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ARTICLE INFO ABSTRACT

Immobilization of microorganisms is a widely adopted strategy for the efficient degradation of hazardous or-
ganic compounds like phenol. Microorganisms can be immobilized in synthetic or natural matrices. In this work
dried areca nut (Areca catechu) husks and luffa (Luffa cylindrica) sponge fibers were used as alternative and
inexpensive natural matrices for microbial cell immobilization. The potential of these immobilization systems for
the effective bioremediation of phenolic wastewater was explored. A bacterial consortium was isolated by en-
riching a sludge sample from a petroleum refinery in high phenol concentrations. The mixed bacterial culture
was capable of degrading 1000 mgL ™' of phenol in suspension cultures. The bacterial consortium was im-
mobilized on the lignocellulosic matrices. Phenol degradation studies were performed in batches to optimize the
physicochemical parameters. Optimum pH and temperature for phenol degradation was found to be 8.0 and
37 °C. At an optimum pH and temperature, the areca nut husk and luffa sponge systems immobilized with the
mixed culture could degrade 1000 mg L~ " phenol in 28 h and 30 h respectively. The highest experimental de-
gradation rates in areca nut husk and luffa sponge systems were 0.37 h™! and 0.21h™"' respectively at
200 mg L.~ ! phenol. Degradation kinetic studies were carried out using several inhibition models. Further studies
revealed that both matrices with immobilized microbes could be reused for several successive batch degradation
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experiments and stored at 4 °C for several weeks without any noticeable loss in degradation efficiency.

1. Introduction

Phenols or phenolics are a class of organic chemical compounds
well known for their toxic effects on microbes, aquatic flora and fauna,
animals and humans even at low concentrations. The simplest of them
is phenol, which is the most sought-after pollutant due to its recalcitrant
and ubiquitous nature. Phenolic compounds are very frequently found
in run-offs and effluents of various industries such as petrochemicals,
coal conversion, coking plant, leather, textiles, pharmaceutical, olive
oil, paint, polycarbonate resin, ink, paper, perfume etc. [1]. Phenol has
been categorized in the list of significant contaminants by the US En-
vironmental Protection Agency (USEPA) due to its high solubility in
water sources and toxicity [2]. The permissible limits of phenol in po-
table waters has been set to 1 ug L™ ' by the World Health Organization
(WHO) [3]. Hence, removal of phenol from wastewater is essential
before its release into the environment.

Over the years researchers have shown that bioremediation is a
cost-effective and eco-friendly alternative to the traditional physico-
chemical methods used for phenol removal [4-7]. Although

sustainable, the inhibitory effect of phenol at high concentrations pose
a serious challenge for wastewater remediation by microorganisms [8].
Hence, several strategies have been explored to overcome this problem.
Most common approaches include use of genetically modified organ-
isms, acclimatization of organisms to lethal phenol concentrations, and
immobilization of organisms [9]. Immobilization of microbial cells
offer several benefits over other approaches for treatment of phenolic
wastewaters: (1) fortifies microbes against the toxic effects of phenol
and harsh environments, (2) helps reach a high microbial concentration
hence achieving a high contaminant degradation rate, (3) helps easy
recovery and re-use of microbial cells for repeated degradation of target
pollutants and (4) helps microbial cells stay viable during storage for
extended durations with little or no loss of degradation capacity hence
ensuring stable long-term operation [5,10,11]. Immobilization by en-
trapment of microbial cells in matrices such as calcium-alginate beads
[8,12] or a more mechanically stable PVA (poly vinyl alcohol) [4,6,13]
were reported earlier. Entrapment of whole cells using chitosan beads
[10] or hybrid systems involving alginate-chitosan, PVA-alginate and
glycerol-alginate [9] were also implemented. Immobilization studies
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Table 1
Comparison of reported immobilization matrices for phenol degradation.
Sl. No. Immobilization matrix Pollutant/ concentration ~Organism/s used Experimental degradation rate, q Reference
™
1 Microfiltration membrane Phenol@100 mg L™ ! Pseudomonas putida F1 1.05 [32]
capsule
2 PVA Gel Phenol@800 mg L™ ! Acinetobactersp. XA05 and Sphingomonas sp. FGO3 (1:1 1.2 [13]
ratio)
3 PVA Gel Phenol@500 mg Lt Acinetobacter sp. strain PD12 1.249 [6]
4 Calcium Alginate Phenol@500 mg L.~ ! Bacillus cereus MTCC9817 0.26 [71
5 Calcium Alginate Phenol@100 mg L™ ! Bacillus cereus MTCC 9818 0.15 [71
6 Areca nut husk Phenol@200 mg L ~* Mixed culture 0.37 This work
7 Luffa fibres Phenol@200 mg L ™! Mixed culture 0.21 This work

were carried out using supports such as polyurethane foam (PUF) [14],
Celite R-635 [15] and Liapor clay beads [16]. A major drawback of
systems such as calcium-alginate is its instability against phosphates
and disruption of gel particles due to CO, evolution [17].

