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SYNOPSIS

Introduction

Nitrate is one of the most common contaminants in surface and ground waters. High nitrate
levels are reported in various water sources across the world. Nitrates are difficult to remove
by conventional water treatment techniques. Improper treatment of sewage and industrial
effluents, prior to discharge into the environment, is one of the main reasons for nitrate
contamination of surface and ground waters. Nitrate contamination of water sources is a
serious health hazard for human beings. High levels of nitrate in water can cause blue-baby
syndrome in infants. Moreover, high levels of nitrates in water bodies contributes to
eutrophication. In view of the significant impact on human health and environment, stringent
guidelines have been laid down to regulate the discharge of nitrate into water bodies. Limit
for discharge of nitrate nitrogen into inland surface waters is 10 mg L™ and for marine

discharge is 20 mg L™.

Nitrate bearing wastes can be of domestic or industrial origin. Domestic wastewaters are low-
strength (<500 mg L™ NOs) and are typically treated via biological denitrification in a
wastewater treatment plant. High strength nitrate bearing wastes containing nitrate in excess
of 1000 mg L™, are generated in fertilizer, explosives, pharmaceutical, metal finishing and
nuclear industries. Nitrate wastes containing 50,000 — 1,50,000 mg L™ of nitrate in the form
of ammonium nitrate, sodium nitrate and magnesium nitrate are generated during nuclear fuel

cycle operations.

Biological denitrification is a process in which, nitrate is converted to N, gas by microbial
reduction. The process has been successfully implemented for removing nitrogenous
compounds from sewage as well as industrial wastewaters. However, there are limited studies

on denitrification of wastewater with high concentration of nitrate. In the absence of a viable



treatment scheme, high strength nitrate wastes are diluted to suitable levels before subjecting
to biological treatment processes. In view of the large quantities high strength nitrate bearing
wastes generated, development of a process for their effective treatment is necessary. Further,
treatment processes reported in the literature are limited to effluents at near neutral pH range.
Biological denitrification is generally ineffective in acidic pH range. Considering the above
facts, a work programme was evolved to develop a process for biological denitrification of
high strength nitrate waste having acidic pH. Granular biomass was used for biological
denitrification because of the specific advantages (compact biomass, rapid sedimentation,
resistance to shock loading, small footprint) offered by granular biomass based sequencing

batch reactors. The specific objectives of the study were:

Objectives
» Cultivation of denitrifying granular biomass under anoxic conditions using

sequencing batch reactors.

« Treatment of high strength nitrate wastes using sequencing batch reactors (SBR) as
well as expanded granular sludge bed reactors (EGSBR).

* Optimization of C/N ratio for efficient and complete denitrification.

» Study the effect of temperature and pH on denitrification rates

» Development of a CFD based model for the biological reactor and validation of the
model with experimental results.

Thesis organization
The thesis is organized into six chapters, viz. introduction, review of the literature, materials

and methods, results & discussion and modeling. A general introduction to denitrification and
whole of the thesis is given in Chapter 1. Chapter 2 gives an overview of the available
literature in biological denitrification of high strength nitrate wastewater. Details of setting up
of sequencing batch reactors, their operation, experimental strategies, and analytical methods

are given in Chapter 3. Results obtained from the experimental investigations, analysis and



discussion of results in the context of literature are given in Chapter 4. The fifth chapter gives
the details of modeling. The last chapter summarizes the overall conclusions and salient

findings of the entire study. The contents of the individual chapters are given below.

Chapter 1: Introduction
This chapter gives a brief description of the sources of the nitrate pollution in general.

Sources of nitrate bearing effluent streams from the nuclear fuel cycle are discussed with
respect to concentrations and quantities. It explains in detail about the environmental and
health concerns associated with nitrate pollution. Options available for treating nitrate bearing
wastes are briefly addressed. Discharge limits for nitrates in industrial effluents in different

countries are also presented. The aim and scope of the study are detailed.

Chapter 2: Review of literature
This chapter presents a review of literature on denitrification, with major emphasis on

biological treatment processes. Missing links in the literature are identified particularly with
regard to high strength nitrate wastes. Biological denitrification methods reported in the
literature are reviewed and their advantages and disadvantages are listed. Different biological
denitrification processes are explained in detail with stoichiometric equations. The chapter
also explains the factors controlling biological denitrification. Attached and suspended
growth systems are explained. Denitrification kinetics and modeling are also discussed.
Research gaps are identified and the need for further studies in the field of biological

denitrification is highlighted.

Chapter 3: Materials and Methods
This chapter gives details about the experimental procedures adopted in the study.

Fabrication details of the reactors used for different experiments were explained. Operation
of different bioreactors for denitrification is explained in detail. This chapter also presents

details of the source of the seed material used for the granulation and the feed composition



used in the experiments. Details of characterization of granular biomass by optical
microscopy and scanning electron microscopy (SEM) are presented. Analytical techniques
employed for analyses of nitrate, nitrite, acetate, biomass concentrations (MLSS, MLVSS),
dissolved oxygen, oxidation reduction potential, total organic carbon and pH are presented.
This chapter also describes the methodology followed for determining the rate kinetics of
denitrification reactions.

Chapter 4: Results and Discussions
In this chapter, results of the experiments are presented and discussed in the context of the

relevant literature. For all C/N ratios studied, steady increase in the biomass concentration
was observed, as the number of days of operation increased. It was found that MLSS and
MLVSS increased as the C/N ratio increased. Nitrate and nitrite reduction times, as well as
peak nitrite concentration were found to increase as the C/N ratio increased. Complete
denitrification was observed for all the nitrate concentrations and C/N ratios studied. Organic
carbon content in the effluents was observed to go up as the C/N ratio increased, indicating
that the acetate was not being utilized fully during denitrification. The specific denitrification
rates for C/N of 1.5 were higher than the specific denitrification rates for C/N of 2 and 3. This
could be because of lower MLSS concentrations at C/N of 1.5 than that at 2 and 3. The
denitrification rate constants estimated in this study and specific denitrification rate constants

were found to be higher than the values reported in the literature for other biological systems.

Experiments were carried out at different temperatures using a jacketed glass tank to
determine the effect of temperature on denitrification rate. The results showed that specific

denitrification rates increased as the operating temperature in the reactor increased.

At a C/N ratio of 1.5, the nitrate and nitrite reduction times and the peak nitrite concentrations
increased as the nitrate concentrations increased. It was seen that denitrification was complete

for all the nitrate concentrations. In the present study, the highest nitrate concentration used in



the feed was 42,000 mg L™ at a C/N of 1.5. The highest concentration of nitrate reported in
the literature till date at similar operating conditions is 40,000 mg L™. The specific
denitrification rates in the present work are several fold higher than the values reported in the
literature. It is concluded that the microbial consortium in the form of granular biomass can
achieve high rates of denitrification compared to any other biological method reported in the
literature.

Further, experiments were carried out to accomplish treatment of acidic wastes with nitrate in
excess of 3000 mg L™, After establishing stable denitrification at pH 7, the feed pH was
adjusted to 5.0 with HCI. Initially, denitrification was delayed at the low pH, but after
acclimatization, complete denitrification was observed within 2 h. Subsequently the reactor
was fed with waste of pH 4.0 and denitrification was achieved in about 24 h. With further

acclimatization, the denitrification time got reduced to about 2 h.

A semi-pilot scale 24 L water volume, expanded granular sludge bed reactor (EGSBR) was
designed, fabricated and set up to evaluate formation of denitrifying granular biomass and
subsequently denitrification. The reactor was operated in SBR mode with 24 h cycle time and
50% VER. The SBR was inoculated with activated sludge and fed with simulated nitrate
wastewater. The nitrate in the feed was increased in steps from 6 g/L through 12 and 18 to
24 g L™, Aggregation, densification and selection led to formation of compact and dense
denitrifying granules in the reactor. Complete denitrification of nitrate was observed and the
nitrate and nitrite levels in the effluent were below 10 mg L™. The reactor was operated for

more than 3 months, thereby demonstrating efficient and stable denitrification.

Further experiments were carried out to develop continuous process for biological
denitrification. A continuous stirred tank reactor (CSTR) was set up and operated with
constant influent flow rate of 400 mL h™ and acetate-carbon to nitrate-nitrogen ratio of 2. The

CSTR was operated in batch mode for 5 days at each concentration in order to acclimatize the



biomass to higher nitrate concentration and to ensure complete denitrification in CSTR mode.
The reactor was later operated in CSTR mode for about 2-weeks at each feed nitrate
concentration. The feed nitrate was increased in steps to 3000, 6000, 9000, and 12000 mg L™.
Complete and stable denitrification was observed at all the concentrations tested. However,
accumulation of acetate was evident in the reactor, indicating incomplete utilization of
carbon. Subsequently, the acetate-carbon to nitrate-nitrogen ratio in the feed was decreased to
1.5. At this C/N ratio, denitrification was complete, with no carbon accumulation in the
effluent. The reactor could be operated successfully for 10 days in this condition.

Chapter 5: Modeling
Need for modeling, assumptions made, and development of the model are presented in this

chapter. The list of input parameters to the model and their values are tabulated. Domain and
meshing details are listed and governing equations are presented. The software used for the
modeling is also explained. The model generates nitrate and nitrite profiles for a given initial
nitrate concentration. Reaction rates are calculated from the experimental data. It estimates
the temperature during denitrification process and plots the heat flux and temperature profiles
in the radial direction from heat transfer calculations. Thermo-physical properties at transient

condition are calculated. In situ temperature of the fluid is estimated.

CHAPTER 6 Conclusions
Important conclusions drawn based on the observations are presented. Scope for further

investigations in this field of research is outlined.
Salient Observation and conclusions from this study

1. Denitrifying granular biomass with excellent settling characteristics was cultivated.

The biomass was characterized by concentration of MLSS, MLVSS and SEM.

Vi



10.

Complete denitrification was observed at C/N ratios of 1.5, 2 and 3. C/N ratio of 1.5
was found to be optimum for efficient denitrification, as denitrification times and

peak nitrite concentrations were the lowest for C/N ratio of 1.5.

Denitrification rate constants were found to be slightly higher for the bioreactor
system studied than the data available in the literature and specific denitrification rates

were several folds higher than the reported data.

Complete denitrification was observed up to feed concentrations of 42,000 mg L™
nitrate at C/N ratio of 1.5. The denitrification process was demonstrated to be stable,
with the treated effluent showing nitrate of less than 10 mg L™ consistently for 15

days.

Complete denitrification was observed at temperatures of 20, 25, 30, 35 and 40 °C.

Specific denitrification rates increased with increase in reactor temperature.

Stable denitrification was demonstrated in a CSTR for nitrate concentrations up to

12,000 mg L™ for a flow rate of 400 mL h™ at C/N ratio of 1.5.

Rise in the reactor temperature could be used as a process parameter for monitoring of

completion of denitrification of high strength nitrate bearing wastes in SBRs.

A process based on acclimatization of the granular sludge to acidic medium was
developed. By this method, effective denitrification of high strength nitrate waste with

low pH (4.0) could be achieved.

Complete denitrification up to 21,000 mg L™ nitrate was achieved in EGSBR with a

hydraulic residence time of 16 h.

Denitrification up to 12,000 mg L™ nitrate was achieved in a Semi Pilot Scale SBR,

with a throughput of 24 L day™.

vii



11. A CFD based model was developed for the bioreactor and nitrate and nitrite profiles
were generated for a given initial nitrate concentration. Reaction rates were estimated
from the experimental data. Temperatures during the denitrification process were
estimated and heat flux and temperature profiles in the radial direction were

generated.

12. The model is validated with experimental data and it can be used for scaling up of the

bioreactor.
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Abstract

This study was conducted to investigate biological denitrification of high strength nitrate
wastewaters. Studies were carried out with the objective of optimizing electron donor
requirement, in terms of acetate-carbon to nitrate-nitrogen (C/N) ratio, for treating high
strength nitrate wastewater in granular sludge sequencing batch reactors (SBRs). Three SBRs
of each 6 L working volume were inoculated with activated sludge and operated in parallel at
C/N ratios of 1.5, 2 and 3. Formation of denitrifying granular sludge was observed in all three
SBRs. Complete and stable denitrification of feed containing nitrate up to 24 g L was
achieved in 24 h cycle period. No significant improvement in performance of high strength
nitrate denitrification in terms of nitrite build-up and total time taken for complete
denitrification was observed at higher C/N ratios. On the whole, C/N ratio of 1.5, as
compared to 2 and 3, was found to be optimum for denitrification of high strength nitrate
wastewaters. The study helps in developing high rate denitrification desired for treatment of

high strength wastewaters of industrial origin.

To investigate the effect of sudden change C/N ratio on denitrification, a 6 L sequencing batch

reactor (SBR) was operated for development of granular sludge capable of denitrification of

high strength nitrates. Complete and stable denitrification of up to 5420 mg L™ nitrate-N
(2710 mg L™ nitrate-N in reactor) was achieved by feeding simulated nitrate waste at a C/N

ratio of 3. Compact and dense denitrifying granular sludge with relatively stable microbial

community was developed during reactor operation. Accumulation of large amounts of nitrite

due to incomplete denitrification occurred, when the SBR was fed 5420 mg L™ NOs-N at a C/N

ratio of 2. Complete denitrification could not be achieved at this C/N ratio, even after one week

of reactor operation as the nitrite levels continued to accumulate. In order to improve

denitrification performance, the reactor was fed with nitrate concentrations of 1355 mg L™,
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while keeping C/N ratio at 2. Subsequently, nitrate concentration in the feed was increased in a
step-wise manner to establish complete denitrification of 5420 mg L™ NO3-N at a C/N ratio of 2.
The study shows that substrate concentration plays an important role in denitrification of high
strength nitrate by influencing nitrite accumulation. Complete denitrification of high strength
nitrates can be achieved at lower substrate concentrations, by an appropriate acclimatization

strategy.

Denitrification of acidic nitrate wastes by granular sludge was investigated in batch assays
and sequencing batch reactors (SBR) with an objective to treat nuclear fuel cycle effluents,
which are acidic nature. In order to cultivate granular sludge, two 3 L SBRs were inoculated
with activated sludge and fed with wastewater containing 1355 mg L™ NOs-N at pH 7.5.
After formation of denitrifying granular sludge, one of the SBRs was fed with nitrate
wastewater at pH 5 and 4. Though batch experiments showed pH 4 and 5 to be inhibitory to
denitrification, adaptation of granular sludge in the SBR led to denitrification of nitrate at
feed pH of 4 and 5, using acetate as electron donor. Nitrate was denitrified and generated
alkalinity within the first few hours of SBR cycle. The pH of acidic nitrate wastewater
increased from 5 to 8.7 and 4 to 6.2 in the reactor by the internal recycling of denitrification
generated alkalinity. Scanning electron microscopy showed the presence of rod- and cocci-
shaped microorganisms on the surface of denitrifying granular sludge collected from the

reactors supplied with feed at pH 7.5 and 4, respectively.

After the optimizing C/N ratio, studies were carried out in a 6 L SBR to know the maximum
nitrate concentration that can be treated. Establishment of denitrifying microbial community
in the form of compact granular sludge was evident within two weeks of SBR start-up.
Denitrification of 1355 mg L™ NOs;-N was comparable at acetate -C to nitrate -N ratios of
1.5, 2 and 3. The influent nitrate concentrations were increased up to 42,000 mg L™ i.e.

9484 mg L™ NOs-N at a fixed C/N ratio of 1.5. At steady state, complete denitrification was
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observed within 20 h. Kinetic analysis revealed high rate constants for denitrification up to
2032mg L™ NOs-N. But a decrease in rate constants was observed for nitrate-N
concentrations of 2710 mg L™ and above. Scanning electron microscopy of the granular
sludge showed the presence of both cocci and rod shaped cells enmeshed in an extracellular
polymeric substance (EPS) matrix. Establishment of denitrification in the granular sludge was
associated with a major shift in its microbial community. This study shows that sequencing
batch reactors using granular sludge could be effectively employed for treatment of high
strength nitrate wastes of industrial origin, at low C/N ratios, with fast Kinetics.

