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This research addressed the effect of mineral and organic soil constituents on the fate of organic compounds
in soils. Specifically, it sought to determine how the associations between organic chemicals and different soil
constituents affect their subsequent biodegradation in soil. Four 'C-labeled surfactants were aseptically
adsorbed to montmorillonite, kaolinite, illite, sand, and humic acids. These complexes were mixed with a
woodlot soil, and '*CO, production was measured over time. The mineralization data were fitted to various
production models by nonlinear regression, and a mixed (3/2)-order model was found to most accurately
describe the mineralization patterns. Different mineralization patterns were observed as a function of the
chemical and soil constituents. Surfactants that had been preadsorbed to sand or kaolinite usually showed
similar mineralization kinetics to the control treatments, in which the surfactants were added to the soil as an
aqueous solution. Surfactants that had been bound to illite or montmorillonite were typically degraded to
lesser extents than the other forms, while surfactant-humic acid complexes were degraded more slowly than the
other forms. The desorption coefficients (K,) of the soil constituent-bound surfactants were negatively
correlated with the initial rates of degradation (k,) and estimates of **CO, yield (P,) as well as actual total
yields of '*CO,. However, there was no relationship between K, and second-stage zero-order rates of
mineralization (k,). Microbial community characteristics (biomass and activity) were not correlated with any
of the mineralization kinetic parameters. Overall, this study showed that environmental form had a profound
effect on the ultimate fate of biodegradable chemicals in soil. This form is defined by the physicochemical
characteristics of the chemical, the composition and mineralogy of the soil, and the mode of entry of the

chemical into the soil environment.

Synthetic organic chemicals (xenobiotics) enter terrestrial
environments as a result of intentional application, waste
disposal practices, accidental spills, land use patterns, and
atmospheric fallout. Their fate in soils is a function of both
abiotic and biotic processes, which include transport and
sorption, chemical catalysis, photodegradation, and biodegra-
dation. Biodegradation of a chemical in soil is determined by
the presence and size of degrader populations, as well as
environmental conditions that affect the activity of these
populations and the bioavailability of the chemical.

Several studies have shown that various soil constituents
may alter the biodegradation of chemicals in solution. Ben-
zylamine degradation was substantially inhibited when incu-
bated in the presence of montmorillonite (31), whereas diquat
degradation was severely inhibited in the presence of mont-
morillonite clays but not in the presence of kaolinite clays (48).
In contrast, Scow and Alexander (41) found substantial de-
creases in the rates and extents of phenol and glutamate
degradation in the presence of kaolinite. Other workers have
shown that naphthalene or o-hexachlorocyclohexane must
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desorb from the soil matrix before biodegradation can occur
(1, 36). Ogram et al. (33) likewise demonstrated that 2,4-
dichlorophenoxyacetic acid had to be available in the soil
solution before biodegradation could begin but found that
both sorbed and free bacteria could degrade the 2,4-dichloro-
phenoxyacetic acid. In another study, the effect of the soil
matrix on chemical biodegradation was microorganism spe-
cific, such that one bacterial species was capable of metaboliz-
ing sorbed naphthalene but another species required naphtha-
lene to be in solution (13). In contrast to the aforementioned
studies, other studies have shown that biodegradation of
pentachlorophenol and toluene was not retarded by interac-
tions with the soil matrix (3, 38).

Many of these previously mentioned studies were performed
with dilute suspensions of the soil constituents, which are not
representative of typical soil conditions. Only a few studies
have assessed the effects of added soil constituents under
environmentally realistic conditions. Bellin et al. (3) found that
sorption of pentachlorophenol to alkaline and acidic soils
increased with increasing additions of sludge but that biodeg-
radation was not affected. O’Connor et al. (32) reported that
sludge additions did not significantly affect either the adsorp-
tion or biodegradation of a related chemical, 2,4-dichlorophe-
nol, in calcareous soils. In other studies, addition of various
levels of different clays to soils generally resulted in decreased
mineralization of a chemical to CO, (25, 44, 45). These studies
did not differentiate the effects of the added clay on overall
microbial activity and on the bioavailability of the test chemi-
cal. Furthermore, none of these studies of addition of sludge
and clays to soils have specifically addressed the interaction
between the chemicals and the added constituents.

