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The biooxidation of methanol, ethanol and isopropanol
by a defined co-culture at elevated temperatures
N. AI-Awadhi, G. Hamcr and T. Egli, Ziirich

Abstract. The introduction of more imaginative enrichment and
isolation procedures has permitted the isolation of pure cultures of
thermotolerant methylotrophic bacteria, a group that was previously unknown. One potential application for such bacteria is in the
aerobic biotreatment of petrochemical industry wastewaters at elevated temperatures. Here, the growth and biooxidation characteristics of one such bacterium, Bacillus sp. NCIB 12522, in co-culture
with a Gram-negative thermophilic non-methylotrophic solvent utilizing bacterium, NAI7, on a mixture of methanol, ethanol and
isopropanol, under both steady and transient state continuous flow
culture conditions are reported. The results indicate that at dilution
rates <0.2 h-i effective biooxidation can be achieved at temperatures between 50~ and 57 ~ As a result of step increases in bioreactor feed concentrations, the fraction of the methylotroph present in
the co-culture changed according to whether the methanol or the
ethanol concentrations were increased, but when isopropanol was
increased, no change in the methytotroph fraction occurred between
the initial and final steady states.

1 Introduction

Most studies on the biooxidation of industrial effluents fail
to define either the component moieties of the mixed process
culture responsible or the constituent pollutants present in
the effluent stream under examination. To improve upon this
and develop a better understanding of process functioning,
it is necessary to define both the constituents of the process
culture and the key pollutants present in the effluent. With
respect to the former, one possible approach involves the
reconstitution of defined mixed cultures from individual isolates. However, a danger of reconstitution is the elimination
of satellite microbes that do not utilize a primary carbon
energy source, but enhance the process capacities of the
primary substrate-utilizers. Some of the best known examples of enhancement of overall culture performance concern
methanotrophic mixed cultures [1, 2].
In the case of the pollutants present in petrochemical
industry effluents, the key component approach is frequently
superior to the use of "lumped" parameters for describing
the pollutant load. Hamer [3] has pointed out that, unlike
municipal sewage, which contains many thousands of differ-

ent pollutants, petrochemical industry effluents frequently
contain less than 100 compounds, of which less than 10
comprise more than 80 percent of the total pollutant load.
Earlier, the key component concept encouraged Wilkinson
and Hamer [4] to examine the biooxidation at 26 ~ of a
mixture of methanol, phenol, acetone and isopropanol, that
was representative of a particular petrochemical industry
effluent, by an ill-defined stable enrichment culture comprizing three distinct moieties, not strains, that utilized methanol, phenol and acetone/isopropanol, respectively.
Most investigations concerning the growth of co-cultures
have sought to elucidate the various binary, direct and indirect interactions that occur [5, 6]. Particular emphasis has
been placed on competition for single carbon energy substrates and results in domination by one member in continuous flow cultures [7, 8]. The theory that has been developed
to explain competition in continuous cultures [9] is based on
an absence of direct microbial interactions. Competition is
of primary importance only under operating conditions
where selection is occurring, i.e. during transient state operation.
In the case mixed substrate utilization, most investigations are concerned with the growth of pure monocultures
on binary substrate mixtures. For batch operation either
diauxic [10] or sequential substrate utilization patterns are
commonly observed. However, a substrate mixture that exhibited diauxic growth in batch cultures has been shown to
be utilized simultaneous by a pure monoculture in a
chemostat and such behaviour is probably general [11].
Overall strategies for mixed substrate utilization by microbes have been discussed in detail by Harder and Dijkhuizen [12].
The growth of either defined binary cultures or defined
multi-component cultures on defined substrate mixtures has
not attracted widespread study. Exceptions are the studies
reported by Gottschal et al. [13] and Kuenen and Robertson
[14] with ternary cultures comprizing a facultative and an
obligate chemolithotrophic sulphur bacterium and a heterotrophic bacterium on mixtures of inorganic and organic substrates, and more relevant to the work reported here, a study
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by Bitzi [15], where the growth of a binary mesophilic co-culture on solvent mixtures in steady state continuous cultures
was investigated and a lack of interaction, i.e. neutralism,
was observed. In the study by Wilkinson and Hamer [4],
concerning both the steady and the transient state behaviour
of a stable triple moiety mesophilic mixed culture growing
on a four component solvent mixture, a state of negligible
direct interaction approaching neutralism was also shown to
exist [16].
The present study is concerned with petrochemical industry effluent treatment at elevated temperatures, i.e. 45 ~
60~ Selection of such a temperature range for study is
based on both requirement, in hot arid regions where petrochemicals manufacture is expanding, for the effective and
efficient biotreatment of effluents in the thermotolerant
range for microbial growth and on concepts concerning the
acceleration of hydrolysis and degradation rates at elevated
operating temperatures [17]. In previously reported fundamental studies on potentially suitable process microbes for
elevated temperature effluent treatment, thermotolerant
methylotrophic bacteria [18] and thermophilic non-methylotrophic, solvent-utilizing bacteria [19] have been isolated
and characterized. The growth characteristics of one thermotolerant, methylotrophic strain, Bacillus sp. NCIB 12522,
has been extensively investigated both in batch [20] and in
continuous flow [21] culture, although only batch culture
data are available for non-methylotrophs [19]. Here, results
obtained for the above methylotrophic strain growing in
continuous flow co-culture with one thermophilic Gramnegative, solvent-utilizing bacterium (NA 17) and a mixture
of methanol, ethanol and isopropanol as the carbon substrate are reported. A primary objective was to determine
whether the reconstituted co-culture, from the same original
source, exhibited either summation of the individual characteristics of its components or some alternative, more complex, behavioural pattern.
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and isopropanol, whilst the cocco-bacterium, NA 17, utilizes
only ethanol and isopropanol.
2.2 Culture medium

