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a b s t r a c t

A novel packed bed reactor (PBR) was designed with cross flow aeration at multiple ports along the depth
to improve the hydrodynamic conditions of the reactor, and the biodegradation efficiency of Arthrobacter
chlorophenolicus A6 on p-nitrophenol (PNP) removal in PBR at different PNP loading rates were evalu-
ated. The novel PBR was designed to improve the hydrodynamic features such as mixing time profile
(tm95), oxygen mass transfer coefficient (kLa), and overall gas hold up capacity (εG) of the reactor. PNP
eywords:
-Nitrophenol
rthrobacter chlorophenolicus A6
acked bed bioreactor
olyurethane foam
UF

concentration in the influent was varied between 600 and 1400 mg l−1 whereas the hydraulic retention
time (HRT) in the reactor was varied between 18 and 7.5 h. Complete removal of PNP was achieved in
the reactor up to a PNP loading rate of 2787 mg l−1 d−1. More than 99.9% removal of PNP was achieved
in the reactor for an influent concentration of 1400 mg l−1 and at 18 h HRT. In the present study, PNP
was utilized as sole source of carbon and energy by A. chlorophenolicus A6. Furthermore, the bioreactor
showed good compatibility in handling shock loading of PNP.
NP

. Introduction

The presence of substituted groups in phenol particularly nitro,
hloro and bromo increases its toxic effects exerted on the environ-
ent as well as on the human health owing to their carcinogenic

nd recalcitrant properties [1]. The U.S. environmental protection
gency (EPA) has listed p-nitrophenol (PNP) as a priority pollu-
ant and recommended its concentrations in natural waters and
rinking waters to below 10 ng l−1 [2,3] whereas, monthly aver-
ge industrial effluent concentrations of PNP should not exceed
62 �g l−1 [4]. PNP is probably the most important among the
ono-nitrophenols in terms of its annual usage which is up to

0 million kg per year [5]. The major sources of wastes that dis-
harge PNP are the industries mainly involved in the management
f explosives, drugs, dyes, phosphoorganic insecticides (methyl
arathion), pesticides and leather. PNP are also formed in aque-
us matrices during pesticides formulation, distribution and field

pplication [6]. In addition, PNP was detected in rain water in
apan, which forms due to photochemical reaction between ben-
ene and nitrogen monoxide in the atmosphere [7]. It may also
ave the potential to leach through soil and enter groundwater,
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where they are hardly degradable and hence persist in the envi-
ronment [8]. All these aspects warrant a high efficiency treatment
of wastewaters contaminated with PNP and other substituted phe-
nols prior to their discharge into the environment. Although several
techniques such as volatilization, photo-decomposition, physical
adsorption, solvent extraction, chemical oxidation and electro-
chemical methods have been tested for the removal of phenol and
phenolic compounds from wastewaters [9], high cost, low effi-
ciency and generation of toxic by-products are some of the limiting
factors of these methods. The eco-friendly biodegradation process
has gained maximum attention due to its many advantages over
the traditional physico-chemical methods. However, the presence
of nitro groups enhances the resistance of the aromatic ring against
biodegradation by many microorganisms [1,10,11], and hence only
selective species of bacteria belonging to Flavobacterium, Alcali-
genes, Pseudomonas, Rhodococcus and Arthrobacter have shown
ability to degrade PNP [10–12]. Among these microbial species,
actinomycetes secrete both extracellular as well as intracellular
enzymes and have thus revealed good potential in degrading PNP
more effectively. Arthrobacter chlorophenolicus A6 is an aerobic
actinomycetes that has been demonstrated to degrade wide dif-

ferent types of toxic substituted phenols in batch shake flask and
is also reported to be one of the most efficient strains that com-
pletely mineralize 4-chlorophenol (4-CP) even at 300 mg l−1 within
24 h of culture [13]. However, there is also no report available
so far on the performance of Arthrobacter chlorophenolicus A6 on
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perspex cylinder of height 60 cm and internal diameter 11.6 cm as
the main reactor unit and PUF as supporting material for microbial
growth. Working volume in the reactor was 4 l. Detailed specifi-
cation of the reactor and its various components are presented in
Table 1. Porosity of PUF was determined according to the method

Table 1
Detailed specifications of the reactor.

Total reactor volume 6 l
Liquid working volume 4 l
Height of aeration port At each 10 cm
Circular porous perplex disc 5 mm pore size
Nylon membrane 0.25 mm pore size
Fixed bed height 40 cm
Intra-particle porosity, εp 0.716
Inter-particle porosity, εe 0.2096
Total bed porosity, εtot = εe + εp 0.9255
Dry material bulk density, �tz (g cm−3) 0.033
Packed-bed volume, VPB (cm3) 4000
Packed-bed void volume, Vvoid = VPB (εe + εp) (cm3) 3702
Packed-bed circulating liquid volume, VPB (εe) (cm3) 838
Packed-bed stagnant liquid volume, VPB (εp) (cm3) 2864
30 N.K. Sahoo et al. / Journal of Haz

iodegradation of PNP in any kind of bioreactor. Moreover, all the
tudies conducted so far on PNP degradation using microorganism
ave been largely limited to experiments in simple batch shake
asks except only for a few on stirred tanks, and sequencing batch
eactor [14–17]. Furthermore, the performances of these reactors
ere largely limited under high PNP loading conditions.