The present study is unique in that organic chemicals were
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adsorbed to specific soil constituents before being introduced
into a natural soil and the incubation conditions reflected in
situ conditions of temperature and soil water activity (a,,).
Experiments were designed to minimize changes in the soil
chemistry and mineralogy while presenting the chemical to the
natural microbiota in a defined environmental form. Four
14C-labeled surfactants with different physicochemical proper-
ties were individually associated with purified soil constituents
(sand, montmorillonite, kaolinite, illite, and humics), and small
amounts of these complexes were introduced into a natural
woodlot soil. The mineralization kinetics of the complexed
surfactants were compared with one another and with those
of controls, which were conventionally dosed with aqueous
solutions or dispersions of the chemicals. In addition, the
parameters describing mineralization were compared with the
desorption coefficients (K,) of the chemical from the soil
constituent.

The four surfactants differed in their charge and hydropho-
bicity and therefore modeled many of the physicochemical
interactions which can occur between organic chemicals and
different soil constituents. In addition to serving as excellent
model compounds, surfactants have a wide range of consumer
and industrial uses (35) and are increasingly important in the
remediation technology of in situ soil washing (10, 28). Most
modern surfactants are usually quickly biodegraded in surface
soils, with half-lives of 3 weeks or less (19, 47), but some
nonionic surfactants may have longer residence times in some
soils (46) and may affect microbial processes therein (22). In
addition, the extent of mineralization of surfactants added to
soils has been shown to vary greatly as a function of soil type
(19).

MATERIALS AND METHODS

Soil. Bonnell soil was obtained from a woodlot in Hamilton
County, Ohio. The upper 5 to 8 cm was aseptically collected,
partially dried under a stream of sterile air, and sieved. The
=<2-mm fraction was used for all experiments. The soil was a
silty loam and was mapped as a fine mixed, Mesic, Typic
Hapludalf (24). It had a pH of 7.13, an organic carbon content
of 4.7%, a cation-exchange capacity of 27.5 meq 100 g~ ! (2), a
surface area of 49.6 m? g~! (14), and a clay content of 6.3%.
The clay fraction was predominantly mica, with a moderate
level of vermiculite and a trace of smectite.

Soil constituents. Montmorillonite (SWy-1), kaolinite, and
illite were purchased from the Clay Mineral Society, University
of Missouri, Columbia. The illite was pulverized prior to use.
The sand was collected near Daytona Beach, Fla., and com-
busted at 550°C for 4 h before use. Humic acid was purchased
from Aldrich Chemical Co., Milwaukee, Wis.

Chemicals. [U-ring-*C]dodecyl linear alkylbenzene sulfo-
nate (LAS) with a specific activity of 67.8 nCi mg™! was
purchased from New England Nuclear, Wilmington, Del.
[U-ethoxy-'*C]dodecyl linear alcohol ethoxylate (LAE) (aver-
age of 8.5 ethoxy residues per molecule) and [U-'*CJsodium
stearate were purchased from Amersham, Arlington Heights,
IIl. LAE had a specific activity of 5.4 pCi mg~’, and stearate
had a specific activity of 196.8 wCi mg~*. [1-**C]stearyl tri-
methylammonium chloride (STAC) was synthesized at Procter
and Gamble and had a specific activity of 12.5 pCi mg™".
[U-'*Clacetate was purchased from Amersham; its specific
activity was 57 mCi mmol ™. The radiochemical purity of the
surfactants as determined by thin-layer chromatography was
greater than 98%, except for sodium stearate, which had a
purity greater than 96%. All other chemicals used were
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FIG. 1. Chemical structures of the compounds used in this study.
The location of the '*C is indicated by *.

reagent grade. Structural formulas of the surfactants are shown
in Fig. 1.

Microbiological analysis. Subsamples of the soil were ana-
lyzed for overall microbial biomass and activity at both the
initiation and termination of the experiments. Microbial activ-
ity was determined by measuring the rate of ['*Clacetate
incorporation into microbial lipids, using the method of Mc-
Kinley et al. (29) with one modification. Instead of using a soil
slurry, activity measurements were done at 100% water-hold-
ing capacity to represent more realistic a,, ranges in the soil.
The concentration of [**Clacetate was 42.6 M. Soil microbial
biomass was determined by measuring CHCl;-extractable lipid
phosphate as described by Findlay et al. (11).

Preparation of chemical-soil constituent complexes. All soil
constituents were sterilized by autoclaving for 40 min at 121°C.
A 4-g portion of each soil constituent was placed in a round-
bottom (250 ml) flask with 4 to 12 ml of absolute methanol
containing 14.5 ug of the *C-labeled chemicals. This ratio of
surfactant and soil constituent resulted in a final concentration
of approximately 50 ng of surfactant per g of soil in the
mineralization experiments amended with 100 mg of the
complex. The flasks were placed on a rotary evaporator, and
the materials were mixed at 40°C. A vacuum was applied, and
the solvent slowly evaporated as mixing continued. The com-
plexes were further dried aseptically in a vacuum oven and
stored over Drierite in sterile containers. Alcohols were used
instead of water to avoid high temperatures during the drying
process as well as to ensure sterility during the adsorption
process.