Effect of temperature on biological denitrification in treating high strength nitrate waste
waters was investigated. 500 mL sequencing batch reactor (SBR) was operated for
development of granular sludge capable of denitrification of high strength nitrates at a C/N
ratio of 1.5. Complete and stable denitrification was observed for temperatures from 20-

40 °C. Denitrification coefficients were found to be increasing with increase in temperature.
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1 INTRODUCTION

Water is a major constituent of human body, approximately 65% of the body weight
being due to the fluid. Over 70% of the Earth’s surface is covered by water, mostly in
the form of saline sea waters. Fresh water from bore wells or surface water bodies
constitutes only 2.5% of total water available and about 1.7% of total water is locked
up in ice caps, glaciers, & permanent snow [1]. In view of population growth, global
demand for water of high quality for domestic and economic activities is on the
increase. To ensure supply of good quality water for such needs, pollution of the
water bodies should be prevented.

Water pollution is a major global issue of concern, which needs to be addressed by a
concerted effort from the international community of scientists and policy makers [2].
Domestic/municipal wastewater and industrial wastewater are the major sources of
water pollution, since they are discharged into water bodies without proper treatment.
Surface waters get contaminated either from point or non-point sources. In point
sources, the contaminants enter from a single, identifiable source such as discharges
from a sewage treatment plant, or a factory, whereas, in the case of non-point sources,
the contaminants do not originate from a single discrete source. Example of non-point
source is water pollution by nitrates due to leaching of nitrogen compounds from
fertilized agricultural lands and nutrient runoff in storm water from "sheet flow" over
an agricultural field or a forest [3].

Consumption of polluted water by human beings can result in acute illnesses, such as
respiratory problems, cardiovascular disease, cancers and neuro-developmental and
hormonal disorders, and in extreme cases, can also lead to death [4]. Polluted water is

unacceptable for other uses such as bathing, amusement, agriculture and industry.



Pollution reduces the tasteful nature of water in lakes and waterways. Further,
polluted water wrecks amphibian life and lessens its conceptive capacity [5].

Water pollution can be highly detrimental to a nation’s economy, in terms of
ecological imbalances and health of the residents. Water pollution is the leading cause
of deaths and diseases worldwide, it accounts for the deaths of more than 14,000
people daily [2]. An estimated 580 people in India die of water pollution related
iliness every day [6]. It was reported that about 90% the water in the cities of China
is polluted, and as of 2007, half a billion Chinese had no access to safe drinking water
[7]. The problem of water pollution is ubiquitous in nature and is not restricted to
developing countries. In the United States, 45% of assessed stream miles, 47% of
assessed lake acres, and 32% of assessed bays and estuarine square miles were
classified as polluted [8]. In terms of health and ecological issues, one of the major

causes for concern is nitrate pollution of water, as this has far reaching consequences.

1.1 Nitrates
Nitrate, expressed as either NO3 (nitrate) or NOs-N (nitrate-nitrogen), is a naturally

occurring form of nitrogen, a part of nitrogen cycle and commonly found in soil.
Nitrogen is essential to all life. Nitrate ion is the stable form of combined nitrogen for
oxygenated systems [9]. Nitrate is a colorless, odorless, tasteless and stable compound
[10]; which can be reduced by microbial action. Nitrates are used by the plants to
fulfill the nutrient requirements and in the process, get accumulated in their leaves and
stems. Nitrate is highly soluble in water and mobile in soil, thus making its presence
as probably the most pervasive chemical contaminant in groundwater. Nitrate
concentrations are steadily increasing in the aquatic environment (i.e. surface, ground

and coastal waters) in many parts of the world because of anthropogenic activities.


http://en.wikipedia.org/wiki/Water_pollution#cite_note-3
http://en.wikipedia.org/wiki/Water_pollution_in_China
http://en.wikipedia.org/wiki/Water_pollution_in_China
http://en.wikipedia.org/wiki/Bays
http://en.wikipedia.org/wiki/Estuary

Nitrogen exists in nature in all redox states from +5, the most oxidized nitrate, to -3,

the most reduced ammonia as shown in Table 1.1 [9].

Table 1.1 Oxidation states of Nitrogen

Oxidation State Common Forms
+5 NO3
+3 NO,
+1 N-O
0 N,
-3 NH3, NH,4

1.2 Sources of Nitrates
Microorganisms in the soil break down the composts, rotting plants, fertilizers or

other natural deposits and produce nitrates. Nitrates are also formed when gaseous
forms of nitrogen react with rainwater. Although nitrate occurs naturally in some
groundwater, in most cases higher levels are result from anthropogenic activities.
Most of the nitrates originate from one of the following sources: nitrogenous
fertilizers, livestock manures, agricultural irrigation, septic tanks, cesspools, pit
latrines, atmospheric nitrogen deposition, domestic wastewater and wastewater from
certain industries: slaughter houses, distilleries, sugar factories, textile industries,

explosives, pharmaceutical, metal finishing and nuclear industries [11-14].

Nitrates in the form of ammonium nitrate, potassium nitrate, calcium nitrate and urea
become major part of inorganic fertilizers. These fertilizers contain high levels of
nitrogen, one of the most vital nutrients for plant growth. Nitrates emanating from the
difference between the crop requirement and actual amount applied for food
production get leached into groundwater because of high mobility and pollute aquatic

3



system via surface run off [15]. Nitrate in the form of ammonium nitrate is used as a
strong oxidizing agent for making an explosive mixture with a fuel such as a
hydrocarbon, usually diesel fuel (oil) or, sometimes, kerosene. Daisy cutter bomb and
amatol, military explosives, use ammonium nitrate. Moreover, ammonium nitrate is
also an explosive in its purest form although it is not very sensitive. Potassium nitrate
is used in glass manufacturing, explosives for mining and civil works, metal treatment
and fireworks. As calcium nitrate is easy to dissolve and has a high mixing ability, it
is used in emulsions and emulsion explosives. Food industry also employs potassium
nitrate to cure and preserve meats against microbial agents and also to maintain the
desirable color of meats and hard cheeses. Power plants use eutectic mixture of 60%
sodium nitrate and 40% potassium nitrate, which can be used as liquid between 260-
550 °C. This mixture has high latent heat capacity, storing thermal energy. Potassium

nitrate also finds its place in pharmaceutical industry in treatment of sensitive teeth.

In view of the wide ranging applications of nitrates, nitrate bearing wastes are
generated from many industries, some generating nitrates in high concentrations. The
wastes generated in fertilizer, explosives, pharmaceutical, metal finishing and nuclear
industries contain high concentrations (>1000 mg L™) of nitrate [11-14]. These waste
streams should be treated adequately to ensure that nitrates don’t find their way into

the water bodies.

1.3 Nitrates in nuclear fuel cycle operations
Nitric acid is used extensively in the nuclear fuel cycle and nitrate-bearing wastes are

generated at various phases of nuclear fuel cycle. In nuclear fuel (UO,) fabrication
process, magnesium di-uranate is dissolved in nitric acid, purified by solvent
extraction with Tri-Butyl Phosphate (TBP) + n-dodecane, stripped with demineralised

(DM) water and precipitated by ammonia. Liquid wastes bearing ammonium nitrate,
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sodium nitrate and magnesium nitrate are generated during fuel fabrication. During
fuel reprocessing, irradiated UO; is dissolved in nitric acid, yielding aqueous solution
of uranyl, plutonium, and fission-product nitrates. This is separated into streams of
Plutonium, uranium and fission products by solvent extraction using Tri-Butyl
Phosphate (TBP) + n-dodecane as solvent. Wastes generated during fuel reprocessing
are ammonium nitrate bearing waste, NaNO3 loaded declad waste, neutralized
evaporator condensate and acidic HLW, which contains nitrates of fission products. In
these processes nitrates are only intermediate products and not final products. Nitric
acid cannot be recovered and recycled effectively, due to problems of product
contamination. Consequently, high strength nitrate bearing effluents are generated in
these nuclear fuel cycle (Fig. 1) operations. The concentration of nitrate in these
streams ranges from 50,000 to 1,50,000 mg L™ [16-18] and the nitrates are present as
calcium or sodium salt. Certain high strength nitrate effluents, acidic at source of
generation, are neutralized prior to storage in underground carbon steel tanks. Nitrate

streams generated by the nuclear fuel cycle are shown in Fig. 2. [19].

In addition to high strength effluents, low strength nitrates are also generated in the
fuel cycle operations. These effluents are generated in high volume and both nitrate
and radioactive elements must be removed prior to discharge into water bodies

meeting the stringent regulatory requirements.

1.4 Biological effects of nitrates

Nitrate in essence is generally nontoxic to human beings. The health risks connected
with nitrates are mostly due to the bacterial transformation of ingested nitrate to
nitrite. Infants under 6 months, have little acid in their digestive tract for digestion and

depend on the bacteria instead for digestion. The prevailing pH condition in the gut of



infants causes a reduction of nitrate to nitrite by nitrate reducing bacteria. These
bacteria get killed by the hydrochloric acid generated when the age reaches 6 months.
The nitrite thus formed enters the blood stream and binds with hemoglobin, which is
an oxygen carrying molecule, forming methamoglobin., which is a non-oxygen-
carrying enzyme. This results in a reduction in the oxygen-carrying capacity of blood
leading to fatal methemoglobinemia, or “blue baby syndrome” in infants. Severe
methemoglobinemia can result in brain damage and death. In adults, the bacterial
reduction of nitrate to nitrite is not favored due to prevailing acidic pH. Also, fetal
hemoglobin Severe methemoglobinemia can result in brain damage and death. In
adults, the bacterial reduction of nitrate to nitrite is not favored due to prevailing
acidic pH. Also, fetal hemoglobin is more prone to oxidation reaction catalyzed by

nitrite to form methemoglobin than adult hemoglobin [9,20-21].

NO5
Haemoglobin (Fe?*)  —> Methamoglobin 1.1
(can combine with oxygen)  (cannot combine with oxygen)

Nitrosamines and nitrosamides, which are potent carcinogens are formed as a result of
nitrite reaction with secondary amines or amides. These primarily affect the
esophagus and pharynx (gastrointestinal tract) [21,23].

H;C — NH — CH; + HNO, - H;C—N—N -0 + H,0 1.2
Dimethyl amine Dimethyl nitrosamine (carcinogen)

High nitrate levels in water bodies can lead to enhanced growth of phytoplankton
called eutrophication or hypertrophication, which is a major environmental problem.
Eutrophication is also a culprit in toxic red tides in seaside waters and cyanobacterial

blossoms in lakes and waterways. The undesirable consequences of eutrophication are



1. Formation of algae mats reduces passage of light into water and results in a
decline in productivity of plants living in the deeper waters, thus decreasing
their generation of oxygen.

2. Oxygen gets depleted when algae die and decompose, resulting in fish-kill due
hypoxia. Primary production of oxygen is brought down because in deeper

waters primary production is lowered.

3. Water becomes unpalatable because of the toxins produced by algal species.
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Fig. 1.1  Nuclear fuel Cycle
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Fig. 1.2 Effluent waste streams in the uranium fuel cycle
[19]

In view of the problems associated with the nitrates, stringent limits were enforced on

nitrates by the regulating agencies in different countries, as shown in Table 1.2.

1.5 Biological nitrogen cycle
Nitrogen is the building block of proteins and nucleic acids and is essential for growth

and reproduction in both plants and animals. Nitrogen exists in various forms, viz.,
Particulate Organic-N, Soluble Organic — N, Ammonia — N, Nitrite - N Nitrate - N.
Nitrogen gas (N,) is a major constituent, about 78%, of the earth’s atmosphere.
Nitrogen in this form cannot be used by many organisms. It can be made available for
plants by getting it incorporated into the compounds such as nitrate ions (NOj3 ),
ammonium ions (NH;") and urea (NH,),CO, the process being known as fixing.
Nitrogen exists in various chemical forms and gets converted from one form to
another through biological and physical processes. This transformation is called
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nitrogen cycle. Fixation, ammonification, nitrification, and denitrification are the
important processes in the nitrogen cycle. Microbes carry out many of these

processes

1.6 Treatment options
Various physical and chemical treatment processes such as reverse 0smosis, ion

exchange, thermal degradation, electro dialysis, chemical reduction, catalysis and
electrochemical reduction are available for denitrification of water and wastewaters.
However, these methods are expensive and generate secondary wastes that require
additional post-treatment. Biological denitrification is a widely used process for
removing nitrate from surface waters and municipal wastewaters. A comprehensive
review evaluating the advantages and disadvantages of nitrate treatment/destruction is

presented in Chapter -2.
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Table 1.2 Limits for Nitrate and Nitrite in drinking water

Nitrate (NO3)

Nitrite (NO3)

WHO (2008)

50 mg L

3mgL*
for short-term exposure

0.2mg L™
for long-term exposure

U.S.EPA (2012

10 (as N) MCLG (mg L™?)

1 (as N) MCLG (mg L™

EEC 50 (mg L™ 0.5(mg L%
Australia (2011) 50 (mg L) 3(mgL™)
Canada (2012) 45 (mg LY 32(mg LY
New Zealand (2012) 50 (mg LY 3(mgL?)
India (1S:10500) 45 (mg L) -
Nigeria (2007)

50 (mg L™) 0.2 (mg L™)

NIS 554: 2007

Malaysia (2000) 10 (as N) (mg L™ -
Pakistan (2008) 50 (mg L™) 3(mg LY

IBWA (2012) 10 (as N) (mg L™) 1 (as N) (mg L™
Japan 10 (as N) (mg L™)

Korea 10 (as N) (mg L™) -
Argentina 45 (mg L) 0.1 (mg L™

1.7 Objectives

In view of the limited literature available for treating high strength nitrates effectively,

this study is planned with the following objectives:
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» Cultivation of denitrifying granular biomass under anoxic conditions using
sequencing batch reactors.

« Treatment of high strength nitrate wastes using sequencing batch reactors
(SBR) as well as expanded granular sludge bed reactors (EGSBR).

» Optimization of C/N ratio for efficient and complete denitrification.

+ Study the effect of temperature and pH on denitrification rates

» Development of a CFD based model for the biological reactor and validation

of the model with experimental results.

1.8 Thesis organization
The thesis is organized into six chapters, viz. introduction, review of the literature,

materials and methods, results & discussion and modeling. A general introduction to
denitrification and whole of the thesis is given in Chapter 1. Chapter 2 gives an
overview of the available literature in biological denitrification of high strength nitrate
wastewater. Details of setting up of sequencing batch reactors, their operation,
experimental strategies, and analytical methods are given in Chapter 3. Results
obtained from the experimental investigations, analysis and discussion of results in
the context of literature are given in Chapter 4. The fifth chapter gives the details of
modeling. The last chapter summarizes the overall conclusions and salient findings of

the entire study.
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2 REVIEW OF LITERATURE

2.1 Introduction
Nitrogen and nitrogen compounds from water and wastewater can either be removed

by physical and chemical methods or be reduced by microbially facilitated processes
in natural or engineered systems. Natural denitrification can remove small quantities
of nitrates from aquifers, when sufficient electron donor is available. In artificial
denitrification, suitable nutrients are injected into the groundwater to stimulate

denitrification [25].

2.2 Physical and Chemical Nitrate Removal Methods
Physical and chemical methods meant for nitrate removal include ion exchange,

reverse osmosis, electro dialysis, chemical denitrification and catalytic denitrification.
A brief review of these conventional methods used for nitrate removal, along with

their advantages and disadvantages, is presented.