Biofilm reactors have certain advantages over suspended
rowth bioreactors as it offers higher resistance to shock loads and
ts ability to survive even at low influent substrate concentrations.
esides, biofilm reactors offer high volumetric biomass concentra-
ion in small reactor volume [18]. Packed bed reactor (PBR) is one
uch biofilm reactor that has gained much popularity in wastewa-
er treatment. Furthermore, packed bed reactor (PBR) operating in
pflow mode prevents the suspended biomass wash out as well as
educes frequent clogging in comparison to down flow PBR. How-
ver, when a PBR is operated in an upflow mode with the supply
f oxygen from the bottom of the reactor, gas channeling occurs
eading to the development of liquid-rich and gas-rich regions
ather than uniform distribution of oxygen and food throughout
he reactor bed [19,20]. Furthermore, reduction of pressure drop
nd superficial flow velocity diminish the growth of microorgan-
sms and thereby degradation of organic pollutants due to lack of
vailability of sufficient oxygen and/or food deep inside the reac-
or bed material, especially when the bed contains a porous but
oorly permeable supporting material for the growth of microor-
anisms [21,22]. Therefore, hydrodynamic conditions in a PBR need
o be improved to get maximum microbial growth and degrada-
ion efficiency. One possible way to achieve this could be through
ntroduction of cross flow system with aeration through multiple
umbers of ports, (fragmented approach) along the length of a PBR.
he present study investigated the performance of a novel packed
ed bioreactor designed with cross flow aeration at multiple ports
or PNP removal by Arthrobacter chlorophenolicus A6 at different
eeding and operational conditions.

. Materials and methods

.1. Materials

All the chemicals and reagents used were either of analytical
eagent (AR) grade or laboratory reagent (LR) grade. AR grade p-
itrophenol (PNP) was procured from Himedia (India).

.2. Analytical methods

Biomass concentration in samples was determined by measur-
ng optical density at wavelength 600 nm (OD600) using a UV–vis
pectrophotometer (Model lambda-45, Perkin Elmer, USA). The
bsorbance values were expressed as dry cell weight using a cal-
bration curve plotted between the optical density (OD600) versus

ixed liquor suspended solids (MLSS) of the sample. One unit of
bsorbance was found equivalent to 235 mg l−1 of MLSS. Biomass
oncentration on the support material, PUF, was measured by fol-
owing Bradford method of protein assay [23]. About 1 g of PUF was
ried at 105 ◦C for 12 h and soaked in a 1 M NaOH solution, which
as then digested at 90 ◦C for 10 min. After cooling, the Bradford
rotein assay was performed. A calibration curve relating biomass
ry weight to protein concentration was obtained. Chemical oxy-
en demand (COD) of samples was measured by closed refluxed
ethods following the procedure recommended in standard meth-
ds [24]. PNP concentration in biomass free samples was estimated
sing reverse phase HPLC (Varian Prostar 210) equipped with an
nsphere 5-pesticides C-18 column (Varian) using methanol-water
nd acetic acid (50:49.1, v/v) as the mobile phase. The retention
ime of PNP was found to be 3.1 min at a flow rate of 0.4 ml min−1.
s Materials 190 (2011) 729–737

PNP concentration was measured in the HPLC equipped with a
UV–vis detector at wavelength 280 nm. For the identification of PNP
biodegraded intermediates the samples were analyzed using LC/MS
(WATERS LC-MS/MS system, Q-Tof Premier). A capillary ACQUITY
UPLC® BEH shield RP 181.7 �m C-18 column (10 mm × 50 mm
length) was used for separation of product intermediates. The
mobile phase was a mixture of acetonitrile–water–formic acid
(1:1:0.1, v/v) filtered through Millipore syringe filter of 0.22 �m.

2.3. Toxicity test

Resazurin reduction method was used [25] to determine the
percentage toxicity removal at the optimum loading rate of
2787 mg l−1 d−1 of novel PBR. A. chlorophenolicus A6 and mixed
microbial consortia, collected from a municipal wastewater treat-
ment plant were used as test organisms. Following equations were
used to calculate % toxicity and % toxicity removal:

% toxicity =
(

A − B

C − B

)

where A = optical density (OD) of the test tubes containing influent
or effluent wastewater; B = OD for the cell tube (cells + water with
no PNP); and C = OD for the control tube (only water).

Percent toxicity removals were calculated as:

E = 1 −
[

% Toxicitye

% Toxicityi

]

where “% Toxicitye” and “% Toxicityi
′′

are the percentage toxicities
of the effluent and the influent, respectively, with respect to control.

