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Abstract

The availability and degradation of selected ionizable organic compounds sorbed o pure mineral
phases are discussed. Substrates sorbed to mineral surfaces may or may not be protected from
microbial attack; the degree of protection appears to be dependent on the type and cell density of
the microorganism involved. The currently available data, however, demonstrate that there is
little, if any, consensus on the types of reactions or interactions that facilitate sorbed substrate
utilization. Rates of degradation of organic bases and cations that sorb to clay minerals via an
exchange reaction are suggested to be directly related to substrate binding intensity and
conformation on the clay surface. Similarly, rates of degradation of organic acids sorbed to the
surface of oxides are suggested to be related to their interaction wim the surface and the type of
oxide sorbent. Although the rate-limiting step in microbial utilization of sorbed acids and bases
is apparently a desorption process, the rate of desorption is itself linked to the compound's
binding intensities on a given sorbent. Thus, as the binding intensities of compounds increase,
chemical kinetic reactions, rather than mass-iransfer processes, appear o limit the rate of
desorption,
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Introduction

The rate of biodegradation of xenobiotic organic chemicals in soils is often observed to be
dependent on the aqueous substrate concentration, and a substrate's interaction with a solid
phase can significantly affect its degradation rate. Several investigators have suggested that
desorption from soils and sediments tends to limit the biodegradation rate of pesticides and
organic contaminants (Stevens et al.,, 1990; Heitkamp et al., 1984; Mihelcic and Luthy, 1988;
Subba-Rao and Alexander, 1982). Rijnaarts et al. (1990) conciuded that desorption is the rate-
limiting factor controlling degradation of a-hexachiorocyclohexane, and that intraparticle mass-
transfer processes contro! desorption. The sorption/desorption kinetics of hydrophobic organic
compounds (HOCs) from soils, sediments, and surfaces in general are often characterized by a
rapid initial uptake (or release) followed by a slow approach toward equilibrium (Wu and
Gschwend, 1986; Leenheer and Anlrichs, 1971; Karickoff, 1981; Brusseau and Rao, 1989).
This slow reaction (sorption or desorption) can occur on a time scale of days to months or longer
(Coates and Elzerman, 1986). The long equilibration and release times observed in
sorption/desorption studies have been characterized as indicating diffusion-controlled
processes, such as micropore diffusion in aggregated materials (Wu and Gschwend, 1986;
Steinburg et al.,, 1987) or intraorganic matter diffusion (Brusseau and Rao, 1988). Hence,

diffusion or mass-transfer processes are often suggested to limit bipdegradation of HOCs.

Unlike HOCs, the reactions that ionizable organic compounds undergo at the solid/water interface
are more chemical in nature than the entropy-driven partitioning associated with HOC sorption;
these interactions include van der Waals forces, H-bonding, dipole-dipole interactions, ion
exchange, covalent bonding, protonation, ligand exchange, cation bridging, and water bridging
(Koskinen and Harper, 1890). Depending on the strength of binding, sorbate-solid interactions
could cause desorption Kinetics to limit biodegradation or, as in the case of diguat, to inhibit
degradation totally (Weber and Coble, 1968).

Desorption is a combination of chemical kinetic and mass-transtfer processes, and thus, it is
difficult to unambiguously distinguish which is the slow step in controlling the overall

desorption rate, given a heterogeneous system such as soil. This difficulty primarily arises
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from the tact that, for a given compound, sorption to soil may be related to a continuum of
sorption mechanisms and sorption sites (Koskinen and Harper, 1890). For instance, sorption
mechanisms for the triazine herbicides have been suggested to include hydrophobic interactions,
cation exchange, van der Waals forces, cation bridging, and charge transfer, and both organic
carbon and clay minerals have been viewed as sorption sites (Hayes, 1870; Koskinen and
Harper, 1990). Therefore, 1o experimentally test hypotheses concerning chemical kinetic
effects on biodegradation rates, it is necessary to minimize the mass-transfer processes
inherent in multiphase systemns. Obtaining information regarding a particular sorption
mechanisrn is best accomplished by minimizing the number of other sorption mechanisms
controliing the solid/water partitioning of the target compound. This requirement is best served
by investigations conducted in mono-mineralogic systems. However, as one might expect, there

is only limited information in the literature regarding sorbate degradation in such systems.

The purpose of this discussion is to illustrate the possible efiects that sorption has on the
biodegradation of selected ionizable organic compounds sorbed to single, pure mineral phases. in
turn, the effects of sorption on degradation kinetics will be related to mechanisms of sorption.
This is accomplished using both published data and data from our laboratory. This discussion is
separated into four secticns: 1) availability of sorbed compounds, 2) organic cation
sorption/degradation, 3) organic acid sorption/degradation, and 4) conclusions. Because of the
paucity of data on this subject, particularly with regard tv pure phase studies, few concrete
conclusions may be drawn; hence the discussion is largely illustrative. Reactions of particular
interest that are discussed are cation exchange of organic bases to clay minerals and surface
complexation to y-Ai>O3 by several organic acids. In an attempt to isolaie the desorption process
from the degradation process, fluorescence spectroscopy was used in studies with the organic
bases quinoline and 2-hydroxyquinoline sorbed to hectorite and with salicylic acid in the
presence of v-AlxO3. The use of fluorescence spectroscopy as a 100i to isolate desorption

processes from biodegradation processes is discussed, as is the use of this technigue in
conjunction with 14CQO, evolution studies.
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Availability of Sorbed Substrates

