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Rhodotorula mucilaginosa Z1 capable of degrading nitrobenzene was immobilized in polyurethane foam.
The nitrobenzene-degrading capacity of immobilized cells was compared to free cells in batches in shaken
culture. Effects of pH and temperature on the nitrobenzene degradation showed that polyurethane-
immobilized Z1 had higher tolerances toward acid, alkali, and heat than those of free cells. Kinetic studies
revealed that higher concentrations of nitrobenzene were better tolerated and more quickly degraded
by polyurethane-immobilized Z1 than by free cells. Moreover, the ability of polyurethane-immobilized
Z1 to resist nitrobenzene shock load was enhanced. Experiments on the nitrobenzene degradation in
different concentrations of NaCl and in the presence of phenol or aniline demonstrated that polyurethane-
immobilized Z1 exhibited higher tolerance toward salinity and toxic chemicals than those of free cells.
Immobilization therefore could be a promising method for treating nitrobenzene industrial wastewater.
This is the first report on the degradation of nitrobenzene by a polyurethane-immobilized yeast strain.
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1. Introduction

Immobilization technique has been receiving interest in the field
of wastewater treatment. Compared to free cells, immobilized cells
have the longer stability, higher activity and higher cell density.
Thus, immobilized cell systems have the potential to degrade toxic
chemicals more efficiently than free cell systems do [1]. More-
over immobilized cell systems can avoid the problem of separating
cells from water, which is associated with free cell systems [2].
Polyurethanes are a class of polymers, which have been applied
to medical field, automotive field [3], biosensor construction [4],
etc. Polyurethanes are also used in the immobilization of microor-
ganisms because of their ease of use, low cost, and low toxicity
[2]. Many studies have described the degradation of toxic chem-
icals by polyurethane-immobilized cells such as naphthalene [2],
pentachlorophenol [5], and oil [6].

Nitrobenzene-containing wastewater can be treated with aero-
bic biological method. Under aerobic condition, nitrobenzene was
mineralized into CO, and H,0. Many studies have shown the
degradation of nitrobenzene by free cells. However, to date, the
degradation of nitrobenzene by immobilized cells has not been
reported.

In a previous study, we isolated a nitrobenzene-degrading
yeast, Rhodotorula mucilaginosa Z1 [7]. The capacity of Z1 free
cells to degrade nitrobenzene under aerobic condition has been
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investigated. In this paper, we do research on the degradation of
nitrobenzene by polyurethane-immobilized Z1. The purpose of this
paper is to demonstrate the application potential of immobilized
cells to nitrobenzene industrial wastewater.

2. Materials and methods
2.1. Chemicals

All of the chemicals used in this study were of analytical grade.
The water used was double de-ionized water. Polyurethane foam
(patent No. ZL021417237, SIPO) was obtained from Landa Environ-
mental & Biological Technology Co Ltd., Dalian, China. The foam was
of elasticity, low wet bulk density (900 kg m—3) and a large specific
surface area (1.6-2.2 x 10° m2 m~3).

2.2. Growth of strain Z1 on nitrobenzene in the presence of
polyurethane foam

The polyurethane foam was cut into approximately 1.5cm
cubes, washed twice with double de-ionized water, and autoclaved
(20 min, 120°C). One loop of Z1 stock culture on the agar plates
was transferred aseptically to 100 mL sterilized MS medium [7] in
a 250 mL flask with 200 mg L~ nitrobenzene.

Ten milliliters of the culture in the late exponential phase was
aseptically inoculated into 90 mL sterilized MS medium in a 250 mL
flask with foam cubes. The best condition was 0.5 g of foam cubes
in 90 mL of MS medium. The 250 mL flask was supplemented with
200mgL-1 nitrobenzene. The cultures were incubated on a rotary
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shaker (180 rpm) at 30°C. A flask with same amount of the auto-
claved cells (10 min, 60°C) was used as control. Samples were
withdrawn periodically for the analysis of nitrobenzene concen-
tration, total organic content (TOC), and dry cell mass. As far as the
dry cell mass is concerned, the suspension was decanted and the
foam cubes with immobilized cells were collected. Dry weights of
the decanted suspension and the microbes-laden foam cubes were
determined as described by Du et al. [8]. The average, predeter-
mined dry weight of foam cube was then subtracted.