2.4. Microscopic methods

Fragments of polyurethane foam (PUF) containing the microbial
biofilm were sampled at various points of the packed bed and cut
into small thin pieces. Scanning electron micrograph (SEM) images
of samples glued on an aluminium stub and gold sputtered were
obtained by means of a LEO-1430 VP (Japan) electron microscope.

2.5. Experimental setup of the packed bed bioreactor

A laboratory scale packed bed bioreactor was fabricated using a
εe = inter particle porosity; εp = intra particle porosity; εtot = εe + εp total bed poros-
ity; εG = gas hold-up (%); VPB = VD packed-bed volume (l); tm95 = time to reach 95%
homogeneity after a tracer input(s); UGR = superficial air velocity in riser (cm s−1);
Vvoid = VPB (εe + εp) void volume of packed-bed (l); kLa = mass transfer coefficient in
(h−1).
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Fig. 1. Schematic of the experimental set up of the novel PBR with its various com-
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onents: (1) Influent tank, (2) peristaltic pump, (3) wire gauze, (4) a, b, c and d,
eramic gas diffuser, (5) a, b, c and d, perforated perspex disc with its top wrapped
ith nylon mesh, (6) a, b, c and d sampling port, (7) gas outlet, (8) a, b, c and d

eration pumps, (9) water bath, and (10) effluent reservoir.

escribed by Hodge and Devinny [26]. For sampling as well as
or aeration, different ports were provided at every 10 cm along
he height of the reactor. Inert PUF was cut into approximately
2.5 cm × 1.5 cm × 1.5 cm) cubes, washed twice with double de-
onized water, autoclaved (20 min, 120 ◦C), rewashed, and dried
vernight at 70 ◦C in a hot air oven before being used as bio-support
aterial in the packed bed reactor (PBR). 100 g of oven dried PUF of
as placed inside the reactor. Aeration from an air compressor was
rovided in the reactor through ceramic diffusers at varying air flow
ates from 2 to 10 l min−1

. The aeration rate was monitored using a
igital flow meter (Flow-tech engineers, Mumbai, India). The reac-
or was fed with synthetic wastewater containing PNP at controlled
ow rate using a peristaltic pump (Model: pp10, Miclins India).
he temperature inside the reactor was maintained at 29 ± 1 ◦C by
irculating warm water from a thermostat installed temperature
ontrolled water bath (JCSW Mumbai, India) through plastic pipes
rapped over the reactor throughout its length. A schematic of the

ioreactor is depicted in Fig. 1.

.6. Hydrodynamic experiments with the PBR

Hydrodynamic experiments were performed with the PBR
nder two different aeration systems viz., aeration only through
he bottom aeration port and aeration through all the 4 ports to
chieve cross flow aeration. The reactor operated under the first
ondition (aeration through single port) was designated as “simple

BR”, whereas, the reactor operated under the second condition
aeration through all the 4 ports) was designated as “novel PBR”.
n the first case, no perforated circular disks were used in the reac-
or whereas, in the latter case 4 nos. of perforated circular discs
rapped with nylon mesh at the top were placed just above the
Materials 190 (2011) 729–737 731

ceramic porous stones through which oxygen (air) was diffused
into the reactor content by supplying compressed air from an air
compressor.

2.6.1. Mixing time profile
Mixing time in both the conditions of the reactor was deter-

mined using a tracer technique that measured pH change in a
pre-homogenized solution after an acid pulse [27]. The simple PBR
was first filled up with 0.15 N NaCl solution before an aliquot of 6 N
HCl (2.0 ml) was injected at the bottom of the reactor at four differ-
ent superficial gas flow rates of (cm s−1); 0.078, 0.157, 0.236, 0.315.
The effluent pH was then measured at different time intervals using
a pH meter (Sartorius, USA). The experiment was repeated for novel
PBR after the acid retained by the support material in the reactor
was washed out by draining and rinsing the bed three times with
distilled water. The transitory changes in the relative values of pH
(�pH[t]), were estimated using the following relation:

�pH[t] = pH[t] − pH0

pH0 − pH∞
(1)

where pH[t] represents pH at time [t], pH0 is initial pH and pH∞
represent pH at infinitive time or saturated pH value.

By plotting �pH[t] data, tm95 (i.e. time to reach 95% homogene-
ity after a tracer input (s)) was estimated for each value of UGR
(superficial air velocity, cm s−1) in the reactor.