Specific activity was determined by placing a known quantity
of each complex in 0.5 ml of methanol or ethanol in a 20-ml
scintillation vial (Kimble), vortexing for 5 min, and mixing with
15 ml of Scintiverse II (Fisher) and sufficient water to form a
gel. Radioactivity determinations were made on a Packard
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Tri-Carb 2200CA scintillation counter, using an efficiency
tracing protocol for quench correction. Specific activities of the
bound surfactants closely agreed with theoretical specific ac-
tivities, based on the total *C activity added to each soil
constituent.

Mineralization assays. Mineralization of the bound surfac-
tants was measured in serum bottle radiorespirometers as
described by Knaebel and Vestal (20). The surfactant-soil
constituent complexes were added at a low level (1.25%, wt/wt)
to avoid altering the biology and chemical and physical char-
acteristics of the soil. A small amount (100 mg) of the
surfactant-soil constituent complex was mixed with 8.0 (dry
weight) of soil. Sterile deionized distilled water was then added
to bring the mixture to 70% gravimetric water-holding capac-
ity. Controls were treated similarly, except that the surfactant
was dissolved or dispersed in the water used to adjust the
water-holding capacity. Four replicates of each treatment were
tested. Abiotic controls were autoclaved three times and
amended with 4.7% formalin and 30 mg of thimerosol kg™ as
previously described (19). The respirometers were incubated in
the dark at room temperature (ca. 22°C). Mineralization was
measured over a period of 2 months.

Desorption assays. Desorption coefficients (log K,) were
determined by standard techniques (1a) adapted for desorp-
tion applications. An aliquot of each complex was placed into
sterile 10 mM NaN; in acid-washed polypropylene or glass
centrifuge tubes. The tubes were vortexed briefly and placed
horizontally on an orbital shaker (120 rpm) at room tempera-
ture (22 to 24°C). At predetermined intervals, the tubes were
centrifuged and a portion of the supernatant was removed for
radioactivity determination. The complexes were resuspended,
and the process was repeated until the level of radioactivity in
the supernatant remained constant. Equilibria were assumed
when the radioactivity in the supernatant was constant. This
usually occurred within 2 to 4 h, but experiments were con-
ducted for 24 to 48 h. The K, was calculated from the ratio of
radioactivity remaining bound to the soil constituents (dpm per
milligram) to radioactivity in the supernatant (dpm per milli-
liter). The former was estimated by subtraction of the super-
natant value from the total added radioactivity.

Data analysis. Mineralization results were fitted to first-
order (23) and 3/2-order mineralization models (7). The two
models are similar, but the 3/2-order model has additional
terms for growth and a zero-order mineralization rate.

The first-order model has the following form: P = P, [1 —
e{~%1], where P is the percentage of compound mineralized at
time ¢, P, is the asymptotic percentage of compound converted
to '*CO,, and k, is the first-order rate constant (day ). The
3/2 model (with linear growth term) has the following form: P
= Py {1 — el™*r = GV21} 4 (kr), where P is the percentage
of compound mineralized at time ¢, P, is the percentage of
compound converted to *CO, during first-order metabolism,
k, is a proportionality rate constant (day™!), k, is a linear
growth rate term, and k,, is a zero-order rate constant (percent
day ™). On the basis of the small amounts of labile carbon (i.c.,
the surfactants) which were added to the soil (50 ng g™?), no
growth was assumed and k, was removed from the equation
(7), to give the following: P = Py [1 — e™¥9] + (ko).

The mineralization data were fitted to the models by the
Quasi-Newton minimization technique in the NONLIN mod-
ule of Systat, Evanston, Ill. The model that best fit the
mineralization data was determined by the F-test procedure
outlined by Robinson (37). The GLM module of SAS Institute,
Cary, N.C,, and the MGLH module of Systat were used for
statistical analyses. Comparisons within treatments (i.e., sur-
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FIG. 2. Microbial biomass and activity in the Bonnell soil before
and after the mineralization experiments. Data are shown as mean *
1 standard deviation. (a) Microbial biomass, measured as nanomoles
of lipid phosphate per gram (dry weight) (gdw) of soil (n = 3). (b)
Microbial activity of the soil before and after the mineralization
experiments, expressed in terms of soil mass (» = 4). Initial, initial
biomass of the soil prior to mineralization experiments; Mont, mont-
morillonite; Kaol, kaolinite; Illit, illite; hum, humics.

factants or soil constituents) were made by the Scheffé multi-
ple-comparison test (9, 40, 43).