In recent years, the pursuit for finding a natural, renewable, non-
toxic and biodegradable immobilization matrix has brought lig-
nocellulosic biomass to limelight. Microbial cells immobilize onto lig-
nocellulosic biomass via physical adsorption [18]. Owing to its abun-
dance on planet Earth, a variety of lignocellulosic supports such as
bagasse, sawdust, wood shavings/chips, rice husk, straw and dry co-
conut husk were tested for fermentation and wastewater treatment
studies [5,17,18]. Table 1 describes various reported immobilization
matrices used for phenol degradation. In the current study, we have
used dried areca nut husks and dry mature luffa vegetable fibers as
potential candidates to immobilize bacteria for phenol degradation.

Areca catechu (Family: Arecaceae) is a species of palm, which grows
lavishly in Asian countries. The fruit is known as areca nut or betel nut.
India is the largest producer of areca nut in the world [19]. The fruit is
protected by a fibrous husk, which is separated before consumption of
the areca nut. This husk is discarded and is considered as agricultural
waste [19]. Owing to the considerable amount of sugars (21%) in these
husks, they have been used as low-cost substrates for citric acid pro-
duction by solid state fermentation [20]. On the other hand, Luffa cy-
lindrica (Family: Cucurbitaceae) is a vegetable crop that grows abun-
dantly in tropical and sub-tropical climates of African and Asian
countries. The fruit, although edible at a younger stage, becomes very
fibrous once ripened. The mature fruit is dried until the fleshy part
fades away leaving a skeleton of randomly interconnected network of
highly fibrous matrix. The dried fruit is widely used as bath scrubber
and for manufacturing bath mats, table and door mats [21]. These fi-
bers are highly porous and are used as a potential support for im-
mobilization of microbial cells for ethanol production [21,22]. The use
of luffa sponge for immobilization of algal and fungal cells for removal
of heavy metals was also reported [23]. However, to our knowledge,
there are no reports on bacterial immobilization on areca nut husk and
luffa fibers for treatment of phenolic wastewater.

Therefore, we have explored the potential of these two lig-
nocellulosic biomasses as carrier matrices for bacterial immobilization
and their use for treatment of synthetic phenolic wastewater in this
study. A mixed bacterial culture, which was previously acclimatized to
high phenol concentrations, was immobilized onto these two bio-
masses. The effect of factors such as pH of the growth medium, tem-
perature of incubation and initial phenol concentration were studied
and optimized. The experimental degradation data were fitted to var-
ious established substrate inhibition models via MATLAB R2018A and
various bio-kinetic parameters were estimated.

2. Materials and methods
2.1. Chemicals and raw materials

All the analytical grade chemical components and phenol crystals
were procured from HiMedia® and MERCK India. Areca nut husks and
luffa sponges were obtained from the local market in Guwahati, Assam,
India.

2.2. Microorganisms and culture condition

A microbial consortium was isolated in our earlier study [24] by
enriching a sludge sample acquired from a petroleum refinery in high
phenol concentrations. The mixed microbial culture could utilize
phenol up to a concentration of 1000 mg L~ '. The enrichment culture
contained three culturable strains of bacteria. These isolates were
identified as Brevibacterium sp. DBK1 (NCBI GenBank Accession no:
KP231222), Stenotrophomonas acidaminiphila DBK (NCBI GenBank
Accession no: KC992293) and Brucella sp. DBK2 (NCBI GenBank Ac-
cession no: KP231223) by 16S rRNA sequencing. The mixed culture was
maintained and cultivated in sterilized MSM (mineral salt medium), the
chemical composition of which has been described in our previous re-
port [24]. Sub-culturing was done every fifteen days in an incubator
shaker at 37 °C and 120 rpm (Incubator Model: ZHICHENG Instruments
ZHWY-2112B) with 1000 mg L.~ ! of phenol as a sole energy and carbon
source. The mixed culture, at its late log phase was stored at 4 °C.

2.3. Preparation of the lignocellulosic matrices and immobilization of the
mixed culture

Areca nut husks were washed with water and dehydrated in a hot
air oven at 85 °C to remove any moisture, as these are prone to fungal
contamination. The outside skin or the exocarp of the areca nut husks
were removed and only the fibrous part or mesocarp was retained. The
luffa sponges were also washed with water and dried at 85 °C to remove
moisture.

The dried areca nut husks and mature luffa sponges were then
chopped into pieces of 5 mm-6 mm approximately. The chopped bio-
masses were washed several times with deionized water to remove
pigments imparted by the particles. These were dried again at 85 °C.
The untreated biomasses were autoclaved, dried and stored. These were
later used as matrices for microbial immobilization. Immobilization of
microbial cells onto the dried biomass was performed in situ in conical
flasks by a semi-solid state approach, where cells were immobilized by
natural adsorption [5,17].

