magnitude smaller
than that for humic acid for identical solution conditions. The presence of Ca®* had
little effect on the binding of perylene by either of the dissolved humic substances.

For all systems examined, adsorption of the humic substances on aluminum
oxide decreased the ability of humic material to bind perylene. At pH 4, the partition
coefficients for adsorbed humic acid were approximately half the values of those for
dissolved humic acid. At higher pH wvalues, partitioning of perylene into
alumina-bound humic acid was not detected. Likewise, at pH 4 perylene was not able
to associate with alumina-bound fulvic acid. In contrast to the results observed for
dissolved humic acid, the presence of Ca’* greatly enhanced the binding of perylene
by adsorbed humic acid.

The adsorption of humic and fulvic acid onto an aluminum oxide surface
decreased their ability to bind hydrophobic organic compounds. The effect of solution
chemistry, apart from its influence on changing the characteristics of the dissolved
material, is to alter the mechanisms by which the humic substances adsorb to hydrous
oxide surfaces. The different adsorption mechanisms, in turn, affect how tightly
bound the organic material is held at the surface. The ability of weakly-adsorbed
humic acid to bind perylene, and possibly many of its other properties, approaches

that of the dissolved species.
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Chapter 5

SORPTION KINETICS OF A FLUORESCENT
HYDROPHOBIC ORGANIC PROBE ON

AN INORGANIC SILICA SURFACE
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ABSTRACT

The influence of solution chemistry on the rate and extent of perylene
adsorption/desorption on a fused silica surface was investigated. Fluorescence was
utilized to monitor the loss of perylene from aqueous solution. The time required to
reach equilibrium in adsorption reactions ranged from 2% to 4 hours, and an
apparent equilibrium was attained in 60 to 90 minutes for desorption reactions.
Quantitative recovery of the adsorbed perylene from the silica surface was observed
after a 5- to 10-minute methanol extraction. At constant ionic strength, the initial rate
of adsorption decreased with increasing pH for all background electrolyte
compositions. The observed adsorption rates were correlated with the aqueous
activity coefficient of perylene and the surface speciation of silica. At low pH values,
the rate of perylene adsorption appeared to depend solely on the solute activity
coefficient. At neutral to high pH values, binding of cations at the silica surface
became increasingly important in determining adsorption rates. Binding of Na* at the
silica surface decreased the rate of perylene adsorption, while binding of Ca?* at the
surface increased the adsorption rate. From long-term adsorption data, it appears
that two (or possibly more) different processes are operative in the adsorption of
perylene to the silica surface. The nature of these processes is not clear, but may

relate to the structure of water at the solid-liquid interface.




233
INTRODUCTION

Many organic chemical compounds in aqueous environments are associated
with colloidal or suspended particulate matter. As a consequence, the geochemistry
and, ultimately, the fate of these organic compounds are strongly dependent on
chemical reactions which occur at the solid-liquid interface of particles. Examples of
chemical reactions occurring at particle surfaces include the hydrolysis of organic
compounds and the heterogeneous oxidation (photochemical or thermal) of organic
materials. Because organic material-surface chemical reactions require association
of the organic compounds of interest with a mineral surface, sorption reactions are
important precursor steps. Understanding sorption processes is an especially
important key to describing the fate of hydrophobic organic compounds (HOC) in
natural water systems, because the fate of these compounds having water solubilities
less than a few parts per million is highly dependent on their sorptive behavior. For
HOC, sorption reactions can greatly affect the mobility, bioavailability, reactivity and
toxicity of the compounds.

The partitioning of nonionic hydrophobic organic compounds in surface soils
and sediments has been shown to depend primarily on the hydrophobicity of the
compound and the fraction of organic carbon (f,.) in the sorbent (Means et al., 1980;
Karickhoff et al., 1979; Chiou et al., 1979, 1981). For sorbents with adequate amounts
of organic carbon, normalizing observed partition coefficients by f . results in organic
carbon partition coefficients (K,.) which generally vary only by factors of three to five

for a given solute. However, when little organic carbon is present in a sediment or
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aquifer (f,. < 0.001), values for K. have been observed to be higher than what would
be predicted based on partitioning into organic material (Schwarzenbach and
Westall, 1981; Curtis et al., 1986b; Ball and Roberts, 1991a,b). In these systems,
mineral surfaces are thought to contribute significantly to, and may even control, the
sorption of HOC.

For sorbents with low amounts of organic carbon, enhanced sorption of
nonionic HOC is favored when the sorbent is a "swelling" or expandable clay
material, the solutes contain polar functional groups, or (particularly) a combination
of the two conditions (Karickhoff, 1984; Curtis et al., 1986a). Karickhoff (1984)
showed that for HOC with polar moieties (simazine and biquinoline), more sorption
than can be explained by simple organic matter partitioning theory occurs when the
expanding clay matter to organic carbon ratio is higher than approximately 30:1.
Pyrene, which is more hydrophobic but contains no polar functional groups, was not
strongly influenced by the expanding clay. The enhanced sorption of polar HOC
appears to result because the polar functional groups can participate in
nonhydrophobic bonding reactions, such as hydrogen bonding, complexation, and
even covalent bonding, with inorganic surfaces (Curtis et al., 1986a).