RESULTS

The Bonnell soil had an initial microbial biomass of 141
nmol of lipid phosphate g (dry weight)™, which represents
approximately 2.8 mg of biomass carbon g (dry weight)~* (49),
and an initial activity of 2.97% [**Clacetate incorporated into
microbial lipids h~! g (dry weight) ™! (Fig. 2). The biomass and
physiological activity of this soil were similar to those of other
soils in this geographical region (19). After the mineralization
experiments were terminated, mean microbial biomass and
activity were elevated compared with the initial values in most
treatments, including the control (Fig. 2). This increase in
mean value was also accompanied by increased variability
within each treatment. Hence, the biomass in treatments
amended with surfactant-soil constituent complexes was not
significantly different from that in the control treatments (P =
0.05) (Fig. 2a). Similarly, microbial activity, whether expressed
in terms of soil mass (Fig. 2b) or microbial biomass (data not
shown), did not exhibit any significant treatment effects (P =
0.05).

In 92% of the cases, the 3/2-order model showed signifi-
cantly better fit to the mineralization data than the first-order
model on the basis of F-tests that control for the extra terms in
the model (40). Two examples of this better fit are shown in
Fig. 3. This model estimates an initial exponential rate con-
stant (k,), a yield parameter (P,), a linear (or exponential)
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TABLE 1. Mineralization kinetic estimates and total yields of '*CO, from surfactant-soil constituent complexes in the Bonnell soil®

. LAE LAS Stearate STAC
Soi
consti- Total Total Total Total
tuent k, ko P, yield ky ko Py yield ky ko Py yield ky ko Py yield
(%) (%) (%) (%)

Sand 0.46 + 0.04 0.19 = 0.01 43.6+39 540+ 4.4 057 +0.04 026 +0.03 56.1 69 703 +4.5 023*002 029 +001 30.6=*19 47.1*24 0.18*0.01 0.12+0.01 120=09 186=*14

Kaolinite 0.43 = 0.02 0.21 = 0.03 50.0 = 2.3 58.4 +32 0.49 +0.02 023 +0.02 628 +3.6 753+79 0.25*001 028 +0.03 27.3*x0.6 43.1=15 013001 0.11+001 142+09 208 1.0

Illite 0.49 + 0.02 0.17 001 33.7=0.6 43.0+0.5 047 +0.10 027 +0.02 529+25 67628 020=001 026+002 251 =10 40.1 =18 0.18 =002 0.10+0.01 105+05 16109

Montmor- 0.45 + 0.02 0.12 +0.02 27.8 =12 343 +22 0.60 * 0.03 022 +0.02 47.5+22 593 +27 024001 0.08 009 256+ 0.4 30350 024+0.02 005001 45*01 7003
illonite

Humic 023 +0.02 0.14 * 0.02 46.0 = 4.4 540 +35 0.19 +0.04 021 +0.02 37.5+35 485+45 0.15=001 0.16+0.01 191 =10 286 =11 010001 0.04*001 68+08 8913
acids

Control  0.58 +0.03 0.18 +0.02 49.1 + 1.1 58.8 2.3 0.61 = 0.09 0.21 +0.01 44.5+3.5 55830 025001 024 =002 284 +0.6 420+0.9 0.18*0.02 0.10 = 0.05 18.0= 7.7 20.1 * 1.8

Mean 0.44 +0.12 0.17 = 0.03 41.7+9.0 50.4 9.7 049 +0.16 0.23 *0.03 502+ 9.0 62.8 100 0.23 = 0.02 0.24 = 0.08 26.0 £3.9 35574 0.17+0.05 0.09 £0.03 11.0*49 152359

2 Estimates shown are the mean values *+ 1 standard deviation (n = 4). k; represents the initial rate of mineralization (day"), and &, -o%_.oma_._g the detachment-dependent mineralization rate, or the rate of
mineralization of the chemicals as they become available from the environmental matrix (percent day~?). P, represents the amount (percent) of *CO, produced when the mineralization changes from pseudo-first-order
to linear kinetics. The total yield represents the total percentage of 1*CO, recovered after 60 days. The averages of the paraemeters for each surfactant are shown in the column averages.

