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Spectrophotometric verification of biodegradation of phenol
in a flow dynamic biocers-based bioreactor system
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A quick fingerprint spectrophotometric procedure based on the absorbance in the
ultraviolet spectrum region was developed to verify biodegradation of phenol in
flowing contaminated water. The procedure was employed to test the functional
feasibility of a biocers-packed bioreactor to filter phenol on a bench-scale fluidic
dynamic system, which should simulate a macroscopic microorganism-based
remediation system. The biocers contained Rhodococcus sp. P1, a phenol
degrading bacteria. An influent with initial phenol concentration of 500 mgL ™"
was fed into the bioreactor at different flow rates, and the effluent was
continuously monitored for residual phenol concentration by coupling the fluid
dynamic system to a UV-vis spectrophotometer. Within 3 days, the effluent from
bioreactor reached a minimum residual concentration of phenol of <40mgL™".
Therefore, the aim of the current paper is to report results of the procedure for
on-line spectrophotometric detection of phenol, and the feasibility of a biocers-
packed bioreactor for degradation of phenol.

Keywords: sol-gel matrix; UV-vis  spectrophotometer;  bioremediation;
Rhodococcus sp., phenol biodegradation

1. Introduction

Most discharges of contaminants into the environment are either low concentrated but
long-term, or spontaneously high but short-term. In some instance, most discharges do not
originate from a point source. Such type of discharges may not warrant establishment
of high technology wastewater treatment plants because of the economic implications.
Instead, passive remediation technologies using biological systems are preferred
to conventional wastewater treatment technology based on sophisticated and high
technology chemical and civil engineering approach [1,2]. For instance, use of biological
process to filter phenols from contaminated water have become promising because
a few micro-organisms species have shown high capacity of biodegrading phenol [3.4].
One of species with high phenol biodegradation capacity is a bacterial strain of
Rhodococcus sp. [5,6].

Many microbes like Rhodococcus sp. have phenol degradation potential. However,
their introduction into the natural environment may turn invasive and cause more
ecological harm than benefits. Therefore, immobilisation of microbial cells on inert
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materials helps to retain the microbes within a reactor and to prevent suspended bacterial
biomass in the effluent [7-10]. Further advantages of immobilisation of microbial cells
include protection of cells against phenol toxicity, high degradation efficiency, and
good operational stability [11]. Thus, there have been intense efforts to develop methods
for immobilising bacteria in different materials. One of the promising procedures
is embedding environmental beneficial microbes in sol-gel matrices called biocers [12],
which can be used in passive water treatment for both inorganic and organic pollutants
[13—15]. In view of the developments, the current study tested performance of a column
biofilter (i.e., bioreactor) packed with biocers containing Rhodococcus sp. P1 for removal
of phenol from contaminated water. Phenol biodegradation by suspended
cells of Rhodococcus sp. in continuous culture systems [8,9,16] and by Rhodococcus sp.
immobilised in calcium alginate beads or on granular activated carbon [17]
has been reported to function well under laboratory conditions [18,19]. The advantage
for preference of Rhodococcus sp. immobilised in biocer to the earlier methods is that
the silica matrix of the biocer is inert that it does not influence the chemical processes,
while at the same time it can prolong cells viability [12,20]. Further, the porous structure
of the biocers allows easy flow of fluids to supply necessary nutrients to
the microorganism.

In order to evaluate the efficiency of such an approach, it is important to monitor
the biotransformation process on-line. UV-vis spectrophotometry has high potential for
this on-line fingerprint verification of phenol biodegradation due to its easiness to operate
and its low operational costs. Determination of phenol in water using 4-aminoantipyrine
and potassium ferricyanide reaction and measuring at 500 nm wavelength has been
in use for some years [6]. Unfortunately, the procedure is limited for on-line application
in flow dynamic systems due to high dependence on the phenol-amino-antipyrine reaction
kinetics and the stoichiometry, which may be difficult to determine under continuous flow
conditions. Consequently, we developed a quick and cheap fingerprint spectrophotometric
determination procedure based on phenol absorbance in the ultraviolet wavelength region.
Therefore, we report in this paper 2-fold results vis-a-vis capacity and limitation
of the spectrophotometric procedure, which we developed; and the feasibility
of a biocers-packed bioreactors for degradation of phenol.