The degradations of nitrobenzene by polyurethane-immo-
bilized cells and free cells at different pH (3.0-12.0,30°C, 180 rpm)
and temperature (10°C-50°C, pH 7.0, 180 rpm) were compared. The
initial concentration of nitrobenzene was 200 mg L. After 30 h of
incubation, samples in immobilized cells system were withdrawn
for the analysis of nitrobenzene concentrations. With the free cells
systems, samples were withdrawn after 60 h.

If not noted otherwise, each experiment was repeated five times.
Data were analyzed statistically and the error bars depict 95% con-
fidence intervals.

2.3. Kinetics of nitrobenzene degradation by
polyurethane-immobilized Z1

Ten milliliters of the culture in the late exponential phase was
aseptically inoculated into a 250 mL flask with 90 mL sterilized MS
medium and 0.5 g foam cubes. The 250 mL flask was supplemented
with nitrobenzene at different initial concentrations. The cultures
were incubated on a rotary shaker (180 rpm) at 30 °C. Samples were
withdrawn periodically for the analysis of nitrobenzene concen-
tration. A flask with same amount of the autoclaved cells (10 min,
60 °C) was used as control.

2.4. Degradation of nitrobenzene in different salinities or in the
presence of other toxicants by polyurethane-immobilized Z1

Ten milliliters of the culture in the late exponential phase
was aseptically inoculated into each 250mL flask with 90mL
sterilized MS medium and 0.5g foam cubes. Each 250 mL flask
was supplement with 200mgL-! nitrobenzene and 2-7% (qual-
ity concentration) NaCl. The cultures were incubated on a rotary
shaker (180 rpm) at 30°C. Samples were withdrawn periodically
for the analysis of nitrobenzene concentration. Flask with the same
amount of the autoclaved cells (10 min, 60 °C) was used as control.

The same setup was also used for testing the capacity of
polyurethane-immobilized Z1 to degrade nitrobenzene in the pres-
ence of aniline or phenol. Phenol concentrations ranged from 50 to
200mgL-! and aniline from 25 to 100mgL-!.

2.5. Analytical methods

Nitrobenzene concentrations were measured with a V-560
UV-vis spectrophotometer (JASCO, Japan) using N-(1-Naphthyl)
ethylenediamine dihydrochloride as per standard procedure [9].
Prior to a total organic carbon (TOC) content analysis, samples were
centrifuged (15 °C) at 12,000 rpm for 20 min to remove the biomass.
The TOC contents were determined using a multiN/C2100 analyzer
(Analytik Jena AG, Germany) [10].

3. Results and discussion

3.1. Growth of strain Z1 on nitrobenzene in the presence of
polyurethane foam

Fig. 1 shows the profiles of nitrobenzene consumption and
cell growth in the presence of polyurethane foam. The initial
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Fig. 1. Growth of strain Z1 with nitrobenzene as a sole source of carbon, nitro-
gen, and energy in the presence of polyurethane foam. The initial concentration
of nitrobenzene was 200 mg L~'. Nitrobenzene (-0-), dry cell mass (-H-).

concentration of nitrobenzene was 200mgL-! and the equilib-
rium adsorption of nitrobenzene on the polyurethane foam was
about 20mgg~'. The equilibrium adsorption was negligible and
not used to correct the values of nitrobenzene concentration. As
showninFig. 1, polyurethane-immobilized Z1 completely degraded
200mg L1 nitrobenzene within 30h and the maximum dry cell
mass was 193.08 mgL-1. Over 99% of TOC was removed. The
previous study showed that the time for complete degradation
of 200mgL-! nitrobenzene by Z1 free cells was 60h and the
maximum dry cell mass was only 96.51 mgL-! [7]. Since the
polyurethane foam protected Z1 cells, it was good for remain-
ing the stable pH value inside Z1 cells, avoiding acidification of
Z1 cells, resisting shock load, and so on [11,12]. Thus, higher
biomass amounts were produced. Due to the high local cell den-
sity in polyurethane foam, faster degradation of nitrobenzene was
achieved by immobilized cells.

