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Abstract 

Monod's equation adequately described aerobic biodegradation rates of benzene and toluene by the 
microbial population of a sandy aquifer when these compounds were initially present at concentrations lower 
than 100 mg/1 each. Concentrations higher than 100mg/1 were inhibitory, and no benzene or toluene 
degradation was observed when these compounds were initially present at 250 mg/l each. The Monod 
coefficients were calculated as k = 8.3g-benzene/g-cells/day and Ks = 12.2mg/1 for benzene, and k = 
9.9g-toluene/g-cells/day and Ks = 17.4mg/l for toluene. Specific first-order coefficients would be 0.681/ 
mg.day for benzene and 0.57 1.mg.day for toluene. 

Introduction 

Biological treatment of contaminated aquifers is 
receiving increasing interest. Where applicable, in 
situ biodegradation of the toxic petroleum hydro- 
carbons benzene and toluene can serve as a cost 
effective groundwater cleanup method (Barker et 
al. 1987; Hutchins et al. 1990; Lee et al. 1988; 
Sheehan et al. 1988; Thomas et al. 1990; Verheul et 
al. 1988; Werner 1985). Assessing the biodegrada- 
tion kinetics of these compounds is essential in 
predicting the extent to which contamination will 
spread and in estimating the duration of in situ 
biodegradation cleanup operations. 

Monod kinetics are widely used to describe bio- 
degradation rates of organic contaminants in aquif- 
er systems (Borden & Bedient 1986; MacQuarrie 
et al. 1990; Molz et al. 1986; Widdowson et al. 
1988). Much of the versatility of Monod's equation 
is due to the fact that it can describe biodegradation 
rates following zero- to first-order kinetics with 

respect to the target substrate concentration. How- 
ever, Monod's equation cannot account for sub- 
strate inhibition and may be inappropriate to de- 
scribe biodegradation kinetics of benzene and tolu- 
ene when these contaminants are present at elevat- 
ed concentrations. 

Monod's equation is empirical, and the two coef- 
ficients that describe the equation are system spe- 
cific. Therefore, caution should be exercised in 
extrapolating coefficients measured in one envi- 
ronment to another. Several kinetic studies with 
pure cultures or with mixed cultures using sludge 
from biological reactors have measured Monod 
coefficients for benzene and toluene (Table 1). 
However, reported values of Monod coefficients 
for benzene and toluene degradation in aquifer 
material are virtually nonexistent. Barker et al. 
(1987) reported zero-order maximum degradation 
rates for benzene in aquifer material. However, the 
microbial concentration was not reported, and the 
maximum specific substrate utilization rate (k) 
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could not be calculated. The half-saturation coeffi- 
cient (Ks) was not determined in their study. Mac- 
Quarry et al. (1990) estimated Monod coefficients 
for toluene degradation in aquifer material. How- 
ever, these coefficients were not directly measured 
using a wide range of toluene concentrations. 
Rather, these coefficients were obtained by fitting 
a contaminant transport-biodegradation model to 
data from flow-through columns. A few first-order 
kinetic coefficients for benzene and toluene degra- 
dation in aquifer systems have been reported (Ta- 
ble 2). However, these coefficients often corre- 
spond to natural attenuation limited by the avail- 
ability of essential nutrients (e.g. oxygen), and may 
not apply to enhanced biorestoration conditions. 

The objectives of this study were to establish 
whether Monod's equation adequately describes 
the kinetics of benzene and toluene aerobic degra- 
dation by the indigenous microbial population of a 
sandy aquifer; to determine at what substrate con- 
centrations is this equation appropriate; and to 
measure the corresponding Monod coefficients un- 
der enhanced biorestoration conditions. 