2.6.2. Oxygen mass transfer coefficient determination
The oxygen mass transfer coefficients in both the operating

conditions of the reactor (i.e. simple PBR and novel PBR) were
determined by classical dynamic gassing-in method under abiotic
condition (i.e. before inoculation of microorganism) [28]. In this
method, the PBR was filled up with 0.15 N NaCl solution and then
the dissolved oxygen was removed by purging nitrogen gas. The ini-
tial DO was measured (Model: HQ 40d HACH, USA) and oxygen was
supplied in the form of air through the bottom aeration port only
(simple PBR condition), to raise the DO level in the reactor. Effluent
DO concentration was measured at different time intervals until
DO level saturated in the reactor. The experiment was performed
at two different superficial air flow rates of 0.157 and 0.315 cm s−1.
The experiment was repeated by supplying air through all the four
aeration ports to determine the oxygen mass transfer coefficient in
the novel PBR. Oxygen supply rates into the reactor in the above
two conditions (simple and novel PBR) were, however, maintained
the same. The oxygen balance in the reactor was expressed in its
integrated form as given below by assuming negligible resistance
due to the DO sensor:

ln(CS − CL) = −kLat + ln(CS − CL0) (2)

where CS is the saturated DO concentration, CL and CL0 are the bulk
DO concentration at any time t and t = 0, respectively. The values of
kLa in each experiment were obtained from the slope of ln(CS − CL)
vs t.

2.6.3. Gas holdup determination
The overall gas holdup (εG) in both the conditioned of reac-

tor run (i.e. simple PBR and novel PBR) was measured by volume
expansion method [29] using the following expression:

εG = �V

�V + V
(3)
where VLS represents the liquid volume in both the packed bed
system; �V was the volume expansion after gas dispersion, calcu-
lated by multiplying the average change in liquid level (height) in
the reactor with the cross-section area of the reactor.
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.7. Abiotic PNP removal in the novel packed bed bioreactor

Experiment was carried out to estimate the abiotic loss of PNP
n the reactor due to adsorption onto bio-support material, and
olatilization with air supplied into the reactor. As mentioned
arlier, PUF was used as supporting material in the pack bed
eactor (PBR). There are several reports on removal of various pol-
utants through adsorption on PUF [30]. In order to estimate abiotic
NP removal, the novel bioreactor was operated without aeration
y supplying wastewater containing 200 mg l−1 of PNP in opti-
ized mineral salt medium (MSM) having the composition (g l−1):

2HPO4 2.6; KH2PO4 0.4; NH4NO3 0.58; MgSO4 0.17; CaCl2 0.038
nd FeCl3 0.002 [31]. The HRT of the reactor was maintained at
n arbitrary value of 10 h. When both effluent and influent PNP
oncentrations were the same, the reactor was aerated through all
he four ports to estimate PNP loss due to volatilization. All the
xperiments were carried out at temperature 29 ± 1 ◦C.

.8. Seed culture medium and biofilm development

A chlorophenolicus A6 used in the present study for PNP
iodegradation was a kind gift from Prof. Janet K. Jonson, Depart-
ent of Biochemistry, Stockholm University, Sweden. The media

sed for developing the seed culture contained MSM reported by
lexandar and Lustigman [32]. The MSM was added with 0.1% of
east extract and 150 mg l−1 of 4-chlorophenol (4-CP). The seed cul-
ure medium of 100 ml was taken in a 250 ml Erlenmeyer flask, and
as inoculated with a loop full of the culture freshly grown on agar

lants and incubated in an incubator shaker for 48 h at 30 ◦C and
80 rpm. The seed culture cells were centrifuged (5000 × g, 20 min
t 22 ◦C), washed in sterile phosphate buffer (pH 7.4), and regrown
vernight in optimized minimal salts medium as described by
ahoo et al. [31] with 200 mg l−1 of PNP as the sole source of car-
on and energy. The active cells were again centrifuged (5000 × g,
0 min at 22 ◦C), washed with 1× phosphate buffer saline (pH 7.4),
nd suspended in four liter of optimized MSM [31] with 200 mg l−1

f PNP to give a cell suspension of 0.75 OD600. The cell suspen-
ion was inoculated by pumping into the reactor packed with PUF
ubes by means of a peristaltic pump (Model: pp10, Miclins India).
ny biomass washed out of the reactor along with the effluent was
ecycled back. The reactor was continuously fed with the above
entioned MSM spiked with varying PNP concentrations varying

etween 200 and 600 mg l−1 and was operated for about 1 month
t different flow rates to maintain different HRT of 18–12.5 h, until
ufficient biomass concentration and steady state performance was
chieved. To confirm the biomass in the PBR, a few cubes of PUF
biosupport material) was sampled for microscopic analysis as

entioned earlier.