The co-culture was grown in a defined mineral salts medium
which contained per m3: H3PO ~ (85% solution), 0.1 dm3;
K2804,
0.05 kg; MgSO, " 7 H 2 0 , 0.16 kg; NaC1, 0,05 kg;
CaC12 . 2 H 2 0 , 0.2kg; (NHJ2SO4, 0.5kg; EDTA-Na2,
0.05 kg; 1 dm 3 trace element solution, 1 dm 3 vitamin stock
solution as described by Egli et al. [22]. 0.02 kg/m 3 polypropylene glycol was added as an antifoam agent. The trace
element solution used comprized per m3: FeC13.6H20,
12 kg; CuSO4 ' 5H20, 1.6 kg; Z n S O 4 - 7 H 2 0 , 2.2 kg;
MnSO4 49H 2 0 , 1.7 kg; N a z M o O 4 29 H ; O , 0.3 kg; CoC13
6H20,
9
0.8 kg; H3BO 3, 0.05 kg; HC1 (fuming), 35 dm 3. The
carbon energy source used was a mixture comprizing
methanol 0.3 kg/m 3, ethanol 0.3 kg/m 3 and isopropanol
0.3 kg/m a. The mixture was filter-sterilized. When individual
carbon energy sources were required to be added to the
medium reservoir, these were also filter-sterilized.
2.3 Bioreactor

The bioreactor used was 2.4 dm 3 total volume (Bioengineering AG, Wald, CH). It was fitted with temperature, impeller
speed and pH control, dissolved oxygen monitoring and
both pumped medium inlet and culture overflow weir so as
to allow operation in the continuous flow mode. Both the
oxygen and the carbon dioxide content of the effluent gas
stream from the bioreactor could be measured on line. For
all cultivation experiments, the culture pH was maintained
at 6.8 by automatic addition of an equimolar 0.5 N
N a O H / K O H mixture. The operating volume of the bioreactor was 1.5 dm 3, the impeller speed used was 16.7 s -1 and
the inlet air flow rate was 35 dm3/h.
2.4 Steady state continuous cultures

2 Materials and methods
2.1 Organisms

The co-culture used comprised two bacteria that were maintained separately; a Bacillus sp. NCIB 12522 which is a thermotolerant restricted facultative methylotroph and was isolated from a technical-scale aerobic thermophilic waste
sludge biotreater [18] and a Gram-negative non-methylotrophic solvent-utilizing thermophilic cocco-bacterium,
NA17, which was also isolated from the same source [19].
The Bacillus sp. NCIB 12522 was maintained on methanol
agar slopes over 4-5 months at 4~ and working stock
cultures were maintained on methanol agar plates incubated
at 48~
The Gram-negative cocco-bacteria NA17 was
maintained similarly, but with ethanol as the carbon energy
source. Of the carbon substrate mixture used in the present
experiments, Bacillus sp. NCIB 12522 utilizes only methanol