2. Experimental
2.1 Chemicals

Phenol and all other chemicals were purchased from Merck (Darmstadt, Germany).
All reactants and standard solutions were prepared in deionised water in concentrations
of 1.0mol L™" from chemicals of analytical grade.

2.2 Sol-gel matrix and biocers material

The biocers impregnated with Rhodococcus sp. P1 (2.3 wt%) as well as the pure sol-gel
matrix samples (used as control material) were kindly provided by the project partner,
GMBU e.V. (Rossendorf, Dresden). The preparation process of the sol-gel samples
and the impregnation with bacteria have been described in detail in Raff et al. [14],
Soltmann et al. [13], and Matys [21]. The biocers were delivered as cylinders of 12 mm
in diameter by 10 mm high and ~2mm thick with estimated nominal porosity of ~30%.
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Figure 1. Structure of a bioreactor filled with biocer. Four of these bioreactors were used in the fluid
dynamics system for laboratory bench experiments of biodegradation of phenol.

2.3 Bioreactor and fluid dynamic system

The bioreactor was made from glass columns of 30 cm length and 2.5 cm internal diameter
with a sinter-glass filter at the bottom, and packed with 10 biocer samples to sum up to
an average of 20 g (Figure 1). The samples were stabilised by either glass beads or glass
wool. Control bioreactors were filled with only sol-gel matrix samples. At full operation,
each bioreactor contained about 100 mL of either phenol-containing or only pure mineral
medium. The fluid dynamics system was constructed by connecting the bioreactors to the
medium source (i.e., container) from which the medium was pumped using peristaltic
pump with flow-rate regulation ability. An intermediate flask was placed between
the bioreactor and the media source where the medium was bubbled with an air stream
before supplied into the bioreactor (Figure 2). This was done because direct acration to the
bioreactor would cause cell desorption and presence of suspended cells in the effluent
of the aerated column reactor. Outlet was connected to a modified flow cell of a UV—vis
spectrophotometer (Varian Cary 100, Australia) where degradation of phenol was
continuously monitored. Between the bioreactor and the UV-vis spectrophotometer,
another intermediate bottle was placed, where stirring facilitated release of gasses from
the bioremediation processes. Microbial growth was assessed routinely and directly
through turbidity measurement as absorbance at 600 nm in the UV—vis spectrophotometer
(Figure 2). The complete fluid dynamics system had four bioreactors.

2.4 Phenol biodegradation assay

Phenol biodegradation was assayed in continuous flow mode in biocers-packed
bioreactors using synthetic groundwater based on mineral medium of Schlegel et al. [22]
and modified with 500mgL~" phenol. The media composition is presented in Table 1.
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Figure 2. Scheme of the biocer column reactors of the fluid dynamics system coupled to UV-vis-
spectrophotometer set-up for long-term continuous phenol biodegradation mode. The bottle labelled
‘Buffer/chromophore reactant’ and the subsequent connections were used only in the colorimetric
detection of phenol using 4-aminoantipyrine and potassium ferricyanide procedure.

Table 1. Composition of Schlegel medium for bacteria culture. The synthetic ground
water was based on this mineral composition with phenol as sole source of carbon or in
combination with 10 gL~" sucrose.

Components Concentration
Macroelement Na,HPO,-12H,0 45gL7!
KH,PO, 0.75gL~!
NH,CI 1.0gL™!
MgSO,-7H,0 0.2gL"!
CaCl,-2H,0 0.0265gL~"
Microelement FeSO,4-7H,0 0.01gL™!
H;BO, 50.0mg L~
MnSO4-4H,0 40.0mgL~!
ZnS0,-7H,0 40.0mgL~!
NaMnO,-2H,0 24.0mgL™!
KI 10.0mg L™
CuS0,-5H,0 10.0mgL~!