20 g of sterile and dried areca nut husk was mixed with 200 mL of
fresh bacterial culture. The bacterial culture was maintained in
1000 mg L~ phenol for achieving higher bacterial biomass densities.
The concentration of the bacterial culture was recorded as 1.09 (ODgq0)
which was equivalent to 0.944 g L™ ! dry cell weight (DCW) (1.0 OD
equivalent to 0.866g L™ ' of dry cell biomass, R? = 0.97, data not
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shown here). This was allowed to stand in a static incubator at 37 °C.
After 24 h, the flasks were augmented with 50 mL of fresh media sub-
stituted with 200mgL~! phenol and allowed to stand overnight.
Thereafter, the entire media was replaced with 200 mL of fresh mineral
media containing another 200mgL~' phenol. This was allowed to
stand for another 24 h in a static incubator at 37 °C. This method of
immobilization was adopted from Basak et al. [5] with slight mod-
ifications.

Similarly, immobilization of bacterial culture was also carried out
for luffa sponges. Since the density of luffa sponge is rather low when
compared to areca nut husks, only 6 g of dry luffa sponges were used for
immobilization of bacterial culture. The entire immobilization process
was achieved in 500 mL conical flasks containing 200 mL of bacterial
culture.

2.4. Optimization of physical parameters responsible for growth and
substrate utilization (batch studies)

2.4.1. Effect of initial pH of the culture media

Batch experiments were performed to ascertain the impact of initial
pH of the growth medium on the bioremediation of phenol. A wide
range of pH levels were considered for the experiment (5.0, 6.0, 7.0,
8.0, 9.0 and 10.0). The selection of pH values were made based on our
previous study [24] on phenol degradation using free cells of the mixed
bacterial culture. The initial pollutant concentration in the culture
medium was maintained at 200 mg L~ !. Experiments were performed
in 250 mL conical flasks containing 100 mL of culture media. 15g of
wet areca nut husk and 6 g of wet luffa sponge fibers (with immobilized
microorganisms) were used as inoculum for the experiments. All the
experiments were carried out at 37°C in an incubator shaker at
120 rpm. Phenol degradation was monitored at regular intervals. De-
gradation data was used to calculate the degradation rate of phenol,
which helped determine the optimal pH required for substrate utiliza-
tion.

2.4.2. Effect of incubation temperature

Experiments were also performed to investigate the impact of
temperature of incubation on the bioremediation of phenol. A pre-
determined optimum pH, calculated from the previous set of experi-
ments, was used for the study. 200mgL~" of phenol was used as a
solitary source of carbon for the experiments. Studies were performed
at incubation temperatures of 25 °C, 30 °C, 37 °C and 45 °C in 250 mL
conical flasks containing 100 mL of culture media in a shaker incubator
at 120 rpm. The inoculum volume was maintained at 15 g for wet areca
nut husks and 6 g for wet luffa sponge fibers. Consumption of phenol by
the immobilized microbes was monitored at regular intervals for cal-
culation of phenol degradation rate and successive ascertainment of the
optimum incubation temperature.

2.4.3. Effect of initial phenol concentrations

At an optimum pH and temperature determined from the previous
set of experiments conducted in Sections 2.4.1 and 2.4.2 respectively,
studies were also conducted to ascertain the optimum phenol con-
centration for rapid substrate utilization. Various increasing con-
centrations of phenol (200mgL~!, 400mgL~!, 600mgL~ %,
800 mgL ™! and 1000 mgL~1) were used as the sole source of carbon
and energy for this study. Inoculum load was maintained at 15 g for wet
areca nut husk and 6 g for wet luffa sponge fibers. Experiments were
performed in 250 mL conical flasks containing 100 mL of mineral media
in a shaker incubator at 120 rpm. Residual concentrations of phenol
were estimated by withdrawing samples at fixed intervals. Phenol de-
gradation data was used for calculation of degradation rate, g (h™ Y and
analysis of degradation kinetics. Degradation kinetic study is discussed
in a later section.

The optimum value of environmental parameters was determined
based on the value of degradation rate, ¢ (h™'). All experiments
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discussed above were conducted in triplicates.
2.5. Analytical methods

2.5.1. Analysis of residual phenol

Nylon membrane filter papers (0.22 um pore size, Pall Corporation)
were used to filter samples. Residual phenol concentration in the fil-
trates were determined via High Performance Liquid Chromatography
(Model: Agilent Technologies 1220 Infinity LC) fitted with a Variable
Wavelength Detector (VWD) and a reverse phase column (Agilent
ZORBAX Eclipse XDB-C18, particle size 5pm, dimensions
3.0x150 mm) after appropriate dilutions. A mobile phase of water
(60%): acetonitrile (40%) was used and a flow rate of 1.0 mL min~*
was maintained at room temperature. Residual phenol was detected by
injecting aliquots of 20 uL at a wavelength of 280 nm.