A common perceplion is that sorption of a substrate to soil inhibits or at least reduces its
availability to microbial attack. Most often, reduced availability of a substrate for microbial
utilization is the conclusion drawn from estimates of the aqueous biodegradation rate and
observed decreases in that rate in the presence of a solid phase; it a decreased degradation rate is
observed as well, desorption is considered limiting. |f one assumes that the sorbed species is

unavailable, then a simplified mode! of the sorption/degradation process is

K k
$ % Sp mmimeg- products (1)
2

where Sy and S, are substrate in the unavailable (sorbed) and available (agqueous) forms,
respectively (Hamaker and Goring, 1976), and k1, kg, and ks are first-order rate constants for

sorption, desorption, and mineralization, respectively. If this model is accurate, then
desorption must occur prior to degradation. However, this does not mean that desorption will
necessarily control the degradation rate. On the other hand, however, if this model is accurate,
1) sorption could retard biodegradation rates by decreasing the aqueous concentration of the

substrate (S,) to levels below the threshold level necessary for microbial utilization, or 2) the

‘ate of desorption (kg) could be rate-limiting with respect to the mineralization process (ksa).

Studies in soils and sediments with isopropylpheny! phosphate (Heitkamp et al., 1884),
chlorproham and di-n-butyl phthalate (Steen et al., 1980), and hexachlorohexane (Rijnaarts
et al.,, 1990) suggest that the sorbed substrate is protected from microbial attack. For
hexachlorohexane, Rijnaarts et al. (1930) concluded that intraparticie mass-transter
processes controlled desorption and biodegiadation because the degrading microorganism could
not penetrate the interior of the soil aggregates. From mode! evaluations of (2,4-
dichlorophenoxy)acetic acid (2,4-D) soil desorption/piodegradation rates, Ogram et al. (1985)
concluded that sorbed 2,4-D was completely protected from microbial attack. Furthermore,
they demonstrated that both sorbed and solution-phase bacteria were able to utilize aqueous-

phase 2,4-D only; in addition, the organisms (whether scrbed or in the agueous phase) were
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equally efficient in degrading solution-phase 2,4-D. In general, these studies suggest that
sorption protects the substrate from microbial attack and that desorption limits biodegradation.
Remberger et al. (1986), however, suggested that sediment-sorbed chloroguaiacols,
chiorocatechols, and chloroveratroles may be accessible to biological transformations. Similar
results have been observed in pure mineral studies in which the substrate was sorbed to the
surface via mechanisms other than hydrophobic partitioning and was apparently accessible to
microorganisms. Thus, there are conflicting conclusions with regard to the bioavailability of
sorbed organic compounds.

Weber and Coble (1968) found that no degradation of diquat occurred in an aqueous suspension
of montmorillonite when diquat was in the sorbed state, indicating that microorganisms could not
utilize the sorbed substrate. In this study, sorption probably decreased the aqueous
concentration of diquat to levels below the threshold level necessary for microbial utilization;
clearly, sorbed diquat was protected from microbial attack. However, even when the agueous
concentration of diquat was above the threshoid level for microbial utilization, degradation was
so slow that no conclusions could be drawn regarding the role of desorption from either
montmorilionite or kaolinite. In other pure clay-sorbate systems, dextran (Olness and Clapp,
1872), quinoline (Smith et al., 1992), aspartate and cysteine (Dashman and Stotzky, 1986),
alkylamines (Wszolek and Alexander, 1979), and benzylamine (Miller and Alexander, 1991)
sorbed to montmorillonite were apparently at least partially protected from microbial attack.
ine last two of these investigations, however, demonstrated that the effect of sorption on the rate
of biodegradation was dependent on inoculum size. Similarly, degradation of salicylic acid,

phthalic acid, and catechol! was significantly reduced when they were sorbed to y-Al2O3

(Ainsworth et al., unpublished).

Wszolek and Alexander (1879) observed that at population densities of approximately 2x108
cells/mL, degradation of n-decylamine sorbed to montmorilionite was about 32 times slower
thar ior the aqueous phase. However, at greater cell densities (6 and 20x10° celis/mL},
degradation was taster in the presence of montmorillonite than in its absence (Fig. 1).
Ainsworth et al. (unpublished) studied the degradation of phthalate by Pseydomonas putida
NMH102-2 and Pseudomonas cepacia PHK in the presence and absence of y-AloCs. The rate of

phthalate mineralization differed not only between the presence or absence of y-Al>O3, but also




o A

—
—_

= P o N oo N o W NN

—

— —a
A ) DD

14

17

18

19
2

R N
DY =%

[ A0
(#V]

n
Py

NN
M .. n

between microorganisms. The latter observation was particularly imriguir{g, given that the
numbers of organisms were the same (approximateiy‘ 107 colony-forming units (cfu) per
milliliter] and that both microorganisms utilize the same metabolic pathway to mineralize
phthalate (i.e., mineralization proceeds through a 4,5-dihydroxyphthalate intermediate). In
solution, the P. gepacia mineralized the phthalate much faster than did P. pulida. Phthalate
mineralization by P. putida (as measured by 14CQO, evolution) showed evidence of desorption-
limited microbial utilization and hence protection of the sorbed substrate (Fig. 2a); however,

phthalate sorption to y-Al;O3 did not greatly affect the rate of phthalate utilization by P. cepacia