Time in Days

O First order model fit
O 3/2 order model fi

V¥ Raw Data

ered as 1*CO, (Table 1). For this reason, the
14CO, evolved after 60 days are included in
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Because of the error minimization calculations used by the
nonlinear regression algorithm, the estimates of equivalent

30
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FIG. 3. Comparison of the fit of 3/2-order and first-order models to

mineralization data. The mineralization data were from the stearate

pazi|DJauI juddiad

complexed with humics (a) and sand (b). The inset shows the details of

the first 8 days of mineralization.

shown), so no growth was assumed. Therefore, the growth
term was removed from the model (7). This was consistent with
the minimal changes in biomass during the mineralization
parameters of the 3/2-order model differed in a consistent
fashion from those of the first-order model. The general trends
were that the initial rate estimates (k,) calculated by the

3/2-order model were slightly higher than the estimates of the
first-order rate constant and that the yield estimates (P,)

The k, estimates were usually zero in this study (data not
experiments (Fig. 2a) and the low level of added surfactants
tended to be lower than the asymptotic yield estimates of the
first-order model. However, the P, values for the 3/2-order
model are unique in that they indicate the point at which the
mineralization rate changes from a pseudo-first-order reaction
to a zero-order reaction. They do not indicate the asymptotic
yield of CO,. In most circumstances, P, represented 70% (for
stearate and STAC) to 80% (LAE and LAS) of the total final

growth parameter (k,), and a linear mineralization rate (k).

total amounts of

percentage recovi
Table 1.

(50ng g
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FIG. 4. Mineralization of bound or free LAE (a) and LAS (b) in
the Bonnell soil, shown as the cumulative production of '*CO, over
time. Each line represents four replicates. Error bars indicate 1
standard deviation. The initial 4 to 5 days of mineralization are shown
in the insets. The soil constituents to which the surfactants were bound
are shown in Fig. 3a. Symbols: ©, montmorillonite; @, illite; ¥,
kaolinite; ¥, sand; [J, humics; I8, control.

The environmental form of the surfactants had variable but
significant effects on the rate and extent of mineralization of
the radiolabeled chemicals. In some instances, different chem-
icals also exhibited distinct mineralization kinetics when asso-
ciated with the same soil constituent. Figure 4 shows evolution
of *CO, from the various chemical-soil constituent complexes
as a function of time. For LAE, the total yield of *CO, during
the experiment was similar (=55%) when LAE was associated
with kaolinite, sand, or humic acid or added to the soil in
aqueous solution (Fig. 4a; Table 1). The yield was significantly
lower when LAE was bound to illite (43%) or montmorillonite
(34%). During the initial 4 days, LAE added as an aqueous
solution was mineralized more rapidly (k, = 0.58 day™") than
was LAE added in the bound form (Fig. 4a inset). The k, for
LAE bound to montmorillonite, kaolinite, illite, or sand was
approximately 0.45 day —*, while that for LAE bound to humic
acid was 0.23 day~'. Notably, mineralization of the LAE-
humic acid complex exhibited a sigmoidal mineralization pat-
tern. The k, ranged from 0.12% day~! for montmorillonite-
bound LAE up to 0.21% day ! for kaolinite-bound LAE.

The microbial mineralization of the various environmental
forms of LAS was different from that observed for the analo-
gous forms of LAE (Fig. 4b). The total yield of '*CO, for LAS
after 60 days was greatest when LAS was associated with
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FIG. 5. Mineralization of bound or free stearate (a) and STAC (b)

in the Bonnell soil, shown as the cumulative production of *CO, over
time. See the legend to Fig. 4 for explanation of symbols.

kaolinite (75%), sand (70%), or illite (68%). The yield was
lower when LAS was added to the soil as an aqueous solution
(56%) or when bound to montmorillonite (59%) or humic
acids (48%). Notably, mineralization of the LAS-humic acid
complex was preceded by a 3-day lag. The initial rate of LAS
mineralization (k,) was similar for most of the environmental
forms (k, ~ 0.55 day™ '), except for the LAS-humic acid
complex, which was mineralized much more slowly than the
other forms (k; ~ 0.19 day™") (Fig. 4b inset; Table 1). The k,
of alllforms of LAS was relatively constant and averaged 0.23%
day™".