.9. Optimization of dissolved oxygen level in the reactor

Dissolved oxygen concentration can affect the synthesis of
nzymes for which oxygen is a substrate, growth rates, and on the
egulation of gene expression [33]. In the present study, perfor-
ance of the reactor operated at different DO level was monitored

or its optimization, and the experiment was performed after
llowing sufficient biomass growth in the reactor which took
lmost 1 month. The reactor was operated at 12.5 h of HRT with
n influent PNP concentration of 600 mg l−1 that was equal to a

NP loading rate of 1264 mg l−1 day−1. Aeration rate was varied
etween 2 and 10 L min−1 to achieve different DO levels in the
ange 2–7 mg l−1. At each DO level the experiment was carried
ut until a steady state condition was achieved that took about
days.
s Materials 190 (2011) 729–737

2.10. PNP biodegradation experiments with the novel PBR

The performance of the novel PBR on PNP biodegradation
was studied at optimum DO level by controlled supply of air.
The temperature of the reactor was maintained at an opti-
mum value of 29 ± 1 ◦C [34]. The synthetic wastewater (pH
7.5) contained optimized MSM [31] with varying concentra-
tions of PNP (600–1400 mg l−1) as the sole source of carbon
and energy. The wastewater was fed into the reactor at vary-
ing flow rates with the help of a peristaltic pump to maintain
different HRT between 18 and 7.5 h. The operational schedule
of the reactor is given in Table 2. Shock loading experiments
were also performed at two different conditions of sudden
increase in PNP loading rate from 842 and 2247 mg l−1 d−1 to
1966 and 4492 mg l−1 d−1, respectively. Samples were taken at
regular time interval and analyzed for biomass, COD and PNP
concentrations.

3. Results and discussions

3.1. Hydrodynamic study in novel PBR

As described earlier, the hydrodynamic experiment was per-
formed in PBR under two different aeration systems viz., aeration
only through the bottom aeration port (simple PBR); and aeration
through all the 4 ports with the arrangement to get cross flow aer-
ation along with perforated discs wrapped by nylon membrane at
the top (novel PBR). Fig. 2 compares the results of hydrodynamic
study performed in these two conditions of the reactor. Fig. 2(a)
shows the mixing profile in the novel PBR which clearly reveals
a better tm95 value (time to reach 95% homogeneity after a tracer
input) of 110 s compared with 185 s in the simple PBR. This could be
attributed due to its reduction of bubble formation, gas channeling
effect and improved uniform dispersion of liquid and gas through-
out the bed of the novel PBR. The mixing time (tm95) obtained in
both the reactors were plotted against the corresponding superfi-
cial gas flow velocity and are depicted in Fig. 2(b). The novel PBR
had lower mixing time (tm95) than the simple PBR for all the four
gas flow rates investigated. This indicates a better liquid circulation
rate in the novel PBR than the simple PBR. The maximum difference
in tm95 was observed when the superficial gas flow velocity was
0.315 cm s−1. At this condition the mixing time (tm95) in the novel
PBR and simple PBR were 99 and 175 s, respectively. Fig. 2(c) com-
pares the values of oxygen mass transfer coefficient between the
novel PBR and simple PBR. There was an enhancement of around
40% in kLa values in the novel PBR; from 97 to 139 h−1, and 54 to
76 h−1 at the two different superficial gas flow rates of 0.315 and
0.157 cm s−1, respectively. This could be attributed to the reduc-
tion in pressure drop leading to enhancement in gas flow velocity
in the novel PBR. It is reported that cross flow design by multi-
ple points along the height in packed beds reduces pressure drop
enabling the use of practical flow rates and even flow distribution
across wide packed bed [35]. In addition, due to the separation of
the aeration zone (fragmented approach) at four levels along the
height in the novel PBR presented a low shear stress compared
to simple PBR at higher aeration rate using a single port [36] as
a result reduced erosion of the immobilized biomass on the PUF
and enhanced biomass density for better biodegradation efficiency.
Fig. 2(d) shows the overall gas hold up profile in both the reac-
tors at 4 different superficial gas flow velocities, which reveals a

higher value of gas hold up in the novel PBR than the simple PBR.
A maximum of 17% enhancement in overall gas hold up (from 6.9
to 8.35) was observed in the novel PBR for a superficial gas flow
velocity of 0.315 cm s−1. The increase in overall gas hold up capac-
ity (εG) in the novel PBR may be due to the reduction in pressure
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Table 2
Operational schedule of the PBR.

d
h
t
c

F
(
a

rop as a result of more volume expansion (�V) and greater gas
old up. An increase in overall gas holdup could also have affected
he gas–liquid interfacial area and thus the oxygen mass transfer
oefficient.

ig. 2. Comparison of hydrodynamic profiles obtained using the novel and simple PBRs in
b) mixing time behavior at varying superficial air flow velocities; (c) oxygen mass transfe
t different air flow velocities.
3.2. Abiotic PNP removal by adsorption and volatilization

PNP removal in PBR by adsorption onto PUF was estimated from
the breakthrough curve shown in Fig. 3. As shown in the figure, the

the study: (a) mixing time profile at superficial flow velocities (UGR) = 0.315 cm s−1;
r coefficients (kLa) at UGR values of 0.1575 and 0.315 cm s−1; (d) overall gas hold-up
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ig. 3. Breakthrough curve obtained for determining the adsorption capacity of the
iosupport material used in the novel PBR (PNP influent concentration = 200 mg l−1,
RT = 10 h).

ed was saturated at the end of 80 h of operation showing effluent
NP concentration was almost equal to the influent PNP concen-
ration. Thus, the adsorption capacity of PNP was calculated to be
7.84 mg of PNP g−1 dry weight of PUF, which was much less than
he adsorption capacity of activated carbon. With an initial PNP
f 278 mg l−1, adsorption capacity of activated carbon for PNP was
alculated to be 556.44 mg of PNP g−1 activated carbon [37]. PNP
emoval due to volatilization was about 3 mg l−1 (1.5%) at an influ-
nt PNP concentration of 200 mg l−1 and aeration rate of 8 L min−1,
everal researchers reported insignificant to very less loss of PNP
ia volatilization [38,39].