PHK (Fig. 2b). Similarly, Guerin and Boyd (1992) observed that the rate and extent of
naphthalene mineralization by P. putida (ATCC 17484) and a Gram-negative soil isolate were
vastly different. The rate and extent of naphthalene mineralization by P. putida were indicative
of an enhanced soil desorption rate, but the soil isolate exhibited desorption-limited degradation

with regard to both rate and extent of mineralization.

Based on the criteria stated earlier and the data noted above, a substrate in the sorbed state may
be protected from microbial utilization under all conditions. A simplified two-compartment
model of this phenomenon is

k

1
Sy e s, (2)
K
K 2
x k3
products

where Sy, Sy, kq, k2, and ks have the same definitions as in reaction 1 and kg is the first-order

rate constant for sorbate utilization directly from the surface (Scow et al., 1986). In fact, this
model provided the best estimate of nitrilotriacetic acid and phenol mineralization in soil (Scow
et al., 1986). This model has also been utilized in other investigations (see Alexander and Scow,
1989). While the model may provide the best fit of data under certain conditions, no data have
been published that substantiate the physical nature of the model. Wszolek and Alexander

(1879) specuiated that at high population densities of the n-decylamine degrader used in their
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study, extraceliular enzymes or microbially mediated pH change facilitated n-decylamine
desorption from the bentonite. Although the mechanism(s) responsible for the observations in
the phthalate study also have not been determined, pH changes mediated by either microorganism
in the supernatant were minimal (<0.5 pH units). Also, phthalate mineralization by P. gcepacig
was so rapid that it is unlikely that exiracelluiar enzymes were invoived. However, the
phthalate results would suggest that 1) significant differences exist between ditterent
microorganisms and their ability to utilize sorbed substrate, and 2) while both phthalate
degraders utilize the same pathways for phthalate metabolism, their ability to scaverge
substrate differs significantly. Guerin and Boyd (1992) concluded that the observed
differential bioavailability of soil-sorbed naphthalene for the two microorganisms is the result
of organism-specific properties. From the few examples discussed here and others (see
Stotzky, 1986), it is evident that little is known mechanistically about coupled processes
(chemical and biological) and their interactions regarding sorbed substrate utilization by

microorganisms.

Sorption-Degradation of Organic Bases

Sorption - Exchange reactions between inorganic cations or anions have been characterized as
rate-limited mass-transfer reactions with either diffusion through a water film (film
diffusion; FD) or intraparticle diffusion (PD) being the rate-limiting process (Sparks, 1989).
The chemical reaction(s) associated with the exchange/desorption process has never been
definitively demonstrated in soils or in clay systems. Nor have chemical reactions or kinetics
been suggested to be rate-limiting, as it has always been assumed that exchange reactions are too
rapid to afiect the overall process rate. However, Liberti and Passino (1985) reported that the
rate of exchange is affected by chemical interactions between a sorbate and the exchanger phase
in gel-type resins that exhibit high selectivity.

High seiectivity for clay surfaces is a characteristic of a variety of organic cations and bases
(Zachara et al., 1290C; Ainsworth et al., 1987; Hayes et al., 1578, Thompson and Brindley,
196¢; Lailach et al., 19€8; Weber and Weed, 1968; Weber et al., 18965). Sorption of paraquat




v e

P S A p—
Bl = (O @ @ N o o P W N

13
14
1 4
16
17
18
19

23

[ACJEENE S0 B A 4 N e n N Ny
a _m__ ~1 (6] n__5o [€h] n ——

W W
= 0

and diguat to the surtace of clay minerals occurs via cation exchange, and both are sorbed up to
the exchange capacity of the clay. These pesticides exhibit a high affinity for the surfaces of
montmorillonite, vermiculite, and kaolinite (Hayes et al., 1978, Weed and Weber, 1969,
Weber and Weed, 1968; Weber et al., 1965). For fully exchanged montmorillonite and
vermiculite, only about 5% of the sorbate is desorbed by 1M BaCl, (Weber and Weed, 1968).
Kaolinite, on the other hand, releases approximately 80% of the sorbate in 1M BaClz (Weber
and Weed, 1968). The difference in paraquat and diquat desorbability between montmorillonite
or vermiculite and kaolinite may be due to adsorption location (basal plane sorption for the 2:1
clays versus edge sorption with kaolinite) and the sorbate’s flat orientation paralle! to the basal
plane in the 2:1 clay systems. In addition, lamellar collapse of montmorillonite and
vermiculite, at high surface loading, onto the flattened organocation further increased their
binding intensity. Sorption of a series of n-alkylammonium ions (Theng et al., 1967, Vansant
and Uytterhoeven, 1972) and o, w - bistrimethylammoniumalkanes (Maes et al., 1880) to
montmorilionite exhibited increased selectivity with increasing molecular weight. Similarly,
the selectivity (as denoted by the calculated selectivity coefficient [Kv]) of a series of N-
heterocyclic compounds with Na-montmorilionite was observed to increase as ring number

increased (Ky increases in the order acridine > quinoline > pyridine; Zachara et al., 1990).