Stearate mineralization in many ways mimicked that of LAS;
however, the total yield of *CO, from LAS was on average
1.8-fold higher than that for stearate (Fig. 5a; Table 1). The
yield of '*CO, was highest when stearate was associated with
kaolinite (43%), sand (47%), or illite (43%) or added as an
aqueous solution (42%). The yield was lower when stearate
was bound to montmorillonite (39%) or humic acid (29%). In
all cases, mineralization of stearate was not preceded by a lag
and did not exhibit a sigmoidal pattern. With the exception of
the humic acid complex, the initial rates of mineralization of all
forms of stearate were similar (k; = 0.20 to 0.25 day~'). The k,
of the humic acid complex was 0.15 day . These initial rates
were lower than those observed for LAE or LAS. The k, was
again relatively constant across all treatments (0.24 to 0.29
day ™), except for the montmorillonite (0.08 day™*) and humic
acid (0.16 day™!) complexes.
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TABLE 2. Desorption coefficients (K,) for the surfactant-
soil constituent complexes®

K, for:
Soil constituent

LAE LAS Stearate STAC
Sand 98 41 479 794
Kaolinite 162 155 1,413 2,399
Illite 141 66 676 1,258
Montmorillonite 98 22 33 275
Humic acid 135 1,698 2,884 2,239
Mean 123 110 832 1,071

2K, is calculated as: (G,/B)/C,, where G, is the total quantity of material
desorbed (micrograms), B is the dry weight of soil (or soil constituent), and C; is
the concentration of chemical in solution at equilibrium (micrograms per
milliliter).

The yield of *CO, from STAC was the lowest for all the
materials tested, regardless of environmental form (Fig. 5b).
Like stearate, yields were greatest and comparable when
STAC was added to the soil as an aqueous solution (20%) or
as a kaolinite (21%), sand (19%), or illite (19%) complex
(Table 1). They were substantially lower for humic acid (9%)
or montmorillonite (7%) complexes, which also had the lowest
initial mineralization rates (k; ~ 0.12 day~') compared with
the other forms (~ 0.20 day™'). The k, values for STAC
mineralization were also the lowest observed with any of the
chemicals. Montmorillonite and humic complexes had k&, val-
ues of approximately 0.05% day !, while those of the other
forms averaged 0.11% day™ .

Table 2 shows the desorption coefficients (K,) for the
various chemical-soil constituent complexes. The K;s for LAE
were similar for all soil constituents (98 to 162 liters/kg). In
contrast, those for LAS were highly variable, ranging from 22
liters/kg for montmorillonite to 1,698 liters/kg for humic acid
complexes. On average, the desorption coefficients for the
stearate and STAC complexes were considerably greater than
those of other two surfactants. The K s for the humic acid-
bound surfactants were usually the largest for any of the soil
constituent-surfactant complexes, and the K s for montmoril-
lonite- and sand-bound surfactants were usually the lowest.
The low values for montmorillonite were unexpected, given its
large surface area. However, because of the use of alcohol
rather than water during the adsorption process, this 2:1 clay
was not fully expanded and many interstitial sites were not
available.

Figure 6 shows the relationships between the desorption
coefficient (log K;) and the various mineralization param-
eters. For all of the surfactant-soil constituent complexes, log
K, was negatively correlated with k, (r = —0.862; P < 0.01),
P, (r = —0.663; P < 0.01), and the total recovery of “CO,
(r = —0.620; P < 0.01) but was not significantly related to K,
(r = —0.182; P = 0.05). For LAS and STAC, k, was inversely
related to the desorption coefficient of the various soil constit-
uent complexes. No such relationships, however, existed for
the LAE and stearate complexes (Fig. 6a). More importantly,
the average k, and log K, for each compound was inversely
correlated. Thus, the differences among chemicals as well as
within the STAC and LAS treatments accounted for the
observed correlation between k; and log K. In contrast, the
negative correlation between P, and log K, appears to be
largely dependent on the differences between the surfactants
and not to be due to the soil constituents to which they were
bound.

The microbial characteristics of the soil (activity and bio-
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FIG. 6. Relationship between the mineralization kinetic parame-
ters (ky, ko, Py, and final yields of 1*CO,) and log K. (a) Log K, versus
the initial mineralization rate, k; (day™'); (b) log K, versus detach-
ment-dependent rate, k, (% day~*); (c) log K, versus yield component,
Py (%); (d) log K, versus final yields of “CO, (%). Confidence
intervals (99% level) are shown. The different surfactants are identi-
fied in panel b.

mass) were not correlated with any of the mineralization
kinetic parameters or total yields of **CO, (P = 0.05 in all
cases).

DISCUSSION

These experiments demonstrated that under realistic soil
conditions, the microbial mineralization of organic chemicals
in soil is controlled in part by interactions between the
chemicals and the soil matrix constituents. These interactions
affected both the yields of *CO, from radiolabeled chemicals
introduced into soils and the kinetics of mineralization. While
other studies have demonstrated that purified soil constituents
can adsorb and potentially affect the subsequent degradation
of chemicals, most of these studies have not been performed
under typical soil solution conditions with intact soil commu-
nities. Commonly, the adsorption and desorption of chemicals
is examined in dilute solutions of the soil constituent, which do
not represent the typical soil solutions or soil water activity
(a,,) (6,12, 31, 38, 39, 41). The unique value of this study is that
mineralization of chemicals in known environmental forms was
measured under realistic a,, conditions, at which the biological,
chemical, and physical characteristics of a natural soil were
largely preserved.