T h e o r e t i c a l  b a c k g r o u n d  

The hyperbolic equation proposed by Monod 
(1949) to describe the growth of bacterial cultures 
as a function of a limiting nutrient concentration 
was modified by Lawrence & McCarty (1970) to 
describe the effect of substrate concentration on 
the rate at which microorganisms remove a limiting 
substrate: 

aS 
at 

where 

S 
- aS 

k S X  
Ks+ S 

(1) 

= Substrate concentration (mg-substrate/1) 

- Substrate utilization rate 
at 

(mg-substrate/l. day) 
X = Microbial concentration (mg-cells/1) 
k = Maximum specific substrate utilization 

rate (g-substrate/g-cells/day); and 
Ks = Half-saturation coefficient 

(mg-substrate/1) 

The intrinsic coefficients k and Ks characterize 
Monod's equation. These coefficients can be deter- 
mined by using non-linear regression as well as by 
several different techniques that transform 
Monod's equation into a linear form. Among these 
techniques, the Hanes linearization was selected in 
this study because of its simplicity, adequacy of 
data spread, and validity of the use of a least-square 
fit (Dowd & Riggs 1965; Grady & Lim 1980). This 
technique linearizes Monod's equation by a double 
inversion followed by multiplication by S to obtain: 

S X Ks S 
a ~ -  k + k (2) 
at 

If Monod's equation fits the data adequately, a plot 
of the substrate concentration divided by the spe- 
cific substrate utilization rate s/as/at /x)  versus 
substrate concentration (S) results in a straight 
line, giving k as the inverse of the slope and Ks as 
quotient between the intercept and the slope. 

E x p e r i m e n t a l  m e t h o d o l o g y  

Experimental design 

Benzene and toluene were added concurrently to 
batch incubations seeded with aquifer material to 
obtain the following approximate aqueous concen- 
trations of each compound: 1, 10, 50, 100 and 
250 mg/l. Removal rates were measured over this 
wide range of concentrations in order to cover the 
transition from zero- to first-order kinetics with 
respect to substrate concentration. Batches were 
duplicated and each batch yielded a value for 
( -as /a t )  corresponding to a value for S which, in 
turn, yielded a point in the Hanes plot. Initial re- 
moval rates were used in this analysis in order to 
preclude confounding effects arising from increas- 
es in biomass. Initial rates were measured at the 
onset of biodegradation, which followed an accli- 
mation period of 1 to 2 days during which the 
microbial concentration remained relatively con- 
stant. Microbial numbers were determined at the 
onset of biodegradation and were assumed to re- 
main constant over the initial rate measurement. 
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Each batch had a negative (sterile) control which 
was used to correct for benzene and toluene disap- 
pearance due to abiotic losses such as adsorption 
and volatization. Therefore, the measurements of 
- a S / 5 t  reflect removal due to biodegradation 
alone. 

Media 

Basal mineral medium was prepared to provide 
essential inorganic nutrients and vitamins for mi- 
crobial metabolism. The medium contained the 
following (in mg per liter of Milli-Q water): NHnCI 
(100); KH2PO4 (700); K2HPO, (1,000); NaCI (10); 
CaCl2 (5); MgC12 (10); CuCI2.2H20 (0.0392); 
ZnC12 (0.1363); NiCI2 (0.013); FeCI2.4H20 

Table 1. Monod coefficients for aerobic blodegradation of benzene and toluene. 

Compound k Ks Y Specific 
(g-compound (mg/l) (g-cell per first-order 
per g-cells g-compound) coefficient 
per day) (k/Ks) 

(l/mg.d) 

Method of measurement References 

Benzene 4.7 10.8 0.39 1.33 Respirometry, mixed 
culture suspension 

Benzene 0.033 mg/l.d . . . .  Substrate disappearance 
in aquifer microcosms 

Toluene 2.97 - 1.42 - Chemostats,  Pseudomonas 
putida suspension 

Toluene - - - 12 Total ~4 C-labeled product 
production, suspension of 
Pseudomonas putida sp. T2 

Toluene 0.004 0.33 0.01 0.01 Total 14 C-labeled product 
production, suspension of 
Pseudomonas sp. T2 
(marine strain) 
Uninduced cells 

Toluene 11 0.43 0.28 25.5 Total ~4C-labeled product 

production, suspension of 
Pseudomonas sp. T2 
(marine strain) 
Induced cells 

Toluene 0.013 0.034 0.1 0.38 uCO2 production, 
Pseudomonas sp. T2 
(marine strain) 
Uninduced cells 

Toluene 0.33 0.044 0.1 7.7 ~4 CO2 producUon, 
Pseudomonas sp. T2 
(marine strain) 
Induced cells 

Toluene 0.49 0.65 0.43 0.75 Computer  model fit to 
data from flow through 
column packed with 
aquifer material 