.3. SEM characterization of PUF

Fig. 4 shows the scanning electron microscopic (SEM) images of
UF before and following the growth of Arthrobacter chlorophenoli-
us A6, which confirms microbial colonization on the biosupport
aterial. Observation of the biosupport matterial using SEM

howed a succession of densely colonized areas shown in Fig. 4(b).
loser examination of the surface revealed the presence of dense
iofilms embedded within a polymeric matrix (Fig. 4(c)) and most
olonies were observed to be large sized and cocci shaped.

.4. Optimization of DO concentration

Fig. 5 presents the effect of DO on PNP removal in the novel PBR
t the PNP loading rate of 1264 mg l−1 day−1. The PNP removal effi-
iency was found to be the maximum when DO in the reactor was
ithin the range of 4.9 and 5.5 mg l−1 which is in close agreement
ith the literature reports [40]. However, any further increase in

he DO concentration did not improve the PNP removal efficiency
n the novel PBR system. This might be due to the fact that at higher
O level, the oxygen acts as a strong electron withdrawing group

nherent to nitro-aromatics and reduces the electron density of the
romatic ring resulting in inhibition of oxidative attack by the elec-
rophilic oxygenases [41]. The reduction in the reactor performance
t lower DO level may also be due to the inadequate transfer of DO
o the microorganisms present deep inside the biofilm formed in
he pores of the PUF, causing anaerobic conditions [42]. The first 13
ays of operation shown in Fig. 6 represents the experiment related
o optimization of DO concentration.
.5. PNP biodegradation in the novel PBR

The operational schedule of the PBR is given in Table 2 and the
erformance of the reactor on PNP biodegradation is shown in Fig. 6.
Fig. 4. SEM images of PUF: (a) vesicular structure of PUF before inoculums, (b) bac-
terial growth on PUF, and (c) magnified picture of (b) showing more clear bacterial
morphology.

The reactor was started with 600 mg l−1 of PNP in the influent and
was operated with stepwise increase in PNP concentrations up to
1400 mg l−1 for a total period of 114 days at varying HRTs of 18, 12.5,
10, and 7.5 h. Change in HRT and/or influent PNP concentration was
done once the reactor acquired steady state condition. PNP was the
sole carbon source added into the reactor which has a chemical oxy-
gen demand (COD) of 1.69 mg l−1. The reactor was able to reduce
PNP to below detection limit even at the shortest HRT of 7.5 h. The
organic carbon removal in the reactor measured as COD was even
more than 98% when operated at an influent PNP of 1000 mg l−1

suggested that the PNP was utilized by the microorganisms as

sole source of carbon and energy. At the influent concentrations
of 800 and 1000 mg l−1, complete PNP removal was noticed when
HRT was 10 h or more. However, the reactor could not completely
remove PNP when the HRT was lowered to 7.5 h. The effluent PNP
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Fig. 5. Dissolved oxygen profile with respect to PNP removal rate and removal
efficiency at a constant loading rate of 1264 mg l−1 day−1.
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was observed at the PNP loading rate of 2787 mg l d , maxi-
Fig. 6. PNP biodegradation profile in the novel PBR.

oncentrations were about 20 and 100 mg l−1, respectively. Fur-
hermore, at the influent concentrations of 1200 and 1400 mg l−1,
he reactor could remove more than 99.5% of PNP when operated
t the HRTs of 12.5 and 18 h, respectively. The reactor performance
as drastically reduced at HRTs lower than 10 h and influent PNP

oncentrations greater than 800 mg l−1.
DO profile during the operational period of the reactor is also

hown in Fig. 6. Two dotted lines parallel to X axis represents
he optimum DO concentration range between 4.9 and 5.5 mg l−1.