Mineralization in this study exhibited multiphasic kinetics,
consistent with multiple controlling factors. Typically, the
mineralization data were better described by the 3/2-order
model than the first-order model. The improved fits resulted



4506 KNAEBEL ET AL.

from the inclusion of the k, term in the 3/2-order model, which
describes a zero-order process that follows the initial first-
order phase of mineralization (7). Brunner and Focht (7)
found that k, was constant for a variety of substrates in any one
soil and suggested that it describes the indigenous rate of
carbon release in a soil. Others have concluded that biphasic
biodegradation kinetics are related to desorption, since models
that have a desorption term typically provide better fits to soil
biodegradation data (17, 21, 30, 42). Furthermore, biphasic
desorption kinetics have been frequently observed for organic
chemicals in soil and are characterized by a relatively quick
initial release of the chemical from the soil or soil constituent,
followed by a slower desorption phase (4, 18, 30, 34, 38). In the
present study, it is likely that k, was indicative primarily of slow
desorption of the 'C substrates from the soil matrices. This
conclusion is based on observations that the k, values varied as
a function of the surfactant and the soil constituent to which it
was bound. The k, was greatest when the surfactants had been
preadsorbed to sand or kaolinite and lowest when they had
been bound to humics or montmorillonite.

Association of the surfactants with soil minerals (sand and
clays) led to variable effects on the mineralization kinetic
parameters. Sand and kaolinite complexes exhibited some of
the highest rates (k, and k) and extents (P, and total yields of
4CO,) of mineralization, while illite and montmorillonite
complexes generally exhibited lower P, and total yields of
4CO, but similar initial mineralization rates (k). P, values for
the illite complexes were 9 to 34% lower than those for the
corresponding kaolinite complexes, with LAE and STAC
exhibiting the greatest treatment effect (Table 1). Montmoril-
lonite had an even more dramatic effect on P,, with 6 to 68%
lower values for the montmorillonite complexes than for the
corresponding kaolinite complexes. Notably, k, for all clay
complexes were similar to each other and to those for sand
complexes. In contrast, k, values for the montmorillonite
complexes of LAE, stearate, and STAC were approximately
half of what was observed for the corresponding illite, kaolin-
ite, and sand complexes.

These observations are consistent with different degrees of
bioavailability related to different types of association between
the chemicals and the soil minerals. One fraction of the
chemical appeared to be readily bioavailable and rapidly
mineralized, and the rate at which this fraction was mineralized
was described by the initial mineralization rate (k,). Signifi-
cantly, k, and the desorption coefficients (K,) were significantly
negatively correlated with each other. The relative size of this
readily mineralized fraction was reflected by the magnitude of
Py, which also was inversely correlated with K,. A second
fraction was more slowly mineralized, and its mineralization
appeared to be equilibrium dependent. This equilibrium de-
pendence was reflected in the similarity of the k, values of the
kaolinite, illite, and sand complexes to those of the treatments
involving aqueous solutions. A third fraction, exclusive to
montmorillonite, was much more slowly mineralized and not
entirely equilibrium dependent. The predominance of this
form was reflected in the much lower k, rates for the mont-
morillonite complexes of LAE, stearate, and STAC.

Attributing the observed mineralization kinetics to the de-
sorption behavior of the chemicals is consistent with the
different nature of the sand and clays involved. Sand has
exclusively external binding sites. Kaolonite and illite are
nonswelling 1:1 clays, whose binding surfaces are primarily
external. Illite has 3 to 5 times the ion-exchange capacity and
5 to 10 times the surface area of kaolinite (5). In contrast,
montmorillonite is an expandable 2:1 clay, with 2 to 7 times the
ion-exchange capacity and 3 to 8 times the surface area of illite,
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but approximately 80% of the binding surfaces are interstitial
(5). Differences in P, among the clay complexes probably
reflect the relative abundance of binding sites, whereas the
lower k, values exhibited by montmorillonite complexes of
LAE, stearate, and STAC were probably due to much slower
desorption and decreased bioavailability of chemicals which
migrated into interstitial surfaces following their hydration in
the soil. Notably, the k, of the LAS-montmorillonite complex
was similar to that of all other LAS complexes. This unique
behavior for LAS is probably associated with its size-related
exclusion from the interstitial spaces of montmorillonite.
While the linear surfactants (LAE, stearate, and STAC) have
small enough diameters (<10 A [<1 nm]) to migrate into the
interlayers (10 to 20 A [1 to 2 nm]), the benzene ring
(diameter, 35 A [3.5 nm]) makes this migration nearly impos-
sible for LAS. A similar observation (exclusion of a chemical
from within the interlayer spaces of montmorillonite) was
made by Ogram et al. for 2,4-dichlorophenoxyacetic acid (33).