2.2.1 lon Exchange (I1X)
lon exchange is one of the most commonly used methods for removing nitrates from

water and wastewater. Water/wastewaters containing nitrates is passed through a
chloride form of strong base anion resin bed (SBA). The resin bed exchanges chloride
ions for nitrates and other anions present in the contaminated water, thus retaining the
nitrates in the ion exchanger. Conventional anion exchange resins of trimethylamine
functional group have affinity in the following order SO2~ > NO3 > Cl~ > HCO3
i.e. the affinity for sulfate (SO3~) is higher than nitrate (NO3). Consequently,
denitrifying capacity of the resin bed decreases, if the contaminated water contains
sulfate in addition to nitrate. It, therefore, becomes mandatory to look for nitrate-

selective resins, which have higher affinity for nitrate than sulfate [26-29]. Exhausted
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resins are regenerated with concentrated sodium chloride solution or sodium
bicarbonate. Alternatively, seawater may also be used for regeneration of the
exhausted resins [30]. Resin selection depends on exchange capacity, selectivity and

kinetics. The process and reactions involved in the regeneration of the IX resin bed

are as below:
R—Cl+ NO3 = R—NO;+ CI™ (Nitrate getting loaded on IX) 2.1
R— NO3 + CI” - R—Cl+ NO3 (IXregeneration) 2.2
Raw water
/ r\
—-——
Regenarant/
Backwash Waste
Regenerant | -
Tan 4 T Treated Water
|
Rinse water/ pH Adjustment
Backwash

Fig. 2.1  Schematic of ion exchange process

lon-Exchange (1X) technologies for denitrification are easy to design, simple in
operation, and are independent of variations in operating temperature. The limitations

of IX are [31]:

) Economical only for small volume treatment systems
i) Suitable for low nitrate concentrations

iii) Efficiency high only when other ions are absent
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iv) Disposal of waste brines that may contain high concentrations of sodium
chloride, nitrate, sulfate, and arsenate

V) Influent needs to be pre-treated for avoiding resin fouling.

vi) Effluent needs to be post treated as it is corrosive in nature, due to high

chloride concentrations.

Van der Hoek and Klapwijk [32] demonstrated nitrate removal from ground water at
pilot scale using macro porous (Duolite A 161, 162, 165, Bayer Lewatit MP 500, 600)
and gel (Bayer Lewatit M 500, 600) type resins by ion exchange. The raw water
contained 19.2mg L™ NO; 29.5mgL™ sulfate, and 26.1 mgL™ chloride. The

effluent nitrate-N levels were below 5 mg L™.

Van der Hoek et al. [33] carried out pilot plant studies for nitrate removal from
ground water under different process conditions using sulfate selective resin (Duolite
A 165) and a nitrate selective resin (Amberlite IRA 996). Sodium chloride and
sodium bicarbonate solutions were used for regeneration. The raw water contained
19-23mg L™ NO;, 31-181 mg L™ sulfate and 28-92 mg L™ chloride. The effluent
nitrate levels were below 50 mg L™. Results concluded that Amberlite resins did not
offer any advantage over the Duolite resins, when sulfate concentrations were low but

effluent chloride concentrations were lower in case of Amberlite resins.

Clifford and Liu [34] carried out bench scale studies using standard and nitrate
selective resins for nitrate removal from drinking water by ion exchange. The raw
water contained 20+ 0.5mgL™® NOs-N, 32-56 mg L™ sulfate, and 14-22 mg L™

chloride. The effluent nitrate-N levels were below 10 mg L™.

Matosic et al. [35] carried out laboratory studies for nitrate removal from drinking

water using strong base, sulfate selective resin (HP-441) of the gel type polystyrene
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matrix with trimethyl functional group and strong base, nitrate selective macro porous
resin (HP-555) with polystyrene matrix and triethyl functional group designed for
nitrate removal in presence of high sulfate ion concentrations. The raw water
contained 100-294 mg L™ NOs, 27-156 mg L™ sulfate, and 15-18 mg L™ chloride.
Nitrate selective resins (HP-555) were found to be difficult to regenerate with sodium

bicarbonate. The effluent nitrate-N levels were lower than10 mg L™.

Darbi et al. [36] carried out pilot scale studies for nitrate removal from ground water
using standard softening resin (A554). The raw water contained 50-65 mg L™ NOs,
118-197 mg L™ sulfate and 80-356 mg L™ chloride. The effluent nitrate-N levels were

lower than 10 mg L™,

Boumediene and Achour [37] treated underground water by a nitrate specific ionic
exchange resin (Purolite A 520 E). The raw water contained 70-210 mg L™ NO;,
175 mg L™ sulfate, and 200 mg L™ chloride. The effluent nitrate-N levels were lower

than the permissible maximum concentration (10 mg L) for drinking water.

Samatya et al. [38] carried out laboratory studies for nitrate removal from ground
water using strong base nitrate selective anion exchange resin (Purolite A 520 E)
having more affinity for the nitrate ions than for the other anions. Studies include
batch-mode sorption studies, batch-mode stripping studies and column-mode
sorption-elution studies. Adsorption isotherm has been modeled by Langmuir and
Dubinin-Radushkevich (DR) equations [31]. The raw water contained 195 mg L™
NOs;, 26 mg L™ sulfate, and 53 mg L™ chloride. The effluent nitrate-N levels were

lower than the permissible maximum concentration (10 mg L™) for drinking water.

Dordelmann et al. [39] made pilot scale investigations in Iran, using nitrate selective

resins (HP 555, manufactured by Rohm and Haas Company; lonac SR 7,
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manufactured by Sybron Chemicals Inc) for nitrate removal from ground water by ion
exchange. The raw water contained 105 mgL™ NOs;, 140mgL™ sulfate, and

168 mg L™ chloride. The effluent nitrate levels were below 40 mg L™.

Nitrate removal by ion exchange was used for treating wastewaters with lower nitrate
concentrations and employed either conventional or nitrate specific ion exchange
resins. Studies included influence of initial nitrate concentration, sulfate-nitrate ratio
and specific flow rate on the performance of resin. The effluent nitrate-N levels were

lower than the permissible maximum concentration for drinking water.

However, ion exchange may be a suitable technique for denitrification for either
handling small volumes or treating feed streams low in nitrate concentrations. The

main drawbacks of the technique are

(1) Processing water/wastewaters consisting of anions other than nitrates, particularly,
sulphates is difficult, in view of the high affinity of the ion-exchange resins towards
sulfates as compared to nitrates. In general either water or wastewater streams contain
sulfates at significant levels, on par with nitrates and even more in a majority of cases.
This would mean that ion-exchange resins with much higher affinity levels for nitrates
as compared to sulfates are required to be employed. Or it may be required to use a
two-stage process to handle sulfates and nitrates separately. Either way, it would

mean higher capital and operating costs.

(if) Higher concentrations of nitrates compound the problem with the problem of

disposal of waste brines.

(iii) Requirement of pre-treatment / post-treatment of the liquid streams either to
restrict fouling and/or corrosion makes the process complex and raises material and

operating costs.
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(iv) Much of the literature refers to laboratory or pilot scale studies on ground water,
drinking water and few references on wastewater. This in itself appears to be an

indicator of limitations of this technique for denitrification.

2.2.2 Reverse Osmosis (RO)
Reverse osmosis (RO) can be a feasible option for nitrate removal in both municipal

and Point-of-Use applications [40-42]. RO is a physical process, wherein
contaminated water is forced through the semi-permeable membrane at high operating
pressures (pressure greater than the osmotic pressure). The membrane retains most of
the dissolved minerals on the retentate side of the membrane and treated water comes
out as permeate from the other side of the membrane. Rejection rate, extent to which
the RO membrane removes constituents from the water, for sodium chloride and
sodium nitrate can be as high as 98% for NaCl and 93% for NaNOs, respectively [43].
Membranes are made from variety of polymers such as cellulose acetate, polyamide
etc. Membranes do not show or have any preference towards the type of ions but the
valence of the ions does play a role in degree of salt rejection [31]. This process
removes all the contaminants and produces excellent quality of water. The process is
not sensitive to minor variations in the temperature and the resulting quality of
permeate or product water is such that no post treatment is required. Some of the
major disadvantages of RO, are (i) the large quantities of concentrated nitrate
contaminated wastewater generated, (ii) high capital investment, (iii) sensitivity to
pH, (iv) variation in operating pressure due to increase is dissolved solids on the
concentrate or retentate side and (v) variation in chlorine content during the process.
The RO process invariably requires pre-treatment of influent water to avoid fouling.
RO process, it is reported, is more suitable for treating low concentrated nitrate

wastewaters [31].
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Fig. 2.2  Reverse Osmosis Process Schematic

Rautenbach et al. [44] carried out experiments using RO unit with Filmtec FT 30
spiral-wound composite membrane, with a design capacity of 2 m* h™’. The unit was
operated continuously for more than 20,000 h with influent nitrate concentrations of
100 mg L™ . The observed nitrate rejection was 93-95%. It has been concluded that a
nitrate rejection of > 90% at a recovery rate of 80% can be expected for large scale

plants equipped with FT30 membranes.

Bohdziewicz et al. [45] investigated removal of nitrate ions from tap water by means
of reverse osmosis. They had employed five flat acetyl cellulose osmotic membranes
(type SEPA CF designated as SS10, ST10, SR10, SF, SX). Inlet water contained
nitrate, 100 mg L™; magnesium ions, 19 mg L™; calcium ions, 28 mg L™; sodium
ions, 52 mg L™*; sulfate ions, 240 mg L™*; and carbonate ions, 145 mg L. The outlet

water contained nitrate of 21 mg L™

Schoeman and Steyn, [46] carried out studies for nitrate removal from borehole
waters in rural areas in South Africa using reverse osmosis. The RO plant had used
Delta 10, Environmental Products USA; 4040-LHA-CPA2 membrane; membrane
area of 79 m% The nitrate-nitrogen in the feed varied between 42 and 53 mg L™, in the
RO brine (concentrate) varied between 55 and 93 mg L™ and in the RO permeate was
less than 5 mg L™.
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Dordelmann et al. [39] made pilot scale investigations in Iran, using membrane
module (type SUL-G10) for nitrate removal from ground water by reverse osmosis.
The raw water contained 105 mg L™ NOjz; 140 mg L™ sulfate, and 168 mg L™

chloride. The effluent was nitrate free.

Though Reverse Osmosis (RO) results in nitrate free water, it has several limitations
for treating reasonably large quantities for extended period of time. The major

drawbacks of this technique are as listed below

(i) Disposal of huge quantities of concentrated water streams high in nitrates, sulfates

and other salts require additional steps and raise the operating costs.

(i) The RO process invariably requires pre-treatment to avoid fouling of the

membranes and thus adds to the operating costs

(iii) Capital towards equipment, membranes and operating costs including pre-

treatment costs may not favor this technique for handling large volumes.

2.2.3 Electro dialysis (ED)
Electro dialysis (ED) is a process where, pressurized water is passed through a stack

of semi permeable membranes which are connected to a direct current source.
Undesirable ions are selectively removed by transferring ions from a less concentrated
solution to a concentrated solution. This technology has the ability to remove nitrate
ions selectively leading to better water recovery, minimal energy and chemical
consumption [31, 47-52]. ED of a wastewater stream leads to nitrates getting rejected
by the anion-impermeable cation-exchange membrane while moving towards the
anode. Similarly, cations get rejected at the cation-impermeable anion exchange

membrane while migrating towards the cathode [31].
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Fig. 2.3  Electrodialysis for Nitrate removal
[61]

Although ED is a low pressure process and free of operational issues such as fouling,
scaling etc., it requires high capital and operational & maintenance costs are similar to
RO. Additionally, similar to RO, ED has a drawback of having to dispose of huge
quantities of waste concentrate. Also, lon-exchange membranes may be sensitive to
iron, manganese, hydrogen sulfide (H,S), chlorine and hardness.

Wisniewski et al. [53] investigated denitrification of ground waters with excessive
nitrate concentrations by electro dialysis and found that nitrate concentration of the
treated water remained below 25 mg L™. Nitrate in the feed varied between 90-
155 mg L™ and extraction ratios of nitrate were 70% to 90%.

Midaoui et al. [50] carried out electro dialysis to remove nitrate from ground water
containing 800 mg L™ of total dissolved solids (TDS); the treatment with 90 mg L™
of nitrate in the feed resulted in 80% nitrate removal along with other ions. Sahli et al.

[54] also studied removal of nitrate from groundwater in Morocco, by electro dialysis
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using a pilot plant having a capacity of 24 m® d™. The nitrate concentration levels in
the feed varied between 72-86 mg L™ and sulfate varied between 176-207 mg L™, The
product water met the desired water standards.

Sahli et al. [51] studied removal of nitrate from brackish underground water using
electro dialysis equipped with an anion monovalent membrane. The feed water
contained nitrate concentrations of 210 mg L™ and sulfate 330 mg L™. The process
produced product water with desired drinking water standards from brackish water.
The principal disadvantage of this technology is the disposal of the concentrate high
in nitrates.

Ali et al. [55] carried out studies for the removal of nitrate from brackish polluted
water using electro dialysis to know the influence of flow rates, initial feed
concentration, coexisting anions and initial pH on process efficiency. They found that
the flow rate as well as the initial salt concentration and also the coexisting anions in
the feed solution play a significant role on the denitrification efficiency and mainly on
the specific power consumption, whereas denitrification process was independent of
pH of feed solution. The nitrate concentrations were reduced from 225 to 25.5 mg L™.
Studies have shown that the resulting product stream meets the desired water
standards even when large volumes are treated. This may be attributed to the fact that
the transport of the ions towards electrodes is specific. However, the use of Electro
dialysis (ED) for denitrification has similar drawbacks as indicated for RO, mainly,

the capital costs and the disposal of the concentrate stream.

2.2.4 Chemical Denitrification
Nitrate ion being highly stable and first-rate oxidising agent, special conditions such

as high temperature, pressure and catalysts are required for reduction by suitable

reducing agents [56]. In the chemical denitrification process (also known as nitrate to
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ammonia and ceramic NAC process), Nitrate ions get reduced to ammonia by
powdered aluminum and aluminum in turn gets converted to aluminum hydroxide and

sodium aluminate [57].

3NaNO; + 8Al+ 12H,0 — 3NH; T +5AI(0OH); + 3NaAlO, 2.3

3NaNOs + 8.8Al + 14.4H,0 — 3NH, T +5.8A1(0H); + 3NaAlO, + 1.2H, 1 2.4

Ammonia is the principal reaction product (60-95%) in the chemical denitrification
and it can be removed by air stripping. This process takes place in alkaline solutions
and nitrate removal is reported to be optimum at pH 12.25 and temperatures > 50 °C.
Nitrates can be selectively reduced relative to sulfate. Cooling is required during the
process since it is highly exothermic (-381 kcal/mole of NaNO;). Inert atmosphere is
required, since off-gases are flammable. The main advantage of this process is that it
can be carried out at atmospheric pressure, relatively low temperatures and produces
lesser solid waste. The disadvantage however, is that nitrate conversion results in
ammonia instead of nitrogen gas and hence off-gas treatment becomes mandatory.
Maintenance of inert atmosphere is essential, since ammonia and hydrogen gases

produced are potentially exothermic [18,31].

Sabzali et al. [58] carried out studies for nitrate removal from groundwater via
sulfamic acid and zinc metal and optimized process parameters like pH, sulfamic acid
concentration, Zn concentration, temperature and reaction time governing the process.
The feed contained nitrate 145 mg L™, sulfate 75 mg L™ and chloride 45 mg L™. Near

100% nitrate removal was achieved.

Chemical denitrification can be considered as a probable nitrate treatment option.
However, to achieve the desired levels of denitrification, it may require huge

quantities of chemical addition,
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2.2.5 Catalytic Denitrification
Catalytic denitrification (CD) is one of the promising technologies used for removing

the nitrate from water without generating secondary wastes. Either formic acid or
hydrogen may be used for reduction of nitrate; the latter is preferred over formic acid.

Hydrogen reduction of nitrate is a multi step process as shown in the scheme below:

H, H,

—» N,O —>» N,
H, H, H,

NO; —>» NO; —» NO » N,

-OH-

HI

» NH;
-OH-

Many catalysts such as Pd, Pt, Pt-Cu, Pd-Sn, Pd-In, Pd-Cu etc. were tried for nitrate
reduction. In comparison to other catalysts, Pd-Cu catalyst was studied extensively.
Support materials used for these catalysts included alumina, titania, niobia, zirconia,
and activated carbon. In view of the ease in modifying the surface chemistry as per
the requirements, activated carbon appears to be the choice, which incidentally
provides high surface area making catalyst dispersion more effective.