Maes et al. (1980) observed a decrease in the enthalpy and free energy of exchange (AHCgy and
AGPgyx, respectively) with increasing chain length for a,0 - bistrimethylammoniumalkanes

exchange to Camp Berteau Na+- or Ca2+-montmorillonite. For every additional CHy group, the
AHogy and AGogy decreased by approximately -0.6 and -0.88 kJ/mol, respectively. Maes et al.
(1980) attributed the observed change in AHcey and AGCgy 10 delocalization of charge trom the

nitrogen to the alkyl chain. CNDO/2 calculations (Maes et al. 1980) showed that the formal

charge on the NHx head group was increasingly delocalized over the alkyl tail as the number of
CHp greups increased. Maes et al. (1980) cited charge delocalization as the cause for the

observed correlations between enhanced selectivity and 1) molecular weight and 2)
polarizability for exchange of straight-chain ammoniumalkanes on montmorillonite. Likewise,
surface stability of pyridine over selected alkylammonium cations on the surface of
montmorillonite is hypothesized to be caused by the greater polarizability of pyridine and
delocalization of positive charge through the n-ring system (Maes et al. 1978). Similar
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molecular calculations demonstrate that formal positive charge is distributed through the ring
structure of the N-heterocyclic compounds pyridine, quinoline, and acridine and that the
increase in selectivity with ring number was closely correlated with formal charge on the ring
N and with solvation energy (Zachara et al., 1990). Similar interactions have been suggested
to stabilize paraquat and diquat on the surtace of montmorillonite (Hayes et al., 1878). The
high selectivity associated with these interactions clearly results from forces other than simple
coulombic interaction. However, the high binding affinity of organic cations and bases to clays

and the effect of binding intensity on sorbate degradation rate is not well understood.

Degradation - Wszolek and Alexander (1979) followed microbial mineralization rates, via
evolution of 14C, from a homologous series of n-alkylamines in aqueous solution and compared
them to the mineralization rates of the same series of n-alkylamines sorbed to bentonite. The
data suggest that as the molecular weight of the sorbate increased, so did its resistance to
microbial attack. The correlation between resistance to microbial attack and molecular weight
would appear to be similar to the correlations noted by Maes et al. (1880) and by Cowan and

White (1858), who demonstrated that AGCgy decreased linearly with increasing chain length

(molecular weight) for the sorption of a series of n-alkylamines to bentonite. Unfortunately,
selectivity coefficients were not determined in the Wszolek and Alexander (1579) study, and
hence, no definitive relationship can be determined between sorption selectivity of the n-
alkylamines and their degradation.

The degradation of n-decylamine sorbed to bentonite was observed to be about 32 times slower in
the presence of bentonite than in the absence of bentonite at high bacterial densities (2x108
cells/mL; Fig. 1). Similarly, Miller and Alexander (1891) found that desorption limited
degradation of benzylamine that was sorbed to montmorillonite only at high population densities
(>107 cells/mL). The presence of bentonite did not appear to affect the microbial population in
a physical sense (e.g., it did not hinder uptake) or to cause melabolic problems, given that rates
of glucose mineralization rates by the same microorganism in the presence and absence of the
clay were identical.

The results of Wszolek and Alexander (1979) and Miller and Alexander (1981) suggest that

desorption probably limited degradation at high isolate densities and that sorbed substrate was
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protected from microbial attack. However, it is only possible to speculate whether mass
transfer or chemical kinetics was the rate-limiting process. The decreasing rate ot degradation
with increasing chain length observed by Wszolek and Alexander (1879) suggests that the
strength of binding is related to the rate of degradation and that a chemical kinetic process
becomes increasingly important with increasing chain length. However, an interparticle
diffusion mass-transfer process analogous to that hypothesized for HOC compounds (Brusseau
and Rao, 1989), where the sorbate must go through a series of adsorption/desorption steps
prior to arrival in the bulk solution (and subsequent utilization), couid explain the observed

results just as well as a chemical kinetic process.

Quinoline, an ionogenic N-heterocyclic compound (pka = 4.92), is strongly sorbed to smectite

surfaces via cation exchange of the protonaied quinolinium ion (Ainsworth et al., 1987; Zachara
et al.,, 1960). Quinoline (Q) is turther stabilized on the surface as a result of its parallel
orientation to the clay surface (Greene-Kelly, 1855) and exhibits increased surface stability

because of to its m-electron ring structure. The thermodynamic exchange constant (Kgx) for Na

= Q exchange is 340 (Ainsworth et al., 1987).