The reactor temperature was maintained at 30°C. Three hydraulic retention times
and loading rates were controlled by the volumetric flow-rates of 0.01 mls~'; 0.03mls™;
and 0.07mls™'. The inlet pH value was 7.2. The system operated for 6h to allow
the bacteria transformation from senescence before monitoring of the biodegradation
of phenol commenced. The measured parameter was mainly the phenol concentration
outlet. Phenol degradation in the medium was monitored in the bioreactor effluent
through a direct coupling to UV-vis spectrophotometer flow using (a) colorimetric method
of 4-aminoantipyrine and potassium ferricyanide [6], and (b) a self developed procedure
(detailed below). A control reactor filled with sol-gel samples (i.e. without
the biocomponent) was operated in parallel and monitored under the same conditions.
The whole biodegradation assay ran for 5 days and each experiment was replicated
four times. To ascertain whether the phenol depletion in the bioreactors of the fluid
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dynamics system was biologically initiated, a few selected samples of spent media were
analysed with IR spectroscopy for existence of known transient compounds of the phenol
biodegradation pathways.

2.5 Analysis
2.5.1 Scanning electron microscopy investigation

After the 4 days in phenol biodegradation assay the spent biocer likewise sol-gel matrix
samples were observed on scanning electron microscopy (SEM) (Carl Zeiss,
Jena Germany) to determine the extent and pattern of bacterial growth in the biocer,
as well as, whether the bacterial growth affects the stability and structure of
the biocer. The spent biocer samples were selected randomly from each bioreactor
of the fluid dynamics system, then rinsed twice with deionised water and dehydrated
in an ethanol gradient (30-50-70-90-100% v/v) for 1h at 4°C. Subsequently, the
specimens were dried at 30°C in oven (Binder, Tuttlingen Germany) until a constant
weight was reached. Then, samples were carbon coated for 30s, followed by palladium-
gold coating for another 30s before inspection on scanning electron microscope
at acceleration voltage between 2.0 and 5.0kV.

2.5.2 UV-vis spectrophotometric analysis

Phenol biodegradation in the bioreactor was determined through measuring the residual
phenol concentration in the effluent using colorimetric methods. Consequently, there was
some modification in coupling the fluid dynamics system to the UV-vis spectrophotometer
as explained in the caption of Figure 2. First, the phenol was determined using
4-aminoantipyrine and potassium ferricyanide procedure [6]. 16.7 gL ! 4-aminoantipyrine
(Ci1H3N30), 10gL~'  K;[Fe(CN)g] and buffer of 0.07M (ie. 23.6gL™")
Na,HPO,4 12H,0 were pumped to mix with sample (see Figure 2) and incubated for
15 min before measuring on the UV-vis spectrophotometer at 500 nm. The volume ratios
were 1:8:16:20 of C;1H;3N30 to Kj5[Fe(CN)g] to Na,HPO4-12H,O to the sample,
respectively. The measurements were accurate within the concentration range of 0-
10 gL~ phenol. Furthermore, a second and independent colorimetric measurement using
an own developed method was applied. In our modified procedure, the effluent was
pumped directly into the flow cell of the UV-vis spectrophotometer and measured in the
UV spectrum region, and calibrated at 270 nm wavelength.

In both colorimetric methods, a flow cell was used in the UV-vis spectrophotometer for
continuous sampling and determination of phenol in the effluent. The sampling was set to
start automatically after 6 h of experimental operation. All samples were measured against
a reagent blank. The results were verified by analysing selected samples with gas
chromatography and IR. The product compounds found were compared with known
compounds in the phenol biodegradation pathway.

3. Results and discussion
3.1 Bacterial growth in the biocers

Analysis and observation of the surface and internal structure of the biocer on the SEM
revealed that bacteria could grow on the surface of the biocer, and could also penetrate
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into the internal pores (Figure 3). The biocer has macro- and micro-pores (Figure 3a
and b), which allow good supply of the medium and gaseous exchange that facilitate
bacteria growth and the biodegradation of phenol. The microporous structure might also
have acted like sponge, which store up the growth medium for a long time.