Toluene 4.32 0.15 - 28.8 Substrate disappearance 
in batch incubations with 
denitrifying sewage sludge 

Grady et al. (1989) 

Barker et al. (1987) 

Vetch et al. (1988) 

Button (1985) 

Button (1985) 

Button (1985) 

Robertson & Button (1987) 

Robertson & Button (1987) 

MacQuarry et al. (1990) 

J0rgensen et al. (1990) 

a Reported as zero-order maximum rate = k X with initial benzene concentration of 2 mg/l. Microbial concentration, X, not reported.  
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(0.7016); A1C13 (0.1106); MnCI2.4H20 (0.2807); 
COC12.6H20 (0.0382); Na2MoO4,2H20 (0.0254); 
H3BO 3 (0.0382); Na2SO 4 (0.1420); biotin (0.02); 
folic acid (0.02); pyridoxine HC1 (0.1); riboflavin 
(0.05); thiamin (0.05); nicotinic acid (0.05); pan- 
tothenic acid (0.05); vitamin B-12 (0.001); and p- 
aminobenzoic acid (0.05). All mineral medium 
chemicals as well as sodium azide were obtained 
from Fisher Scientific (Fairlawn, N J). Benzene was 
obtained from EM Science (Cherry Hill, N J). Tolu- 
ene was obtained from J.T. Baker (Phillipsburg, N J). 

Batch incubations 

air. Benzene and toluene were injected as pure 
stock with a 10-/zl syringe # 701 (Hamilton Co., 
Reno,  NV). Oxygen gas (10ml at 1 atm) was also 
injected into the headspace in order to ensure an 
oxygen supply in excess of the stoichiometric re- 
quirements for mineralization of benzene and tolu- 
ene. The batches were sealed with Teflon-lined 
caps and stored inverted at 25°C in the dark and 
shaken on an orbital shaker at 100rpm. Sterile 
controls were prepared by duplicating the batches 
and autoclaving them for 30 min at 120 ° C. Sodium 
azide (2000 mg/l) was added to the controls to aid in 
inhibiting potential microbial activity due to micro- 
bial contamination of the controls during sampling. 

Sandy aquifer material of low organic carbon con- 
tent (<  0.1%) (Chiang et al. 1989) was used to 
seed the batches. This aquifer material contained 
no detectable levels of benzene,  toluene, or xylene 
(BTX), although the aquifer underlies a gas plant 
facility in Northern Michigan and was previously 
contaminated at an overall level of approximately 
200/zg/L total BTX (Kukor & Olsen 1989). 
Batches were prepared by adding 16 grams of 
drained aquifer material (i.e. 10ml bulk volume) 
and 50 ml of mineral medium to 120 ml serum bot- 
tles. Aerobic conditions were maintained in the 
batches by a 60ml headspace volume containing 

Analytical procedure 

A 500p,1 gastight syringe # 1750 (Hamilton Co., 
Reno,  NV) equipped with a thin (30-gage) dis- 
posable needle (Becton Dickinson & Co., Ruther- 
ford, NJ) was used to withdraw aqueous samples 
(0.5 ml) from each batch. Samples were taken ap- 
proximately every four hours, transferred to 5 ml 
vials, and capped with Teflon-coated septa prior to 
automated headspace analysis. 

Benzene and toluene were analyzed in a Hewlett 
Packard 5890 gas chromatograph (GC) equipped 

Table 2. First-order coefficients for biodegradation of benzene and toluene. 

Compound K' Half-life X Specific 
(day l) (days) (mg/l)  first-order 

coefficient 
(K'/X) (l/mg.d) 

Method of measurement References 

Benzene 662 0.001 2,500 0.27 

Benzene 0.006 1 1 0  - - 

T o l u e n e  626 0.0011 2,500 0.25 

Toluene 

Total Benzene, 
Toluene and 
Xylene 

0.019 36 - 

0.131 70 - 

Substrate disappearance 
in batch incubations with 
activated sludge mixed-liquor 
Substrate disappearance 
in landfill leachate 
Substrate disappearance 
in batch incubations with 
activated sludge mixed-liquor 
Substrate disappearance 
in landfill leachate 
Substrate disappearance 
in sandy aquifer, limited 
by oxygen availability 