These results expand on and are generally consistent with
experiments that demonstrate the ability of clays to inhibit
biodegradation of organic compounds. They are consistent
with the observations that benzylamine degradation by a
Pseudomonas sp. was slower when montmorillonite (1 g li-
ter ') was present (31) and that nucleic acids bound to
montmorillonite were generally oxidized to lesser extents than
those bound to kaolinite or illite (16). They were not, however,
consistent with the observations of Scow and Alexander (41)
that the degradation of phenol, glutamate, and p-nitrophenol
was slower when they were incubated in aqueous solutions
containing kaolinite. This incongruity demonstrates the differ-
ent results that can be observed when testing biodegradation
processes at realistic soil a,, in contrast to testing them in dilute
solutions.

The mineralization of the surfactants was consistently inhib-
ited when they had been preadsorbed to humics. Whereas
most of interactions between the chemicals and clays (or sand)
were probably ionic or involved hydrogen bonding, those with
the humics were probably hydrophobic and in some instances
may have involved covalent bonding (8, 27). The initial min-
eralization rates of all chemical-humic acid complexes were
much lower than those of the other complexes. In addition, the
onset of humic acid-LAS complex mineralization was preceded
by a 3-day lag period, and mineralization of LAE exhibited a
sigmoidal pattern. Furthermore, the desorption coefficients for
humic complexes of LAS, stearate, and STAC were much
greater than those of the other complexes. These complexes
exhibited much lower P, values than the other complexes,
which suggests a smaller pool of readily bioavailable chemical
in the humic complexes. These results agree with other reports
that showed that nonbiological binding events or enzymatic
incorporation between chemicals and soil organic matter
would lead to much longer persistence in the environment (8,
15, 26, 27).

The log K, values of the compounds and soil constituents
were negatively correlated with the kinetic parameters k;, P,
and total measured yield (Fig. 6). These correlations suggest
that the greater the affinity of a chemical for the environmental
matrix, the less it will be available to the indigenous degrading
populations. These relationships, however, should be viewed
with caution, because a short-term equilibration constant
(determined over 24 to 48 h) is being compared with a
longer-term (60 day) process. Furthermore, in the short-term
K, determinations, the surfactants partition between a large
amount of solution and a small amount of soil constituent
solids. In the biodegradation experiments, the surfactants
partition into a much smaller volume of soil solution and are
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available not only to the microorganisms but also to other soil
processes. Since these K, measurements did not take into
consideration the full complexity of the interactions of a
chemical with the various components of soil, it should not be
taken for granted that sorptive chemicals with high measured
K, will not degrade as extensively or rapidly as less sorptive
chemicals.

Laboratory studies that examine the biodegradation of a
chemical in soil usually are conducted by adding the chemical
to a soil as an aqueous solution or dispersion or by adding
insoluble chemicals to the soil in an organic solvent. The
results of this study indicate that the soil constituents with
which the chemical becomes associated can have a profound
effect on the observed results. As a consequence, to most
accurately assess the biodegradation of a chemical in a soil, it
is important that the chemical be added in the same manner
that it normally enters the soil environment. Thus, chemicals
that enter soil in association with sewage sludge, such as
surfactants, are best studied preassociated with sludge. Simi-
larly, the fate of other chemicals that enter soils (e.g., pesti-
cides) should be studied in the same form in which they are
customarily applied.

In summary, a chemical in a soil environment can be in
solution, sorbed weakly or tightly to inorganic and organic soil
constituents, or covalently incorporated into soil organic mat-
ter, such as humics. The bioavailability of the chemical for
biodegradation will depend on which of these environmental
forms is predominant. How the chemical is distributed among
these forms is determined by its physical and chemical char-
acteristics, its mode of entry, and the composition and miner-
alogy of the soil. The ultimate fate of a chemical in soil is the
result of several competing processes: biodegradation, irre-
versible sorption, humification, and diffusion into interstitial
spaces not accessible to microorganisms. The outcome of this
competition is dependent on the kinetics of these various
processes and the points from which they begin. These starting
points are defined by the mode of entry of the chemical into
the soil matrix and its form at the time of this entry.
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