A batch culture was established initially by inocculating the
bioreactor with 50 cm 3 of each component (0.2 kg/m 3 dry
weight). At the end of the batch cultivation, the bioreactor
was switched to continuous flow operation. The dilution
rates were increased stepwise from 0.1 h - 1 up to 1.2 h - 1
Under steady state conditions, for each dilution rate used,
the bacterial dry weight concentration, residual methanol,
ethanol and isopropanol concentrations, concentration of
the products, i.e., acetone and acetaldehyde in the bioreactot, and outlet oxygen and carbon dioxide concentrations in
the effluent gas stream, were measured. Cultivation was
carried out at both 50 ~ and 57 ~
2.5 Transient state continuous cultures

The bioreactor was operated continuously at 53 ~ and a
dilution rate of 0.3 h 1 with the carbon substrate feed specified above. Under steady state operation, three separate step
changes in the concentrations of the individual carbon sub-
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strates were imposed, such that the concentration of the
individual substrate under investigation in the feed was nearly doubled but concentrations of the other two carbon substrates were maintained constant. The same analyses described above for steady state operation were carried out
during each observed transient.
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2.6 Analytical methods'
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The optical densities of cultures were measured at 546 nm
using a Uvikon 860 spectro-photometer (Kontron AG,
Zfirich, CH) and dry weights were measured in triplicate on
20 cm 3 samples of culture that were filtered through tared
0.22/~m Nuclepore filters and were dried overnight at 105 ~
to constant weight. Acetaldehyde, methanol, ethanol, isopropanol and acetone were measured by using a Gas
Chromatograph type R1A (Shimadzu Corp., Kyoto, J). The
column used was 80/120 carbopack B/6.6% carbowax 20 M,
2 m x 2 mmi. d. Column temperature was 70 ~ and the flow
rate of the carrier gas (nitrogen) was 40 cm3/min. Oxygen
and carbon dioxide concentrations in the effluent gas stream
from the bioreactor were measured with a paramagnetic
oxygen analyser (Oxymat 3, Siemens AG, D) and an infrared
carbon dioxide analyser (Binos 1, Leybold-Heraeus GmbH,
Hanau, D), respectively. Rates were then calculated on the
basis of an inert gas balance. During transient state operation relative cell numbers were estimated by direct counting
of warm air dried samples of culture under a light scatter
microscope, fitted with a grided ocular lense, at 1000 x
magnification. Differentiation was based on bacterium
shape; Gram-negative cells being coccoidal (1 #m in diameter) and Bacillus sp. N C I B 12522 cells being rods (ca. 2 ffm in
length).
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3 Results