As shown in Fig. 2, the optimal pH and temperature for nitroben-
zene degradation by polyurethane-immobilized Z1 were the same
as free cells. The optimal pH and temperature were pH 7.0 and 30 °C,
respectively. However, at other pH values and temperatures, the
degrading rates of nitrobenzene by polyurethane-immobilized Z1
were higher than those by free cells. These results indicate that
polyurethane-immobilized cells exhibit higher tolerances toward
acid, alkali and heat than those of free cells. Immobilization can
provide a kind of membrane stabilization and increase cell per-
meability, thus cells are protected and higher degrading rates are
realized [2].

3.2. Nitrobenzene degradation kinetics by
polyurethane-immobilized Z1

The consumption rate of organic compounds by microbes can
be expressed by the equation as followed [1]:

~ GmaxS
T k+S

(1)

where gmax is the maximum specific consumption rate, S is the
concentration of substrate, and k is the half-saturation constant.

If S«k, Eq. (1) can be reduced to:

qmaxS
= 2

q=" (2)

Eq. (2) is the typical first-order model. Assuming ki =(qmax/k)
and integrating Eq. (2), the relationship of substrate concentration
to time can be expressed as followed:

InS =a+ kgt 3)
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Fig. 2. Effects of pH (A) and temperature (B) on the nitrobenzene degradation by polyurethane-immobilized Z1 and free cells. The initial concentration of nitrobenzene was

200mgL-'.

If Svk, Eq. (1) can be reduced to:
q = dmax (4)

Eq. (4) is the zero-order model and the rate constant kg = gmax-
Thus, the relationship of substrate concentration to time is:

S=h+kot (5)

When the initial concentrations of nitrobenzene ranged from
16.63mgL-! to 112.18 mgL~!, the kinetics of nitrobenzene degra-
dation by polyurethane-immobilized Z1 was well expressed by the
first-order reaction model (Fig. 3). The values of g increased with
the increase in initial nitrobenzene concentration. At a concentra-

tion range of 133.23-233.39mgL~1, the kinetics of nitrobenzene
degradation by polyurethane-immobilized Z1 was well expressed
by the zero-order reaction model (Fig. 4). The kinetic results were
summarized in Table 1. The previous study showed that the degra-
dation of nitrobenzene by Z1 free cells is inhibited when the initial
concentrations of nitrobenzene are above 90 mgL~! [7]. However,
polyurethane-immobilized Z1 can degrade nitrobenzene at a con-
stant rate in the concentration range of 133.23-233.39mgL"1.
These results demonstrate that the ability of polyurethane-
immobilized Z1 to resist nitrobenzene shock load was enhanced. At
higher concentration 0f269.34 mg L1, the degradation of nitroben-
zene by polyurethane-immobilized Z1 was inhibited. Thus, the
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Fig. 3. Degradation of nitrobenzene at different initial concentrations by
polyurethane-immobilized Z1. Initial concentration of nitrobenzene: 16.63 mgL~!
(-O-), 50.71mgL-! (-0-), and 112.18 mgL~! (-0-). The first-order reaction model
was used to express the nitrobenzene degradation.
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Fig. 4. Degradation of nitrobenzene at different initial concentrations by
polyurethane-immobilized Z1. Initial concentration of nitrobenzene: 133.23 mgL~!
(-O-), 150.71mgL~"' (-O0-), and 172.24mgL~"' (-O-), 189.07mgL~"' (-x-), and
233.39mgL-! (-O-). The zero-order reaction model was used to express the
nitrobenzene degradation.

Andrews equation [13] was used to express the dependence of g
on nitrobenzene concentration (Fig. 5):

Qmaxs
__ Gmao 6
S +Ks + (S2/K;) (6)

where gmax is the maximum specific substrate consumption rate,
K; is the inhibition constant, Ks is the half-rate constant, and S is the
substrate concentration.

q

Table 1
The kinetic equations of nitrobenzene degradation by immobilized polyurethane-
immobilized Z1.