Organic compounds with polar functional groups are not the only organic
solutes which can adsorb to mineral surfaces. Likewise, the sorbents need not be
expandable clay minerals for adsorption in excess of organic material partitioning to
occur. Schwarzenbach and Westall (1981) found that aluminum oxide, kaolinite

(a non-expanding clay), and porous silica all bound halogenated and aromatic solutes
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in the absence of organic carbon. An aquifer material with low f_ also exhibited
more sorption capacity than could be attributed to partitioning into organic material.
With the exception of silica, Schwarzenbach and Westall (1981) found a highly
significant positive linear correlation between the log of the binding coefficient (K,)
and log of the octanol-water partitioning coefficient (K,,) for the sorbents in their
study. The micropores in the surface of the porous silica were suspected to be the
major cause for the poor correlation for that material. For low organic-carbon
sorbents, relatively small values of K, were obtained and the inorganic surface
contribution to adsorption was found to be more weakly dependent on K, than was
organic material partitioning. In the absence of organic carbon, Schwarzenbach and
Westall (1981) observed that the specific surface area and the nature of the mineral
surface had large impacts on the degree of sorption. Because all of the low-organic
carbon samples had f,. values less than 0.001, they suggested that the numerous
correlations between K. and K,,, be used only for sorbents with f,. > 0.001.

Curtis et al. (1986b) found enhanced sorption for five halogenated organic
solutes onto sandy aquifer material with both a low surface area (0.8 m’/g) and a low
f.. (0.0002). Although equilibrium was not reached in their experiments, partition
coefficients were reported for 3-day sorption studies. The higher than predicted K,
values for the sorbent suggested that sorption onto the mineral surfaces was a
significant factor. Ball and Roberts (1991a,b) later examined the sorption of
tetrachloroethene (PCE) and tetrachlorobenzene (TeCB) onto the same aquifer

material utilizing a batch methodology designed to accurately measure sorption over
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long equilibration periods. They found that contact times on the order of tens to
hundreds of days were required to reach equilibrium, and that physical adsorption
to mineral surfaces appeared to be the most significant contribution to the total
amount of compound sorbed. The long equilibration period was thought to reflect
a slow intraparticle diffusion process into constricted internal pores. This hypothesis
was supported by the considerable internal surface area in the unaltered material, as
well as the significant internal porosity which was measured. Both
Curtis et al. (1986b) and Ball and Roberts (1991a,b) observed that although K
values for the low-f, sorbent were higher than predicted by organic material
partitioning, the K, values did correlate positively with K,.

Keoleian and Curl (1989) examined the adsorption of tetrachlorobiphenyl by
two natural kaolinite (non-expanding) clays. One clay was well crystallized, while the
other was poorly crystallized. They observed that adsorption equilibrium was
achieved in two hours or less, and that the adsorption data could be fitted using a
one-parameter linear isotherm model. Upon normalizing the adsorption constants for
the two kaolinite sorbents with the specific surface area of each clay, they found that
the magnitudes of adsorption were equivalent. Keoleian and Curl (1989) remarked
that, because the specific surface area measured by BET N, ,, gives the total external
surface area of particles, it can be used to normalize adsorption constants for
nonporous, non-expanding minerals. For expanding clays and microporous minerals,
however, normalization by BET N, ,, surface area was postulated as not being useful.

Keoleian and Curl (1989) concluded that the low adsorption constants for
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tetrachlorobiphenyl by kaolinite and the linearity of the isotherms indicated a
nonspecific physical adsorption mechanism. A calculation of Keoleian and
Curl’s (1989) data, for example, indicates that the maximum surface coverage
observed was less than 0.1%. They postulated that hydration of the aluminum oxide
surface and hydrogen bonding of water to the silanol groups of kaolinite were
energetically more favorable interactions than the van der Waals energy of attraction
between tetrachlorobiphenyl and the same surface functional groups.

Murphy et al. (1990) investigated the adsorption of three HOC to the bare
(i.e., not organically-coated) mineral surfaces of hematite and kaolinite. Because the
mineral surfaces had been pretreated to remove any small amounts of organic carbon
present, the sorption of the HOC was observed to be very low. Single-concentration
adsorption constants were calculated and normalized by BET N, ,, surface areas. The
surface area-normalized adsorption constants were found to be higher for kaolinite
than for hematite. The higher sorptivity was hypothesized to result because of the
presence of the siloxane and gibbsite basal planes, which contain few ionizable
hydroxyl sites and exhibit more hydrophobic characteristics, on kaolinite surfaces. In
contrast to Schwarzenbach and Westall (1981) and Curtis et al. (1986b),
Murphy et al. (1990) observed that adsorption constants for the different HOC on
a particular mineral did not increase uniformly with K ,. However, this resulted
because other surface reactions in addition to hydrophobic bonding were most likely
operative; only one of the HOC used by Murphy et al. (1990) was a nonpolar

compound.
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Curtis et al. (1986a) performed sensitivity analysis on the relative contributions
of solute adsorption on mineral surfaces and solute binding by organic matter for
HOC without polar functional groups. They showed that adsorption to mineral
surfaces becomes more important for increasingly soluble organic compounds,
decreasing values of f,, and increasing specific surface area of the bare mineral.
Thus, the dominance of one or the other contribution to hydrophobic solute binding
depends on K, K, f,., and the surface area of the mineral sorbent which is exposed
to the solute.