2.5.2. Electron microscopic studies

The lignocellulosic matrices with and without the immobilized
mixed bacterial consortium was observed and studied via FESEM (Field
emission scanning electron microscopy). 5 mm pieces of areca nut husk
and luffa sponges were collected from the immobilization flasks and
fixed by treatment with 3.5% glutaraldehyde for 6 h [17]. These were
further washed with sterile crystal-free neutral phosphate buffer and
dehydrated by treatment with increasing ethanol gradation (50%, 70%,
90%, 95% and 100%). The samples were finally dried in a vacuum
desiccator overnight. The dried samples were directly placed on a
double-sided carbon tape on a FESEM stub and coated with gold film.
The morphology of the bacterial community immobilized on the lig-
nocellulosic matrices were witnessed and photographed at a magnifi-
cation of 0.5-10 KX via Zeiss FESEM (model: Sigma). The oven-dried
lignocellulosic matrices without the immobilized bacterial culture were
directly viewed under FESEM without any kind of pre-treatment.

2.6. Degradation kinetic studies and comparison of inhibition kinetic models

Experimental degradation data (obtained from batch studies de-
scribed in Section 2.4.3) was fitted to several available kinetic models
to elucidate the kinetics of phenol degradation by the immobilized
microorganisms. Various established substrate inhibition kinetic
models viz., Haldane model [25], Yano model [26], Aiba model [27],
Edward model [28] and Webb model [29] (Table 2) were considered in
this study. Degradation rate of phenol, g (h™!), was ascertained from
the gradient of plot of the negative logarithm of S/S, vs. time (¢) [7] for
various initial substrate concentrations (S,). The plot of experimental
degradation rates (q) versus values of various corresponding initial
phenol concentrations (S,) were fitted to the different substrate in-
hibition models. Different bio-kinetic parameters such as, qpq, (max-
imum degradation rate, h™'), K; (inhibition constant, mg L™ 1), and K
(affinity constant, mg 1.~') were calculated for the inhibition models
using nonlinear regression analysis in MATLAB R2017b.

2.7. Storage and reusability studies of the mixed culture immobilized on the
lignocellulosic biomass

The effect of storage on the stability and biodegradation potential of
the microbes immobilized on the lignocellulosic biomass was studied
for a period 0-6 weeks. After the immobilization of the mixed bacterial
culture on the lignocellulosic biomass (as described in Section 2.3), a
biodegradation experiment was conducted for a phenol concentration
of 200 mg L~ . Residual phenol concentrations were measured at reg-
ular intervals and time taken for complete phenol degradation was
noted. In order to maintain similar inoculum quality for the entire
course of storage stability experiments, abundant immobilized material
was prepared for carrying out biodegradation studies in triplicates for
eight batches. The immobilized cells were then stored at 4 °C for con-
ducting the storage stability experiments. Biodegradation batch
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Table 2
Model fitting and calculation of bio-kinetic parameters.
Immobilization matrix Model Gmax (h ™) Ks (mg L™Y) K; (mg L™ 1) K (mgL™h) R?
Areca nut husk Haldane model: g = dmaxS ~ [25] 11.1632 1805.71 10 - 0.9218
Ksm(i]
K
. xS (=S 0.6053 20.53 515 - 0.9706
Aiba model: g = KS+Saxp (?1) [27]
s s 0.0042 3.58 231 - 0.9858
Edward model: g = g, S exp(—) - exp(—) [28]
K1 Kg
Yano model: g = ‘I;naxs [26] 0.7446 105.02 893 173.17 0.9626
Ks+S+(S*/Kp[1+S/K]
Webb model: g = GmaxS[1 +ZS/K] [29] 162.1371 27031.92 1 22632.45 0.9183
S+Kg+(5%/Kp)
Luffa fibers Haldane model 5.2247 2298.7 16 - 0.9681
Aiba model 0.3413 39.5 663 - 0.9903
Edward model 0.002 5.6 273 - 0.9815
Yano model 0.3958 104.78 832 368.32 0.9877
Webb model 4.1883 1224.26 13 1436.41 0.9233

experiments were conducted in triplicates, every week (for up to 6
weeks), to check for the decline (if any) in biodegradation potential of
the immobilized mixed microorganisms. Before commencing the batch
experiments, the lignocellulosic biomass was allowed to reach the room
temperature.

Reusability of the immobilized microorganisms was also studied by
conducting several successive batch degradation experiments. For these
studies, the lignocellulosic biomass immobilized with the mixed mi-
crobial culture was retrieved from the first batch of experiments. These
were then washed with sterile distilled water. Subsequently, the re-
trieved biomass was subjected to repeated batch biodegradation ex-
periments for up to 15 batches. After each batch, the biomass was re-
trieved and washed with sterile distilled water. Residual phenol
concentration was monitored at regular intervals and time taken for
complete degradation was noted for all the batches.

All the studies were conducted in triplicates with a phenol con-
centration of 200 mgL ™! in 250 mL conical flasks. A uniform pH and
temperature of 8.0 and 37 °C respectively was maintained in the shaker
incubator at 120 rpm for all storage and reusability experiments.