CD is predominantly used for treating acidic effluents. The limitations with this
process include cost of catalyst and its fouling, use of flammable hydrogen gas and
production of ammonia in the reaction. No full scale process is implemented
employing CD [31,59-61].

Pintar et al. [60] developed a bench scale process for removal of nitrates from potable
water using Pd—Cu/y-Al,O3 bimetallic catalyst. This process is employed mainly for
regeneration of strong base anion based resin, which was used for removal nitrates.

Lemaignen et al. [59] investigated nitrate reduction using Pd bimetallic catalysts (Pd—
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In and Pd-Sn) for a range of nitrate concentrations up to 1000 mg L™ in acidic and
close to neutral pH. In addition, Pd—Cu was also studied at pH 5. Nitrate reduction
was inhibited strongly by nitrite and moderately by sulfate. Activated carbon catalysts
are comparable to metal oxide supported bimetallic catalysts.

Palomares et al. [62] investigated catalytic hydrogenation of nitrates in liquid phase
using Pd/Cu supported on hydrotalcite and Pd/Cu supported on alumina. Nitrate
concentrations were 80-90 mg L ™. Meytal and Sheintuch [63] tested Pd—Cu catalysts
supported on woven fibrous cloths for continuous nitrate hydrogenation in water and
found that Pd—Cu/ACC is more active and selective than Pd—Cu supported on glass
fibers cloth (GFC) and on GFCs coated with Al,O3 or SnO,.

In View of the disadvantages of the physical and chemical methods with respect to
cost and disposal of secondary wastes, biological methods are studied extensively for

denitrification of groundwater as well as wastewaters.

2.3 Biological Denitrification
Bacteria found in the activated sludge process comprise mostly of facultative

anaerobes. These organisms are capable of degrading carbonaceous biochemical
oxygen demand (cBOD) by using free molecular oxygen, nitrite ions or nitrate ions.
Different species of bacteria can grow anaerobically by reducing the ionic nitrogenous
oxides to gaseous products. In the absence of molecular oxygen, facultative bacteria
use oxygen from nitrate and nitrite for respiration, generating ATP in the process.
This process is known as dissimilatory nitrate reduction or denitrification [64].

Carbon source and electron donor are required for growth and maintenance of existing
bacterial cell mass and production of new cells. Most of the denitrifying bacteria
require anaerobic conditions and presence of certain specific bacteria favored

denitrification in the presence of oxygen [65]. Biochemical analysis shows that nitrate
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denitrification in microorganisms is a four step process. Nitrate (NO3 ) gets reduced
to nitrite (NO3 ) by nitrate reductase, nitrite (NO3 ) gets reduced to nitric oxide (NO)
by nitrite reductase, nitric oxide (NO) gets reduced to nitrous oxide (N,O) by nitric
oxide reductase, finally nitrous oxide reductase reduces nitrous oxide (N,O0) to

nitrogen gas [66-67].

NO; — NO; - NO - N,0 > N, 2.5
NO3 + 2e” + 2H* = NO; + H,0 Nitrate Reductase 2.6
NO; + e”+ 2H" = NO + H,0 Nitrite Reductase 2.7
2NO+ 2e~ + 2H* = N,0 + H,0 Nitric Oxide Reductase 2.8
N,0+ 2e~+ 2H" = N, + H,0 Nitrous Oxide Reductase 2.9

The overall reaction from NO; to N, reduces the N by 5 electron equivalents per N.

In practice, nitrite accumulation has been observed during nitrate denitrification by
numerous microorganisms. Other intermediates i.e. NO and N,O are not produced or
released in significant amounts as compared to NO,. However, there is a concern
about the release of NO, N,O from wastewater treatment plants, because of their
potential harmful effects. Facultative anaerobes have enzymatic ability to use either
nitrogen oxides or free molecular oxygen during cBOD degradation. During
assimilatory reduction of nitrogen oxides, ammonium ions are formed by nitrate and
nitrite ion reduction and nitrogen in ammonium ions is incorporated into cellular
material. Nitrogen will not get incorporated into cellular material during dissimilatory

reduction [64].

2.3.1 Heterotrophic Denitrification
Heterotrophs are organisms that cannot fix carbon and hence need organic carbon for

growth. Heterotrophic denitrification is a microbially facilitated process of nitrate
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reduction performed by a large group of heterotrophic facultative anaerobic bacteria,
which ultimately produce molecular nitrogen (N) through a series of intermediate
gaseous nitrogen oxide products. This respiratory process reduces oxidized forms of

nitrogen in response to the oxidation of an electron donor such as organic matter.

A wide variety of carbon sources, either in the form of liquid or solid, can be used as
electron donors by heterotrophic denitrifying bacteria. Being organic in nature these
carbon sources are easily oxidized. The substrates are methanol, ethanol, propanol,
butanol, pentanol, cellulose, glycol, methane, aromatic hydrocarbons, glucose,
acetate, aspirate, formic acid, industrial wastes such as molasses, whey, and distillery
stillage. Methanol, ethanol and acetate are most commonly used carbon sources for
denitrification. Porges et al. [68] had suggested CsH;NO, as cell formula. The
stoichiometric relationships of heterotrophic denitrification with various carbon

sources are listed in Table 2.1 [65-66,69].

2.3.2 Autotrophic Denitrification
Autotroph is an organism that produces complex organic compounds (such as

carbohydrates, fats, and proteins) from simple substances present in its surroundings,
generally using energy from light (photosynthesis) or inorganic chemical reactions
(chemosynthesis).

Autotrophic denitrification processes utilize autotrophic denitrifiers such as
Paracoccus, Thiobacillus, and Thiosphaera for reducing nitrate to molecular nitrogen
(N2). Autotrophic denitrifiers utilize inorganic materials such as carbon dioxide or
bicarbonate as electron donors and energy is derived by oxidation of inorganic
sources such as hydrogen or various forms of sulfur compounds. In this process,
operation costs are lower and secondary contamination risk is minimized because of

avoiding the external carbon addition. In addition, it lowers cell yield of autotrophic
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bacteria and therefore less sludge production, which minimizes the handling of

sludge. Sulfur to nitrogen ratio plays a significant role in autotrophic denitrification.

The stoichiometric relationships of autotrophic denitrification with various carbon

sources are listed in Table 2.2 [65-66,69].

Table 2.1 Stoichiometry of heterotrophic denitrification with various carbon

sources

Substrate Stoichiometric equation

Acetic acid 5 CH3COOH +8NO3 - 8HCO3 + 2C0O, + 6 H,0+ N,
Aromatic Ce1Hg; + 622 HT + 622 NO3; - 31.1 N, + 61C0, + 64.6 H,0
hydrocarbons

Butanol 0.208 C4,HyOH + NO3 — 0.5N, +0.833 CO, + 0.542 H,0 + OH™
Cellulose 5 (C4H1905), + 24n NO3 — 6nC0O, + 13n H,0 + 12n N, + 24n HCO3
Ethanol 5C,HsOH +12N0O3 - 10HCO3 +20H + 9H,0+ 6N,
Glucose CeH1206 + 2.8 NO3 + 0.5 NH + 23 H* — 0.5 CsH;NO, + 1.4 Ny + 3.5 CO, + 6.4 Hy0
Glycol 0.5(CH,0H), + NO3 — 0.5N, +0.833C0, +0.5H,0 + OH™
Methane CH,+8NO3 + 8H* - 4N, +5C0, + 14 H,0
Methanol NO; +1.08 CH;0H + H* - 0.065 CsH,NO, + 0.467 N, + 0.76 CO, + 2.44 H,0
Pentanol 0.167 CsH;,0H + NO3; — 0.5N,+0.833C0, + 0.5H,0+ OH
Propanol 0.278 C3H,0H + NO3 — 0.5N,+0.833C0, + 0.611 H,0 + N,

Typical Organic
matter

CsHoNO + 336 NO5 + 3.92 H* > 1.68 N, + 0.36 CsH,NO, + 3.26 CO, + 3.92 H,0 + 0.64 NH}
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Table 2.2 Stoichiometry of autotrophic denitrification with various carbon

sources
Electron Stoichiometric equation
donor
Elemental 10 NO3 + 11S°+ 4.1 HCO3 + 0.5C0, + 1.71 NH} + 2.54 H,0
sulfur - 0.92 CsH,NO, +11S03” +54N, +9.62H*
Ferrous iron NO; + Fe?* - 0.5N, + 5Fe(OH), + 9H™
Hydrogen 2NO3 + 5H, - N, + 4H,0+ 20H™
Sulfide 14 NO3 + 5FeS, + 4H* » 7N, +10S0%~ + 5Fe?* + 2H,0
8NO3 + 55,03 + H,0 » 4N, +10S05~ + 2H*

Thiosulfate | 0.141 NO3 + 0.125S,05 + 0.0643 CO, + 0.1 H,0

— 0.0129 CsH,NO, + 0.064 N, + 0.25S05~ + 0.109 H*

2.3.3 Types of reactors
Biological denitrification studies were carried out using sequencing batch reactors

(SBR), fluidized bed biofilm reactors (FBBR), continuous stirred tank reactors
(CSTR) and anoxic/oxic membrane reactors (MBR). Sequencing batch reactors
require less space since all the biological reactions and clarification take place in a
single vessel. This gives the savings in cost and operational flexibility and control.
However, the main disadvantage is a higher level of sophistication compared to
conventional systems in terms of timing units and controls [70]. Sequencing batch
reactors (SBR) were used for biological denitrification [12-13,71-77].

Fluidized bed biofilm reactors produce high concentration of microorganism since the
media available for the development of microorganisms is quite large. Large

concentration of microorganisms has high potential to remove BOD, COD, and
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nitrogen, can handle shock loads. In addition they occupy less space and provide long
SRT for microorganisms necessary to degrade the xenobiotic and toxic compounds.
Main disadvantage of FBBR is the pumping power required to operate and the proper
design of inlet and outlet arrangement for proper distribution of flow. Fludized bed
biofilm reactors (FBBR) were employed by many researchers {78-81].

Continuous stirred tank reactors are simple in construction, versatile and low
operating costs. Their well -mixed nature permits straightforward control over the
temperature and pH of the reaction and the supply or removal of gases. They are easy
to control and can be cleaned easily. Disadvantage is lowest conversion per unit
volume and chance of by-passing and channeling because of poor agitation.
Continuous stirred tank reactors were utilized for denitrification [82-85].

Anoxic/oxic membrane reactors produce cleaner effluent suitable for multiple reuse
purposes and have fewer aeration basins. The disadvantages being high power and
capital costs and needs chemicals for membrane cleaning. Anoxic/oxic-membrane

bioreactor (A/O-MBR) were used for denitrification studies [86-87].

2.3.4 High Strength Nitrates
In spite of the extensive work carried out on biological denitrification, only limited

studies were carried out with high strength nitrate wastewaters. Denitrification of high
strength nitrate-nitrogen (> 1000 mg L™) wastewaters were carried out [12-14,74-
77,86,88-99]. Concentrations of nitrate studied by these researchers were in the range
of 100 to 14000 mg L™ NOs-N, C/N ratios of 1 to 4 were utilized and specific
denitrification rates obtained were 3 to 91 mg-NOs-N L™* g-MLSS™ h™. As can be

seen, this concentration range is less than the levels encountered in nuclear industry.
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2.3.5 Factors controlling denitrification
It was reported that there are several factors influencing the denitrification. Major

factors which control rates of denitrification include temperature, oxygen, organic

carbon, pH, inhibitors and nitrate concentrations

Temperature
Temperature effect on denitrification process was essentially considered on the

premise of favoring bacterial growth and metabolism in a fixed temperature range.
Mesophiles which form a major portion of denitrifying bacteria, have an optimum
temperature in the range of 20-45 °C. Fogler [100] reported that a temperature range

of 35-38 °C was optimum for bacterial growth.

Microbial growth is affected by temperature in two opposing ways. Increase in
temperature increases the microbial growth and product formation because rise in
temperature accelerates the chemical enzymatic reactions as per Arrhenius equation
kars = kqr10T? ™), where kyr is the specific rate constant at temperature T
(Celsius) with units of inverse of time, and 0 is dimensionless empirical constant
ranging from 1.06 to 1.10. For every organism, there is an optimum temperature range
for growth: Microbial growth has been reported between -12 °C and +120 °C, but
there is no single microbe which can grow throughout this range. With rise in
temperature, proteins, nucleic acids and other cellular components that are sensitive to
temperature, i.e. temperature labile, will tend to become irreversibly deactivated and
lysis, death and endogenous metabolism rates will increase. Hydrolysis rates will also

increase with temperature [101].

Temperature dependence of denitrification is more pronounced in soils than in aquatic
sediments. Denitrification in soils was observed even at 0 to 5 °C, but at a slower rate

[66]. Delwiche and Bryan [102] reported that different organisms have different
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optimum temperatures and near 30°C is favored for denitrification by most

organisms.

Optimum temperature for nitrogen and carbon removal was found to be between 22-
37 °C for shrimp aquaculture. Temperature between 10-20 °C, had a greater effect on
specific denitrification and carbon consumption rates, when compared to temperature
between 20-30 °C. As specific growth rate of ammonia-oxidizing bacteria (AOB) is
higher than that of nitrite-oxidizing bacteria (NOB), nitrogen removal was via nitrite,
at higher temperatures of 28-38 °C. At lower temperatures specific growth rate of
NOB is higher than that of AOB and hence nitrite accumulation was higher during
winter. Inhibition of nitrification and denitrification was observed when temperature
decreased to 10 °C [69,103-104]. However, denitrification can occur between 2-50 °C,

though at lower rates at low temperatures [69].

Oxygen
Denitrification gets inhibited by presence of dissolved oxygen because it gets priority

as an electron acceptor, when compared to nitrate and nitrite. Nitrogen oxides become
terminal electron acceptors by facultative bacteria, when oxygen is absent. Organic
substrate (cBOD) gets converted to carbon dioxide under aerobic and anaerobic
respiration. Aerobic respiration yields higher cellular energy and higher cellular
growth. Thus the bacterial cells prefer molecular oxygen to nitrogen oxides for their
respiration [64,69].

Glucose +60, —————> 6C0, +6H,0 + 686 kCal 2.10

(aerobic respiration)

Glocose + 4.8NO3; +4.8H* - 6C0, +2.4N, +84H,0 + 636kCal 2.11
(anoxic respiration)

DO represses the denitrifying enzyme synthesis/formation and inhibits the existing
denitrifying enzyme activity. For derepression of reductive enzymes a period of 40

32



min to 3 h are required. Nitrite reductase takes longer derepression time than the NaR

(nitrate reductase) [66,105].

Dissolved oxygen gradient exists when the floc particle size becomes greater than
100 pum, two types of respiration occurs: Aerobic respiration on the periphery of the
floc particle and anaerobic respiration where nitrogen oxides used at the centre of the
floc particle [64]. Many studies concluded that DO concentrations of 0.2 mg L™ or

less are required for denitrification to proceed.

DO inhibitory effects on denitrification depend on carbon source and microbial strains
[106-107]. Presence of DO inhibited the biofilm growth and reduced the denitrifying
to nitrate reducing bacteria ratio and bacterial density. [69]. This resulted in

nitrogenous intermediates appearance in the effluent [106].

Higher DO concentration (2.5 mg L) is required to inhibit /suppress nitrite reductase

activity than nitrate reductase activity [106].

Nitric oxide accumulation was never seen during denitrification since NO reductase
activity is 10 times higher than nitrite reductase activity. DO concentration goes
higher than the threshold concentration, N,O accumulation is seen since N;O

reductase is highly sensitive to DO [106].

During heterotrophic denitrification, oxides of nitrogen (nitrate and nitrite) get
reduced to dinitrogen. Nitrogen production progressively decreased with increase in
DO concentration and nitrous oxide appeared first, followed by nitrite as

denitrification product at higher DO concentration [108].

Presence of DO can be tackled by addition of excess electron donor or addition of
oxygen scavenging agents like Na,SOg3, but it increases the cost of denitrification and

decreases the denitrifying to nitrate reducing bacteria ratio [107].
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Denitrification was observed even at DO concentration of 3 mg L™ but the rates were
25% lower than those observed under anaerobic conditions [109]. Oxygen inhibition
model by Eckenfelder [110] predicts that denitrification ceases when DO

concentration reaches 1 mg L™.