The most extensive investigation of HOC adsorption by bare mineral surfaces
to date has been by Backhus (1990). She examined the sorption of a series of HOC
(polycyclic aromatic hydrocarbons (PAH) and chlorinated benzenes) to three
inorganic surfaces (kaolin, silica, and alumina). Her studies indicated that adsorption
was complete within approximately 10 hours and that the adsorption isotherms were
linear up to aqueous phase saturation. In agreement with Schwarzenbach and
Westall (1981) and Curtis et al. (1986b), Backhus (1990) observed that the
association of an organic solute with an inorganic surface increased with increasing
HOC aqueous activity coefficient. The adsorption of a particular HOC to a series of
different inorganic surfaces resulted in similar association constants for surfaces if
normalized by available surface area. Backhus concluded that the adsorption
mechanism by which HOC associates with inorganic surfaces is driven primarily by
changes in the interactions and organization of the solvent water and not by a

specific interaction of HOC with inorganic surfaces. A similar explanation has been
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used previously to describe the mechanism of HOC partitioning into organic matter
(Voice and Weber, 1983).

The mechanism of partitioning results from the "hydrophobic interaction," a
combination of relatively small van der Waals bonding forces and a substantial
thermodynamic gradient which drives the organic molecules out of aqueous solution
(Voice and Weber, 1983). The van der Waals attraction forces between organic
molecules are generally dominated by London dispersion forces (induced
dipole-induced dipole) with smaller or no contributions from Keesom orientation
forces (dipole-dipole) and Debye induction forces (dipole-induced dipole). The
thermodynamic driving force is the increase in entropy upon breakdown of the
highly-structured coordination shell of water molecules surrounding the hydrophobic
solute. The free energy for transfer of a hydrophobic organic solute from aqueous
solution is thus proportional to the hydrophobic surface area (i.e., size) of the
molecule or, alternately, the number of water molecules which must be in contact
with the dissolved molecule in aqueous solution (Tanford, 1980). The hydrophobic
interaction has been discussed in detail by Tanford (1980) and Israelachvili (1985).

The observation that adsorption constants for different HOC with a particular
mineral surface increase uniformly with K , (Backhus, 1990; Schwarzenbach and
Westall, 1981; Curtis et al.,, 1986b) can thus be explained by the hydrophobic
interaction. For example, it has been shown in solubility and adsorption studies that

the removal of each methylene group from aqueous solution contributes ~RT to the
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total energy of reaction for aliphatic organic compounds (Tanford, 1980;
Israelachvili, 1985; Liang and Morgan, 1990a,b).

Because Qf the potential importance of mineral sorption of HOC, particularly
in low-organic carbon environments, the adsorption of a nonionic, nonpolar HOC by
an inorganic surface was investigated in this study. A principal hypothesis was that
the rate and extent of adsorption of HOC by the bare mineral surface would be
dependent on the aqueous activity coefficient (y;") of the hydrophobic solute and the
relative hydrophobicity of the bare mineral surface. Because both y," and the surface
hydrophobicity are affected by the aqueous chemistry of natural waters, a systematic
study of the effects of pH, ionic strength and the presence of bivalent cations was
undertaken. For example, it has been suggested that the adsorption of organic solutes
to low-carbon sorbents may depend on pH, electrolyte concentration, and adsorption
of unrelated inorganic ions (Rea and Parks, 1990). The initial rate of adsorption was
also postulated to be dependent on the mixing of the sample solutions; however,
because stirring rates were not quantified, the different rates of mixing are described
only qualitatively (e.g., no mixing, moderate mixing, rapid mixing).

The objectives of this study were to (1) investigate the initial rate of
adsorption of an HOC to an inorganic surface as a function of chemical (e.g., pH,
ionic strength, presence of bivalent cations) and physical (e.g., relative mixing rate)
parameters, (2) examine the rate of desorption of the HOC from the inorganic
surface, and (3) determine the effects of aqueous chemistry on the amount of HOC

adsorbed to the mineral surface at equilibrium. A primary goal was to elucidate the
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role of a mineral surface in the adsorption process. For example, Schwarzenbach and
Westall (1981) and Murphy et al. (1990) observed that the type of mineral was
important in the adsorption of HOC in their studies, while Keoleian and Curl (1989)
and Backhus (1990) both found that differences in HOC sorption between the
sorbents they studied could be explained solely by differences in surface area.

Several techniques have been used previously to study the adsorption of HOC
to inorganic surfaces. All of these methods, however, have relied on separating the
solid sorbent phase from the aqueous phase (typically by centrifugation) to quantify
the amount of pollutant associated with the sorbent. Inability to completely separate
phases has resulted in observations of a "solids effect" in some adsorption studies
(e.g., O’Conner and Connolly, 1980; DiToro and Horzempa, 1982) in which the
measured adsorption constant decreases with increasing solids concentration. This
separation problem has been recognized previously as the cause for observed solids
effects (Gschwend and Wu, 1985; Morel and Gschwend, 1987; Voice et al., 1983;
Voice and Weber, 1985). Therefore, methods capable of measuring concentrations
in situ are ideal because separation difficulties may introduce artifacts in the
determination of adsorption constants.

Perylene was the probe chosen to model hydrophobic organic pollutants. This
nonpolar, nonionogenic PAH compound was selected in order to eliminate or
minimize possible adsorption mechanisms other than the effects of the hydrophobic
interaction in the sorption reaction, as described earlier. Also, the very hydrophobic

compound perylene (log K, > 6) was expected to show appreciable adsorption to
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the inorganic surface utilized in this study. Because PAH compounds fluoresce in
aqueous solution, probe concentrations can be determined by the inherently sensitive
technique of fluorescence. PAH compounds have been used previously as models for
nonionic, nonpolar HOC (e.g., Karickhoff et al., 1979; Backhus, 1990;
Murphy et al., 1990; Backhus and Gschwend, 1990).