2.8. Composition analysis studies of the lignocellulosic biomass

Compositional analysis studies were carried out for the lig-
nocellulosic biomass without immobilized microorganisms and with
immobilized microorganisms after 15 consecutive batch experiments to
determine the degradation of the structural components (if any) of the
lignocellulosic biomass. Hemicellulose was determined by a method
described by Goering and Van Soest [30] which involved estimating
neutral detergent fiber (NDF) and acid detergent fiber (ADF) separately.
Hemicellulose content can be determined by calculating the difference
between NDF and ADF. Holocellulose was measured by treatment with
sodium chlorite [31]. Lignin was estimated by TAPPI standard protocol
(Technical association of the pulp and paper industry).

3. Results and discussion

3.1. Lignocellulosic matrices, immobilization of the mixed culture and
electron microscopic imagery

Usually, microorganisms are immobilized onto solid supports by
recirculating a concentrated microbial culture suspension through a
reactor where the lignocellulosic materials act as solid supports. One
major drawback of this process is cell desorption, which restricts op-
erational stability [17]. In this study, a semi-solid-state approach was
adopted to achieve maximum cell immobilization and enhanced stabi-
lity. Adding fresh media with phenol after 24 h and 48 h (as discussed in

Section 2.3.) resulted in enhanced cell growth, causing microbial cells
to be immobilized thoroughly on the supports [17]. Scanning electron
microscopy (FESEM) was performed to visualize the lignocellulosic
matrices with and without immobilization of the mixed bacterial cul-
ture. Fig. 1a and b portrays the surface architecture of the areca nut
husks and luffa sponge fibers respectively without immobilized micro-
organisms. It can be easily visualized that the surface of the areca nut
husks is a lot rougher and porous in texture when compared to the luffa
sponge fibers. Fig. 1(c and d) depicts the immobilization of the mi-
crobial cells on the areca nut husks. Copious amounts of bacterial cells
can be seen immobilized on the surface of the areca nut husks. The
surface architecture of the husks appears to be smooth (in contrast to
the surface without microorganisms), which is possibly due to forma-
tion of biofilms. Fig. 1(e and f) illustrates the immobilization of mi-
crobial cells on the surface of the luffa sponge fibers. It can be observed
that, when compared with areca nut husk fibers, the intensity of im-
mobilized bacterial cells on the luffa sponges has declined. This im-
pairment in immobilization intensity can be attributed to the fact that
the surface of the luffa sponge fibers is smoother compared to the areca
nut husks. The rougher surface of the areca nut husks might be re-
sponsible for enhanced cell adsorption. The bacterial cells were ad-
sorbed on the lignocellulosic biomass naturally, which can be ascribed
to covalent bonding or electrostatic forces between the surface of the
lignocellulosic biomass and the bacterial cells [5].

3.2. Effect of initial pH on the degradation of phenol

pH plays a vital role in utilization and degradation of phenolic
compounds by microorganisms. Maintaining an optimum pH of the
culture media activates enzymes that are responsible for degradation of
phenol. Extreme changes in pH renders these enzymes non-functional
causing denaturation and loss of catalytic activity [24]. Denaturation of
enzymes impairs metabolic activity of the microorganism eventually
leading to rapid obliteration of bacterial biomass. Hence, an optimum
initial pH should be imperatively maintained for efficient phenol de-
gradation.

Fig. 2a represents the phenol degradation curves at different pH
values in case of areca nut husk immobilization system. It can be ob-
served that phenol was completely degraded in 6 h for pH 7.0 and pH
8.0. Whereas, complete degradation of phenol was achieved in 8 h for
pH 5.0 and pH 6.0. For higher pH values of 9.0 and 10.0, more than
99% of the pollutant was degraded in 10h. Fig. 2b represents the
phenol degradation percentage and degradation rates for 200 mgL ™!
phenol at different pH values in areca nut husk immobilization system.
The degradation rate reached a maximum value of 0.37 h~! at pH 8.0.
Although complete degradation of phenol was achieved at pH 7.0, the
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Fig. 1. (a) FESEM image of areca nut husk; (b) FESEM image of luffa sponge fiber; (c) & (d) Mixed bacterial culture immobilized on areca nut husks; (e) & (f) Mixed

bacterial culture immobilized on luffa sponge fibers.

degradation rate was lower at a value of 0.23h ™. It may be noted that
when compared to the suspension cell culture reported in our previous
study [24], there is a marked improvement in phenol degradation.
Phenol was degraded completely in pH values of 5.0, 6.0, 7.0 and 8.0.
Besides, more than 99% of phenol was also degraded at pH 9 and pH 10
during the study duration. Whereas, in our previous study using free
cells [24], at pH 5.5 and pH 8.5, a severe inhibition of growth was
observed which indicated minimal or no degradation of phenol.
Similarly, Fig. 3a represents the phenol degradation curves at dif-
ferent pH values in luffa-sponge immobilization system. Here, it can be
observed that 200 mg L~ * of phenol was completely degraded at pH 8.0
in 8 h. At pH 7.0, complete degradation was achieved in 10 h. Complete
phenol degradation for pH 9.0 and pH 10.0 was achieved at 12h and
14 h respectively. At pH 6.0, complete degradation of phenol took 20 h.

