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The effects of six phenolic compounds (o-, m-, and p-cresol and 2-, 3-, and 4-ethylphenol) on the anaerobic
biodegradation of phenol was examined in batch methanogenic cultures. Results showed that ethylphenols were
more inhibitory of phenol degradation than were cresols. The inhibitory effects of the three isomers of cresol
and ethylphenol did not vary with the isomer but rather with the substituted functional group.

Wastewaters containing phenols have traditionally been
treated by using physical, chemical, and aerobic biological
processes. Recently, anaerobic biological processes have
been used for the treatment of phenolic wastewaters (7, 10,
13-16, 18). Some phenolic compounds, including phenol,
m-cresol, and p-cresol, have been shown to be biodegrad-
able to methane and carbon dioxide in batch anaerobic
cultures (1-3, 6, 9, 19).
Evans (5) summarized probable pathways for the anaero-

bic biodegradation of aromatic compounds. Ferry and Wolfe
(8), however, showed that the methanogenic fermentation of
benzoate requires the cooperation of several groups of
bacteria and that the methanogens serve only as the terminal
organism of a metabolic food chain. Removal of intermedi-
ates by methanogens provides thermodynamically favorable
conditions for the degradation of many aromatic com-
pounds. Recently, Sheridan et al. (12) and Dwyer et al. (4)
observed a consortium consisting of three types of bacteria
that were responsible for the conversion of phenol to CH4
and CO2.

In this study, the biodegradabilities of phenol, three cre-
sols (o-, m-, and p-cresol), and three ethylphenols (2-, 3-, and
4-ethylphenol) in batch phenol-enriched methanogenic cul-
tures were examined. The concentration effects of three
cresols and three ethylphenols on the rate of phenol biodeg-
radation were also investigated.
A phenol-enriched methanogenic culture was cultivated

with a continuous-flow 14-liter fermentor (model MF-114;
New Brunswick Scientific Co., Inc., Edison, N.J.) operated
at a 30-day hydraulic retention time. The substrate for the
fermentor contained 4,000 mg of phenol per liter and 5 mg of
each of the following phenolic compounds per liter: o-cresol,
m-cresol, p-cresol, 2-ethylphenol, 3-ethylphenol, 4-ethyl-
phenol, catechol, resorcinol, hydroquinone, salicylic acid,
m-hydroxybenzoic acid, and p-hydroxybenzoic acid. This
solution was supplemented with a salt and vitamin nutrient
solution of the actual feed composition described previously
by Wang et al. (18). The fermentor was operated at a
temperature of 35°C, and a pH of 7 was maintained with
sodium bicarbonate. Culture transfer was performed only
when the fermentor was operating at steady-state condi-
tions.
A serum bottle modification of the Hungate technique was

used for culture medium transfer, as described elsewhere
(17). A 100-ml volume of culture was transferred from the

* Corresponding author.

fermentor to each serum bottle (125 ml) for all the batch
studies. For the study of the effects of cresols and ethylphe-
nols on anaerobic phenol degradation, each test compound
was added to a series of bottles at nominal concentrations of
50, 100, 150, 250, 300, 400, 500, and 700 mg/liter. Phenol, a
known biodegradable compound, was also added to each
bottle at a concentration of 200 mg/liter. After equilibration
for 30 min at the incubation temperature (35°C), gas volumes
were zeroed to ambient pressure with a syringe; the bottles
were then ready for incubation and sampling. Duplicates
were run for all samples, including the blanks, which con-
tained only the fermentor cultures and the reducing agents
(sodium sulfide and L-cystine hydrochloride), and the con-
trols, which received only 200 mg of phenol per liter.
Gas production was measured by the syringe method

described by Owen et al. (11). Gas composition was deter-
mined with a gas partitioner (model 1200; Fisher Scientific
Co., Pittsburgh, Pa.) with certified calibration standards.
The volumetric methane production data were corrected for
moisture content and converted to standard temperature and
pressure (0°C and 1 atm [101.29 kPa]). These data were also
corrected for the methane content of the liquid as deter-
mined from Henry's law and the partial pressure of the
methane in the gas phase. Aqueous samples (1.5 ml each)
were withdrawn from test bottles with a syringe at proper
intervals and were immediately acidified to a pH of 2. A
portion of each sample (0.5 ml) was used for volatile acid
analysis, while the remaining 1.0 ml was extracted with ethyl
ether for determination of the concentrations of the phenolic
compounds. Concentrations of phenolic compounds and
volatile organic acids were analyzed by gas chromatography
by the procedure described previously (18).