The model for mineral surfaces used in this study was the interior walls of
fused silica fluorescence cells utilized in determining perylene concentrations. The
bases for choosing this inorganic surface were threefold: (1) the applicability of fused
silica as a model mineral surface with well-known surface characteristics, (2) the
ability to measure the extent of adsorption without having to separate the solid and
aqueous phases, and (3) the ability to measure the rates of adsorption on short
time-scales (i.e., minutes) which has not been previously reported.

Contrary to two reported sfudies (Shimizu and Liljestrand, 1991; Liljestrand
and Shimizu, 1991), the adsorption of PAH compounds to bare mineral surfaces
does not result in the static quenching of PAH fluorescence. For example, the use
of inorganic materials as substrates for studying the photochemistry of adsorbed
organic molecules, as well as the use of fluorescent organic molecules to probe the
solid-liquid interfacial region of inorganic colloids, has been extensively documented
(Kalyanasundaram, 1987). Decreases in the fluorescence of PAH compounds upon
adsorption to mineral surfaces results because of the removal of the fluorescing

species from aqueous solution and/or the path of fluorescence detection.
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For example, Backhus and Gschwend (1990) observed decreases in solution
fluorescence intensities as perylene was adsorbing to their glassware during an
experiment. In their case, perylene was being lost from solution to the walls of the
experimental vessels before the transfer of samples to fluorescence cells for
measurements. The present study used fluorescence cells both as reaction vessels and
for measuring perylene concentrations in solution. The observed decreases in
fluorescence resulted from removal of perylene (still fluorescent) from the path of
the excitation source and/or from the view of the detector. The decreases in intensity
were observed because of the particular geometry of the spectrofluorophotometer,

not because the silica surface quenched the perylene fluorescence.
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EXPERIMENTAL

Apparatus. Fluorescence measurements were made on a Shimadzu Model
RF-540 Recording Spectrofluorophotometer with a right angle geometric sample
chamber configuration. The excitation source was a 150W xenon-arc lamp and
excitation and emission wavelengths were obtained with off-plane concave diffraction
grating (900 lines/mm) monochromators. Fluorescence measurements for perylene
and rhodamine 110 were made at the excitation/emission wavelengths of 432/470
and 496/520 nm, respectively, with slits set for bandwidths of 10 nm on both the
excitation and emission monochromators.

Absorbance measurements were made on a Hewlett Packard 8451A Diode
Array Spectrophotometer at the appropriate wavelengths to correct for the
inner-filter effect. The spectral bandwidth was fixed at 2 nm. The spectrophotometer
was equipped with a Hewlett Packard 89055A cell stirring module to allow mixing
in the cells.

Fused silica fluorescence cells (Spectrosil, Starna Cells Inc.) with Teflon
stoppers were used for both fluorescence and absorbance measurements. Fused silica
cells contribute very little background fluorescence relative to quartz cells and are
generally recommended for fluorescence work. The cells had a path length of 10 mm.

The pH of all aqueous solutions was measured with a Radiometer Model
PHMS84 Research pH Meter using a Radiometer GK2401C glass combination

electrode. The pH meter was calibrated with NBS buffers.
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Materials. The nonionic, nonpolar hydrophobic probe used in this study was
perylene (Aldrich, 99+ % pure). Relevant chemical and physical properties of
perylene are listed in Table I. The conservative probe, rhodamine 110 (Lasergrade),
was obtained from Kodak. Both were used without further purification.

A concentrated stock solution of rhodamine 110 (2.7 g/L, 7.4 mM) was
prepared in methanol (Fisher, Spectroanalyzed). Because of its relatively low
solubility in methanol, perylene was first dissolved in chloroform (J.T. Baker,
Photrex) and an aliquot of this solution (120 mg/L, 475.6 uM) was then spiked into
methanol to obtain the desired stock concentration. Finally, an aliquot of the
concentrated stock of rhodamine 110 was spiked into the perylene stock to obtain the
final working stock solution (120 pg/L (475.6 nM) perylene, 30 ug/L (81.8 nM)
rhodamine 110 in methanol with 0.1% (v/v) chloroform). This solution was stored
in the dark at 4°C in an amber borosilicate glass bottle to prevent photodegradation
and/or volatilization. Aliquots of the solution were allowed to equilibrate (in the
dark) at room temperature for at least 24 hours before use in the expefiments.

All other reagents not specifically referred to were of analytical grade or
better and were used without further treatment. All aqueous stock solutions were
filtered through 0.2 um pore polycarbonate Nuclepore filters prior to use.

Procedure. (A) General. Aqueous solutions were prepared with distilled,
deionized water (D,H,0) (Corning Mega-Pure™ System). All experiments were
performed at room temperature (23° C) in an open system (i.e., aqueous solutions

were equilibrated with the surrounding atmosphere). The open system is a model
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Table 1. Chemical and Physical Properties of Perylene.

Structure
Formula
FW (g/mol) 252.32
Solid Density 1.35
(g/cm’)
mp (*C)* 277-279
¢F b -~ 1.0
Molecular Length € 10.5
&)
Total Surface Area® 251.5
(A%
Molar Volume © 202
(mL)
log K, (M/M)° 6.50
distilled !  (ug/L) 04
water
solubility ~ (nM) 1.585
Y B (x 107)
Distilled Water 8.721
0.001 M NacCl 8.727
0.01 M NacCl 8.793
0.1 M NaCl 9.461

Supplied by Aldrich. "Quantum yield in aqueous solution [25°C] (Turro, 1978).
‘Estimated for major-axis from data of Klevins (1950). “Yalkowsky and
Valvani (1979). °Estimated from correlation with solid density using data of Davis
and Gottlieb (1962). ‘MacKay and Shiu (1977). 8Calculated in Chapter 2.
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which approximates the carbonate system of natural waters by equilibrating water
with the atmosphere containing CO, , at a constant partial pressure (Stumm and
Morgan, 1981). For waters which are in equilibrium with the atmosphere, the huge
reservoir of CO, ,, imparts a significant buffering action above pH 7.