Smith et al. (1992) used a quinoline-degrading bacterium at relatively high population
densities (= 107 - 108 cfu/mL) and five concentrations of Na-montorillonite (0.0 to 1.14

cmol(.y/L) to probe the effects of sorption on quinoline mineralization. Quinoline is rapidly

converted to a 2-hydroxyquinoline intermediate by the bacterium (Brockman et al., 1988). In
the absence of clay, both Q and 2-hydroxyguinoline were observed in solution after 30 min. In
the presence of Na-montmorillonite, 2-hydroxyquinoline was observed only within the first 30
min and only in the least dense clay suspensions (Smith et al., 1992). In addition, the overall Q
mineralization rate was reduced, with the reduction being dependent on clay concentration anc
hence a reflection of the Q solid’aqueous phase partitioning (Fig. 3); the initial total Q
concentration was constant, but as clay concentration was increased, the aqueous concentration
decreased from 89 1o 6.2% of the total Q and surface coverage decreased frrm 0.32 to 0.013

cmol{QH~+)/kg. The evolution of 14C 0O, apparently proceeded at two distinct rates. The initial

rates appeared to be directly related to the agueous Q concentration (and therefore the clay
concentration), and a much slower rate became apparent after aqueous Q was depleted. The latter

rate decreased slightly with increasing clay concentration. Modeling the 14CO; data as first-

10
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order rates yielded a rate constant (kqps) that was about 20 to 30 times lower in the presence of

clay than the rate constant tor agueous mineralization.

The observations of Smith et al. (1992), Miller and Alexander (1991), and Wszolek and
Alexander (1979) strongly suggest that desorptivn from the clay surtace limits mineralization
of organic bases sorbed through a cation exchange mechanism. However, obnclusions aboui the
actual rate of desorption and its impact on mineralization cannot be made because such

conclusions would be drawn from observations of the end product (i.e., 14CO5 }, which is

produced by a series of metabolic reactions that are predominantly internal to the cell.

In an attempt to delineate more clearly the effect of desorption on the overall process of Q
degradation, Smith et al. (1992) employed fluorescence spectroscopy o take advantage of the
flucrescence properties of quinoline, the quinolinium ion, and its microbial transformation
product, 2-hydroxyquinoline. The quinolinium ion and 2-hydroxyquinoline are both
fluorophores whose fiuorescence maxima differ by about 40 nm. Quinoline does not fiuoresce.
Hectorite (a trioctahedral smectite) was used in these studies instead of montmorillonite
because hectorite does not qhench the quinolinum or 2-hydroxyquinoline fluorescence. In
addition, the Q-degrading bacterium does not fiuoresce and the fluorescence of both fluorophores
is totally quenched when they are taken up by the bacterium. Because of these qualities, the
transformation of quinclinium to 2-hydroxyquinoline and its uptake from agqueous solution couid
be traced directly by simultaneousty placing aqueous Q and the bacterium into a cuvette and
repeatedly acquiring spectra with time. The same process can be used to trace the changes in
concentration of quinolinium ion on the surface of hectorite as the bacterium utilizes the

aqueous-phase Q, causing desorption of the surface-bound substrate.

Using this techinique, Smith et al. (1982) observed that the transformation of quinolinium to 2-
hydroxyquinoline was extremely rapid, and that less of 2-hydroxyquinoline from solution was
approximately 5 to 8 times slower than the transformation of quinolinium to Z-
hydroxyquinoline (Fig. 4). In a hectorite suspension (pH 6.0) previously equilibrated with Q
(>99% of the Q partitioned to the surface), the disappearance of quinolinium differed from the
pattern in the aqueous system in three major aspects (Fig. 5): 1) the rate of quinolinium

disappearance from the surface of hectorite was about 30 times slower than in solution, 2) the

11
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transient build-up of 2-hydroxyguinocline observed in the aqueous system did not occur in the
presence of clay, and 3) examination of the aqueous phase showed the Q and 2-hydroxyquinoline
concentrations were below detection limits (<10-8 M) over the entire course of the study.
Smith et al. (1932) conclude that, in the absence ot clay, the uptake of 2-hydroxyquinoline is
the rate-limiting step in Q mineralization, but in the presence of clay, desorption is rate-

limiting. Put in the context of the Hamaker and Goring (1976) model (Rx. 1), k3 » kz and the
back reaction, represented by kq, does not occur. Interestingly, the difference in the rates of

quinolinium disappearance between the aqueous and clay suspensions, as determined by

fiuorescence, wa about the same as that determined using 14CO, mineralization (i.e., about a

factor of 30) (Smith et al., 1982). This observation suggests that the biological processes are
not affecting the observed rates; that is, microbial processes after uptake are not rate-limiting.
This is not always true, however, as will be discussed with regard to salicylate biodegradation in
the next section.

