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Abstract One of the major wastes generated by fertilizer, explosive, and nuclear industries
are nitrate (as high as 1,000 ppm NO;N) whose removal before disposal has become a
growing concern. In this study, an active denitrifying sludge was immobilized onto support
materials like cloth and polyurethane foam and their denitrification efficiency on high
nitrate wastes [1,000 ppm NO3 (225 ppm NOsN), 5,000 ppm NO3 (1,129 ppm NO3N),
7,500 ppm NOj3 (1,693 ppm NO3 N)] was studied. Results showed complete degradation of
the nitrate wastes (225 ppm NO;N, 1,129 ppm NO;N, and 1,693 ppm NOsN) without any
accumulation of nitrite in a period of only 1, 4, and 10 h, respectively. Based on adhering
and entrapment principle, an immobilization unit was developed using a combination of
cloth and foam as well as both individually. This system used for treating such high nitrate
wastes was found to be quite effective in waste water treatment, particularly in problems
associated with solid—liquid separation. The batch column reactor was run in about 45
batches without any loss in activity or reactor stability.
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Introduction

Due to increasing environmental concern and regulatory requirements, industries will no
longer be allowed to directly discharge their waste. Therefore, appropriate methods for
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handling industrial waste are necessary before they are discharged. The consumption of
drinking water contaminated with nitrate causes serious health risks because of the
secondary and tertiary effects, i.e., the reduction to nitrite and the formation of nitrosamines
[1]. Nitrate is limited in drinking water to 10 ppm NO;N in the USA and to 12 ppm NO;N
in Europe to avoid adverse health effects. A potentially cost-effective means for nitrate
removal is biological denitrification. Various biological denitrification technologies have
been established to solve the problem of nitrate in drinking water and groundwater.
Denitrification is used at municipal treatment plants to treat wastewater containing 10—
200 ppm NO;—N. However, research focused on the denitrification of industrial wastewater
containing high concentrations of nitrate has not been performed extensively.

Anaerobic process have been proven to be effective in treating various wastewaters
owing to the inherent advantages like less consumption of energy for operation and
minimum sludge production. However, the slow generation rate of organisms makes the
process a major drawback in reactors based on the anaerobic processes. By effective
biomass retention, this problem is sought to be overcome in present day advanced reactors
[2, 3].

A variety of support materials have been used as matrices for the formation of biofilms.
While some researchers have looked into low-cost commercial supports [4, 5], others have
carried out studies on the adhesion phenomenon in several materials, with emphasis on the
fundamental aspects governing the formation of biofilm [6—8]. Polyurethane foam has been
widely studied as a support matrix to immobilize anaerobic biomass [9—12]. Because of the
chemical inertness, mechanical stability, capacity for oxygen transfer, and porosity of
polyurethane foam, its application to the immobilization of microorganisms has been found
to be effective [13]. The greatest advantage of immobilization in polyurethane foam is the
stable maintenance of the quantity of microorganisms required in a reactor. The ease of
control of pore size and large-scale application at low cost are its other advantages. It has
been mainly used in fixed-bed reactors and provides adequate environmental condition for
biomass growth and retention [14].

Studies from our lab and others have shown the use of cloth in a frame reactor [15] or a
rectangular film bioreactor [16] or in a column reactor [17]. Cloth or other matrices have
also shown potentials in the fabrication of spiral wound annular reactors containing
immobilized cells for fermentation [18, 19]. The major advantage of cloth is its availability
in a fibrous matrix form with different thickness and surface areas. Based on these reports,
it is evident that the characteristics of flannel cloth and polyurethane foam play an
important role and possibly influence the biomass immobilization process.

The present paper discusses the potential advantage of using flannel cloth and foam as a
useful support for the immobilization of sludge. It also investigates its use for the complete
degradation of high nitrate waste in batch process when used individually and also in
combination.

Materials and Methods
Materials
Flannel cloth was obtained from Bombay Dyeing Textile Mills, Bombay, India.

Polyurethane foam was obtained from a local market. All other chemicals of analytical
grade were obtained from standard sources.
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Microorganisms and Media

The sludge used for immobilization was obtained from the denitrification plant of a
fertilizer industry. This sludge was acclimated to nitrate ions as high as 1,693 ppm NO;N in
the process described in our previous work [20]. All the studies were carried out in
synthetic waste of the following composition (g 171): Na,HPO, 7, K,HPO, 1.5, MgS0O, 0.1,
NaCl 0.3, and trace element solution 2 ml '. Trace element solution consisted (g I ') of
CaCl, 5.54, FeSO47H,0 5.0, MnCly'H,O 5.06, ZnSO47H,0O 2.2, CuSO45H,0 1.51,
CoCly-H,0 1.61, ethylenediaminetetraacetic acid 50, (NH4)¢MO70,4-H,0O 1.1. The nitrate
source used for the study was sodium nitrate. The rate of denitrification is significantly
dependent on the availability of a sufficient quantity of a suitable organic carbon source. As
nitrate effluents are generally low in organic carbon, the addition of a carbon source may be
necessary. In this study, sodium acetate was used as the carbon source. A C/N of 2.25:1 was
used for the present study. The denitrifying conditions for all the studies were provided as
optimized in our previous work [21].