Fluorescence cells were cleaned by repeated soaking and rinsing, first
with methanol and then D,H,O. Cell cleanliness was monitored with fluorescence and
absorbance measurements. All other glassware was cleaned by soaking in
either 4 M HNO, or 4 M HC], rinsing repeatedly with D,H,O, and drying in an
oven at 110° C.

Absorbance spectra were taken to determine the possible wavelengths which
could be used for excitation of perylene and rhodamine 110. Fluorescence emission
spectra were obtained by exciting the compounds at the wavelength of an absorption
band in order to determine wavelengths at which fluorescence could be observed.
The fluorescence emission spectrum of a pure substance is independent of the
wavelength of excitation (Parker, 1968). Finally, fluorescence excitation spectra were
recorded and an appropriate pair of excitation/emission wavelengths were selected
for each compound. Wavelength pairs were chosen to maximize the fluorescence
intensity and minimize the background interference (e.g., from co-solute interference
and/or the Raman scattering of water).

(B) Long-Term Adsorption/Desorption Studies. Sample solutions were
prepared by adding appropriate amounts of concentrated salt solution(s) to D,H,0O

in Erlenmeyer flasks and adjusting the pH with 0.1 M HCl and/or 0.1 M NaOH. The
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samples were stirred until no further pH change was observed, indicating that they
had equilibrated with the atmosphere.

A typical experiment consisted of pipetting 3 mL of a sample of known pH
and ionic strength into a fluorescence cell containing a Teflon-coated micro stir bar
(7 mm x 2 mm, Spinbar) and recording the fluorescence intensities at the appropriate
wavelengths. The sample was then spiked with 10 uLL of the combined perylene-
rhodamine 110 stock solution and was immediately placed in the stirring module of
the spectrophotometer. While mixing, the lid to the sample compartment was closed
to prevent photodegradation. After an appropriate time for complete mixing in the
cell (generally 1.5 minutes), the cell was placed in the spectrofluorophotometer and
a fluorescence measurement for perylene was made. The sample was then returned
to the spectrophotometer for further mixing and the procedure was repeated until no
further change in perylene fluorescence was observed. The stirring rate for all of the
long-term studies was qualitatively described as rapid mixing. When the rate of
change of perylene fluorescence intensity decreased sufficiently (after 20 minutes),
fluorescence measurements were made for rhodamine 110 as well. No absorbance
measurements were necessary because the inner-filter effect was insignificant for
these samples.

The initial perylene concentration of the samples after spiking was nominally
0.4 pg/L (1.6 nM) while the rhodamine 110 concentration was nominally 0.1 ug/L
(0.27 nM). If comparisons between the samples were necessary, the perylene

fluorescence intensities were first normalized by the mean of the rhodamine 110
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fluorescence intensities in order to account for the slight variation in spiking volume
between the different samples.

When no further change in perylene fluorescence was observed, the solution
in the fluorescence cell was carefully drawn from the cell with a clean borosilicate
glass Pasteur pipet. Another 3 mL of fresh sample of the same pH and ionic strength
was then immediately pipetted into the fluorescence cell in order to desorb perylene
from the cell walls. The sample was stirred and fluorescence measurements were
recorded as before for the adsorption study. When no further change in fluorescence
was detected, the solution was again drawn from the cell and the desorption step was
either repeated or 3 mL of methanol was added with a Class A Pyrex volumetric
pipet in order to extract the perylene from the cell walls.

(C) Short-Term Adsorption Studies. The adsorption of perylene to the
inorganic silica surface of fluorescence cells over shorter time periods (40 minutes)
was studied in the presence and absence of humic materials following a procedure
adapted from Backhus and Gschwend (1990). The procedure enables the kinetics of
perylene partitioning to humic material to be separated from the kinetics of perylene
adsorption to the inorganic surfaces. Different relative rates of mixing (rapid,
moderate, none) were utilized to investigate the importance of stirring in the cells.
The short-term adsorption studies were otherwise similar to the long-term studies;
a more complete description of the short-term procedure is detailed in Chapters 2

and 4.
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Data Treatment. (A) Short-Term Adsorption of Perylene to Silica. The
adsorption of nonionic, nonpolar HOC by inorganic surfaces was modeled on short

time-scales by Backhus and Gschwend (1990) as a first-order, reversible rate process:

PAH, = PAH-wall (5.1)

where PAH, is the dissolved PAH solute in the sample and PAH-wall is the PAH
associated with mineral surfaces. Because the fluorescence intensity is proportional
to [PAH,], the rate of adsorption of PAH by inorganic surfaces (i.e., loss of PAH,
from solution) can be monitored with fluorescence. For the initial condition
[PAH,] = [PAH/], where [PAH] is the total PAH concentration (i.e., [PAH] equals
[PAH,] + [PAH-wall]), Backhus and Gschwend (1990) derived the following

equation to describe the observed fluorescence versus time:

k., F, k, F,
. w - 5.2
kv k. k kT [-Ck, + ke )i] 2

w -w

where F, is the fluorescence at time zero and k, and k, are the first-order forward
and reverse rate constants for adsorption to the surfaces. Equation (5.2) is of the

form:

F =B+ Me* (5.3)

where B is the PAH, fluorescence at equilibrium and M = F, - B, a measure of the
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PAH adsorbed. The reciprocal of the time constant, 7, is the sum of k, and k..
The reaction in equation (5.1) can be described equally well assuming a mass
transfer process:

d[PAH,]
dt

= -a([PAH,] - [PAH,],) (5.4)
where a is a mass transfer coefficient and the subscript "eq" denotes the equilibrium
measurement. Solving equation (5.4) gives a solution equivalent to equation (5.3), but
the reciprocal of 7 is now the mass transfer coefficient, a. For either description of
perylene adsorption to fluorescence cell walls, a reaction quotient can be calculated
from the fluorescence data and equation (5.3):

[PAH-wall] _ M
[PAH, 1 (SA]V)  B(SA/V)

Q, = (5.5)

where (SA/V) is the surface area-to-volume ratio. In this context, Q, (mL/cm?) is
an adsorption measurement prior to equilibrium (Stumm and Morgan, 1981). For the
purposes of this study, (SA/V) was estimated from the geometry of the fluorescence
cells. For relatively nonporous mineral surfaces, this estimation of (SA/V) should be
equivalent to that which would be measured using BET N, , (e.g., see Chapter 3).

(B) Long-Term Adsorption/Desorption of Perylene to Silica. For the long-term
adsorption studies which closely approached equilibrium, it was observed that

equation (5.3) could not adequately fit the fluorescence data. Over long time periods,



252

there appeared to be two time constants which defined the adsorption process.
Karickhoff (1980, 1984) has proposed a two-stage kinetic model to describe the
sorption of HOC by sediments. The model is based on the assumption that two types
of surface sites exist with which HOC solute molecules can associate. Assuming

first-order processes, the adsorption of a PAH can be written:

fast slow
PAH, ~ PAH-wall, ~ PAH-wall, (5.6)

where the subscripts 1 and 2 designate the different sites. A solution describing the

kinetics of adsorption for equation (5.6) is of the form:

F=B+ Mle't/" + M2e't’r2 5.7

The two-stage kinetic model is capable of fitting either the adsorption or desorption
of a sorbing solute. As for the case with the reaction in equation (5.1), the reaction
in equation (5.6) can be described in an equivalent fashion mathematically as a series
of mass transfer processes (Curtis et al., 1986a). For either case, the equilibrium
adsorption constant, K, (mL/cm?), can be written:

« _ [PAH-wall\] + [PAH-wall,] _ M, + M,

” - (5.8)
[PAH,] (SAV) B(SA/V)
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RESULTS AND DISCUSSION

Short-Term Adsorption Studies. (A) Aqueous Chemistry Effects. The
adsorption of perylene to the fused silica surface of fluorescence cells over short time
periods (40 minutes) was studied in the presence and absence of natural organic
material (NOM). For all short-term experiments investigating the effect of aqueous
chemistry, the rate of mixing was qualitatively characterized as moderate. A complete
description of the procedure used for the short-term adsorption studies is detailed
in Chapters 2 and 4. The procedure enables the kinetics of perylene partitioning to
NOM to be separated from the kinetics of perylene adsorption to bare mineral
surfaces (Backhus and Gschwend, 1990; this work, Chapters 2 and 4).

In the presence and absence of NOM, measurements of the perylene
fluorescence intensity decreased exponentially with time (Figure 1). The distinct and
parallel curves obtained for various concentrations of NOM indicate that the binding
of perylene by NOM is very fast relative to the adsorption of perylene by the silica
surface and that the two reactions are relatively independent of each other. In other
words, the presence of the inorganic surface does not interfere with the NOM
binding reaction and the presence of NOM does not affect the subsequent adsorption
of perylene to silica. The presence of NOM in the system only changes the initial
[PAH,] (i.e., the initial amount of perylene available to be adsorbed at the silica
surface). In effect, samples with varying NOM concentrations are analogous to data
points in an isotherm experiment with regard to the amount of perylene adsorbed at

a silica surface versus the concentration of perylene remaining in solution.
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sample was 0.4 pg/L (1.6 nM). Moderate mixing conditions were
utilized.
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A nonlinear least-squares curve-fitting program was used to fit equation (5.3)
to the measured fluorescence intensities of all the samples spiked with perylene, and
the parameters B, M and 7 were determined. A reaction quotient, Q,, was
determined for each sample using equation (5.5). Average values of 7 and Q, were
calculated for the samples having similar aqueous chemistry conditions and are listed
in Table II.

The effects of aqueous chemistry on the short-term adsorption of perylene by
the silica surface of fluorescence cells can be seen in Figure 2. At constant ionic
strength, values of Q, decreased with an increase in pH for all samples, both in the
presence and absence of Ca’* (Figure 2a). In NaCl solutions, increases in the
electrolyte concentration resulted in an increase in Q, for samples at pH 4 and 7,
while the opposite trend was observed at pH 10. The presence of 1 mM Ca** (0.1 M
total ionic strength) had little effect on Q, at pH 4 relative to monovalent salt
solutions. At pH 7 and 10, however, the presence of Ca** increased the adsorption
significantly relative to the NaCl solutions of similar total ionic strength.