Jones (1984) 

Zoetman et al. (1981) 

Jones (1984) 

Zoetman et al. (1981) 

Chiang et al. (1989) 



with a HP19395A automatic  headspace sampler  
and a f lame ionization detector  (FID)  connected to 

a HP  300 computer  that used H P G C  ChemStat ion 
software to integrate the signal. The 30-m HP-5 
capillary column (crosslinked 5% Ph Me Silicone) 
had an inner diameter  of 0.5 m m  and a film thick- 
ness of 2.5/zm. A relative standard deviation of 
___ 5%,  including inconsistencies in sample collec- 
tion, was obtained for both  benzene and toluene 
measurements .  The limit of  detection of this proce- 
dure was approximately  0.01 mg/1. 

A biological oxygen moni tor  YS1530, equipped 
with a microchamber  and an oxygen micro probe 
(YSI Inc. ,  Yellow Springs, O H )  was used to mea- 
sure dissolved oxygen in samples withdrawn from 
the batches in order  to ensure that aerobic condi- 
tions prevailed. 

Microbial numbers  were measured with the 
Acridine Orange Direct Count  ( A O D C )  Proce- 
dure (Webster  et al. 1985). Both attached and sus- 

pended microbes were counted,  and the total mi- 
crobial concentrat ion was used in the analysis. A 
cell wet weight of  10 -9 mg was assumed to convert  
cell numbers  to biomass. This cell weight is based 
on a typically observed cell size of 1/~m 3 and a micro- 
bial density similar to that of water (i.e. 1.04 g/cm3). 

Results 

Microbial numbers  did not increase significantly 
f rom the initial count prior to addition of benzene 
and toluene to the time when the onset of biodegra- 
dation was observed.  Typically, cell counts in the 
order  of 106 per  gram of aquifer material  were 
observed.  Using a bulk density of 1.6 g/cm 3 for the 
aquifer material ,  a microbial concentrat ion (X) of 
approximate ly  1.6 mg/1 was calculated. 

Each batch was used to obtain an initial specific 
substrate utilization rate measurement  (i.e. the 
measured degradation rate divided by the micro- 
bial concentrat ion of 1.6 mg/l) corresponding to an 
initial substrate concentrat ion which, in turn, yield- 
ed a point in the Hanes  linearization. Data  f rom the 
batches with initial benzene and toluene concentra- 
tion of 250mg/1 (each) were not included in the 
est imation of Monod coefficients because benzene 
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Fig. 1. Hanes linearization for benzene. Observed ratio of initial 
benzene concentration to specific benzene utilization rate (~; 
least square regression line ( ); 95% confidence envelope 
(---). 

or toluene were not degraded in these batches for 
over  a one-month  period. Abiotic losses of ben- 
zene and toluene, assessed on appropriate  sterile 
controls, were negligible over  the initial-rate mea- 
surement  period ( <  1% lost). The Hanes  plots for 
benzene (Fig. 1) and toluene (Fig. 2) degradation 
yielded the following linear regressions: 

Benzene:  y = 35.322 + 2.8967x; r ~-= 0.991 with a 
95% confidence interval for intercept = [15.34, 
55.31h mg/1] and 95% confidence interval for 
s l o p e =  [2.58, 3.22h]. Therefore ,  k =  1/s lope= 
8.3g-benzene/g-cells/day, and K s =  intercept/ 
slope = 12.2 mg-benzene/l.  The specific first-order 
coefficient would be k/Ks = 0.68 l/mg/day. 

Toluene: y = 42.204 + 2.4236x; r 2= 0.957 with a 
95% confidence interval for intercept [5.94, 78.46 h 
mg/1] and a 95% confidence interval for slope = 
[1.71, 3.14h]. Therefore,  k = 1/slope = 9.9g-tolu- 
ene/g-cells/day, and Ks = intercept/slope = 
17.4mg-toluene/l.  The specific first-order coeffi- 
cient would be k/Ks = 0.571/mg/day. 
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Fig. 2. Hanes linearization for toluene. Observed ratio of initial 
toluene concentration to specific toluene utilization rate ( 0 ) ;  
least square regression line ( ); 95% confidence envelope 
(---). 