The disappearance of Q from the surface of hectorite, as a function of surface loading, yielded a
tamily of parallel curves whose slopes appeared to be the same (Fig. 6; Smith et al., 1982).
Additionally, the rate of guinoiinium disappearance from the clay surface was not affected by the
saturating cation (Na or Ca) nor by stirring rate. Smith et al. (1982) concluded that
desorption was the rate-limiting step in these studies, and that a chemical process rather than a
mass-transfer process controlled desorption. Also, data from the fluorescence studies indicate
that either 1) Q at surface concentrations <0.004 cmol(QH+)/kg is irreversibly sorbed, or 2)
the aqueous Q concentration supported by such surface concentrations is less than the critical
level necessary for microbial utilization. These conclusions ref.zct the tact that the quinolinium
surface concentration appears to asymptotically approach 0.0C4 cmol(QH+)/kg at all initial
concentrations. Even after 17 h, the quinolinium surface concentration was still slightly above
this value.

One of the major determining factors associated with identifying desorption as a rate-limiting
step in the biodegradation of an organic cation or base is the interaction between the sorbate and
the surface. For instance, the investiyations of Wszolek and Alexander (1679) with a
homologous series of n-alkylamines indicate that there is a relationship between desorption,

microbial utilization, and binding intensity. Similarly, there appears to be a considerable

12




—

e N 9 o W N

11
12
13
14

-

.
16
17
18
14
20
21

23
23

pA
25
26
27
28
29
e
31
32

ditierence between the utilization of sorbed Q and that of 2. iiydroxyquinoline (Ainsworth et al,,
unpublished data). Sorption of 2-hydroxyquinoline to the hectorite surface occurs via a cation
exchange reaction, but the selectivity coefficient is about three to four times less than that of Q.
Using fluorescence spectro: ~opy and the procedure outiined by Smith et al. (1992), the
disappearance of quinolinium and 2-hydroxyquinoline in the presence of Na-hectorite and the Q-
degrading bacterium was followed with time (Fig. 7). 2-hydroxyquinoline was observed to
disappear at a faster rate than Q. These data are in direct contradiction to those for aqueous
solution, where Q transformation to 2-hydroxyquinoline was approximately 5 to 8 times fo ~r
than the uptake of 2-hydroxyquinoline. Interestingly, in the sorbed state, the quinolinium
surface complex exhibits a 15- to 20-nm blue shift, whereas the 2-hydroxyquinoline-surface
complex exhibits no such shift in the maximum wavelength emission. While it is not possible to
conclusively demonstrate that this lack of shitt is related to binding intensity, Lakowir:® [1986)
suggests that a blue shift in the emission spectra of a fluorophore bound to a macro molecuie can
be caused by emission from unrelaxed fluorophores, typically due 1o a strong interaction

between the fluorophore and its surrounding environment.

Sorption-Degradation of Organic Acids

Salicylate, phthalate, and catechol sorb strongly to y-Al>O3 [salicylic (2-hydroxybenzoic acid)
pKa1= 2.97, pKaz = 13.40; pyrocatecho! (1,2-dihydroxybenzene) pKai= 9.2, pKaz = 13.0;
phthalic (1,2-benzenedicarboxylic acid) pKa1= 2.8, pKao = 4.9] (Fig. 8). Sorption of catechol,
salicylate, and phthalate (or other organic acids) to Fe and Al oxide surfaces occu.s via a surface
ligand exchange reaction (Kung and McBride, 1989; McBride and Wesselink, 1988; Zeltner et
al., 1988; Kummert and Stumm, 1980; Parfitt et al. 1977; Nagarajah et al., 1870). The
degree of sompticn varies in response to the pH, surface charge, agueous speciation of the
sorbates, and other aqueous- and solid-phase phenomena. Hence the fractional adsorption of the
acids with changes in pH is a refiection of the interactions of these phenomena. Ail experiments
reported here were conducted at pH 6.5. Prior to use, the v»Al>O3 (100 m2/g) was washed in
0.1 M NaOH and eluted with distilled water to pH 7.5. Bacteria used in all of the studies were

grown in mineral media that contained the specific organic acid substrate as the sole carbon
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source. Bacterium were washed 3 times in a 0.9% saline solution just prior to use, to remove
substrate from the cell suspension. For the sorption/degradation experiments, the substrate

was equilibrated with y-AloO3 for 48 h, during which time the pH was adjusted to value of 6.5.

A fresh cell suspension was used for each experiment.

Pseudomonas putida 1901, a methionine auxotroph of P. putida PpG1 (Yen and Gunsalus, 1982)

was used in experiments to assess the infiuence of sorpticn on the biodegracation of salicylate
and catechol. P. putida 1901 degrades naphthalene through salicylate and catechol
intermediates. The mineralization of salicylate by P. putida 1901 (107 cfu/mL) may be
simulated using a first-order rate whose rate constant does not change over a wide range of

substrate concentrations. In the presence of y-AloO3. where about 80 to 90% of the substrate is

sorbed (Ainsworth et al., unpublished), the rate of salicylate mineralization is substantially
decreased (Fig. 9). in addition, 14CQO, evolution studies of salicylate mineralization with and

without y-Al2O3 and over a range in P. putida (1901) cell densities (107 to 1094 cfu/mL) have

demonstrated that 1) the salicylate mineralization rate constant in solution is dependent on cell

density, and 2) the rate of salicylate mineralization in the presence of y-Al2O3 is slower than in
the absence of y-Al,Cg by about a factor of 5, regardless of cell density (Table 1). Catechol

degradation by the same bacterium shows a similar response to cell dersity and the presence of y-
Al2O3, but degradation of the sorbed substrate is slightly more rapid than that observed for

salicylate.