An alternative means of characterizing the adsorption of perylene to inorganic
surfaces on short time-scales is to examine 7, the time constant or characteristic time
for the initial adsorption reaction. In Figure 2b, for example, it is observed that the
characteristic time for adsorption increased with increasing pH for all samples of
similar salt content. The time constant increased with ionic strength for NaCl
solutions at pH 10, whereas a barely perceptible increase at pH 7 and a decrease at

pH 4 is observed for 7 with increasing NaCl concentrations. The effect of Ca** on



Table II. Aqueous Chemistry Effects on Short-Term Adsorption.*®

Q,° T a!
(mL/cm?) (min) (hr?)
pH 4
0.001M NaCl { 0.347 + 0.088 (12) 14.24 + 2,94 (13) 4.21
0.01M NaCl | 0.488 + 0.110 (13) 13.63 = 1.85 (12) 4.40
0.1M NaCl | 0.487 + 0.109 (13) 1246 + 2.19 (12) 4.82
1 mM Ca?* ¢ | 0.488 + 0.121 (13) 12.41 = 2.27 (13) 4.83
pH 7
0.001M NaCl | 0.295 = 0.091 (12) 14.85 = 1.55 (13) 4.04
0.01M NacCl | 0.388 + 0.093 (12) 15.00 = 1.21 (11) 4.00
0.1M Na(Cl | 0.384 + 0.089 (13) 15.21 + 1.52 (13) 3.94
1 mM Ca?* ¢ | 0.482 + 0.088 (13) 13.72 £ 1.73 (13) 4.37
pH 10
0.001M NaCl | 0.294 + 0.063 (13) 17.94 + 3.60 (11) 3.34
0.01M NacCl | 0.239 = 0.043 (12) 18.87 + 1.18 (11) 3.18
0.1IM NacCl | 0.202 + 0.018 (10) 20.17 = 2.43 (12) 297
1 mM Ca**© | 0314 = 0.031 (10) 17.10 + 1.83 (10) 3.51

 Moderate mixing. ® Values are reported + one standard deviation for the number
of samples in parentheses. ¢ Calculated using equation (5.5). SA/V = 4.333 ¢cm?/mL.
4 1/7.° 0.1 M total ionic strength.
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the time constant was opposite to that observed for Q,; at pH 7 and 10 it caused a
decrease in 1 relative to NaCl solutions, but again had little effect at pH 4.

(B) Rate of Mixing. The effect of different stirring rates on the short-term
adsorption of perylene by the fluorescence cell walls was examined for three
conditions: no mixing, moderate mixing and rapid mixing. Mixing effects were
investigated at pH 4 for varying NaCl concentrations. The results for the reaction
quotient and the characteristic time for adsorption are listed in Table III.

A significant effect on Q, was observed for the different stirring rates as
shown in Figure 3a. Although more vigorous mixing increased the value of Q,, for all
NaCl concentrations, the increase in Q, was smaller between the moderately- and
rapidly-mixed samples than it was between samples without mixing and with
moderate mixing. When a constant rate of mixing was maintained, increases in the
ionic strength caused minor increases in Q,, but the magnitude of the effect was not
nearly as large as that observed for varying stirring rates.

Mixing rates also affected the characteristic time for initial adsorption
(Figure 3b). Increases in the rate of stirring decreased 7 for all samples of equivalent
electrolyte concentration, and again a greater difference was observed between the
samples without mixing and with moderate mixing than was observed between the
moderately- and rapidly-mixed samples. For similar mixing conditions, increases in
the ionic strength generally caused decreases in 7, but again the magnitude of the

effect was smaller than that for varying mixing rates.



Table III. Effect of Mixing on Short-Term Adsorption.*®

Q,° T ad
(mL/cm?) (min) (hr™)
Rapid Mixing
0.001M NaCl | 0.591 = 0.062 (13) 12.68 + 2.09 (14) 4.73
0.01M NaCl | 0.587 + 0.079 (13) 12.89 + 2.09 (13) 4.65
0.1M NaCl | 0.645 + 0.125 (13) 12,18 + 2.32 (10) 4.93
Moderate
Mixing
0.001M NaCl | 0.347 = 0.088 (12) 1424 = 294 (13) 421
0.01M NaCl | 0.488 + 0.110 (13) 13.63 + 1.85 (12) 4.40
0.1M NaCl | 0.487 + 0.109 (13) 1246 + 2.19 (12) 4.82
No Mixing
0.001M NaCl | 0.060 = 0.011 (10) 20.14 + 4.44 (12) 2.98
0.01M NaCl | 0.098 + 0.042 (13) 15.01 £ 1.34 (10) 4.00
0.1M NaCl | 0.077 = 0.040 (15) 15.75 = 3.61 (14) 3.81

* pH 4. ° Values are reported + one standard deviation for the number of samples

in parentheses. ¢ Calculated using equation (5.5). SA/V = 4.333 cm?/mL. ¢ 1/7.
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These results agree with the observations of Backhus (1990). She examined
the adsorption of perylene to glass walls both with and without shaking the samples
on a wrist-action shaker and observed that equilibrium was attained faster with
shaking than without. The effect of mixing on the rate of adsorption can be explained
by the stagnant film postulated to exist between a surface and a well-mixed solution.
The rate of diffusion across the film depends upon the thickness of this surface
stagnant layer. The magnitude of the thickness is determined by the mixing rate,
because vigorous stirring reduces the stagnant layer thickness. Because the
characteristic time for adsorption decreased when the mixing rate increased, a mass
transfer step must contribute to the observed rates for the initial adsorption of
perylene by the cell walls over short time periods. This contribution would be
significant for samples without stirring, but would become less important as the rate
of mixing increased.