Discussion 

Monod's equation described adequately the bio- 
degradation kinetics of benzene and toluene at 
concentrations lower than 100mg/1. This is sub- 
stantiated by the high correlation coefficients (r :) 
obtained by the Hanes linearizations (0.991 for 
benzene and 0.957 for toluene). However, the cor- 
relation of a linearization technique is in itself in- 
sufficient evidence for proof of adequate Monod 
fit. The calculated Monod coefficients were used to 
compare simulated versus observed specific sub- 
strate utilization rates as a function of substrate 
concentration for benzene (Fig. 3) and toluene 
(Fig. 4), and the good fit of Monod's equation to 
the kinetics data was established (note: a similar 
good fit was not obtained with a Lineweaver-Burk 
linearization). 

No degradation was observed in batches with 
initial benzene and toluene concentrations of 
250 mg/l. One cannot exclude the possibility that 
these compounds exerted toxicity at these rela- 
tively high concentrations. This explanation for the 
lack of benzene and toluene degradation is consis- 
tent with reports of benzene inhibiting the micro- 
bial population of industrial wastewater treatment 
units when present in concentrations higher than 
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Fig. 3. Biodegradation kinetics of benzene in sandy aquifer 
material. Observed specific benzene utilization rate ( ~ ;  Mono- 
d's equation fit with k =  0.345hr -t (8.3 day t) and K s =  
12.2 mg/l ( ). 

100 mg/1 (Davis et al. 1981). However, this thresh- 
old for substrate inhibition for benzene and toluene 
is not universally applicable. The threshold for sub- 
strate inhibition is much lower for oligotrophs. For 
instance, low toluene concentrations (1 rag/l) have 
been reported to inhibit toluene-degrading bacte- 
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Fig. 4. Biodegradation kinetics of toluene in sandy aquifer 
material. Observed specific toluene utilization rate (4~); Mono- 
d's equation fit with k =  0.413hr t (9.9 day -1) and K s =  
17.4mg/l ( .... ). 



ria isolated from an oligotrophic marine environ- 
ment (Button & Robertson 1986). 

Monod's equation does not incorporate sub- 
strate toxicity effects, and therefore overestimates 
biodegradation rates at substrate concentrations 
sufficiently high to hinder microbial activity (e.g. 
250 mg/l). This limitation of Monod's equation is 
not significant for the purpose of estimating bio- 
degradation rates of benzene and toluene in con- 
taminated aquifers because these compounds are 
rarely found at such elevated concentrations. In 
other words, benzene and toluene contamination 
usually occurs as a result of inadvertent release of 
petroleum byproducts such as fuel. If the chemical 
system follows Raoult's law, the expected concen- 
tration of an individual hydrocarbon in water that is 
in equilibrium with fuel can be estimated by mul- 
tiplying its water solubility by its mole fraction in 
the fuel (Wilson et al. 1990). Regular gasoline con- 
tains a molar fraction of 0.0093 benzene (water 
solubility 1750 mg/l) and 0.0568 toluene (water sol- 
ubility 535mg/1) (Johnson et al. 1990). Conse- 
quently, the expected concentrations of benzene 
and toluene in water in equilibrium with gasoline 
are, respectively, 16 and 30 mg/l. These concentra- 
tions are within the range where Monod's equation 
proved adequate. However, in the event of a spill 
of pure benzene or toluene, the concentration of 
these compounds would approach their solubility 
in water in the vicinity of the contamination source. 
In such cases, a kinetics expression that incorpo- 
rates substrate inhibition (e.g. Haldane's equation) 
should be employed to estimate biodegradation 
rates. 

The confidence intervals of the Hanes lineariza- 
tions (see results) reflect that the intercept is sub- 
ject to more relative variation than the slope. Since 
k is estimated from the slope alone and Ks is calcu- 
lated as the quotient of the intercept and the slope, 
it follows that our estimates of k are more reliable 
than our estimates of Ks. 