The steady state operation of the co-culture comprising the
thermotolerant methylotrophic Bacillus sp. N C I B 12522 and
the thermophilic non-methylotrophic solvent-utilizing bacterium NA17, with methanol (0.3 kg/m3), ethanol (0.3 kg/
m 3) and isopropanol (0.3 kg/m 3) as a mixed carbon substrate
in the feed to the bioreactor, was studied at 50 ~ and 57 ~
The former temperature was within the optimum temperature range for growth of both bacteria, whilst the latter was
in the superoptimum temperature range for the growth of
both bacteria on solvents. The steady state concentrations of
the bacterial biomass with respect to dilution rate and residual concentrations of the three carbon substrates supplied to
the culture are shown in Figs. 1 and 2. Product formation,
specifically acetaldehyde and acetone from the incomplete
oxidation of ethanol and isopropanol, respectively, were observed at some operating dilution rates and their concentrations are shown in Fig. 3. The specific oxygen uptake and
specific carbon dioxide production rates, together with the
respiratory quotients observed are given in Fig. 4. The build
up of methanol and isopropanol concentrations at dilution
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rates above ca. 0.2 h - 1 at 57 ~ and above ca. 0.35 h t at
50~ respectively, and ethanol build up at dilution rates
above ca. 0.6 h - ~ at both temperatures, resulted in reductions in substrate convertion to biomass. Additionally, the
formation of acetone, from isopropanol, and its subsequent
utilization and the formation of acetaldehyde, from ethanol,
without subsequent utilization impacted on the results.
Because steady state operation is the exception rather
than the rule in practice, the effects of step changes in individual carbon substrates were investigated at 53 ~ Prior to
making each step change the bioreactor was operated under
steady state conditions at a dilution rate of 0.3 h - 1 with the
carbon substrate feed specified in the preceding paragraph.
The strategy adopted for the step changes imposed was to
approximately double the concentration of one of the three
carbon substrates from 0.3 kg/m 3 to 0.58 kg/m ~ whilst maintaining the concentrations of the other two carbon substrates constant at 0.3 kg/m 3 each.
In the cases of the methanol and the ethanol step increases the resultant transient state behaviour in both the dry
bacterial biomass and the residual carbon substrate concentrations are shown in Figs. 5 and 6, respectively. New steady
states were attained after ca. 6 and 4 h, respectively. During
the transient state behaviour that resulted from the step
increase in methanol concentration in the bioreactor feed, a
m a r k e d peak in methanol concentration in the culture supernatant occurred. However, in the case of ethanol, no such
behaviour was observed. In both cases neither products
formed nor the concentrations of the residual carbon substrate that were not subject to step increase exceeded their
previous steady state concentrations. The fraction of the
m e t h y l o t r o p h in the co-culture increased from 0.57 to 0.70 as
a result of the methanol step increase in the bioreactor feed,
whilst in the case of the ethanol step increase its fraction
decreased from 0.61 to 0.49; a result that is essentially internally consistent.
The corresponding results for the step increase in isop r o p a n o l concentration in the bioreactor feed are shown in
Fig. 7. In contrast to the previous transient state behaviour,
a much more complex response was observed, involving the
build up and subsequent utilization of both isopropanol and
acetone in the culture supernatant and an elapsed time of ca.
30 h prior to the establishment of a new steady state. U n d e r
the initial steady state conditions, the bacterial dry weight
was constant at 0.45 kg/m 3, the residual acetone concentration constant at 7 190 - a kg/m 3 and the residual i s o p r o p a n o l
concentration was essentially zero. Immediately the increased isopropanol concentration entered the continuous
co-culture, the bacterial dry weight increased to 0.58 kg/m 3
within 2 h, as a result of acceleration of the growth rate to
values significantly higher than the imposed dilution rate, i.e.
0.3 h - 1 . T h r o u g h o u t the observed transient, neither methanol nor ethanol exceeded their steady state concentration
prior to the step increase. In this case, the fraction of the
methylotroph in the co-culture under the initial and final
steady state conditions remained constant at ca. 0.55.
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In the present study with the reconstituted, defined, binary
thermotolerant/thermophilic co-culture, the observed relationships between the bacterial dry weight and the dilution
rate at the two temperatures investigated, shown in Fig. 1,
were neither in accordance with typical patterns that have
been observed for mono-cultures growing on single carbon
substrates nor in accordance with the relationships observed
with binary mesophilic co-cultures growing on four component solvent mixtures [15] in completely mixed chemostats.
At neither of the temperatures investigated was an extended
plateau followed by a precipitous drop when the critical
dilution rate value was approached, observed. The only typical feature evident was the decline in bacterial dry weight at
low dilution rates (< 0.2 h-1), indicating significant intracellular maintenance requirements and extracellular death/
lysis/"cryptic" growth phenomena [23]. Further, the maximum biomass concentrations attained differed markedly,
indicating a dramatic effect of temperature on the overall
biomass yield coefficient for the co-culture.
The probable explanations for the atypical shapes of the
bacterial dry weight versus dilution rate curves shown in
Fig. 1, are both the build-up of unutilized substrate in the
culture supernatant with increasing dilution rates as is evident from Fig. 2 and changes in overall stoichiometry, involving soluble product formation, as shown in Fig. 3. The
former involved a build up of the culture supernatant methanol, ethanol and isopropanol concentrations, resulting in
reductions in substrate convertion to biomass. Additionally,
the formation of acetone and its subsequent utilization and
the formation of acetaldehyde, without subsequent utilization, impacted on the observed results. The dilution rate for
initiation and the extents of product formation varied with
respect to operating temperature. Both conversion and
product formation influence the shapes of the curves in
Fig. I and together with varying maximum overall biomass