Direct observation of desorption and microbial uptake of salicylate was obtained using
fluorescence spectroscopy as described by Smith et al. (1992). Unlike the 14CO; evolution

studies, however, these studies used a salicylate aqueous concentration of &5 x10-5> M carbon and
1 g/L v-Alz03. At this concentration, only about 25% of the salicylate was partitioned to the
solid surface. Interestingly, during the first 200 min of the experiment, the rate of salicylate
disappearance due to microbial uptake was the same in either the presence or the absence of y-
AloO3 (Fig. 10). However, in the presence of v-Al>Og3, the rate of salicylate disappearance
decreased by more than an order of magnitude (about a factor of 1€.3) in comparison to the
aqueous-phase-only salicylate at times greater than 200 min. The 200-min time frame

corresponds to the time required for the depletion of aqueous-phase saiicylate (Fig. 10).

14
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Although it is difficult to precisely determine the actual concentrations in these studies,
extrapolation of the data for the later times (>200 min) back to t = 0 yields an intensity (in
arbitrary units) that is approximately equal to that associated with the surtace concentration at
t = 0. These observations suggest that the initial rate of disappearance is the result of microbial
uptake of the aqueous-phase salicylate, and the later rate is the direct result of desorption

controlling the rate of microbial uptake of salicylate. The fiuorescence and '4CO; evolution data

suggest that 1) salicylate is at least partially protected from microbial attack in the sorbed
state, 2) desorption limits degradation in the absence of or in limited amounts of aqueous-phase
substrate, and 3) desorption may be limited by a surface, chemical-controlied desorption

reaction.

The difference in the utilization rate of salicylate in the presence and absence of v-Al2O3 as

determined by fluorescence spectroscopy (Fig. 10) is greatzr than the corresponding difference
determined for complete mineralization (Fig. 9). Salicylate utilization as measured by 14C
evolution is about one half that determined by fiuorescence, which would suggest that there are

rate-limiting steps in the salicylate-to-CO, pathway other than salicylate desorption that
impact the overall rate as determined by '4CO, evolution. In the quinoline example, the effect of
sorption on uptake was a decrease in rate of about a factor of 30, regardiess of whether 14CO;

evolution or fluorescence was used in determining the rate, suggesting that desorption is
substantially slower than the microbial mineralization process. While this difference is not

great, it does suggest that in addition to 14CO, evolution, other techniques must also be utilized to

understand the role of sorption in substrate utilization by microorganisms.

As stated earlier, adsorption of many organic acids to oxide surfaces occurs through the
formation of inner-sphere complexes as a result of replacement of surface-coordinated OH
groups via ligand exchange reaction. The "ligand-like" adsorption of these acids is typical of
many anionic species on oxides, and although the sorption kinetics and mechanisms of these acids
have not been investigated, inorganic "ligand-like" sorbates may serve as a mode!l. Molybdate
adsorption to goethite has been described as the formation of an inner-sphere "ligand-like"
suriace complex (Zhang and Sparks, 1988). From pressure-jump studies, Zhang and Sparks

concluded that the molybdate adsorption mechanism is a two-step process:
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Step 1

SH, + MO === SH}--m02" (3)
Step 2

SHZ--MOZ™ === Sw0; + H0 (4)

where the SOH represents the oxide surface hydroxy! sites. The first reaction (3) represents
the formation of an ion-pair complex on the protonated surface site (outer-sphere compiex).
The second reaction (4) is the formation of the inner-sphere complex. The first step is very
rapid, and the second step is slow by comparison and is the rate-limiting reaction. Tr.e second
step involves the breaking and forming of bonds (Zhang and Sparks, 1989). It is believed that a

similar mechanism is involved in the sorption of salicylate to y-Al,O3 and that the inner-sphere

complex may be bidentate or binuclear; also we believe it is the reversal of the second step that

is the rate-limiting step that affects the rate of salicylate utilization in the present study.

Salicylate, phthalate, and catechol have been hypothesized to sorb to the y-AlpO3 surface as a

monodentate surface complex at pH 6.5 (Kummert and Stumm, 1980). Catechol, however, has
also been suggested to form bidentate or binuclear complexes on Al oxides depending on the oxide
surface structure (McBride and Wesselink, 1988). Further, Zeltner et al. (1986) concluded
from cylindrical internal reflection-Fourier transform infrared spectroscopy (CIR-FTIR) that
salicylate forms a bidentate six-membered ring structure at the surface of goethite. Another
type of complex suggested from infrared spectroscopic investigations is a binuclear complex
between oxalate and the goethite surface (Parfitt et al., 1977). The formation of these different
types of complexes appears 1o be dependent on the solid surface structure, and we suspect that
for a given compound the strength of the surface complexes would vary accordingly. For
example, infrared investigations of p-hydroxybenzoate sorbed to different Fe oxides suggested
that although bidentate binding of the carboxylate formed the dominant surface complex, goethite
formed the strongest compiex (Kung and McBride, 1989). It is our belief that the magnitude of

the effect of desorption on microbial utilization will vary in direct response to the type of
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surface complex formed (i.e., monodentate, bidentate, or binuclear) and the strength of the
bond(s) formed.
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Conclusions