Since the presence of phenol at a concentration of 200
mg/liter did not inhibit methane production or affect the rate
of phenol degradation (data not shown), this concentration
of phenol was selected as a background level in tests
designed to determine the effects of other phenolic com-
pounds on phenol fermentation. Six model phenolic com-
pounds were evaluated: o-cresol, m-cresol, p-cresol, 2-
ethylphenol, 3-ethylphenol, and 4-ethylphenol. At the same
time, the biodegradabilities of these compounds when
present at an initial concentration of 100 mg/liter were also
examined (Table 1).

o-Cresol and the three isomers of ethylphenol were not
significantly degraded to methane during a 5-month incuba-
tion period. Complete disappearance of p-cresol was noted
within 192 h, with an observed methane yield which was
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TABLE 1. Summary of screening experiment

Methane production (ml)
Substratea

Measuredb Theoretical

o-Cresol N 8.8
m-Cresol 7.5 8.8
p-Cresol 7.9 8.8
2-Ethylphenol N 9.2
3-Ethylphenol N 9.2
4-Ethylphenol N 9.2

a At a concentration of 100 mg/liter.
b Corrected for methane production from blank test bottles. N, Not

significantly different (10%) from results with blanks.

approximately 90% of the theoretical yield. A lag period of
approximately 70 h was observed, however. The degrada-
tion of m-cresol required a much longer time. Methane
production did not exceed that observed for the blanks
during the first 1,010 h of incubation, but complete disap-
pearance of m-cresol was noted after incubation for 1,400 h.
Net CH4 production from m-cresol accounted for 85% of the
theoretical yield. Previous work has shown that m-cresol is
resistant to degradation under anaerobic conditions (3, 6).
However, Boyd et al. (2) reported the complete disappear-
ance of m-cresol in 10% anaerobic sewage sludge within 7
weeks of incubation. The difference could be due either to
variability in culture inoculum or to length of incubation
period.
The data in Fig. 1 show the effects of the o-, m-, and

p-cresol concentrations on the rate of degradation of phenol.
Concentrations of the three cresols lower than 150 mg/liter
did not seem to affect the rate of phenol degradation appre-
ciably. However, higher concentrations of these compounds
were observed to affect the rate of phenol degradation and
methane production. The production of volatile organic
acids was monitored throughout the study, and no significant
acid accumulation, compared with that in the controls, was
observed, even when the rate of methane production was
severely reduced. Acetic acid was the only low-molecular-
weight volatile acid detected, and the measured concentra-
tions in all test bottles were generally in the 10- to 40-mg/liter
range. This observation indicated that phenol-degraders
were more susceptible to inhibition by cresols than were the
methanogens.
The inhibition of the biodegradation of phenol by cresols

seemed to increase with increasing concentrations of cresol
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(Fig. 1). These data, however, do not indicate a difference
between the nature of the inhibition caused by the three
cresol isomers, thus implying that the position of substitu-
tion of the methyl group does not play a major role in the
inhibitory effects of the compound. This observation is very
interesting, since the position of substitution of the methyl
group appeared to have a significant effect on the biodegrad-
ability of the cresols. p-Cresol was observed to degrade in all
the test cultures; however, no degradation of p-cresol oc-
curred until phenol was completely utilized (data not
shown). When present at 500 and 700 mg/liter, p-cresol was
degraded at a very slow rate, despite the complete disap-
pearance of phenol. The slower rate of p-cresol degradation
compared with that of phenol may be attributed to the
culture inoculum, grown primarily on phenol, used in this
study. However, other researchers have reported that p-
cresol degraded at rates slower than those observed for
phenol. Young and Rivera (19) observed that the rate of
phenol degradation was five times faster than that ofp-cresol
degradation and that acclimation did not result in an increase
in the rate of p-cresol utilization in batch methanogenic
cultures. Using bromoethanesulfonate to inhibit methano-
genesis, Young and Rivera (19) detected phenol during the
initial metabolic phase of p-cresol. They suggest that de-
methylation was the rate-limiting step during anaerobic
p-cresol degradation.
The concentration effects of three ethylphenols on the

anaerobic metabolism of phenol were also investigated.
Similar to the effects of cresols, the effects of the three
isomers of ethylphenol (2-, 3-, and 4-ethylphenol) did not
differ significantly.
The data in Fig. 2 summarize the concentration effects of

three ethylphenols on the rate of phenol degradation. The
50% rate reduction in phenol degradation occurred at an
ethylphenol concentration of about 250 mg/liter. At about
400 mg/liter, ethylphenols appeared to be toxic to phenol
degradation; phenol degradation virtually ceased in the
presence of 400 mg of 2-, 3-, or 4-ethylphenol per liter (Fig.
2). Ethylphenols were not degraded in all cultures even at
the very low concentrations (50, 100, 150, and 200 mg/liter)
at which complete disappearance of phenol was observed.
Therefore, ethylphenols can be regarded as more refractory
and more inhibitive than methylphenols (cresols) under
anaerobic conditions. In addition, as was the case with
cresols, acetic acid was the only volatile organic acid de-
tected, and the measured concentrations in all test bottles
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were generally lower than 40 mg/liter. Thus, phenol-de-
grading organisms seemed to be more susceptible than the
methanogens to inhibition by ethylphenols. Furthermore,
the effects on phenol fermentation did not differ significantly
among the cresols or among the ethylphenols. Therefore, the
substitution group, rather than the substitution position, may
be the important factor affecting toxicity in anaerobic cul-
tures.

The work described in this paper was funded wholly by the U.S.
Environmental Protection Agency under assistance agreement EPA
Cooperative Agreement CR 806819 to the Advanced Environtnental
Control Technology Research Center, University of Illinois at
Urbana-Champaign.
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