yield coefficients affect, the relative shapes of the two curves.
A further factor affecting the shapes of the curves in Fig. 1
was, undoubtedly, the development of wall growth [24]. This
occurred when either residual substrates or soluble products
built up in the culture supernatant and was markedly more
pronounced at 57 ~ than at 50 ~
The transient behaviour resulting from a step increase in
the feed ethanol concentration at a dilution rate of 0.3 h - 1
and 53 ~ is typical, with no build up of ethanol in the
culture supernatant and only a minor overshoot with respect
to the bacterial biomass concentration as shown in Fig. 6.
The new steady state was attained in ca. 2 h. However, the
transient behaviour that resulted from step increases in the
feed methanol and isopropanol concentrations, shown in
Figs. 5 and 7, requires further explanation. In the case of
methanol, the biomass equilibrated at its new steady value
within 3 h without overshoot, but during attainment of the
new steady state, a distinct peak in the methanol concentration in the culture supernatant was evident. Such behaviour
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has been reported previously for an inhibitory carbon substrate, specifically phenol, supplied as a sole carbon energy
substrate for the growth of a mono-culture of a Pseudomonas sp. subjected to a step increase in substrate concentration in the feed [25]. Such a dynamic response to a step
increase in the methanol concentration in the continuous
culture feed would not have been predicted from the effects
of methanol pulses on methanol limited continuous cultures
[21] of the thermotolerant methylotroph when formaldehyde
accumulation caused washout. However, the response observed can probably be attributed to the marked differences
in the concentration of methanol in the supernatant of cultures subjected to a pulse and those subjected to a step
increase in the continuous feed concentration.
In the case of the step increase in isopropanol concentration, extended build up and decay patterns were observed for
both isopropanol and acetone and can be attributed to the
real specific growth rate constant of the culture exceeding
the imposed dilution rate, i.e. 0.57 h -1 versus 0.3 h-1. In
steady state co-cultures at a dilution rate of 0.57 h-1, acetone and isopropanol accumulation were enhanced. The
build up of these two compounds can be assumed to result
from similar patterns of behaviour at higher actual growth
rates. However, the reduced conversion of isopropanol, to
end products was reflected in a subsequent reduction in
bacterial dry weight to 0.5 kg/m 3, 6 h after the step increase
in isopropanol concentration in the feed. Only then did the
bacterial biomass, isopropanol and acetone concentrations
start to move towards steady state values. A possible explanation of the observed behaviour could be product inhibition that was subsequently releaved by washout.
The results concerning the methylotroph fraction in the
co-culture clearly demonstrated that an increase in the methanol concentration in the bioreactor feed enhanced the fraction of the methylotroph, whilst a corresponding increase in
the ethanol concentration in the bioreactor feed resulted in
reduction of the fraction of the methylotroph in the coculture, as would be expected on the basis that the methylotroph was incapable of growth on ethanol [18]. However,
the unchanged fraction of the methylotroph after a step
increase in isopropanol concentration in the bioreactor feed,
clearly demonstrated that both the component bacteria of
the co-culture utilized isopropanol and/or acetone produced
from isopropanol. Earlier, both Bacillus sp. NCIB12522
and the nonmethylotrophic Gram-negative solvent-utilizing
bacterium, NA 17, were shown to grow in pure monoculture
on isopropanol [18, 19].
The biooxidation of isopropanol is not well understood.
Wilkinson and Hamer [4] claimed that its utilization in the
presence of acetone involved cometabolism, whilst Taylor
et al. [26] showed that the biooxidation of isopropanol involved transformation to acetone as a first step. Bitzi [15]
showed that the enzymes involved in the conversion of isopropanol to pyruvate are induced by both isopropanol and
acetone. In his bacterium IP, acetone monooxygenase activity was detected and resulted in the oxidation of acetone to
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acetol. Under stress, the bacterium IP could bypass the
sequence of reactions from isopropanol to pyruvate by
cleaving acetol, with a ketohydrolase, to form ethanol and
methanol. The phenomena observed in the present study
under transient state conditions suggest that under such
operating conditions, acetone builds up and adversely affects
the biooxidation rate of isopropanol, thereby causing it to
accumulate in the culture supernatant prior to the establishment of a new steady state. Essentially, a bottle-neck with
respect to both isopropanol and acetone, as found in batch
cultures of the thermophilic solvent-utilizing bacterium [19],
occurred.

5 Conclusions
It was clearly demonstrated that mixtures of carbonaceous
compounds of the types found as pollutants in petrochemical industry wastewaters can be effectively biooxidized at
elevated temperatures (50~
~ during continuous operation at dilution rates <0.2 h-1 by a reconstituted, defined
co-culture. However, at dilution rates >0.2 h - l , both the
residual concentrations of carbon substrates and product
formation detract from the objectives of effective and complete biodegradable carbonaceous pollutant biooxidation.
Further, at low dilution rates, the intra- and extracellular
processes that reduce the overall biomass yield coefficient
are enhanced and should be exploited, most probably by
operating systems with either bacterial biomass recycle or
retention as is normal in wastewater biotreatment.
The problems of achieving complete biooxidation of the
solvents under transient operating conditions are most
probably a result of the limited spectrum of component
bacteria present in the culture. Satellite bacteria that are
normally encountered in non-defined mixed cultures such as
natural enrichment cultures, undoubtedly play an important
role in allowing primary substate utilizers to function optimally.
From a fundamental viewpoint, the performance of the
co-culture that was observed under both steady and transient state operating conditions was more complex than
would have been implied from the individual growth and
biooxidation characteristics of the component bacteria.
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