S (nitrobenzene, Kinetic equation Rate constant Correlation

mgL1) (mgL-'h1) coefficient (R?)
16.63 InS=-0.2942¢+2.8897 0.2942 0.9946
50.72 InS=-0.3192t +3.9519 0.3192 0.9939

112.18 InS=-0.2971t+4.8671 0.2971 0.9954

133.23 S=-6.1725t+130.08 6.1725 0.9896

150.71 S=-6.2769t+153.86 6.2769 0.9946

172.24 S=-6.7604t+178.10 6.7604 0.9872

189.07 S$=-6.0191t+190.79 6.0191 0.9900

233.39 S=-6.1133t+231.75 6.1133 0.9970
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Fig. 5. Comparison between Kkinetic predictions and experimental data of specific
substrate consumption rate by polyurethane-immobilized Z1. The initial concentra-
tions of nitrobenzene ranged from 0 to 600 mgL~".

The value of R? is 0.9973, which demonstrates that the exper-
imental data are well correlated by Andrews equation. By using
a non-linear regression analysis, the kinetic parameters are as
follows: gmax =6.03h~1, Ks=125.00mgL-!, and K; =203.96 mg L1,
The kinetic parameters of nitrobenzene degradation by free cells
and polyurethane-immobilized Z1 were listed in Table 2. These
results indicate that higher concentrations of nitrobenzene are
better tolerated and more quickly degraded by polyurethane-
immobilized Z1 than by free cells.

3.3. Degradation of nitrobenzene in different salinities by
polyurethane-immobilized Z1

Nitrobenzene industrial wastewater usually contains inorganic
salts and multi-organic compounds. The existence of these com-
pounds can influence the performance of biological process. It has
been generally accepted that conventional microbes could not be
used to treat wastewater containing salts (mainly NaCl) over 3%
[14]. The previous study showed that Z1 free cells can degrade
200mgL-1 nitrobenzene effectively in 5% NaCl. In this paper, the
nitrobenzene degradation by polyurethane-immobilized Z1 in dif-
ferent salinities was tested (Fig. 6). The degradation of nitrobenzene
by polyurethane-immobilized Z1 in 2% NaCl and zero percent
NaCl presented no distinction. At the higher concentration of NaCl
(3%), the nitrobenzene degradation was less effective within 30 h.
However, over a longer period, 54h, polyurethane-immobilized
Z1 degraded 200 mgL-! nitrobenzene efficiently. After 54h, the
degrading rate of nitrobenzene was 98%. Even the concentration
of NaCl reached to 5%, polyurethane-immobilized Z1 degraded, up
to 81%, nitrobenzene with 200mgL-1 after 72 h. At 7% NaCl, the
degrading rate of nitrobenzene was decreased sharply.

The degradation of 200 mg L~ nitrobenzene in different salini-
ties by Z1 free cells and polyurethane-immobilized Z1 were listed
in Table 3. These results indicate that the salinity tolerance of
polyurethane-immobilized Z1 is higher than that of free cells.

Table 2
The kinetic parameters of nitrobenzene degradation by free cells and polyurethane-
immobilized Z1.

Kinetic parameter Free cells Polyurethane-immobilized Z1
v (7)) 1.50 6.03
Ks (mgL-1) 31.31 125.00
K; (mgL1) 101.34 203.96
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Fig. 6. Degradation of nitrobenzene in different quality concentrations of NaCl
by polyurethane-immobilized Z1. The initial concentration of nitrobenzene was
200mgL-". Quality concentration of NaCl: 2% (-M-), 3% (-0-), 5% (-@-), and 7%
(-O-). Each experiment was repeated five times and the means of these data were
presented.

Table 3
The nitrobenzene degradation in different salinities by free cells and polyurethane-
immobilized Z1.