Adhesion of Sludge on Flannel Cloth

Flannel cloth (104x7 cm?) was washed and dried. This cloth piece was mounted on an
acrylic frame of the cloth bioreactor designed by D’Souza and Kamath [22] and immersed
in the reactor containing the activated sludge. This reactor was used only for the formation
of biofilm on the cloth. The frame of the reactor has parallel sheets (on which the cloth is
wound) which assure the formation of biofilm on both sides of the cloth. The sludge was
circulated in the reactor using a peristaltic pump so that the consortium is in constant
motion and does not settle at the bottom of the reactor. This setup was kept for a period of
30 days to form a thick biofilm on both sides of the cloth. This cloth with the immobilized
sludge was used in the column bioreactor.

Adsorption and Entrapment of Sludge in Polyurethane Foam

Polyurethane foam cubes [30 No (2x2x2 cm®)] were washed and dried. This was placed in
a column (#/d=3.2, h=16 cm) filled with activated sludge. To avoid settling of the sludge at
the bottom of the column, it was circulated in the column using a peristaltic pump for a
period of 30 days. The foam cubes with the immobilized sludge were then used for
denitrification of 225 ppm NO;N and 1,129 ppm NO;N synthetic nitrate waste.

Denitrification of Nitrate Waste Using Sludge Immobilized on Cloth

Washed and dried cloth pieces [27 No (3x3 cm?)] were placed in activated sludge for
30 days until a biofilm was formed on the cloth. These cloth pieces were then inoculated in
a 150-ml flask containing 100 ml synthetic nitrate waste. The flask was fitted with a cork
having two glass pipes. Denitrifying conditions was provided by flushing the flask and
purging the waste with N, gas through one of the pipes. The mouth of the flask and the
pipes were then sealed using a parafilm. The flasks were placed on a shaker (100 rpm) for
gentle shaking. Denitrification of 225 ppm NO;N and 1,129 ppm NO3N synthetic nitrate
waste were studied in this system, and the nitrate and nitrite concentration was assayed at
regular time intervals. The reactor was run as a batch with decantation and refilling of fresh
synthetic medium after complete removal of nitrate.
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Denitrification of Nitrate Waste Using Sludge Immobilized in Polyurethane Foam

Polyurethane foam cubes (10 No) with the immobilized sludge were packed into a column
(h/d=3.2, h=16 cm), and 100 ml of synthetic nitrate waste was circulated in the column
using a peristaltic pump. Denitrifying conditions were maintained because of the packed
foam cubes. The reactor which was run as a batch process was used for the denitrification
of 225 ppm NOsN and 1,129 ppm NO3N synthetic nitrate waste. The nitrate and nitrite
concentration of the waste was analyzed at regular time intervals.

Bioreactor Setup

The flannel cloth (104x7 cm?) and the polyurethane foam cubes [30 No (2x2x2 em?)]
with the immobilized sludge were used in combination by forming an immobilized sludge
unit. The bioreactor consisted of a glass column (4/d=6, h=42 cm) with an immobilized
unit. The unit comprised of a stainless steel wire mesh rolled to have a dimension (4/d=6,
h=30.5 cm). The long hollow gap of the rolled wire mesh was packed with the polyurethane
foam cubes with the immobilized sludge. The rolled wire mesh was then wound with the
(104x7 cm?) flannel cloth having the thick biofilm of sludge. To make the whole unit stable
and compact, a polypropylene mesh (104x7 c¢m?) was wound over the flannel cloth and
sewed together. This whole immobilized unit was immersed into the column reactor. The
designing of the reactor (immobilized unit) ensured that anaerobic conditions were
maintained, which is required for denitrification. The studies of nitrate removal were
carried out in batch for different concentrations of synthetic nitrate waste (225, 1,129,
and 1,693 ppm NO;N). The waste was kept in circulation using a magnetic stirrer
(400 rpm).

Analysis

Nitrate and nitrite was analyzed using DIONEX Ion chromatograph, AS11, 2-mm column.
NaOH (12 mM) was used as eluent. Samples were centrifuged and filtered before
analysis. Deionized water was used for dilution. The biomass of immobilized cells was
assessed by dry weight method. For the dry weight estimation, the weight of the foam
cube/cloth piece with the entrapped/attached cells was determined after drying at 60 °C
for 24 h.