Long-Term Adsorption Studies. The adsorption of perylene by the silica
fluorescence cell walls was examined over longer time periods in a few experiments
in order to determine adsorption constants corresponding to equilibrium conditions.
All long-term experiments were performed at pH 4. Rapid mixing conditions were
maintained in an attempt to minimize the contribution of mass transfer in the rate
of adsorption as discussed above. Fluorescence data were fit using equation (5.7), and
the parameters M,, M,, 7,, 7,, and B were determined. An equilibrium adsorption

constant, K9, was calculated utilizing equation (5.8) and the fitted parameters.
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The adsorption of perylene by the silica surface in 1 mM NaCl at pH 4 is

shown in Figure 4 for two duplicate experiments, and the values of the fitting
parameters are listed for the respective studies. The time required for equilibrium
to be attained was ~2Y% hours in these two experiments; the time required for
equilibration of the other adsorption experiments ranged from 2%z to 4 hours. As
shown in Figure 4, the observed decreases in perylene fluorescence intensity with
time cannot be modeled adequately with a single exponential decay expression. The
reproducibility of the experiments is observed to be relatively good for the rapid
mixing conditions utilized in the duplicate experiments. This was expected to a
certain degree, based on the data in Table III; the relative standard error for Q,, was
observed to be consistently higher for samples having less vigorous mixing.

The results of all long-term adsorption studies are listed in Table IV. In
contrast to the short-term adsorption results, there were no obvious trends with
varying concentrations of NaCl. Likewise, the presence of 1 mM Ca’* appeared to
have little effect in these systems. The characteristic time for quick adsorption, 7,,
showed no significant correlation with ionic strength, while the time constant for the
slower adsorption process, 7,, showed a moderate positive correlation with ionic
strength. The fraction of perylene that was adsorbed very quickly (i.e., with a
characteristic time r,) showed only a weak positive correlation with salt
concentration. The most surprising results from the long-term adsorption studies were

the apparent insensitivity of K,* to the ionic strength and the ~200% increase in
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Long-term adsorption of perylene by fused silica in 0.001 M NaCl at
pH 4 for duplicate experiments. Rapid mixing was used for both
samples. The dashed line represents the best fit of Expt 2 data utilizing
a single exponential decay expression [i.e., equation (5.3)]
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Table IV. Long-Term Adsorption Results.”

Fraction®
T, T, Fast K, ¢ Q, %* T°
(min) | (min) | Adsorption | (ml/cm?) | (ml/cm?) | (min)
0.001IM
NaCl
Expt 1 7.08 33.46 43.2% 2.11,2.07°| 0.834 14.76
Expt 2 5.63 32.47 36.9% 2.06 0.663 13.95
0.01 M
NaCl
Expt 3 4.89 31.67 41.6% 2.24 0.712 12.18
0.1 M
Na(Cl
Expt 4 6.92 39.21 45.6% 2.04 0.626 13.35
1 mM
Ca2+ f
Expt § 6.31 44.34 51.0% 2.09 0.576 11.15

® pH 4, rapid mixing. ® Calculated as M,;/(M,; + M,). ¢ Calculated using
equation (5.8) except for the value denoted with an asterisk which was determined
from the extracted mass. SA/V = 4.333 cm?/mL. ¢ Calculated using equation (5.5).
SA/V = 4.333 cm?/mL. ¢ Determined for the first 40 minutes of fluorescence data.

£0.1 M total ionic strength.
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K, relative to Q,, 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 S, 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 7, 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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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.



273

100
(a)
>Si
80} SiOH
w0
[
= 60 -
(73
S
-
(<]
= 40
R
“r >Si0-Na |
///,/
’,/”// >Si0
Y Lomsenmeamshanzaz=coooz e R
4 5 6 7 8 9 10 11
pH
100
80+
>SiOH
("]
[2d
= 60 -
€
<
-
O
L 40 -
R
P
//,,
- // -
e >Sio
o e [ B BT SRR
4 5 6 7 8 o) 10 71
pH

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.



274

100
(c)
80 F
>qi
- SiOH
2]
= 60
(7]
©
b
°
L 40}
* A
>S8iO-Na 7
//
20+ -
//
///
////
’,/’// >Slo
O b -1"--':::-—--1 ---------- premmememco- h S thiiehieieh
4 5 6 7 8 9 10 11
pH
100
sor >SiOH
[/
D
= 60
[77]
<
ot
°
L a0l
*® >Si0-Ca
20F 7 -
T >Si0
T >Si0O-Na
[o] g T ‘1’ —q-:::.—.::::-_’.::::.—.:;:::::.r ............
4 5 6 7 8 ) 10 11
pH

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.
¢) 0.1 M NaClL. d) 1 mM Ca?* and 0.1 M total ionic strength.



275

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



Figure 7.

Observed Rate Constant (1/hr)

276

5.00
450+ pH 4
A
400} A—\a\ﬁ
pH 7
350 .
300 pH 10
250 il gl TS | AR
1E-4 1E-3 1E-2 1E—~1 1E0

Effects of solution chemistry on the observed rate constant for perylene
adsorption on fused silica. Symbols connected by lines refer to NaCl
samples. Single (bold) points at a total ionic strength of 0.1 M refer to
experiments with 1 mM Ca?* at the appropriate pH values. Moderate

lonic Strength (M)

mixing was used for all samples.



277
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
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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



283

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.
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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.