Oh and Silverstein [109] observed that the denitrification was inhibited by the
presence of DO and specific denitrification rates decreased by over 35% when the DO
was 0.09 mg L. Gaber and Joseph[69] reported that type of carbon source influences
the DO effect on denitrification. Ethanol and methanol were reported to have less

effect of DO on denitrification as compared to sucrose.
rp = I'pmax X 1.09(T729 (1 — DO) 2.12

Where rp = observed specific denitrification rate <g — NO; — g —(g—NO3 —

N/g — MLSS/d));

I'pmax = anoxic specific denitrification rate (g — NO; — N/g — MLSS/d);

T = water temperature (°C); DO = mixed liquor dissolved oxygen concentration

(mg LY.

Henze et al. [111] proposed one parameter model for oxygen-inhibition of

denitrification in activated sludge

1
I'p = I'D,max <1+(D0/K02)> 2.13

Where
rp = observed specific denitrification rate in the presence of oxygen (mg —

NO, — N/g — MLSS/h) and
NO, —N = NO; — N+ NO, — N (mg—%);
I'pmax = anoxic specific denitrification rate (mg — NO, — N/g — MLSS/h);
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Ko, is the inhibition constant where the denitrification rate is half that of the anoxic

rate (2DO)

Organic Carbon/cBOD/Substrate
The carbon sources that can potentially support denitrification can be categorized as:

1) pure chemicals like methanol, ethanol, acetate, sugar, butanol etc.; 2) purified
agricultural or industrial byproducts; 3) raw industrial/agricultural byproducts as corn
syrup, molasses, brewery waste and other process wastes; 4) sludge fermentation

products and 5) others such as hydrogen, methane and H,S [112].

Availability of a suitable substrate is vital for biological denitrification, as this is a
source of carbon and energy. The demand for electron acceptors, such as free
molecular oxygen, nitrite ions, and nitrate ions (0,, NO;, NO3) increases with
increase in soluble cBOD. Increase in demand for electron acceptors is an indication
of increase in denitrification [64]. Enzymatic activity of heterotrophs is controlled by
the availability of electrons in the organic carbon [66]. Extra carbon source is required
for biological denitrification, because of substrate limitation. Denitrification stability
and efficiency of biological nutrient removal (BNR) can be enhanced by external
carbon addition. Very low carbon limits the electron supply for reductive half-
reactions to proceed further and leads to accumulation of denitrification
intermediates(NO,,NO and N,0). Excess carbon addition increases the effluent
COD, necessitating secondary treatment. Biodegradability of the carbon source is an

important factor in selecting the carbon source for denitrification [112-113].

When cBOD is present in higher quantities, denitrifying bacteria use nitrate/nitrite as
an electron acceptor, to meet the requirement of electron acceptors beyond the

available free molecular oxygen [64].
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The following factors were considered in deciding the carbon source: cost, sludge
production, denitrification rate, kinetics, degree of utilization, adaptation period,
handling and storage safety, the content of unfavorable/toxic compounds and the
potential for complete denitrification without the need for adaptation of the microflora
[77]. The carbon source characteristics will have significant effects on the decisive
parameters of denitrification process such as the denitrification rate, COD demand,
nitrate reduction pathway, carbon utilization patterns, biomass yield and biomass

composition [77,114-115].

Yang et al. [114] studied three carbon sources (glucose, acetate and citrate) and found
that glucose was not the best carbon source for denitrification, though it is widely
used. It was also reported that some enzymatic conversions were required for glucose
to enter denitrifier metabolism, whereas acetate and citrate can be directly inserted

into metabolic process.

Denitrification favored nitrate reduction pathway, when volatile fatty acids were used.
Ammonium pathway dominated during dissimilatory nitrate reduction, when glycerol

or glucose was employed [116].

Filippis et al. [99] investigated three carbon sources (methanol, acetic acid and
sucrose) and reported that two weeks was required for steady state denitrification.
Methanol gave faster acclimatization, when compared to acetic acid and sucrose.
Acetic acid and methanol showed 100% nitrate removal efficiency, whereas lower

removal rates were found with sucrose

Acetate was found to be the most efficient carbon source for denitrification as
compared to ethanol and hydrolysed rice [117]. Methanol, ethanol and acetate were

compared for their nitrate denitrifying capacity and it was found that on a molar basis
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methanol>acetate>ethanol is the order for their enhancing the enzyme activity of the
nitrate removal [118]. Ethanol was found to be most effective complete denitrification
as compared to methanol, and methane [119]. Most of the research on the carbon
sources for denitrification concluded that ethanol, methanol and acetate were most

suitable and best carbon sources [113]

Onnis-Hayden and Gu [112] reported that methanol was chosen as standard carbon
source for wastewater denitrification because of its low cost, favorable kinetics, and
low cell yield. Acetyl Co-A, the key compound of glycolytic and tricarboxylic acid
(TCA) cycle pathways, is easily formed from acetic acid, acetate or ethanol. These
cycles employ organic substrate as sources of energy and carbon in most organisms.
In this manner, sodium acetate and ethanol are more easily and completely
metabolized than methanol or glucose. Pharmaceutical waste, rich in ethanol, can
potentially provide a readily available carbon source to implement in Biological
Nutrient Removal (BNR) system. [112]. Acetate, propionate, butyrate and lactate had

shown higher denitrification rates than methanol or glucose [120].

Higher nitrite build-up was observed with glucose as carbon on comparison with
methanol. In addition, nitrite accumulation was also observed with less labile organic
compounds and true denitrifiers were driven out and favored facultative

microorganism proliferation [121].

Industrial or agricultural wastes were utilized as external carbon sources for
denitrification during initial days [122-124]. It was found that formaldehyde and
dextrose waste were less effectively degraded than distillery oils or methanol;
however most of wastes from food industry showed very high denitrification rates
and/for C/N ratio from 2 up to 6. Pretreatment, viz., degreasing, pH adjustment,
removal of color of industrial wastes was found to be essential before employing as

37



carbon source. Dairy waste is rich in readily biodegradable COD, but it produced
foam and inferior effluent quality because of excess fats. MicroC™ is highly
degradable and possesses complex composition, acclimated biomass consisting of
heterogeneous microorganisms. Moreover this substrate was found to have high
utilization rate even with non acclimated sludge. Corn syrup (CS) which contains high
glucose is widely used in the food industry. Many sodas and fruit-flavored drinks use

high-fructose corn syrup (HFCS) which has fructose as the major sugar [112].

Sludge-based carbon sources
Studies were carried out to decrease/minimize the cost of external carbon, by utilizing

the hydrolyzed sludge (hydrolyzate) as an internal carbon source. Hydrolyzate
generated through biological process gave comparable denitrification rates realized

with acetate [125].

Carbon sources for which kinetic studies were carried out are: Methanol, Ethanol,
Acetate, Acetic acid, Butyric acid, Citrate, Propionic acid, Propionate, Formic acid,
Succinic acid, Glucose, Hydrolysed/Fermented sludge, Fermented MSW, Hydrolysed
molasses, Hydrolysed rice, news paper, cotton, rice husk, Corn Syrup, Sugar solution,
Olive Oil Mill, Dairy Waste, Winery waste, Distillery Fusel oils, Pea blanch water,
Wines Sludge Conc., Methanol Still Bottoms, National Starch, Tomato Sludge,
Distillers’ Fusel Oils, Organic Acid Waste, Fibres Gicol Waste, Waste Dextrose,
Formaldehyde waste, Brewery waste, Bio-Diesel, MicroC™, Beet-sugar waste,
methane, saw dust [112-114].

pH

Denitrification can happen over a broad range of pH values but the rate reduces as pH
decreases. pH in the range 6.5 to 8.5 suits facultative anaerobes to form flocs and

same range is adequate for denitrification. The optimal pH range for denitrification is
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7.0 to 7.5 based on enzymatic activity of facultative anaerobe and nitrifying bacteria

[64].

Optimum pH range for denitrification is 7.0 to 8.0 for single strain (pure) cultures and
natural systems. As pH decreases, overall denitrification rate decreases because of
steady reduction in the nitrous oxide (N,O) reductase activity, which increases the
mole fraction of N,O. Denitrification did not occur in acid peat whose pH was 3.5

[66].

Delwiche and Bryan [102] reported that neutral pH range suits denitrifying systems
for best performance and maximum rate of denitrification is found to be between 7.0
and 8.2 of pH, though denitrification is observed between 5.8 and 9.2. Type of
organism, concentration of nitrate and culture age play key roles in deciding the
optimum pH for denitrification. P aeruginosa performed denitrification in a pH range
of 5.8 to 9.2, with an optimum range of 7.0 to 8.2. When the pH goes out of range for
denitrification, intermediate nitrogen gases are produced and denitrification gets

hindered [102].

Heterotrophic denitrifiers prefer pH range of 5.95 to 7.9, though 7.5 to 8.5 is
considered to be the optimum pH for complete denitrification without nitrite
accumulation. Denitrification process gets hampered when the pH values cross these
limits, but optimal pH varies from site to site because microbial ecosystem gets
acclimatized and adapts to the specific site. Denitrification fails under strong acidic
conditions (pH<5) because of accumulation of nitrite and N,O. Hydroxyl ions get
released and alkalinity increases during heterotrophic denitrification, whereas
alkalinity is consumed during autotrophic denitrification, generating sulfate in high
concentration. NaHCOs is the most generally used alkalinity source. Granular lime
stone and elemental sulfur particles are cheaper and alternative sources for alkalinity.
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Pyrite (FeS,) has no toxic effect on denitrifying microorganisms, is unstable mineral
under anoxic conditions used as an in situ buffering agent for hydrogenotrophic

denitrification and gets converted to ferrous hydroxide [69].

Denitrification is carried out by enzymatic reactions. pH plays a major role in the
enzyme kinetics of biological reactions by influencing the denitrifier growth,
metabolism, denitrification gene expression and denitrification rate. Hence

denitrification is pH dependent [105,125].

o dj
(Specific growth rate) et = o] ! Rirr 2.14
i T T

At near neutral pH, many micro-organisms become active giving the best
performance of denitrifying systems [66,102]. As the pH decreases below 5, N,O
proportion in the evolved products increases and inhibits overall denitrification rate
[66, 126]. During dissimilatory reduction of nitrate to nitrogen gas, pH increases since
alkalinity is produced. The increase in pH reduces the microorganism activity and
increases the accumulation of NO; subsequently decreases nitrate removal rate.
Phosphate buffer addition was reported to improve denitrification by maintaining the

pH near 7 [127].

Lu et al. [106] concluded that optimal pH for denitrification is 7-9 and it gets hindered
when pH goes out of this range and denitrification intermediates gets accumulated.
N,O reduction rate was more dependent on pH than the nitrate and nitrite reduction

rate.

Denitrification experiments at different pH were carried out and found that
denitrification was completely inhibited at pH < 7 and as the pH increased between
7.5 and 9, increase in nitrite accumulation was observed and total denitrification time

for nitrate and nitrite reduction was constant for all pH ranges [12]. Denitrification
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reaction progress can be monitored by monitoring the pH, though there is a negligible
pH change during nitrate reduction compared nitrite reduction, where appreciable pH
change can be seen. High-strength nitrate wastewater denitrification performance can

be enhanced by monitoring and controlling the pH [12].

Inhibitors
Denitrification is inhibited by a variety of compounds. Table 2.3 summarizes some

inhibitors reported in the literature. The mechanism of inhibition is not well

understood. Sulfide inhibits specifically reduction of NO and N,O [66].

Nitrate concentration
High nitrate concentrations inhibit the dissimilatory reduction process of

denitrification. For treating such high nitrate wastewaters, acclimatization strategy is
adopted for developing an appropriate consortium. The aim is to grow nitrate tolerant
bacteria, which comprise true denitrifiers suited for nitrate reduction to nitrogen and

nitrate respirators suited for nitrate reduction to nitrite [69,74].

2.4  Attached growth and suspended growth systems
The microorganism will be either attached as biofilms to some inert material such as

rocks/ceramic/plastic materials or suspended in the medium. Trickling filters
(biological tower), rotating biological contactors (RBC), packed bed reactors and
fluidized bed biofilm reactors come under attached growth systems. Nitrate bearing
water flows over biofilms comprising of denitrifying microorganisms and nitrate gets
removed. In suspended growth systems, nitrate bearing water flows through the
reactor, which is in the form of a column or a tank, where the denitrifying
microorganisms grow in the forms of flocs or granules [128-129] Attached-growth
systems are simple to operate, have less equipment maintenance and require less

energy, than the suspended-growth systems. However, attached-growth processes
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require larger land, pose odor and clogging of certain media problems, and has
inability to handle high volumes of wastewater which makes them to suit small to
medium-sized operations. Suspended-growth processes are opted by urban facilities
[130].

2.5 Kinetics of denitrification

The rate of nitrate conversion depends on the magnitude of specific rate constant,
order of reaction and growth rate of microorganisms. The conversion of nitrate to N,
is either by direct reduction of nitrate into N, or through formation of nitrite

intermediate.
Denitrification reaction can be written in simple form
NO; — NO; - N, 2.15

and
NO; = N, 2.16
The general denitrification rate with respect to biomass growth is written by Monod’s

Kinetic equation [101,131] and it is written as:

2.17

NO3 dt (kN03+ CN03) y

where

m, and n are the orders of reaction with respect biomass and nitrate concentrations
i is growth rate (h™)
y is growth rate constant

kno, is rate constant for Nitrate concentration (mg NO3z-N Lt ht)

C, is the growth of biomass (g MLSS L™)
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Table 2.3 Denitrification inhibitors

[66]

Inhibitor (concn)

Reaction inhibited

Acetylene (107 atm)

N,0 - N,

Azide, cyanide, DNP (2,4-Dinitrophenol)
(ca. 10 M)

NO; - N,, N,0 - N,

Nitrapyrin (nitrification inhibitor)

14 mg L™? in soil NO; - N,
50 mg L™ in soil No effect
50 mg L™ in culture NO; - N,

N-serve formulation (20 mg L™ in
enrichment culture)

NO3; — N,0and N,

Pesticide

Vapam (20 mg L™ in soil)

NO; - N,

Dalapon (10 mg L™ in soil)

NO; - N,

Toluidine derivatives

NO; , N,O - N,

Sulfur compound

( S0~ 100-500 pug of S g™

N O3 disappearance in soil

S~
40 mmol g* NO3 gaseous products
0.3 mM NO - N,0
0.3mM, 8 umol g* N,0 - N,

Cno, is the Nitrate concentration, (mg NO; — N LY
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dCno Kp Cno
_TNO - { 3} - E 218
3 dt (kN03+CNO3)
m
Umax CX

where, K, = ——,
P y

Since, the kyo, < Cno,, kno, Can be neglected and for specific denitrification rate,

the above equation is reduced to

~ o, = {2} = K, 2.19

showing that the Monod equation is reduced to zero order Kinetics for constant bio
growth.

Based on Monad kinetics model, the growth rate of granular sludge follows first order
kinetics and its growth rate is insignificant as compared to the rate of denitrification,
whereas the specific denitrification reaction follows zero order Kinetics. This is

validated by the experimental observations of many researchers [74,90,132-133].

Thus, the above equation 2.18 is deduced to general form of expressions for nitrate

and nitrite decomposition respecively

dc
—{=22} = Ko, Clo, CFF 2.20

wherem=1&n =0

— [Nost SON0s - — Ky, €y [ dt 2.21

CN03'0 CI(\)103

since Cy is independent and taken as constant
On integration

[CN03,t— Co |

[Cx] = — KNO 3 t 222

Similarly the rate expression for nitrite in presence and in the absence of nitrate is

written as

{dCNOZ

m } = [Kno, Cnos — Kno, Cno, ] Cx  (in the presence of nitrate) ~ 2.23
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{dC;tO‘Z} = Kno, Cno, Cx (in the absence of nitrate) 2.24

and the influence of nitrite formation is estimated by the relative rate, which is a ratio

of rates (RR) of decomposition of nitrate and that of nitrite in the presence of nitrate.