Sorption of organic compounds to inorganic surfaces and organic matter can protect the
compound from microbial attack. This protection may arise from 1) inaccessibility of the
micropores to ricrobes, 2) surface stabilization against desorption of the compound, or 3)
reduction of aqueous-phase concentrations to levels below that necessary for microbial
utilization. Clearly there are biologically mediated reactions that facilitate sorbed substrate
utilization, and these are organism- and cell-density-dependent. It is not known whether these
interactions are related to a biologically induced shift in the controlling environmenta!
parameters (e.g., pH), production of extracellular enzymes, or direct microbial utilization of a
substrate from the surface. These reactions that facilitate substrate utilization must, however,
be investigated more thoroughly and at a mechanistic level. From a scientific viewpoint, these
interactions are likely to play a significant role in the behavior of xenobiotic compounds in the
natural environment. From a purely applied point of \}iew, these interactions may be of benefit

in tacilitating the remediation of contaminated soils and vadose and saturated zones.

From the few examples discussed here, it is evident that surface-substrate interactions can
diminish, enhance, or have no effect on the observed rate of aqueous biodegradation of a
substrate. In those systems where degradation of ionizable compounds is significantly reduced
vy sorption (and the sorbale is protected from microbial attack), it appears that the binding
intensity and the surface conformation of the sorbate are important, as suggested for a
homologous series of n-alkylamines (Wszolek and Alexander, 1979) or for quinoline compared
10 2-hydroxyquinoline sorbed to montmorilionite (Smith et al., 1992). For those compounds
that interact with oxides through ligand exchange, binding intensity may be related to the
surface structure of the sorbent, as suggested by Kung and McBride (1989) for p-
hydroxybenzoate. However, there is a dearth of data ihat relate binding at the mechanistic level
to biodegradation rates. The available data, however, do indicate that the interactions between
substrate, surfaces, and microbial utilization are important in our understanding of organic
compound tate and transport, and theretore more studies linking sorption and degradation at a
basic level are needed.
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Table 1. First-order rate constants for the mineralization of salicylate from aqueous solution

(Aq. rate constant), and in the presence of y-Al,O3 (Sorbed rate constant) as a function of B.

putida 1801 cell density (log cfu/mL).

Cell Ag. rate Sorbed rate  AgJ/Sorbed
density constant constant
(log cfwmL)  (h-1) (h-1)
9.36 -0.819 -0.175 5.9
8.52 -0.257 -0.069 3.8
7.49 -0.032 -0.011 2.9
7.08 -0.015 -0.003 5.0

27




'R

—

P N D N pHp W

Figure Captions

Mineralization of n-decylamine in the presence or absence of Na-bentonite and at three
different cell densities (atter Wszolek and Alexander, 1979).

Phthalate mineralization over time in the presence or absence of y-Al2O3 (1.0 g/L) by

a) B. putida NMH102-2 and b) P. cepacia PHK at a cell density of 107 cfu/mL and a total
concentration of 10-6 5 M phthalate (Ainsworth et al., unpublished).

Mineralization over time of 10-6 M quinoline by a quinoline-degrading bacterium (= 107
ctu/ml) as a function of Na-montmorillonite suspension density (after Smith et al.,
1992).

Fluorescence emission spectra with time of aqueous quinolinium transformation to 2-
hydroxyquinoline and its subsequent utilization (10-4.30 M initial quinoline; 108 cfu/mL
cell density; after Smith et al., 1992).

Fluorescence emission spectra with time of quinolinium disappearance from the surface of
hectorite as a result of aqueous quinoline biodegradation by a quinoline-degrading
bacterium (after Smith et al., 1982).

Hectorite-surface concentration of quinolinium over time as a function of initial surtace
loading. The open and closed symbols represent duplicate runs; data were coliected from
fluorescence emission spectra of a suspension over time (after Smith et al., 1992).

Results from two separate with hectorite-suspensions equilibrated with 1) quinoline and
2) 2-hydroxyquinoline in the presence of a Quinoline-degrading bacterium at equal cell
densities and total concentrations of quinoline and 2-hydroxyquinoline. Data were
collected from fluorescence emission spectra of the suspension with time (Ainsworth et
al., unpublished data).
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Fractional adsorption of three organic acids (10-6.5 M) on y-Al,O3 suspension (1.0

g/L) as a function of pH.

Salicylate mineralization over time in the presence or absence of y-Ai2O3 at pH 6.5 and as

a function of P. putida 1901 population density.

Disappearance of salicylate from aqueous solution and y-Al2O3 suspension (total
salicylate = 10-5 M; pH 6.5; v-Al,03 1.0g/L; P. pulida density = 107 cfu/mL). Data were

collected from fluorescence emission spectra taken over tirne.
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