Results and Discussion
Nitrate Removal by Sludge Immobilized on Flannel Cloth

Activated sludge immobilized onto flannel cloth pieces were used for studying their
denitrification activity by monitoring their nitrate and nitrite profile. Twenty-seven cloth
pieces having an attached biomass of 1 mg cm 2 dry weight were inoculated into 100 ml of
225 ppm NO;N synthetic waste. The nitrate and nitrite profile for this set is shown in
Fig. 1, which shows that there was complete degradation of nitrate in a period of 2 h with a
buildup of nitrite which degrades eventually, thereby showing complete degradation in a
period of 2 h. Figure 2 shows the nitrate and nitrite profile during the denitrification of
1,129 ppm NO;N which was degraded in a period of 6 h.
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Nitrate Removal by Sludge Immobilized in Foam

Foam cubes with the entrapped biomass (47 mg/cube) were used to denitrify 225 and
1,129 ppm NO;N synthetic nitrate waste. The nitrate and nitrite profile during the
denitrification of 225 ppm and 1,129 ppm NOsN synthetic waste is shown in Figs. 1 and 2,
respectively. The time taken to degrade 225 ppm NO;N was also 2 h. The total amount of
attached biomass in the two reactors (cloth reactor and foam reactor) was found to be 2.7
and 2.3 g I'!, respectively. As the amount of attached biomass was approximately similar
for both the reactors, the time taken to degrade 225 ppm NO3N and 1,129 ppm NO;N was
also similar, i.e., 2 and 6 h, respectively. The reactor was run successfully for 15 days, and
no change in the denitrification activity was observed. No significant change was observed
even in the amount of attached biomass, and this could be because of the anaerobic
conditions provided for the denitrification process. The biomass used in these studies was
initially acclimatized to high nitrate wastes before immobilization. Our earlier work [20, 21]
on denitrification of high strength nitrate waste showed that acclimatization of sludge to
high nitrate wastes increases the specific rate of denitrification, i.e., it results into rapid
removal of nitrate. This was attributed to enrichment of sludge and induction of enzymes
[21]. Denitrifiers which usually have a slow growth under anaerobic conditions can be
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Time (h)
—&@— NOs-N Foam ——  NO2-N Foam

—l— NOzN Flannel Cloth —I3—  NO-N Flannel Cloth



198 Appl Biochem Biotechnol (2008) 151:193-200
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retained at a higher concentration in film bioreactors as compared to free cell reactors and
therefore was found to be advantageous in increasing the denitrification rate. Thus, cloth
and foam were found to be good materials for immobilization of whole cells. These
materials were used in combination in a separate bioreactor system for denitrification of
high nitrate waste (1,693 ppm NO3N).

Denitrification of Nitrate Waste in a Batch Column Reactor

The immobilized sludge unit was immersed into the column reactor having a working
volume of 700 ml. Synthetic NO3;N (225 ppm) waste was subjected to degradation, and
nitrate and nitrite were analyzed at regular time intervals. As can be seen in Fig. 3, the
nitrate and nitrite degraded within 1.5 h. Figure 4 shows the nitrate and nitrite profiles
during denitrification of 1,129 ppm NO;N and 1,693 ppm NO;N. While it took only 4.5 h
to degrade 1,129 ppm synthetic NO3N waste, it took 10 h to degrade 1,693 ppm NO;N
synthetic waste completely. These studies were carried out for 15 days for each nitrate
concentration, and the values reported here depict an average of the daily analysis data. The
bioreactor was run for 45 days with 100% activity. After each batch test, the synthetic waste
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was replaced with fresh synthetic waste. The treated waste did not show any turbidity,
unlike batch tests with free cells which had to be kept for settling for 2 h to separate out the
cells from the treated waste [20]. Thus, the two materials (cloth and polyurethane foam)
used in combination were not only found to be good support materials for immobilization
of whole cells in waste treatment but also effective and time-saving.

Conclusions

The processes used to treat nitrate wastes include the use of immobilized enzymes, cells,
and other biomaterials in batch/continuous flow reactors. And for treatment of wastes using
immobilized cells, materials like cloth and foam have been found to be good supports for
immobilization of whole cells. This process of immobilization by passive adsorption of
cells on surfaces is one of the most common approaches/techniques for cell adhesion and
has played an important role in many biotechnological applications such as waste water
treatments and fermentation like vinegar [23]. In this study, sludge from an ETP plant
adapted to high nitrate waste was immobilized on cloth and foam pieces, and their use for
denitrification of synthetic nitrate waste as high as 1,693 ppm NO3;N was analyzed. Sludge
immobilized onto cloth and foam pieces were found to be capable of degrading 225 and
1,129 ppm NO3N synthetic nitrate waste completely in a period of 2 and 6 h, respectively,
without any loss in activity over a period of 15 days.

The immobilized sludge unit comprising of both flannel cloth and polyurethane foam
were found to be capable of degrading 225, 1,129, and 1,693 ppm NOsN synthetic nitrate
waste completely in a period of 1.5, 4.5, and 10 h, respectively.

The system remained stable without any loss in activity over a period of 45 days, and the
immobilized cells were found to easily adapt to the increase in nitrate load. There was no
significant increase in the biomass density in the foam and cloth pieces, and at no point was
detachment of the cells from the support observed.

This method of immobilization of whole cells was found to be quite economical and
efficient in degrading high nitrate waste. Also, the non-toxicity of the support materials
makes the process of discarding treated waste into the environment convenient without any
post-treatment. Thus, this method not only increased the efficiency of the process but also
facilitated separation of solid (biomass) and liquid (waste).
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