Relative rate (RR) = ?\m 2.25

NO»
The rate of denitrification reaction is determined from the nitrate and nitrite profiles
obtained during SBR cycle period. The rate constant of the denitrification reaction is
calculated by graphical analysis from the experimental data. The specific rate constant

is calculated by dividing the rate constant with MLSS values.

Cavari and Phelps [134] reported that denitrification was strongly influenced by, and
directly proportional to nitrate concentrations when Pseudomonas aeruginosa 2 Kin
was employed. Grady et al. [135] correlated the denitrification rates with nitrate

concentrations using Michelis-Menten-type-kinetics.

& [NO3]

V=V _—— 2.26
Ks+ [NO3]

Where V = Denitrification rate, Time™
¥ = Maximum denitrification rate, Time™
[NO3] = Nitrate concentration, Mass/VVolume
Ks = Half-saturation coefficient, mass/\VVolume

Messer and Brezonik [136] stated that when nitrate concentrations are much lower
than Ks, the kinetics may be approximated by a first-order relationship, where the
denitrification rate is linearly related to nitrate concentrations:

V = k4[NO3] 2.27

Where kq = denitrification rate constant, Time™
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Filippis [99] reported from the results of their batch tests that denitrification pathway

depends on the nitrate concentrations when nitrite accumulation took place and

reached maximum concentration.

for first order Kinetics,

CN03tdCNO3 t
T——= = —k | dt
fCO C11\103 fo

In[Cno,e— Co | = —k[t—0]
In[Cyno,t— Co | = —kt
[Cnoye— Co | = e™

Or

In Cyo,+ = In Coy — kt

The rate Kkinetic is writtenas [y] = mX+C

ln CNO3,t = — kt + ln CO,t

2.28

2.29

2.30

2.31

2.32

2.33

The rate constant is calculated from the slope of the semilog curve between

concentration and time. The instantanous time and its rate constant is determined by

the following equation for first order kinetics.

Time required at any = ~[ Cnogt— Co ]
instant of concentration,Cyo, ¢ J =~ = K sec

— mol
]= CNO3,t= C0+ e ke —

[concentration at
lit

any instant

For nitrite concentration, Cyo,

K C
05 030 [o(~Kno3t) _ g(~Kno,1) | mol

C =
NO; Kno,—KNog lit

For Nitrogen concentration, Cy,

1 mol

(KNOZe(—KNOSt) - KNOge(_KNOZt))] lit

CN2 = CN03,0 - [1 -

KNno,—KNoj
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It is evident for the above review that biological denitrification offers a wide range of
advantages compared to the physic-chemical methods, due to ease of operation,
minimum addition of chemicals and generation of small volumes of biological sludge.
Studies on different reactor configurations indicate the advantages of sequential batch

reactors for bio-denitrification.
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3 MATERIALS AND METHODS

Details about fabrication and setting up of the experimental facilities are described in
this chapter. Experimental methods, including analytical techniques employed and

data analysis are detailed.

3.1 Fabrication and setting up of reactors for denitrification studies
3.1.1 Fabrication and setting up of sequencing batch reactors
Sequencing batch reactors with working volume of 6 L were used for the

denitrification studies. Fig. 3.1 shows a schematic as well as a photograph of the
SBR. The reactors were made from acrylic tubes having an internal diameter (ID) of
0.15m and a height (H) of 0.6 m. The base of the reactors was made from a 10 mm
thick flat acrylic sheet for providing stability without additional anchorage. The
reactors were fitted with tubing connectors for feed port at 1.5 cm and effluent port at
17 cm from the bottom and a provision for inserting the RTD. The reactor was
provided with baffles to prevent vortexing, settling of the solids and rotation of the
liquid mass as whole. Release of carbon dioxide and nitrogen in significant amounts is
expected during denitrification of high strength wastes. The gas generation and
associated foaming may cause loss of solids from the reactor top. To prevent loss of
biomass, the reactors were provided with an additional 4 L head space. The reactors
were provided with baffles to prevent vortex formation and rotation of the liquid mass

as whole.

A stirrer (ELTEK Labstir, India) with a working speed of 30 to 200 RPM was used
for mixing of reactor contents. An additional paddle was fixed to the centre shaft of

the reactor for preventing foam formation at the top surface. The reactors were fitted
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with an RTD for temperature measurement. The reactors along with the stirrer were
mounted on the working bench and drain from the reactors was connected to the sink.
The reactors were covered with two halves of acrylic plates to minimize contact with

atmospheric air.
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Fig. 3.1 Schematic and digital image of 6 L SBR used for denitrification
experiments.

3.1.2 Fabrication and setting up of continuous stirred tank reactor (CSTR)
The reactor used for operation as a CSTR is similar in construction to the SBR. An

effluent port was provided at a port situated at 34 cm from the bottom. Feed port was
provided at 1.5 cm from the bottom of the reactor. The stirrer was provided with two
impellers at 1/3 and 2/3 of the working liquid height. The reactor along with the stirrer
was mounted on the working bench and the drain from the reactor was connected to
the sink. The reactor was covered with two halves of acrylic plates to minimize

contact with atmospheric air.
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3.1.3 Fabrication and setting up of Expanded Granular Sludge Bed Reactor
(EGSBR)

An EGSBR was designed for studying denitrification and granulation in continuous
reactor conditions. The reactor was fabricated using plexiglass tube, with a total
height of 1.72 m and an internal diameter of 5.4 cm, with an expanding section at the
top. An inverted conical device was placed inside the enlarged portion, which to act as
gas-liquid-solid separator. Fig. 3.3 shows a schematic and photography of the

EGSBR. Total working volume of the reactor was 4 L.
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Fig. 3.2 Schematic of 6L volume reactor operated in CSTR mode for
denitrification.

The reactor was fitted to the wall with the help of a U clamp. A peristaltic pump was
connected to the reactor for recirculation. The reactor was provided with RTD for

temperature monitoring.
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Fig. 3.3 Schematic and digital image of 4 L volume EGSBR for denitrification

3.1.4 Fabrication and setting up of semi-pilot scale SBR
A reactor with a working volume of 24 L was fabricated to check granulation and

denitrification with higher volume of waste. The reactor consisted of 0.1 m inside
diameter straight acrylic tube of length 1.16 m and an expander portion of 0.315 m
inside diameter. Expansion from 0.11 m to 0.315m was achieved by joining two
expanders. The reactor was provided with baffles on the sides for solid gas separation.
The reactor was fitted with 20 mm thick flat acrylic sheet (60 cm X 60 cm) for

providing stability without additional anchorage.

The reactor was mounted on the working bench in the bioreactor room and fitted with
a clamp to support the expander. A peristaltic pump was connected to the reactor for
recirculation of the contents. The reactor was provided with RTD for temperature

monitoring.
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Fig. 3.4 Schematic and digital image of 24 L volume reactor operated in SBR
mode

3.2 Inoculum for denitrification studies
The inoculum was collected from the outlet of aeration tank of an operating domestic-

wastewater treatment plant at Kalpakkam, India, where no denitrification was carried
out. The wastewater treatment plant at Kalpakkam uses an activated sludge processes
for biological treatment of sewage. The activated sludge was black in color and
consisted for flocculent sludge. After collection, the activated sludge was washed a
few times with deionized water, filtered and stored at 4 °C in a refrigerator until

further use.

3.3 Composition of simulated nitrate waste
Simulated nitrate waste (SNW) was prepared in deionized water based on typical

nitrate bearing effluents of nuclear industry. Sodium acetate was chosen as the
electron donor for denitrification studies. The SNW contained the following (in g L™):
sodium acetate 10, sodium nitrate 5, MgSO,4.7H,O 0.08, KCI 0.035, K,HPO4 0.06,
KH,PO, 0.028, pH 7.43 and trace elements 0.1 mL L™, The pH of the SNW was

observed to be ~7.4. The acetate - carbon to nitrate-nitrogen mass ratio was
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maintained by varying sodium acetate and sodium nitrate quantities and keeping other

components of the medium constant.

3.4 Operation of bioreactors for denitrification
3.4.1 Operation of SBRs
The reactor was operated in sequencing batch mode with a cycle time of 24 h. The

cycle period consisted of 5 min filling, 23 hour reaction, 5 min settling, 10 min
effluent decant period and 40 min of idling. Mixing was provided by means of an
impeller stirred at 50 rpm. Each reactor was inoculated with 1 L of activated sludge
and SNW. The reactors were either filled at the bottom using a peristaltic pump or
dump filled by manual addition. At the end of cycle period, effluent was drawn from a
port situated at a height of 17 cm from the bottom using a peristaltic pump. Typically,
the SBRs were operated with 24 h cycle period and 50% volume exchange ratio

(VER) for convenience.

3.4.2 Operation of CSTR
The reactor was inoculated with 1 L of activated sludge and operated in CSTR mode.

The rector was fed with SNW at a feed rate of 400 mL h™* from bottom of the reactor
using a peristaltic pump. A hydraulic retention time of 15h was maintained
throughout the experimental period. The reactor was mixed at 100 rpm to maintain
homogeneity and to avoid damage to the granules. The effluent was removed from the
effluent port, which is located at 6 L position, ensuring a hold up of 6 L liquid in the

reactor at any time.

3.4.3 Operation of EGSBR
The EGSBR was inoculated with 1 L of activated sludge and operated in SBR mode

during initial start-up. After establishing denitrification and cultivating biomass with
good settling abilities, the reactor was turned to continuous mode. Feeding at the

bottom and removal of treated effluent from the top of the reactor was carried out
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using peristaltic pumps. The reactor was operated with a hydraulic retention time of
16 h. Mixing was provided via recirculation, the treated liquid was collected from a
port at the top of reactor and pumped to the reactor at the bottom. Recirculation
velocity of 3 m h™ was used. The reactor was fed with a feed containing 3 g L™ nitrate

at a fixed C/N ratio of 1.5.

3.5 Experiments
3.5.1 Denitrification at different C/N ratios
Three 6 L SBRs (RA, RB and RC) were inoculated with 1 L activated sludge (MLSS

2.5gL™) and fed with SNW containing sodium nitrate and sodium acetate at C/N
ratios of 1.5, 2 and 3 as given in the Table 3.1. The reactors were inoculated with 1 L
activated sludge and fed with SNW containing an initial nitrate concentration of 3 g L’
! and initial pH 7. The SBRs were operated at room temperature (~30 °C) with 50 %
VER in SBR mode with 24 h cycle period. Effluent was drawn from a port situated at

34 cm height from the bottom of the SBR.

Table 3.1 Constituents for SNW with different C/N ratios and with different
initial nitrate concentrations

NO; in reactor (mg L™)
Constituants
3000 6000 9000 12000
NaNO; (g L™ 411 8.23 12.34 16.45
CH3;COONa (g L) (1.5)* 2.79 5.59 8.38 11.18
CH3COONa (g L) (2)* 3.73 7.45 11.18 14.90
CH;COONa (g L) (3)* 5.59 11.18 16.77 22.35

*Sodium acetate was added to give a C/N mass ratio of 1.5, 2 and 3 i.e. 3, 2, 1.5 g of

carbon for every g of nitrogen.
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Fig. 3.5 Digital image of 6 L volume reactors operated in SBR mode for
denitrification at different C/N ratios.

All the reactors were equipped with DO, pH and RTD probes for online monitoring of
dissolved oxygen, pH and temperature profiles during cycle period. Liquid samples
were collected periodically for monitoring denitrifying (nitrate, nitrite) profiles.

Biomass samples were collected to determine MLSS.

3.5.2 Denitrification at different initial pH
In order to determine the optimum pH for denitrification, batch experiments were

carried out in 125 mL (working volume = 100 mL) serum bottles. SNW containing
different pH (4,5,6,7,8, and 9) was used in denitrification experiments. The SNW and

serum bottles were autoclaved separately. Aliquots of 100 mL media were dispensed
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into 125 mL serum bottles containing 4 g (wet weight) of acetate-fed anoxic granular
biomass (equivalent to 0.094+0.002 g dry biomass). The serum bottles were sealed
with butyl rubber stoppers, and purged with ultra high purity nitrogen gas for 10 min.
The serum bottles were incubated at 30 °C on an orbital shaker set at 100 rpm. At
periodic time intervals, 4 ml of media was removed and pH, nitrate and nitrite were
analyzed. The pH of the SNW media was varied from 4 to 9. The pH was adjusted
using 0.1 N HCI or NaOH. All the experiments were performed in duplicate. Liquid

samples were collected at regular time intervals for monitoring pH, nitrate and nitrite.

3.5.3 Denitrification in CSTR
A 6L CSTR (ID 0.15m and 0.6 m H) was inoculated with 1 L of activated sludge.

SNW with 3 g L™ of nitrate and acetate-C to nitrate-N ratio of 2:1, at 400 mL h™* was
added. Stirring was provided by means of impeller set at 100 rpm. At each
concentration, the reactor was operated in batch mode for 5 days to acclimatize
biomass to higher concentrations and subsequently for two weeks in CSTR mode to
ensure complete denitrification. Effluent samples were collected for monitoring
nitrate, nitrite, pH, total organic carbon and biomass concentration.

a) Denitrification at C/N ratio of 2

In CSTR, the influent nitrate was increased in steps to 3, 6, 9, and 12 g L™. After
achieving complete and stable denitrification, the influent nitrate concentration was

increased to the next level.
b) Denitrification at C/N ratio of 1.5

A CSTR containing denitrifying consortium treating 12 g L™ nitrate at a C/N ratio of
2 was fed with SNW with a C/N ratio of 1.5. The CSTR was operated to determine

denitrification efficiency.
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3.5.4 Denitrification of acidic nitrate effluents
Denitrification efficiency of acidic effluents was studied by operating two numbers of

3 L volume SBRs. The reactors were made of 3 mm thick acrylic tubes. The total
height of the reactor was 0.855 m, consisting of 0.735 m long expander of 5.4 cm ID
and enlarged portion of 0.160 m ID. The reactors were operated with 50 % VER with
a 24 h cycle. Mixing was provided via recirculation of media from top to bottom
using a peristaltic pump set at a liquid up flow velocity (V) of 3m h™. It was
reported that at the V, of 3m h™® nitrite nitrogen concentration in the effluent reached
below 0.1 mg L™ and average MLSS and MLVSS reached maximum of 58.84 g L™
and 38.23 g L™ [14]. The reactors were inoculated with activated sludge and operated
for 2 weeks with the same SNW (pH 7.5) for cultivation of denitrifying granular
biomass. Subsequently, SNW with pH of 5 was added to one reactor (BR-1). After
achieving complete and stable denitrification, the pH of the SNW feed was adjusted to
4.0. The other parallel SBR (BR-2) was fed with SNW with a pH of 7.5 throughout
experiment. The pH of the SNW was adjusted using concentrated HCI. The reactors
were operated for 75 days. The reactors were equipped with online monitoring of DO,
pH and temperature. Liquid samples were collected during cycle time and analyzed

for nitrate and nitrite. The effluent samples were analyzed for TOC and alkalinity.
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Fig. 3.6 Schematic and digital image of 3 L volume reactor operated in SBR
mode for denitrification of acidic effluents.
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3.5.5 Denitrification at different temperatures
Experiments were carried out to determine the effect of the temperature on

denitrification rate. The experiments were carried out in a jacketed glass tank. The
temperature in the reactor was maintained by passing hot/cold water through the
jacket using NESLAB endocal refrigerated circulation bath (range: -30 °C to +100 °C
and accuracy of +0.01 °C). The reactor was cylindrical in shape, made of glass and
had 750 mL volume. The reactor was operated with a working volume of 500 mL and
a magnetic stirrer set at 100 rpm was used for mixing. The reactor was fitted with
rubber cork for inserting a temperature probe and one outlet for escape of gases
generated during denitrification. The reactor was seeded with denitrifying granular
biomass. The reactor was fed with SNW with 6 g L™ at a C/N ratio of 1.5. The pH of
the SNW was not adjusted and found to be 7.5. The reactor was operated at different
temperatures as described in Table 3.2. The solution temperature in the reactor was
monitored online using RTD probe and recorded in the Eurotherm 12 channel
paperless recorder. Liquid samples were collected at regular time interview during

cycle period for nitrate and nitrite.