NaCl Nitrobenzene Time
(%) degradation (%) (h)
Z1 free cells 2 98.23 60
3 95.66 100
5 70.13 120
7 33.71 120
Polyurethane-immobilized Z1 2 98.96 30
3 98.05 54
5 81.18 72
7 37.72 72

3.4. Degradation of nitrobenzene in the presence of phenol or
aniline by polyurethane-immobilized Z1

The degradation of nitrobenzene in the presence of aniline
or phenol by Z1 free cells has been tested, since these toxicants
are present along with nitrobenzene in industrial wastewaters
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Fig. 7. Degradation of nitrobenzene in the presence of aniline by polyurethane-
immobilized Z1. The initial concentration of nitrobenzene was 200mgL~". Initial
concentration of aniline: 25mgL~" (-M-), 50mgL-! (-0-), 75mgL' (-®-), and
100mgL-" (-O-). Each experiment was repeated five times and the means of these
data were presented.
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Fig. 8. Degradation of nitrobenzene in the presence of phenol by polyurethane-
immobilized Z1. The initial concentration of nitrobenzene was 200mgL-!. Initial
concentration of phenol: 50 mgL-! (-M-), 100mgL-' (-0-), 150mgL-! (-@-), and
200mgL~! (-O-). Each experiment was repeated five times and the means of these
data were presented.

Table 4
The nitrobenzene degradation in the presence of aniline by free cells and
polyurethane-immobilized Z1.

Aniline Nitrobenzene Time
(mgL-1) degradation (%) (h)
Z1 free cells 25 60.20 30
50 44.90 30
75 21.43 30
100 9.95 30
Polyurethane-immobilized Z1 25 98.36 30
50 98.57 30
75 4413 30
100 20.02 30

[7]. Z1 free cells degrade 200mgL-! nitrobenzene in the pres-
ence of 50mgL-! aniline without inhibition. Similar to free cells,
polyurethane-immobilized Z1 completely degraded 200mgL-!
nitrobenzene in the presence of 50mgL-! aniline within 30h
(Fig. 7). At 75 mg L1 of aniline, the degrading rate of nitrobenzene
decreased sharply.

Z1 free cells degrade 200 mg L~! nitrobenzene in the presence of
100mgL-! phenol without inhibition. However, at higher concen-
tration of 150 mg L~ phenol, the degrading rate of nitrobenzene by
free cells decreases sharply. In this paper, phenol concentrations of
up to 100 mg L1 also did not inhibit the nitrobenzene degradation
by polyurethane-immobilized Z1 (Fig. 8). Even the concentration
of phenol reached to 150mgL~!, polyurethane-immobilized Z1
degraded, up to 78%, nitrobenzene with 200mgL-! after 30 h. At
higher concentration of 200mgL-!, the inhibition effect of phenol

Table 5
The nitrobenzene degradation in the presence of phenol by free cells and
polyurethane-immobilized Z1.

Phenol Nitrobenzene Time
(mgL1) degradation (%) (h)
Z1 free cells 50 60.43 30
100 61.28 30
150 41.62 30
200 10.92 30
Polyurethane-immobilized Z1 50 97.81 30
100 98.67 30
150 78.13 30
200 36.73 30
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on nitrobenzene degradation became predominant. During the
degradation period, the concentrations of aniline and phenol kept
invariable.

The degradations of 200 mgL~! nitrobenzene in the presence of
phenol or aniline by Z1 free cells and polyurethane-immobilized
Z1 were listed in Tables 4 and 5, respectively. These results demon-
strate that the tolerance of polyurethane-immobilized Z1 toward
toxic chemicals is higher than that of free cells.

4. Conclusions

R. mucilaginosa Z1 is able to utilize nitrobenzene as a sole
source of carbon, nitrogen, and energy under aerobic condition.
In the previous study, we have investigated the capacity of Z1
free cells to degrade nitrobenzene. In this paper, we further
do research on the capacity of polyurethane-immobilized Z1 to
degrade nitrobenzene. Based on the kinetic study and the nitroben-
zene degradations under different conditions, it is found that more
efficient degradation of nitrobenzene is achieved by polyurethane-
immobilized Z1 than by free cells. Polyurethane-immobilized Z1
has higher tolerances toward acid, alkali, heat, salinity, and toxic
chemicals than those of free cells. Compared to free cells, the abil-
ity of polyurethane-immobilized Z1 to resist nitrobenzene shock
load is enhanced. Moreover, the immobilization of microbes in
polyurethane is versatile and cost-effective. Immobilization tech-
nology has a higher potential for being applied to the treatment of
nitrobenzene wastewater.