There is considerable variation among the rela- 
tively few published values of Monod coefficients 
for benzene and toluene (Table 1). This apparent 
discrepancy reflects the fact that Monod's equation 
is empirical and Monod coefficients are system spe- 
cific. The catabolic diversity of microbes capable of 
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degrading benzene and toluene is an important 
factor in accounting for the variation of Monod 
coefficients. For instance, Monod coefficients re- 
ported by Button (1985) and Robertson & Button 
(1987) are considerably smaller than the values 
estimated in this study. However, our experiment 
was conducted with mixed cultures under nutrient- 
rich conditions which probably selected for the 
growth of eutrophs while their experiments were 
performed with much lower toluene concentra- 
tions using pseudomonad pure cultures isolated 
from an oligotrophic (marine) environment. Oli- 
gotrophs tend to exhibit smaller k and Ks values 
than eutrophs in order to adapt to nutrient-limiting 
conditions (Slater & Lovatt 1984). 

Regardless of the catabolic diversity of mi- 
crobes, a given microbial population is likely to 
exhibit different biodegradation kinetics in differ- 
ent systems. For instance, Ks values for a given 
compound have been reported to be orders of mag- 
nitude larger in soils than in aquatic systems (Alex- 
ander & Scow 1989; Tiedje 1987). Apparently, 
there is a lower degree of contact in soil between 
the substrate and the microbes which inflates the 
apparent Ks value. The aquifer material used in 
this study had a very low organic content (< 0.1%) 
and bioavailability of benzene and toluene was not 
significantly affected by adsorption of these com- 
pounds to the aquifer material. However, aquifer 
materials of high organic content may exhibit sig- 
nificant sorption of benzene and toluene, which 
could in turn hinder the bioavailability of these 
compounds and result in larger values of Ks. Other 
environmental factors such as temperature, pH 
and availability of inorganic nutrients will also af- 
fect the kinetics of biodegradation. 

The concentration of benzene and toluene found 
in contaminated aquifers is often substantially low- 
er than our estimated Ks values (12.2-17.4 mg/l of 
benzene and toluene, respectively). In this case, 
Monod's equation reduces to a first-order expres- 
sion with a specific first-order coefficient equal to 
k/Ks, which is numerically equal to the overall 
first-order coefficient (K') divided by the microbial 
concentration (X). The measured specific first-or- 
der coefficients (0.68 and 0.571/mg.day for ben- 
zene and toluene, respectively) indicate that ben- 
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zene and toluene half-lives in the order  of  one day 
may be expected when adequate  environmental  
conditions exist in contaminated aquifers. 

Published first-order coefficients for benzene 
and toluene degradation (K ' )  differ by orders of 
magni tude (Table 2). However ,  specific first-order 
coefficients (K ' /X)  do not vary as much,  typically 
ranging f rom 0.1 to 1.0 l /mg.day (Table 1 and Table 
2). This might indicate the importance in mea-  
suring the concentrat ion of microorganisms for ki- 
netic coefficients determinations.  

The  est imation of microbial numbers  is a major  
source of variat ion in the determinat ion of specific 
first-order coefficients and specific substrate uti- 
lization rates. Direct counting methods,  such as the 
A O D C  procedure  used in this study, are more  
reliable than viable plate counts for determining 
the total number  of aquifer microorganisms. Alex- 
ander  (1977) has repor ted that,  at best, artificial 
media  are capable of detecting only 1 to 10% of the 
total number  of soil microorganisms.  Shimp & 
Pfaender  (1985) have also repor ted  A O D C  results 
to be an order  of  magnitude larger than enumer-  
ations by plate counts. A new procedure  that can 
differentiate between benzene and toluene degrad- 
ers and other  microbes growing on benzene and 
toluene metaboli tes  or o ther  substrates (e.g. dead 
cells or humic material)  would improve measure-  
ments  of microbial kinetic constants. 

Conclusions 

Monod ' s  Equat ion adequately described biodegra- 
dation rates of  benzene and toluene by the micro- 
bial populat ion of a sandy aquifer. However ,  aque- 
ous concentrations of benzene and toluene higher 
than 100 mg/l were inhibitory and the use of  Mono-  
d 's  equat ion is inappropriate  at such elevated con- 
centrations. Monod coefficients are system-specif- 
ic, and caution should be exercised in extrapolating 
values measured  in a given environment  to an- 
other.  Factors that contribute to the wide varia- 
bility of  repor ted coefficients include the catabolic 
diversity of  microbes,  variations in environmental  
conditions, and the different experimental  and 
analytical procedures  used in their determination.  
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