Table 3.2 Experimentation strategy used for denitrification studies of 3g L™
nitrate at different temperatures.

Set Temperature Nitrate Conc. No. of Cycles
1 20+0.5°C 3000 mg L™ 5
2 25+ 0.5°C 3000 mg L 5
3 30+0.5°C 3000 mg L™ 5
4 35+0.5°C 3000 mg L 5
5 40+0.5°C 3000 mg L 5

59



TEMPERATURE INDICATOR

35C

VENT 5
I
g—
REggﬁlNCE —_— —i—
JACKET ; M ”
ggg ——— @

4

[ ®o _\

STIRRER

REFRIGERATED CIRCULATION
BATH

Fig. 3.7 Schematic 0.5L volume reactor operated in SBR mode for
denitrification at different temperatures

3.6 Microscopy of biomass
3.6.1 Optical Microscopy
Morphology of the microbial granules was documented with an Olympus DP70

camera connected to a SMZ1000 stereo zoom microscope (Nikon, Japan). Particle
size and circularity of the aerobic microbial granules were determined by using the
freeware ImageJ v1.43 as described by Nancharaiah et al. [137]. Microstructure of
microbial granules was determined by confocal laser scanning microscopy (CLSM)
and scanning electron microscopy (SEM). For CLSM imaging, the microbial granules
were stained with LIVE/DEAD® BacLight™ bacterial viability kit (Molecular
Probes, USA) according to the manufacturer’s instructions. A 200 pL of BacLight™
stain mixture was transferred to 1.5 mL Eppendorf tube containing a few microbial

granules and incubated on an orbital shaker set at 100 rpm. After 15 min of
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incubation, the microbial granules were washed twice with ultrapure water. Stained
granules were placed directly on top of a glass cover-slip and imaged using a confocal
laser scanning microscope TCS SP2 AOBS (Leica Microsystems, Germany) equipped
with an inverted microscope (Leica DMIRE2). A 63x 1.2 NA water immersion
objective lens was used for imaging. Argon laser (488 nm line) was used for
excitation and emission was collected between 500 and 520 nm for SYTO 9 and

between 600 and 680 nm for propidium iodide.

3.6.2 Scanning electron microscopy (SEM) of denitrifying granular biomass
Denitrifying granular biomass was collected from different reactors for observing

microstructure. For SEM imaging, the denitrifying granular biomass was fixed
overnight with 2.5% glutaraldehyde in phosphate buffered saline. The fixed
denitrifying granules were subjected to dehydration for 3 min each in a graded ethanol
series (50%, 70%, 90% and 100%). The dehydrated denitrifying granules were
sputter-coated with gold-palladium and imaged using a scanning electron microscope

(Philips XL30 ESEM).

3.7 Analytical measurements
3.7.1 Nitrate, nitrite, acetate (HPLC/IC)
The samples collected at periodic time intervals were centrifuged at 12000 rpm for

five minutes and filtered through a 0.45 um Millex filter, and nitrate and nitrite in the
filtrate were analyzed by high pressure liquid chromatography (Dionex Ultimate
3000) fitted with Acclaim OA column. The mobile phase was 0.003 N H,SO, at a
flow rate of 0.7 mL min™. Nitrate was determined using a UV-Vis detector set at

210 nm.
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Fig. 3.8 Calibration curve for determination of nitrate using HPLC with UV
detector at 210 nm.

Measurement of acetate nitrite and nitrate was carried out using Dionex ion
chromatograph, ICS — 2100, USA having a 25 uL sample loop. The ions were
analyzed using 25 mM KOH eluant with a flow rate 1 mL min™, lon pac AS 18
(4 mm x 250 mm) analytical column, lonPac AG18 guard column (4 mm x 50 mm),
Anion Self-Regenerating Suppressor (ASRS -300), suppressed conductivity detector,
and a Dionex AS-DV automated sampler. A suppressor current of 67 mA was applied
to the auto suppressor. Remote operation of the instrument and data analysis was
carried out using commercial software (Chromeleon Version: 7). Under these
conditions the retention times for acetate, nitrite and nitrate were 3.28, 5.257 and

8.457 min, respectively.

3.7.2 UV-Vis spec for nitrite
Nitrite was also determined by NED (Napthylene diamine dihydrochloride) method

[138] using spectrophotometer by measuring absorbance at 540 nm. Reagent A: 1%
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(w/v) sulfanilic acid in 1M HCI. Reagent B: 0.1% (w/V) Napthylene diamine

dihydrochloride (NED).

3.7.3 Biomass analysis
Mixed liquor suspended solids (MLSS) and Mixed liquor volatile suspended solids

(MLVSS) were measured according to standard methods [138]. Whatman glass
microfibre filter (GF/C) 47 mm in diameter, was used for carrying out the MLSS and

MLVSS analyses.

3.7.4 pH, DO and ORP measurements
The pH and DO in the reactors were measured online using HACH Probes. The data

were logged into the HACH HQ40D PORTABLE METER. The pH probe (Intellical
Probe pH probe, Model PHC10101), is a gel-filled probe with double junction
reference with built-in temperature sensor. The probe has resolution of 0.01 pH units,
with operating temperature range of 0 — 50 °C and in built Ag/AgCl is used as
reference electrode. The pH probe was calibrated with standard buffers of pH 4.01,
7.00 and 10.00 buffers. The slope was found to be within 90 to 110 % of -59 mV/pH
unit. The DO probe (Intellical LDO Probe Model LDO10101), is a luminescent based
dissolved oxygen (LDO) probe with a range of 0.1 to 20.0 mg L™ and with accuracy
of +0.1mg L™ for 0 to 8mg L™ The probe has resolution of 0.01 mgL™ with
operating temperature range of 0-50 °C. The dissolved oxygen probe was calibrated
against water saturated air at 25 °C. A redox probe was made by attaching a platinum
gauze to a Saturated calomel reference electrode. The potential difference between the
reference and platinum gauze in the test solution was measured and reported as redox
potential using a high impedance voltmeter. The ORP probes were calibrated using

pH 4 and pH 7 buffer in saturated Quinhydrone.
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Fig. 3.9 Calibration curve for determination of nitrite using UV-Vis
spectrophotometer.

3.7.5 Total Organic Carbon Analysis
Organic carbon is a major constituent in water and wastewater and is composed of a

variety of organic compounds. There are several methods for measurement of TOC
like a) High temperature combustion method, b) Persulfate ultraviolet or heated
Persulfate oxidation method and c) Wet oxidation method. In the present study high
temperature combustion method was used for estimation of total dissolved organic
carbon in water using a TOC analyser (Shimadzu Model TOC V series). The sample
is injected into a heated reaction chamber packed with an oxidative catalyst
(Platinum). The aqueous sample is vaporized and the organic carbon is oxidized to
carbon dioxide (CO,) and water (H,O). The carbon dioxide (CO,) from produced
from the oxidation of organic and inorganic carbon is transported by a carrier gas in

the stream phase and is measured by means of non-dispersive infrared analyzer. The
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instrument measures both total carbon and inorganic carbon (after acidification) and
the total organic carbon is calculated by subtracting the inorganic carbon from total

carbon. Minimum detectable concentration of TOC is 10 ug C L™.

3.7.6  Genomic DNA Isolation and Bacterial Phylogeny
For microbial population analysis, total DNA was extracted from 0.5 g biomass taken

from reactors, using QIAGEN DNA extraction kit (Germany) as per the manufactures
instructions. The V3 region of the bacterial 16S rRNA gene was PCR-amplified using
the primers PRBA338f (5°CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG
GCA CGG GGG GACT CCT ACG GGA GGC AGC AG3’) containing 40 bp of GC
clamp and PRUNS518r (5 ATT ACC GCG GCT GCT GG 3’°) in a thermocycler
(Eppendorf AG, Germany). The following were used: 50 pL reaction mixture
containing 0.5 U of Taq polymerase (Promega), 5 puL of 10x reaction buffer, 1 pL of
each deoxynucleotide triphosphate (dNTP), 1.25 pL of each primer, and 1 uL of DNA
template (20 pg pL™). An initial denaturation was carried out at 94°C for 2 min,
followed by 30 cycles of 94 °C for 1 min, 55°C for 1 min and 72 °C for 1 min and a
final extension of 72 °C for 2 min. The size of amplified DNA was confirmed by
electrophoresis (Life Technologies HORIZON 11.14) on 0.8% agarose gel with 1x
Tris-acetate-EDTA (TAE) buffer using GeneRuler DNA Ladder mix (#SMO0331,
Fermentas LifeScience) prior to denaturing gradient gel electrophoresis (DGGE)
analysis .

DGGE was performed using INGENY phor U-2. The PCR products were loaded onto
vertical polyacrylamide gel [acrylamide solution (40% acrylamide and bisacrylamide in
37.5:1 ratio)] 8% (w/v) with urea-formamide as denaturant ranging from 30% to 80% in
0.5xTAE buffer [40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH 8.0] , 100 pL

of ammonium persulphate (10%) and 5 uL of N,N,N’,N’-tetramethylethylenediamine.
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The denaturant gradient gel was covered by a 6 mL of acrylamide stacking gel (8%)
without denaturant. Electrophoresis was run overnight at a voltage of 90V and a
temperature of 60°C. The electrophoretogram was then incubated for 15 min in
0.5xTAE buffer containing ethidium bromide (0.5 mg L™) and observed with a UV
transilluminator (Vilber Lourmat, France) and photographed using INFINITY gel
documentation system. Dendrogram was generated using SPSS 20 statistics software
(IBM) according to jaccards coefficient.

For the denitrification experiments carried out at very high nitrate concentrations, the
biomass samples were taken at nitrate loading conditions (3000 mg L™, 6000 mg L™,
9000 mg L, 12000 mg L™,15000 mg L) from the reactor at the end of cycle. DNA
was extracted from biomass using QIAGEN DNA extraction kit (Germany) as per the
manufactures instructions. 16S rRNA primers were used to amplify V3 region followed
by denaturing gradient gel electrophoresis (DGGE) analysis as explained earlier.
Dendrogram was generated using SPSS 20 statistics software (IBM) according to
jaccards coefficient.

For the denitrification experiments carried out at different temperatures, the biomass
samples were taken at different temperature operating conditions from the reactor at the
end of cycle. DNA was extracted from biomass using QIAGEN DNA extraction kit
(Germany) as per the manufactures instructions. 16S rRNA primers were used to
amplify V3 region followed by denaturing gradient gel electrophoresis (DGGE)
analysis as explained earlier. Dendrogram was generated using SPSS 20 statistics
software (IBM) according to jaccards coefficient.

For the denitrification experiments carried out at different C/N ratios, the biomass
samples were taken at different concentrations from the reactor at the end of cycle.

DNA was extracted from biomass using QIAGEN DNA extraction kit (Germany) as per
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the manufactures instructions. 16S rRNA primers were used to amplify V3 region
followed by denaturing gradient gel electrophoresis (DGGE) analysis as explained
earlier. Dendrogram was generated using SPSS 20 statistics software (IBM) according

to jaccards coefficient.

3.8 Methodology to determine the rate kinetics of denitrification reactions
3.8.1 Introduction
Kinetics of biodenitrification reaction is a complex one. It involves the decomposition

of complex nitrate in the waste into simple nitrite compounds and its derivatives such
as nitrogen di oxide, nitrous oxide and etc., then into elemental nitrogen gas. The
degradation of the nitrate group in the reactor will take place in series as well as in the
parallel reaction. Nitrate is being converted into nitrogen through the intermediate
product is nitrite group by series chemical reaction and few quantity is directly
converted into nitrogen. This reaction is taking place in the presence of specific
nitrogen bearing bacteria in the reactor which is available in the waste. Hence, it is
called as bio-denitrification. So, cultured bacterial loaded waste is called as biomass.
Biomass growth is increases in the reactor as long as bio-denitrification happening in
the reactor. The biodegradation of nitrate in the bioreactor is mainly depends on the
concentration of nitrate in waste, biomass concentration, oxygen level in the fluid
medium and initial temperature & ambient temperature condition. Understanding the
rate kinetics of bio-denitrification in the presence of biomass is essential for

bioengineering for scaling up the process in the industrial scale.

3.8.2 Determination of rate law for bio-denitrification reaction for various C/N
ratios

The concentrations profiles from the experiments were used to determine the kinetics

of bio-denitrification. The reaction rate of bio-denitrification is mainly depending on
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the quantity of electron donor present in the waste. The kinetics study have been

carried out in the lab scale with simulated waste.

Nitrate in the feed is being converting into nitrite and then into elemental nitrogen
gas. This is ensured by the generation of the nitrogen gas during the denitrification
reaction and it is escaped from the reactor as bubbles and similarly, acetate in the

reactor is converted into carbon-di-oxide gas.

Decomposition to nitrate, nitrite and acetate is written as

NO; - NO, - N, 3.1

NO; —= N, 3.2
and

CH;COONa — (€O, + H,0 + NaOH 3.3

and its rate is written as

—I'pa = KNO3 CII\II03C§(H 34

Where m and n are the order of the reaction

Cno, — — > Concentration of Nitrate
C, — — > Concentration of Bio — mass
Differential rate ] —-dCnos n
— = (K C cy 3.5
of reaction for Nitrate reduction dt l NOs “NO3 X J

Since, the rate of decomposition of nitrate is faster than the rate of growth of biomass
hence, for determining the denitrification rate, the reaction rate depends on the
biomass (Cy') is neglected. But, the denitrification rate depends on the biomass
presence in the reactor, so, the specific denitrification rate was calculated for fixed
C/N ratio. This is estimated by dividing the reaction rate of nitrate and nitrite with
total biomass measured at the end of the experiment. The above differential rate

equation for denitrification reaction is reduced into the following equation
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Rate of nitrate decomposition is written as:-

Differential rate ] —dCNo; _ lK e J -
of reaction for Nitrate reduction dt NO3z ~NO3 .

similarly,

Rate expression for nitrite decomposition in the absence of nitrate is written
as

{ Rate of decomposition } dCno,

=—K Cce 3.7
of nitrite in the absence of nitrate) dt N0z *NO,

Rate expression for nitrite decomposition in the presence of nitrate:-

{ Rate of decomposition of } dCno,

Lo . =K no. — K n :
nitrite in the presence of nitratej  dt No; Cno, No, CNo, 38

From the experimental analysis, concentration of nitrate and nitrite were plotted w.r.t.
time for fixed C/N ratio. This procedure is followed for various initial nitrate
concentrations in SBR. The mean value of each concentration for every time step is
plotted against the time. The slope of the concentration curve gives the overall rate of
the bio-denitrification for the given C/N ratio. The graphical method of determining

the reaction rate is shown in the Fig. 3.10 and it is written as

Rate of _ . _ (ACno,
{ decomposition of nitrite }_ {=rno2} _{ At } 3.9

3.10

_ {— change in concentration} mg

Time L-h

The negative sign indicating that the concentration of reactant decreases with time.

3.8.3 Determination of Rate constant for specific denitrification reaction:
The rate constants for biodenitrification reaction are estimated by plotting the reaction

rate vs concentration of reactant for every time step. The general rate expression for
the above equation is plotted against concentration for each nitrate and nitrite group.
The linear equation is arrived by taking the log scale on both side of the expression
and its parameters are plotted with log concentration on X-axis and Log rate on Y-

axis.
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ln(—rA) =In KN03 +n In CN03 3.11

A

Slope oftangent

Ta

Concentration, Ca

Fig. 3.10 Concentration of nitrate, nitrite w.r.t.time

Order is calculated from the slope of the plot and its rate constant is determined from
the Y-intercept. The resultant specific denitrification rate was determined by taking
into the accounting of biomass measured during the denitrification reaction (mg NOs-
NL*htgXx™h.

From graphical result, it was found that order of the reaction for biodenitrification is
zero order hence, its rate is independent of the initial concentration of the reactant. It
is useful for designing the bioreactor for higher initial nitrate waste. The mathematical
expression for the above said method is explained in the following procedure.