Acknowledgements
The authors are thankful to Dr. Qidong Zhao in Dalian Univer-

sity of Technology and associated professor Yusuo Yang in Dalian
University for helpful discussions.

References

[1] J.L.. Wang, X.C. Quan, L.P. Han, Y. Qian, H. Werner, Microbial degradation of
quinoline by immobilized cells of Burkholderia pickettii, Water Res. 36 (2002)
2288-2296.

[2] S.Manohar, C.K.Kim, T.B. Karegoudar, Enhanced degradation of naphthalene by
immobilization of Pseudomonas sp. strain NGK1 in polyurethane foam, Appl.
Microbiol. Biotechnol. 55 (2001) 311-316.

[3] D. Howard, Biodegradation of polyurethane: a review, Int. Biodeterior. Biode-
grad. 49 (2002) 245-252.

[4] X.Liu, K.G. Neoh, L. Cen, E.T. Kang, Enzymatic activity of glucose oxidase cova-
lently wired via viologen to electrically conductive polypyrrole films, Biosens.
Bioelectron. 19 (2004) 823-834.

[5] K.T. Oreilly, R.L. Crawford, Degradation of pentachlorophenol by polyurethane-
immobilized Flavobacterium cells, Appl. Environ. Microbiol. 55 (1989)
213-218.

[6] Y.S. Oh, J. Maeng, SJ. Kim, Use of microorganism-immobilized polyurethane
foams to absorb and degraded oil on water surface, Appl. Microbiol. Biotechnol.
54 (2000) 418-423.

[7] C.L. Zheng, ].T. Zhou, . Wang, J. Wang, B.C. Qu, Isolation and characterization of
a nitrobenzene degrading yeast strain from activated sludge, J. Hazard. Mater.
160 (2008) 194-199.

[8] G.C. Du, ]J. Chen, J. Yu, S.. Lun, Continuous production of poly-3-
hydroxybutyrate by Ralstonia eutropha in a two-stage culture system, J. Biotech.
88(2001) 59-65.

[9] Standard Methods for the Examination of Water and Wastewater, 4th ed., State
Environmental Protection Administration, Beijing, 2007 (in Chinese).

[10] EA. Momani, Impact of photo-oxidation technology on the aqueous solutions
of nitrobenzene: degradation efficiency and biodegradability enhancement, J.
Photochem. Photobiol. B 179 (2006) 184-192.

[11] J.L. Wang, The effect of immobilization on microbial physiology, China Biotech-
nol. 23 (2003) 35-66, (in Chinese).

[12] G.T. Chun, S.N. Agathos, Comparative studies of physiological and envi-
ronmental effects on the production of cyclosporin A in suspended and
immobilized cell of Tolypocladium inflatum, Biotechnol. Bioeng. 37 (1991)
256-265.

[13] M.E. Acuiia-Argiielles, P. Olguin-Lora, E. Razo-Flore, Toxicity and kinetic param-
eters of the aerobic biodegradation of the phenol and alkylphenols by a mixed
culture, Biotechnol. Lett. 25 (2003) 559-564.

[14] C.R. Woolard, R. Irvine, Treatment of hypersaline wastewater in the sequencing
batch reactor, Water Res. 29 (1995) 1159-1168.



	Aerobic degradation of nitrobenzene by immobilization of Rhodotorula mucilaginosa in polyurethane foam
	Introduction
	Materials and methods
	Chemicals
	Growth of strain Z1 on nitrobenzene in the presence of polyurethane foam
	Kinetics of nitrobenzene degradation by polyurethane-immobilized Z1
	Degradation of nitrobenzene in different salinities or in the presence of other toxicants by polyurethane-immobilized Z1
	Analytical methods

	Results and discussion
	Growth of strain Z1 on nitrobenzene in the presence of polyurethane foam
	Nitrobenzene degradation kinetics by polyurethane-immobilized Z1
	Degradation of nitrobenzene in different salinities by polyurethane-immobilized Z1
	Degradation of nitrobenzene in the presence of phenol or aniline by polyurethane-immobilized Z1

	Conclusions
	Acknowledgements
	References