» : .
bio_phenol, 30.05.07, 2.0kV, 5mm. 20000x = 1pm — blo_phenol, 30.05.07, 2.0kV, 5mm, 10000x

(e)

F— 1um — bio_phenol, 30.05.07, 2,0kV, 5mm, 5000x

Blocer_H20, 12.09.07, 2kV, Smm, 20000x, — 4pym —

Figure 3. SEM micrographs of sections of the biocer revealing the following: (a) internal macropore
structure which support microbial growth and anchoring; (b) the matrix grain structure of the same
biocer at higher magnification revealing micropores; (c) a full vegetative cell of Rhodococcus sp. P1
attached on matrix surface; (d) the cell growth space for bacterial imbedded in the interior of the
matrix; (e) single cells partially attached (using filament-like structure) on the surface; and finally,
() cells colonising macropores of the biocer.
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The micrographs also show that the cells attached themselves on the surface of the biocer
(Figure 3c) where they grew within a pocket-like growth space (Figure 3d). The bacteria
transformation from senescence and quiescence to vegetative form was successful in both
media containing phenol as the sole source of carbon and sucrose as supplement. No
bacterial growth was observed in the media that contained neither phenol nor sucrose
(data not shown). The first vegetative bacteria were observed between 4 and 6 h after start
of the experiments. For most spores-producing bacteria, they may start germinating and
transforming to vegetative form between 15 and 90 min after inoculation when incubated
at 30°C [15,23-25]. Logically, the Rhodococcus sp. P1 should quickly transform from the
senescence and quiescence. However, we observed a prolonged transformation time in the
current study, which might have been due to adaptation to phenol as a sole source of
carbon. Therefore, determination of the time dependence of bioactivity of Rhodococcus sp.
like measuring reliable O, exchange rate would be important to quantify the actual effect
of phenol on the bacterial growth. Nevertheless, the SEM study already showed that the
biocer supported the growth of Rhodococcus sp. P1 supplied with media where phenol is
sole source of carbon.

3.2 Confirmation of biodegradation of phenol

Few samples obtained at random for analysis with IR spectroscopy found no transient
products of phenol degradation but only traces of residual phenol (46.3+12.7mgL™") in
the effluent. The current study was conducted under full aerobic conditions. Figure 4
shows possible biodegradation pathways of phenol by difference bacteria. Under aerobic
conditions, phenol biodegrades to carbon dioxide [26-28] while under anaerobic
conditions, it degrades to carbon dioxide or methane [5,28-31]. Therefore, the result
in the current study confirms that aerobic biodegradation of phenol took place, where
the end-products were probably CO, and H,O. The absence of transient products in
the effluent can be explained in two ways. The sample of the effluent represents probably

OH
HOOC COOH

OH / —

foo CO,+ OH
- COs,
COOH 2 2

Figure 4. Possible phenol biodegradation pathways. The aerobic degradation of phenolic
compounds is metabolised by different strains through either the ortho- or the meta-cleavage
pathway. The ideal pathway should end with CO, and water.
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the end of the biodegradation process, or alternatively the transient products continued to
break down in the period between sampling and analysis — the transient products are
unstable. Under aerobic condition, oxygen is used as electron acceptor for the transfer of
electrons from phenol the electron-donor, which is catalysed by special enzymes of the
microorganisms and defines the metabolic pathway [32]. The reaction in which phenol
degrades provides the bacteria with the required energy for growth and reproduction.

3.3 Performance of the spectrophotometric procedure

In the pre-experiment runs, depletion of phenol in the bioreactor effluent corresponded
to decrease in absorbance intensity on UV-vis spectroscopy both measured with (a) the
standard 4-aminoantipyrine determination procedure, and (b) in the ultraviolet absorption
region without any addition of chromophore (Figure 5). Under standard procedure
of using 4-aminoantipyrine determination for phenol, there is a band at around 500 nm
wavelength at which the phenol concentration is calibrated against the corresponding
absorbance intensity. In the UV region absorbance, phenol has two broad peak
bands between 200 and 235nm, and again two peaks on a band at around 270-280 nm.
These values correspond broadly with literature values for phenol absorbance at
around 235 and 275nm [33-35]. As the phenol concentration in the water decreased,
the absorbance peaks in the former band shifts to even lower wavelengths (Figure 5),
which can be attributed probably to the decrease of the peak height at the higher
wavelength. At lower wavelength in the ultraviolet region, the absorbance band is
relatively very wide at high initial phenol concentrations, for instance 500mgL !
(Figure 5). In such instances, it is difficult to attribute the band to phenol absorbance
only because the probabilities of presence of congeners are high because the phenol