henever DO in the reactor content was beyond this range it was
rought back to this range by controlling rate of supply of air into
he reactor. Sudden decrease or increase in DO concentration in the
eactor was noticed due to change in organic loading rate either
y changing HRT, or PNP concentration in the feed, or by chang-

ng the both. Sudden decrease in DO concentration in the reactor
ere noticed whenever there was an increase in PNP loading rate
ue to lowering of HRT of the reactor fed with 600–1200 mg l−1 of
NP. This might be due to sudden increase in DO demand by the
icroorganism to degrade the extra amount of PNP introduced to
aintain a lower HRT. Similarly, sudden increases in DO concentra-

ion were noticed on 24th, 37th, 51st and 66th days as PNP loading
ate was decreased due to increase in HRT from 7.5 to 18 h, even if
he PNP concentration in wastewater was enhanced stepwise from
00 to 800, 1000, 1200 and 1400 mg l−1, respectively (Table 2). Sim-

lar change in DO profile has been observed by other researchers
43]. Although, the DO level could be brought back to a value near
mg l−1 by controlling air supply, a prominent ascends in DO con-

entration was observed on 75th day of run (Fig. 6) when the reactor
as introduced with wastewater containing 1400 mg l−1 of PNP

nd an HRT of 10 h (Table 2). This might be due to the toxicity
ffects of PNP at this concentration that inhibited the microorgan-
Fig. 7. (a) PNP removal efficiency, and (b) PNP biodegradation rate in the novel PBR
at different PNP loading rates.

isms from normal metabolic activities leaving significant amount
of DO and PNP unutilized. Percentage PNP removal was only 74%
at this condition. Performance of the reactor was even worse when
the HRT was lowered to 7.5 h, where PNP removal was only 48%.

In fact, the reactor performance was greatly dependent on the
PNP loading rate that depends upon PNP concentration and HRT.
Experimental data are re-plotted in Fig. 7(a) and (b) to show the
reactor performance in terms of percentage removal, and PNP
removal rate (mg l−1 d−1) respectively at different PNP loading
rates. Fig. 7(a) shows that almost complete removal of PNP in
the reactor was achieved at the maximum PNP loading rate of
2787 mg l−1 d−1 when the reactor was operated at 10 h HRT and
1000 mg l−1 influent PNP concentration. To the best of our knowl-
edge, this is the maximum PNP loading rate at which complete
removal of PNP was achieved in any bioreactor reported so far.
In addition, the novel PBR removed PNP more than 99.9% from
an initial concentration of as high as 1400 mg l−1 (HRT = 18 h). The
maximum PNP concentration that was completely removed from
any bioreactor so far is only 320 mg l−1 [6], whereas in any batch
shake flask it is 500 mg l−1 [44]. Furthermore, the maximum PNP
concentration investigated in any bioreactor so far with 99% degra-
dation efficiency is 528.73 mg l−1 [15]; beyond this concentration
the authors observed inhibition of the microorganism perfor-
mance. However, at loading rates greater than 2787 mg l−1 d−1 PNP
removal efficiency gradually reduced in the present study irrespec-
tive of the influent concentration. Though, complete PNP removal

−1 −1
mum PNP removal rate of 3371 mg lmg l−1 d−1 was obtained at
the loading rate of 3746 mg l−1 d−1 (PNP = 1000 mg l−1, HRT = 7.5 h)
[Fig. 7(b)]. Fig. 7(b) also indicates that it could be possible to achieve
better PNP removal rate had the reactor been operated at HRTs
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ower than 7.5 h with an influent PNP concentration of 1200 mg l−1

r lesser. However, the reactor performance (% removal) decreased
ith increase in PNP loading rate leaving high PNP concentration in

he treated effluent [Fig. 7(a)]. Thus, the optimum conditions of PBR
peration was observed at the PNP loading rate of 2787 mg l−1 d−1

or an inlet concentration of 1000 mg l−1. COD removal efficiency at
his operating condition was more than 98%. p-Nitrocatechol and
ydroxy-quinol, which are the common intermediate products of
NP biodegradation by Bacillus sphaericus JS905 [11] and Arthrobac-
er species [45] were identified in the reactor effluents. However,
he concentration of these intermediates can be expected to be low
t this operating condition, as removal of COD from the reactor
as more than 98%. Furthermore, at this optimum loading rate

f PNP the toxicity removal efficiency tested on mixed microbial
onsortia, and A. chlorophenolius A6 were found very high of 93%
nd 97%, respectively. The PNP removal rate value achieved in the
resent study using the novel PBR is superior to other bioreactors
eported so far in the literature [15,16]. Rezouga et al. [15] reported
9% removal of PNP in an aerobic stirred tank bioreactor from an

nfluent PNP concentration of 528.73 mg l−1, which is equivalent
o 1490 mg l−1 d−1 of PNP loading rate. An influent PNP concen-
ration more than 528.73 mg l−1 reduced the reactor performance
ignificantly. Though, sponge-like structure of PUF has poor gas
ermeability [46], the higher PNP degradation efficiency observed

n this study might be due to the enhancement of hydrodynamic
onditions and gas liquid flow velocity. Higher gas liquid flow veloc-
ty might have facilitated better penetration of food (substrate)
nd oxygen (electron acceptor) deep inside the biosupport (PUF)
eading to higher biomass growth as high as 380.5 mg g−1 of PUF
nd thus better PNP biodegradation performance. Similar biomass
rowth immobilized in PUF for nitrobenzene biodegradation
as reported by Fava et al. [30], however, they achieved compar-