However, at pH 5.0, phenol was not completely degraded in the
duration of the study, and about 79% degradation could be achieved in
24 h. Fig. 3b represents the phenol degradation rates and corresponding
degradation percentages for luffa immobilization system. The phenol
degradation rate attained a maximum value of 0.21 h™! at pH 8.0.
Hence, an initial pH of 8.0 was determined to be optimum for ef-
ficient phenol degradation in both the immobilization systems, since it
was at this pH value that maximum phenol degradation rates were
attained. A substantial improvement of the capability of immobilized
bacterial cells in tolerating harsher pH conditions can be attributed to
the fact that, immobilization on the lignocellulosic supports provided
ample resistance and protection [13]. Moreover, immobilization makes
larger number of bacterial cells available for utilization of substrate
compared to the freely suspended counterparts which were not able to
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Fig. 2. (a) Phenol degradation profiles; (b) Phenol degradation rates and de-
gradation percentages @ different pH values for areca nut husk system (Phenol
=200 mg L~ !; Temperature =37 °C for an experimental duration of 6 h).

tolerate highly acidic or alkaline pH [24]. Areca nut husk system was
able to tolerate and degrade phenol over a wider range of pH when
compared to luffa sponge system. This could be attributed to the fact
that the luffa sponges were less porous than areca nut husks and more
bacterial cells were immobilized on the areca nut husks compared to
luffa sponges. The surface morphology and porosity of the husks pos-
sibly provided superior protection to the bacterial cells compared to the
luffa sponges, enabling the bacterial cells to tolerate harsher conditions.

3.3. Effect of incubation temperature on phenol bioremediation

Enzymes responsible for phenol degradation are vulnerable to
temperature changes. Hence, an optimum temperature must be main-
tained for efficient utilization of a substrate. Suboptimal temperatures
might lead to impaired functioning of enzymes, eventually slowing
down organismal metabolism, leading to slower and inefficient con-
sumption of phenol. Fig. 4a and Fig. 4b represents the degradation rates
and degradation percentages of phenol at different temperatures of
incubation for areca nut husk and luffa-sponge immobilization systems
respectively. All experiments were performed at pH 8.0. Both cases,
witnessed an improvement in degradation rate with rise in temperature.
A peak degradation rate was achieved at 37 °C for both the im-
mobilization systems. A maximum degradation rate of 0.37 h™! was
observed in case of areca nut husks, whereas, the maximum degrada-
tion rate was 0.21h ™! in case of luffa sponges. Complete phenol de-
gradation was achieved in 6h and 8h for areca nut husks and luffa
sponge immobilization systems respectively. The degradation rate
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Fig. 3. (a) Phenol degradation profiles; (b) Phenol degradation rates and de-
gradation percentages @ different pH values for luffa sponge system (Phenol
=200 mg L~ '; Temperature =37 °C for an experimental duration of 8 h).

declined at 45°C. In both cases, tolerance towards temperatures on
either side of the optimum point was quite remarkable. For both im-
mobilization systems, percentage degradation and degradation rate of
phenol was more at 45 °C compared to 25 °C and 30 °C. Areca nut husk
system could degrade 71.34% of phenol at 45°C during the experi-
mental duration (data not shown here). Whereas, luffa fiber system
could achieve 65.18% phenol degradation at 45 °C (data not shown
here). Phenol degradation rates at 30 °C for both immobilization sys-
tems were also acceptable. However, the degradation percentages of
phenol at 25 °C was very low suggesting very slow substrate utilization
rates. When compared to our previous study involving free cells [24],
there was a remarkable improvement in phenol degradation at 45 °C.
The mixed culture in free suspension exhibited a stunted growth fea-
turing very low growth rates and almost no phenol degradation [24].
The above results verified that immobilization of microorganisms im-
proved tolerance towards temperature changes.

3.4. Effect of initial substrate concentration on the degradation of phenol

Initial concentration of phenol plays a crucial role in the bior-
emediation process, as phenol is a very potent growth inhibitor.
Experiments were carried out for both lignocellulosic biomass with
different initial phenol concentrations (200mgL~!, 400mgL ™%,
600mgL~!, 800mgL~! and 1000mgL~1!) at an optimized pH and
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Fig. 4. (a) Phenol degradation rates and degradation percentages @ different
temperatures for areca nut husk system (Phenol =200mg L™ '; pH = 8.0 for an
experimental duration of 6h); (b) for luffa sponge system (Phenol =200 mg
L~!; pH = 8.0 for an experimental duration of 8 h).

temperature of 8.0 and 37 °C respectively.

Fig. 5a represents the phenol degradation profiles at various initial
phenol concentrations for the areca nut husk system. Fig. 5b represents
the phenol degradation rates and degradation percentages for the same.
The maximum phenol degradation rate (0.37 h™1) was observed at
200mgL ™! phenol. The degradation rate declined with increase in
phenol concentrations indicating the inhibitory effect of the substrate.
The degradation rate at 1000 mgL~" phenol was 0.096h~! and the
areca nut husk immobilized microbes could degrade only about 21% of
the initial substrate concentration. However, the experiment was con-
tinued to monitor the time taken for the depletion of phenol entirely in
all the batches considered in the study. 1000 mgL ™' of phenol was
completely depleted in 28 h.