(@ 1.2 . (b) 4.0

0.8

Increasing time ' Increasing time

[} g 2]

e} ] Qo

< 044 <

0.0 =
L L B L B | L L B L L B L L L |
400 500 600 700 800 200 250 300 350 400
Wavelength (nm) Wavelength (nm)

—— 0 min ——— 210 min 900 min —— 2880 min — 4320 min
—— 120 min 240 min —— 1440 min —— 3600 min —— 7200 min
—— 150 min —— 600 min —— 2160 min —— 5040 min

Figure 5. Changes in the peaks of the UV spectrum for phenol measured in the effluent of
the bioreactor, which verify reduction of phenol in the media during a 5-day experiment:
(a) spectrograms of phenol in the visible light region after the 4-aminoantipyrine reaction procedure;
and (b) absorption spectrograms of phenol in the ultraviolet region. The values are means of
four replications.
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biodegradation pathway (Figure 4) might have been incomplete. The presence of
congeners can lead to spectral interferences, which result in widely overlapped absorption
bands. Therefore, we used the absorbance at 270 nm to calibrate phenol (Figure 6).
Comparison of the calibration using the absorbance at 270 nm with those obtained
using the 4-aminoantipyrene procedure shows very slight insignificant difference
(Figure 7). Consequently, there were negligible differences in prediction of phenol
concentrations between the two procedures. When the predicted concentration was
correlated with the actual phenol concentration added (Figure 7), the 4-aminoantpyrene
procedure had higher standard deviation in low concentrations of phenol, which can
be attributed to a number of factors like the procedure reaching lower detection limit, and
possible effects of non-reacted reagents (i.e. C;H;3N3;O and Kj;[Fe(CN)g]). For
the approach, when phenol concentration was predicted using the 270nm’ procedure,
higher standard deviation was observed in higher concentration. This was probably

@) 1.0 (b) 4.0

y=0.0009x-0.015 3.0 y=0.003x-0.004

?=0.993; p<0.001 1 ?=0.995; p<0.001 ®
(%] [%2] 4
g g 20
1.0
0.04
0 200 400 600 800 1000 0 200 400 600 800 1000
Concentration (mgL~") Concentration (mgL™")

Figure 6. Calibration curve for phenol at (a) 500nm with standard 4-aminoantipyrine reaction
procedure, and (b) 270 nm wavelength in the UV absorption region. Standard phenol concentration
(Merck, Darmstadt Germany) was added related to the corresponding absorption on UV-vis
spectrophotometer and the regression was tested within 95% confidence interval.

@ 7, 800 - (6) 7 800 -
g ] g =0.99x+0.06
= oo Y=1.0x-1.33 = 600 o
% 1 12=0.999; p<0.001 % =0.998; p<0.001
S 400 ] & 400
(8] [&]
c 7 c
8 ] 8
o 200 o5 200
2 ] 2
O E o ]
© - o] J
9_) 0""I""I""I""I go AL AL L L L L AL R L AL AL |
= 0 200 400 600 8o 0 200 400 600 800
Added concentration (mgL~") Added concentration (mgL™")

Figure 7. The relationship between the predicted concentration of phenol and the concentration
actually added: (a) the relationship obtained with the 4-aminoantipyrine reaction procedure
measured at 500 nm in the visible light region; and (b) the relationship when measured at 270 nm
wavelength in the ultraviolet region. The values are means of five replications.
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Table 2. Estimation of error between the actual added and the UV-vis spectrophotometric
predictions of concentration.

Phenol concentration (mgL™")

Predicted at Predicted with
Sample Added 270nm absorbance Error (%) 4-aminoantipyrine procedure  Error (%)
1 50.0 49.9 —0.3 50.0 —0.1
2 250.0 250.4 0.2 251.3 0.6
3 500.0 499.7 —0.1 499.9 0.0
4 750.0 750.0 0.0 751.0 0.1

because the procedure might have been approaching the upper detection limit, which may
indicate that the procedure functions optimally in low concentration (Figure 5). However,
the prediction errors were tolerable (Table 2). This showed that the prediction of phenol
using absorbance at 270 nm could be used effectively as a fingerprint verification of phenol
biodegradation in a fluidic dynamics system likewise in monitoring biodegradation
of phenol under natural environment.