tively less biomass growth of 136.19 mg dry biomass per gm of
UF. The higher biomass growth leads to enhance the rate and effi-
iency of PNP biodegradation is also well correlated with our earlier
ork that 4-chlorophenol biodegradation by the A. chlorophe-

oloicus A6 is a growth associated process [31]. Furthermore, in
he present study the adsorption capacity of PNP was calculated
o be 37.84 mg of PNP g−1 dry weight of PUF, which is compara-
ively insignificant with literature report of 556.44 mg of PNP g−1

ctivated carbon at a influent PNP concentration of 278 mg l−1 [37].
n addition, at an aeration rate of 8 L min−1, loss of PNP due to
olatilization was only 3 mg l−1 for an influent PNP concentration
f 200 mg l−1. Therefore, it is evident that abiotic PNP removal was,
uch lower than the total removal observed due to presence of the
icroorganism. Hence, removal of PNP in the novel PBR can be well

aid to be due to biodegradation by A. chlorophenolicus A6. Further-
ore, similar pattern of COD removal profile (not shown) to that

f PNP removal suggests that the microorganism used PNP as sole
ource of carbon and energy.

Any industrial wastewater treatment plant undergoes different
ntermittent organic and pollutant loading conditions, when con-
entrations of its pollutants changes abruptly. Karim and Gupta [47]
eported reduction in efficiency of PNP degradation from 96% to
9.7% when HRT was reduced from 30 to 12 h (and thus increased
he loading rate) in an up flow anaerobic sludge blanket reactor.
erformance of the novel PBR under shock loading conditions was
valuated by monitoring the reactor performance on PNB removal
t two different shock loading conditions (Table 2). PNB concen-
ration in the influent was reduced from 1400 to 600 mg l−1 and
RT was increased from 7.5 to 18 h after 91st days of reactor

un (Table 2). The reactor was operated at this condition for 6

ays where complete removal of PNP was observed, and following
hich the influent PNP was suddenly raised to 1400 mg l−1 with an

ncrease in PNP loading rate from 842 to 1966 mg l−1 d−1. Though
he reactor was upset temporarily as the removal efficiency was
Fig. 8. PNP removal profile of the novel PBR under shock loading conditions.

only 91%, more than 99.9% PNP removal was observed only within
2 days of run, as shown in Fig. 8. The reactor was operated con-
tinuously at this condition for 2 more days and the performance
was found to be stable. The operating conditions of the novel PBR
was once again changed by reducing the influent PNP to 600 mg l−1

and HRT to 7.5 h on 105th day of the operation (Table 2). Complete
removal of PNP was re-established within 2 days of operating of
the reactor. The PNP in the influent was once again increased to
1200 mg l−1 but without any change in the HRT. Although the reac-
tor performance was slightly disturbed due to this sudden change
in operating condition, PNP concentration from 600 to 1200 mg l−1,
i.e. increases in PNP loading rate from 2247 to 4492 mg l−1 d−1.
However, the reactor performance was continued to improve till
next 5 days and became stable with a removal efficiency of 74%.
These results suggest that the novel PBR was able to completely
regain its original performance within a short period of opera-
tion, under the two shock loading conditions tried, which is better
performance compared with other continuous bioreactor systems
tested for PNP biodegradation [16,48,49].

4. Conclusion

The novel PBR showed better hydrodynamic feature than the
simple PBR. The polyurethane foams (PUF) with macro pores of
sizes as large as 244 �m introduced in the reactor as support
material for the growth of Arthrobacter chlorophenolicus A6 had
PNP adsorption capacity of 37.84 mg g−1, which could remove PNP
for only initial period of reactor operation. Complete removal of
PNP was observed using the novel PBR at a maximum PNP load-
ing rate of 2787 mg l−1 d−1, which corresponded to PNP influent
concentration of 1000 mg l−1 and 7.5 h HRT. p-Nitrocatechol and
hydroxy-quinol were the main intermediates identified during PNP
biodegradation process. About 98% COD removal under above oper-
ating condition suggested that accumulation of intermediates did
not occur. Though, the reactor could remove more than 99% from
1400 mg/l influent PNP when operated at an HRT of 18 h, inhibi-
tion on Arthrobacter chlorophenolicus A6 due to PNP was noticed at
this influent concentration when operated at an HRT 10 h or less.
Toxicity of PNP reduced the degradation of PNP and utilization of
DO.

The present study demonstrated that the novel PBR is capa-
ble of not only 100% reduction of PNP in absence of any external
carbon source but also highly efficient at a very high PNP load-
ing rate of 2787 mg l−1 d−1. In addition, the bioreactor showed

good compatibility in handling shock loading of PNP in the sys-
tem. Overall, the result obtained using the novel PBR displayed
very high performance on treatment of PNP containing synthetic
wastewater.
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