Likewise, Fig. 6a depicts the phenol degradation profiles for the
luffa sponge immobilization system at varying phenol concentrations.
Fig. 6b represents the phenol degradation rates and degradation per-
centages for the luffa immobilized organisms. The maximum degrada-
tion rate was 0.21 h™! and it was achieved by the organisms growing in
200 mg L~ ! phenol. The trend of decline of the degradation rates were
similar to the areca nut husk immobilization system indicating sub-
strate inhibition. Organisms exhibited a minimum degradation rate of
0.089h~ ! at 1000mgL~"! of phenol. However, 1000 mgL~! phenol
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Fig. 5. (a) Phenol degradation profiles; (b) Phenol degradation rates and de-
gradation percentages @ different initial phenol concentrations for areca nut
husk system (pH = 8.0; Temperature =37 °C for an experimental duration of
6h).

was degraded completely in 30 h by the microbes in the luffa sponge
system.

The above results when compared to free cell culture from our
earlier reported study revealed promising results. A free suspension of
the mixed culture could degrade 1000 mg L ™" phenol in 96 h [24]. For
both our immobilization systems, there is a remarkable improvement in
phenol degradation times. The phenol degradation times reduced by
more than three times in both cases. This enhancement of degradation
can be attributed to the fact that immobilization shields the micro-
organisms from the toxic effects of phenol [6]. Moreover, reports also
suggest that immobilization of bacterial cells enhance cellular activity
by altering their physiological features in metabolism such as amplified
enzyme induction, reduced specific cell growth and cell yield [3,6].

3.5. Modeling and kinetics of phenol degradation

Phenol degradation kinetics by the bacterial consortium im-
mobilized on areca nut husks and luffa sponges was studied at different
starting phenol concentrations (S,) (200-1000 mg L™Y) of the growth
medium. For each initial phenol concentration, experimental substrate
degradation rates (g, h™!) were calculated as per the description in
Section 2.6. A maximum experimental degradation rate was achieved at
a pollutant concentration of 200mgL~?! for both areca nut husk and
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Fig. 6. (a) Phenol degradation profiles; (b) Phenol degradation rates and de-
gradation percentages @ different initial phenol concentrations for luffa sponge
system (pH = 8.0; Temperature =37 °C for an experimental duration of 8 h).

luffa sponge immobilization systems. The experimental degradation
rates were comparable to the reported literatures which made use of
synthetic matrices (Table 1). Thereafter, the degradation rates started
declining, indicating substrate inhibition. The plot of experimental
degradation rates versus their corresponding initial substrate con-
centrations was fitted to several available inhibition kinetic models via
MATLAB R2017b. Fig. 7a and Fig. 7b depicts the fitting of experimental
q with model simulated values of different inhibition models for areca
nut husk and luffa sponge system respectively. Several bio-kinetic
parameters were estimated by nonlinear regression analysis and por-
trayed in Table 2. The corresponding values of the coefficients of cor-
relation (R?) are also reported. The experimental degradation rates
demonstrated by the mixed bacterial culture immobilized on the areca
nut husks (0.37h~') were found to be higher than the bacteria im-
mobilized on luffa sponges (0.21 h™ 1. Based on the value of correlation
coefficient (R? = 0.9858) the best fit in case of areca nut husk system
was given by Edward model with a predicted maximum degradation
rate (gmax) Of 0.0042h ™. The values of Kg and K; were predicted to be
3.58mg L~ " and 231 mg L~ respectively. In case of luffa fibers, how-
ever, the best-fitted model was Aiba model with a R? value of 0.9903
and a gpqx 0f 0.3413 h ™!, The values of Kg and K; were calculated to be
39.5mgL"! and 663 mgL~"! respectively. The values of Ks points to
the ability of the organisms to grow at a fairly higher concentration of
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Fig. 7. Model prediction and fitting of experimental degradation rates at var-
ious initial phenol concentrations in: (a) areca nut husk system; (b) luffa sponge
system (pH = 8.0; Temperature =37 °C).

phenol [13]. Apart from this, however, other models also fitted the
experimental data fairly well in case of both the immobilization systems
(owing to the value of R?). Interestingly, Haldane model, which is the
most widely used inhibition model, exhibited a very low value of K; for
both the immobilization systems (although R? is > 0.9). K; value in-
dicates inhibitory concentration of phenol, which is toxic to the or-
ganisms [13] and an inferior predicted K; value (compared to Kg value)
renders the Haldane model unsuitable.

3.6. Storage and reusability of the immobilized microorganisms

Stability of the immobilized cells during long-term storage is an
indispensable aspect to be considered for the feasible application of the
immobilized cell system [6]. The effect of storage of the immobilized
microorganisms at 4°C on degradation of phenol was studied for a
period of 6 weeks. Both lignocellulosic biomass (with microorganisms
immobilized) were stored for a period of 7, 14, 21, 28, 35 and 42 days
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Table 3
Compositional analysis of lignocellulosic biomass.