The determination of phenol concentration in the lower ultraviolet region of spectrum
can be improved when proper multivariate calibration methods involving mathematical
models are applied, which will improve the spectrophotometric resolution of
the components with partial overlap of spectra absorbance. With appropriate
mathematical models applied to the analytical data, the model parameters can
be obtained to estimate the concentration in the samples. Among those, linear regression,
partial least squares regression and principal components regression have been used
with success in complex determinations [34,36-39].

3.4 Monitoring biodegradation of phenol

The depletion of phenol in bioreactor was observed through measuring the absorbance
at 270 nm wavelength in the ultraviolet region range in the UV-vis spectrophotometer.
The result shows that there was significant degradation of phenol in the bioreactor,
depending on the dilution rate and residence time when phenol is a sole source of carbon
(Figure 8a). Non-inoculated control flasks run in parallel showed that sol-gel matrix
neither adsorbs nor degrades phenol (data not shown). The effect of the dilution
rate on the performance of bioreactor was studied by varying the influent flow-rate.
The calculated maximum rates of phenol biodegradation in the first 3.5 days were 10.2,
13.1, and 3.6gL™" per day for flow-rates of 0.01, 0.03, and 0.07mLs™"', respectively.
After 2.5days, the biodegradation rate for the slowest flow-rate (0.01 mLs™") suddenly
decreases significantly to about 1.3gL~" per day, while degradation in highest flow
rate is constantly low. This is attributed to inadequate source of carbon to sustain the
cell growth due to an insufficient amount of carbon during the long residence time
of the samples in the lowest flow-rate, which eventually leads to cell death. Contrary, when
the flow-rate is high, the cells do not have enough time to degrade the phenol. Therefore,
small stepwise increases in phenol concentration at a fixed low dilution rate
or alternatively changes of the dilution rate should be directly related to the cells
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Figure 8. Biodegradation of phenol in the fluid dynamics system during a 5-day operation:
(a) biodegradation under different influent—effluent flow rates of the media in which phenol is the
sole source of carbon; and (b) comparison of biodegradation of phenol in media where either phenol
is the sole source of carbon or sucrose is added. All values are mean of four replications.

growth rate. However, the rates of phenol biodegradation reported here are higher than
most values reported by other authors for Rhodococcus sp. in free cell cultures [40—43].

The capacity of the bioreactor to degrade phenol was significantly reduced when
10gL~" of sucrose was added to the media as a supplement source of carbon (Figure 8b).
This suggests that Rhodoccocus sp. P1 degrades phenol only when phenol is the sole
source of carbon. This may pose an inherent problem for application of the bioreactor
where cultures degrade specific compounds in a well-defined environment, but are not
effective to degrade the same compound in a real environment due to the presence of
other pollutants, carbon sources or bacterial populations. Therefore, more investigations
are necessary to develop Rhodococcus sp. Pl culture that can function in natural
environment too. Furthermore, the physiological status of Rhodococcus sp. P1 should
be investigated for a possible regeneration of the biocer after a first phenol biodegradation
process.

4. Conclusion

The rapid biodegradation of phenol from 500mgL~" to 40mgL~" within 2 days in the
bench scale fluid dynamic system signifies that biocer-based bioreactor technology is
feasible. Thus, it can be up-scaled easily to real life phenol remediation in continuous
groundwater flow. However, there should be seriously considerations of flow rates and
possible alternative carbon sources when developing the bioreactor for natural ground.
Secondly, the colorimetric procedure in the UV spectrum region is applicable to verify
biodegradation of phenol in fluid dynamic system. The procedure provides instant
information on the performance of the bioreactor system with the continuous water flow.
However, more investigations are necessary particularly in application of our current UV-
vis spectrophotometer procedure where transient species interfere strongly with phenol
spectrum. Hence, we recommend a multivariate calibration technique (e.g. Partial Least-
Squares Regression, PLSR) for our procedure. Thus, the current study laid foundation for
further investigation and improvement of the procedures.
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