Biomass (without Hemicellulose Cellulose Lignin content
bacteria) content (wt%) content (wt%) (wWt%)
Areca nut husk 26.8 = 2.5 44.4 = 1.0 14.0 = 0.5
Luffa fibres 8.7 = 1.2 65.1 + 1.5 6.5 + 1.6
Biomass (after 15

repeated batch

experiments)
Areca nut husk 245 + 2.2 46.65 * 1.3 16.2 = 1.4
Luffa fibres 81 =15 63.05 * 1.2 7.2 = 0.7

at 4 °C. Fig. 8 portrays the variation of the phenol degradation rates of
areca nut husk and luffa sponge systems at optimal degradation con-
ditions for 200 mg L~ phenol. It was noticed that there were minimal
changes in degradation rates over the course of 6 weeks. The time taken
for complete depletion of 200 mg L.~ ! of phenol was also noted for each
batch. It was observed that, each batch of experiments took precisely
6h and 8h for complete degradation of 200 mgL~* phenol (degrada-
tion data not shown here) for areca nut husk and luffa sponge supports
respectively. These results demonstrated that the immobilized cells had
a very strong storage stability and could successfully be reused for a
long time. The obtained results were at par with earlier reported studies
[6,7,13]. It is worth mentioning that the storage of immobilized cells is
possible in sterilized glass containers or flasks at 4°C without any
special care and any significant deterioration of degradation efficiency.

Similar to storage, the stability of immobilized cells in long-term
operation is also an important aspect, which must be considered for
practical applicability of the immobilized cell system [3]. In order to
investigate this, areca nut husk and luffa sponge supports containing
the immobilized microbes were exposed to 15 consecutive batch de-
gradation experiments. Each batch consisted of 200 mgL ™" of phenol
and, 6h and 8h of incubation for areca nut husk and luffa sponge
supports respectively. It was observed that there were negligible shifts
in the degradation efficiencies in case of both the supports (data not
shown here). Moreover, 200 mg L~ of phenol was biodegraded com-
pletely in the duration of the experiment for each batch. The results are
comparable to earlier reported literatures [6,13] and better than a few
others [5,7]. Structural integrity in terms of lignocellulosic biomass
composition was studied after the completion of reusability studies
(results discussed in the next Section 3.7.).
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3.7. Studies on compositional analysis of the lignocellulosic biomass

Compositional analysis studies were carried out to determine the
degradation of structural components of the lignocellulosic biomass (if
any) due to repeated batch degradation experiments. Table 3 sum-
marizes the results of the compositional analysis studies. It can be
clearly observed that there were no noticeable shifts in the structural
composition of both the lignocellulosic biomass even after 15 con-
secutive batch biodegradation experiments. These results indicate the
resilience of both the lignocellulosic biomass and their resistance to-
wards degradation by the mixed culture that was immobilized on them.
Hence, it can be concluded that both lignocellulosic biomasses can be
used successfully as immobilization supports for the mixed bacterial
culture to achieve effective and enhanced phenol degradation effi-
ciencies.

4. Conclusions

A bacterial consortium was isolated from a petroleum refinery
sludge in a previously reported study [24]. The consortium could de-
grade 1000 mgL ™" of phenol in 96 h. This study investigated the po-
tential of two lignocellulosic biomass as possible candidates for im-
mobilization of the mixed bacterial culture for enhanced phenol
remediation. We have used dry areca nut husks and mature luffa
sponges as immobilization supports. The mixed bacterial culture was
immobilized on the supports via natural adsorption. When compared to
the freely suspended degradation system (reported in our earlier study)
[24], the immobilized system could degrade phenol a lot faster under
optimized pH and temperature conditions. The optimum pH and tem-
perature for efficient phenol degradation were determined to be 8.0 and
37 °C respectively. The enhanced tolerance of the immobilized systems
towards adverse conditions have also been demonstrated in this study.
Degradation kinetic studies were carried out using different substrate
inhibition models and bio-kinetic parameters were estimated via non-
linear regression analysis in MATLAB. The best-fitted model for areca
nut husk and luffa sponge system was Edward model and Aiba model
respectively. Interestingly, the immobilized microorganisms could be
stored at 4°C for up to 6 weeks without any noticeable loss in de-
gradation efficiency. The immobilized microorganisms could also be
used for successfully conducting up to 15 consecutive batch biode-
gradation experiments. Compositional analysis studies of both the lig-
nocellulosic biomass before immobilization and after 15 successive
batch experiments revealed that the structural components of the bio-
mass were not degraded, which establishes the fact that these can be
successfully used for long-term operation of reactors. These results es-
tablish the fact that areca nut husks and luffa sponge fibers have the
potential to be efficiently used as inexpensive immobilization matrices
for the bioremediation of environmental pollutants. Further studies are
being carried out to check the efficiency of these matrices in lab-scale
packed bed reactors and will be reported in future communications.
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