The rate is generally expressed as

Differential rate -dCno;y n
of reaction for Nitrate reduction] at l Kno, CNO3 J 312
—dCno, = | Kno, CRo, | dt 3.13

70



Rearranging the equation,

_dCN03 — KN03 dt 3.14

n
CNos

on integrating the above equation, we get

€ Zdos _ g 0. [t 3.15
NO3 0

€0 Co,

From the graph, it was observed that, the order of the reaction is ZERO hence,

C —dCno3 _ t
Jeo g = Ko, fyt 3.16
t
fCCO —dCN03 = KNO3 fO dt 3.17

The concentration profile of bio-denitrification at any time is

Cnos = Cnos, — Knost 3.18
Similarly, Nitrite decomposition takes place both in the presence of nitrate and
absence of nitrate. The rate of reaction of nitrite is represented by the following
equations.

{ Rate of decomposition } dCnoy _ _ Kno, Cno, 3.19

of nitrite in the absence of nitrate dt

and

{ Rate of decomposition of } dCno,

— _ !
nitrite in the presence of nitratej —dt Kno, Cno, — Kno, Cno,  3:20

The rate of conversion of denitrification reaction is dependent on the initial
concentration of nitrate and temperature of the reacting species in the reactor. Rate of
conversion increases as the biomass concentration in the reactor increases. The
specific rate conversion was determined by accounting the biomass for the

corresponding batch operation.

Co (1_XCN03 )

1+ SXCNO
3

Cnoy = — - 3.21
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For homogeneous and constant volume reactor system € = 0

{ Co - CNO3t }

. C
The rate of conversion, XCN03 = ;

3.22

72



4 RESULTS AND DISCUSSIONS

Experimental results from the study of denitrification in SBRs are presented in this
chapter and are discussed. The results presented to discuss the effects of C/N ratios,
sudden change in C/N ratio, initial pH, temperature and initial nitrate concentrations.
Also the results from different reactor configurations, viz. CSTR and EGSBR are
presented. Methodology developed for denitrification of high strength nitrates, based

on acclimatization of the bacteria, is presented in details.

4.1 Denitrification at different C/N ratios
Experiments were carried out to study the effect C/N ratios on denitrification as

described in section 3.5.1. The experiments were carried out in a column reactor
operated in sequencing batch mode. Mixing was provided by means of an impeller
stirred at 100 rpm. Typically, the SBRs were operated with 24 h cycle period and 50%
volume exchange ratio (VER). The results are presented and discussed in the
following section.
Table 4.1 Biomass (MLSS, MLVSS) concentrations in the SBRs operated at
different C/N ratios and initial nitrate concentrations.
The biomass concentrations shown are obtained after attaining steady state

in the SBRs in terms of minimum time for complete and stable
denitrification.

CIN=15 CIN=2 CIN =3

Nitrate

CO”C'l MLSS | MLVSS | MLSS | MLVSS | MLSS | MLVSS
mqg L~ . . . . 3 B
MILS 1 @y | @y | @Ly | @Lh | @Lh | @Lh

677 3.42 2.08 3.66 25 4.14 2.3

1355 6.34 3.89 9.4 5.56 10.94 6.2

2032 9.42 6.1 10.92 7.74 14.72 8.3

2710 11.24 7.34 12.82 10.32 17.04 11.54
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4.1.1 Biomass characterization
Activated sludge used for inoculation typically consisted of flocs dominated by

filamentous bacteria [105,139-140]. Within two weeks of reactor start-up, the
activated sludge slowly evolved into compact and dense granular sludge under the
prevailing anoxic conditions (Fig. 4.1A and B). Rod shaped cells enmeshed in an
extracellular polymeric substances matrix were evident in scanning electron

microscope images (Fig. 4.1C and D).

Signal A=Inlens  FIBLockMags=No Dato 21 Feb2014 [t
Msg= 887X  FIBimaging=SEM Time :15:05:00

EHT= 300KV SignslA=lnlens  FIB LockMags *No Date :21 Feb 2014
WD= 40mm  Mag= 1000KX FIB Imaging= SEM Time 152765

b ~ - 2
ZEISS) iy ST ZEISS
’_i WD = 40mm Mag= 1500KX FIB Imaging = SEM Time :15:38:13

Fig. 4.1 Morphology (A, B) and microstructure (C, D) of denitrifying granular
sludge formed in 6 L volume SBR.
For A, Bar = 1 mm. B, C and D are scanning electron microscope images of
denitrifying granular sludge. Bar = 0.1 mm (B), 2 um (C, D). Shape of
microorganisms and their appearance on the surface of granular sludge is
shown in C and D.

The SBRs were inoculated with 2.5 g L™ of MLSS at startup. The MLSS and MLVSS

levels observed at different reactor nitrate concentrations are given in Table 4.1. For
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all C/N ratios (1.5, 2 and 3) studied, a steady increase in the biomass concentration

was observed with reactor operation time in the SBRs. It was found that MLSS and

MLVSS increased as the C/N ratio increased. High biomass growth at high C/N ratios

indicates utilization of excess carbon in other metabolic reactions (i.e. aerobic

metabolism).

Table 4.2 Nitrate and nitrite reduction times determined in SBRs operated at
different C/N ratios and initial nitrate concentrations.

The given values are obtained after attaining steady state in terms of
minimum time for complete and stable denitrification.

Nitrate Time taken for complete reduction (h)
4 Component
(mg L™) CIN=15 CIN=2 C/IN=3
NO3 1.00 1.00 1.25
3000
NO; 1.25 1.25 1.75
NO3z 2.50 2.50 3.00
6000
NO; 3.00 3.00 3.50
NO3z 5.00 4.50 6.50
9000
NO3; 6.00 5.50 6.50
NO3 6.50 7.00 7.80
12000
NO3; 7.50 8.00 8.00

4.1.2 Denitrification performance
In the SBRs, the pH increased from initial 7.5 to above 9 during the first cycle and

stabilized close to 9.5 during subsequent cycles of denitrification [141]. The DO of
feed decreased from 6 mg L™ to below 0.08 mg L™ within a few minutes of filling in
the SBRs. The rapid decrease in DO was apparently caused by the intense microbial
respiration. The DO present in the feed was consumed by the microbial activity
during the short dump fill period. The alkaline pH (=7.5) and the low DO

(<0.08 mg L) conditions favored denitrification without any lag phase in the SBRs.
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These observations are in agreement with earlier studies on high strength
denitrification in SBRs and MBRs [12,109142]. Moreover, denitrification was
effective from the first cycle onwards, as evident from complete denitrification of
1355 mg L"*NO3-N by the end of 24 h cycle period. The NO3™ concentration in the
SBRs decreased to <10 mg L™ by the end of the first cycle. During subsequent cycles,
the time taken for complete denitrification decreased significantly due to adaptation
and growth of denitrifying microorganisms. After a few cycles of reactor operation,
steady state was reached in terms of minimum time needed for complete reduction of
nitrate. The time taken for complete denitrification of different nitrate concentrations

at three C/N ratios at steady state is given in Table 4.2.

The time taken for nitrate concentration to reach <10mgL™ from the initial
concentration is taken as nitrate reduction time. For nitrite, cumulative time taken to
reach maximum concentration and to reduce it to <1 mgL™ from the maximum
concentration is taken as nitrite reduction time. Table 4.2 depicts the nitrate and nitrite
reduction times for different C/N ratios, at different initial nitrate concentrations.
Initially, SBR with activated sludge was acclimatized to 1355 mg L*NOs-N for two
weeks. The reduction times for nitrate and nitrite (1 h and 1.25 h) at 677 mg L™"NOs-
N (in the reactor) were almost the same for C/N ratios of 1.5 and 2, whereas at C/N
ratio of 3, nitrate was completely reduced in 1.25 h and nitrite in 1.75 h. In the second
stage, the nitrate concentration in the reactor was increased from 677 mgL™ to
1355 mg L*NOs-N. The times taken for complete reduction of nitrate and nitrite at
C/N ratios 1.5 and 2 were observed to be the same (2.5 h and 3 h) but lower than
those observed at C/N ratio of 3 (3h and 3.5h). In the third stage, the nitrate
concentration in the reactor was increased from 1355 mg L™ to 2032 mg L*NOs-N.

The nitrate and nitrite reduction times for the C/N ratio of 1.5 were 5 h and 6 h, but
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for C/N ratio 2 there was a decrease (4.5 h and 5.5 h), whereas for the C/N 3 the
denitrification times increased (6.5h and 6.5h). In the final stage, the nitrate
concentration in the reactor was increased from 2032 mg L™ to 2710 mg L*NOs-N.
The nitrate and nitrite reduction times for the C/N ratio 1.5 were 6.5 h and 7.5 h, but
for C/N ratio of 2, the times increased to 7 h and 8 h. For C/N ratio of 3 both nitrate
and nitrite took 8 h for complete degradation. It clearly shows that degradation times
increased with an increase in initial nitrate concentration as well as with increase in
C/N ratios. Previous studies have also noted slightly lower denitrification rates at high
C/N ratios in the treatment of low strength wastewaters, using acetate as carbon
source [143]. Although the exact mechanisms are unknown, it was hypothesized that
alternative pathways such as methanogenesis [143-144] and formation of suspended
cells in biofilm reactors [145] would consume part of the electron donor. Surprisingly,
this was not reported in the case of high strength nitrate wastes. The concentrations of
acetate are exceptionally high in the case of high strength nitrate denitrification at
higher C/N rations. High concentrations of acetate available at high C/N ratios under
limited electron acceptor (i.e. NOj3) conditions somehow result in decreased
denitrification performance; this requires further investigation.

Nitrate and nitrite profiles at different C/N ratios during denitrification have been
shown in Fig. 4.2 to Fig. 4.5. Complete denitrification was observed for all the nitrate
concentrations tested at all three C/N ratios. Steady decrease in nitrate concentration
was observed for all initial nitrate concentrations at the three C/N ratios without any
accumulation of nitrate. No lag phase was observed in nitrate removal profiles. Nitrate
removal profiles were corroborated with the formation of nitrite in the reactors. Nitrite
concentrations passed through a maximum for all the nitrate concentrations and all

C/N ratios. The accumulated nitrite was subsequently reduced, leading to complete
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denitrification. Effluent nitrite level of less than 1 mg L™ was invariably achieved at

the end of cycle time.

The peak nitrite concentration as a function of initial nitrate concentration is shown in
Fig. 4.6. At C/N ratio of 1.5, peak nitrite concentration in the SBRs was found to
increase from 402 (x64) mgL™? at 677 mg L*NOs-N to 2657 (*120)mgL™ at
2710 mg L™NOs-N, at C/N ratio 2.The peak nitrite concentration in the SBRs was
found to increase from 416 (+64)mgL™' at 677mgL” of NOs-N to 2694
(x71) mg L™ at 2710 mg L™*NO;-N and at C/N ratio 3; the nitrite peak nitrite
concentration in the SBRs was found to increase from 396 (+55) mg L™ at 677 mg L™
of NOs-N to 2808 (+143) mg L™ at 2710 mg L™NOs-N. Thus, as expected, the peak
nitrite concentrations increased with increase in nitrate concentrations from 677 mg L
'to 2710 mg L™NOs-N. The peak nitrite concentrations were found to increase across
C/N ratios for a given nitrate concentration. It was reported that as C/N ratio
increased, the nitrite accumulation would also increase [143]. In the present study,
there is a decrease in denitrification performance in terms of increase in denitrification
time and increase in nitrite built up as C/N ratios increased. The reason for this

observation is not clearly understood and requires further investigation.

Organic carbon concentrations in the effluents were observed to increase with
increase in nitrate concentrations in the feed. TOC concentrations were found to

increase with increase in C/N ratio for a constant nitrate concentration (Table 4.3).
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Table 4.3 Total organic carbon in the effluents of SBRs operated at different
C/N ratios and initial nitrate concentrations.
The presented TOC values are obtained after attaining steady state in terms
of minimum time for complete and stable denitrification in SBRs.

Initial nitrate Effluent TOC (mg L™
concentration in the SBR
(mg L™ CIN=15 CIN=2 CIN=3
3000 300 400 1200
6000 500 600 2500
9000 800 900 3600
12000 1000 2000 5800
3000
2500 -
°F
|
o 2000 -
E
Do
l -
o 1500
4
'
@ 1000 -
=
| -
=
Z 500
0

e77  l45es = 5031 @ 2768
_ - -1
Nitrate (NO3) mg L

Fig. 4.2 Maximum nitrite accumulation observed for different C/N
ratios during denitrification of different initial nitrate concentration.
The denitrification experiments were carried in a sequencing batch reactor at
fixed C/N ratio of 1.5, 2 and 3. Error bars represent + 1 SD.
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Fig. 4.3 Concentration profiles of nitrate and nitrite during denitrification of 677 mg L™ NOs-N at different C/N ratios
Three SBRs operated at different C/N ratios of 1.5, 2 and 3. The denitrification profiles presented are obtained after attaining steady

state in the SBRs in terms of minimum time for complete and stable denitrification. The MLSS (MLVSS) values (g L) were 3.4 (2.1),
3.7 (2.5) and 4.1 (2.3) for C/N ratios of 1.5, 2 and 3 respectively.
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Fig. 4.4 Concentration profiles of nitrate and nitrite during denitrification of 1355 mg L™ NOs-N at different C/N ratios
Three SBRs operated at different C/N ratios of 1.5, 2 and 3. The denitrification profiles presented are obtained after attaining steady
state in the SBRs in terms of minimum time for complete and stable denitrification. The MLSS (MLVSS) values (g L) were 6.3 (3.9),
9.4 (5.6) and 10.9 (6.2) for C/N ratios of 1.5, 2 and 3 respectively.
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Fig. 4.5 Concentration profiles of nitrate and nitrite during denitrification of 2032 mg L™ NOs-N at different C/N ratios
Three SBRs operated at different C/N ratios of 1.5, 2 and 3. The denitrification profiles presented are obtained after attaining steady
state in the SBRs in terms of minimum time for complete and stable denitrification. The MLSS (MLVSS) values (g L) were 9.4 (6.1),
10.9 (7.7) and 14.7 (8.3) for C/N ratios of 1.5, 2 and 3 respectively.
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Fig. 4.6 Concentration profiles of nitrate and nitrite during denitrification of 2710 mg L™ NOs-N at different C/N ratios
Three SBRs operated at different C/N ratios of 1.5, 2 and 3. The denitrification profiles presented are obtained after attaining steady

state in the SBRs in terms of minimum time for complete and stable denitrification. The MLSS (MLVSS) values (g L™) were 11.2 (7.3),
12.8 (10.3) and 17.0 (11.5) for C/N ratios of 1.5, 2 and 3, respectively.
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4.1.3 Reaction kinetics
Table 4.4 shows the nitrate reduction rate and nitrite accumulation rate in the presence of

nitrate, nitrite reduction rate in the absence of nitrate and their respective specific
reduction rates and relative rate for different C/N ratios at different nitrate concentrations.
Nitrate and nitrite reduction rates were calculated from the slopes of the nitrate and nitrite
decay profiles, respectively. Nitrite accumulation rate is calculated from nitrite build up
profile. Specific denitrification rates were calculated by dividing the nitrate and nitrite
decay slopes by the MLVSS concentrations. Specific nitrate reduction rates decreased
from 827 mg NOs-N L h* g-MLVSS™ at 677 mg L™ of NOs-N to 98.97 mg NOs-N L™
h* g-MLVSS™ at 2710 mg NOs-N for C/N ratio of 1.5. For C/N ratio 2 the specific
nitrate reduction rates decreased from 373 mg NOs-N L™ h™* g-MLVSS™ at 677 mg L~
INO3-Nto 94.8 mg NOs-N L™ h™* g-MLVSS™ at 2710 mg L™*NO3-N and for C/N ratio 3,
the specific nitrate reduction rates decreased from 353 mg NOs-N L™ h™* g-MLVSS™ at
677 mg L*NOs-N to 47.98 mg NOs-N L™* h? g-MLVSS™ at 2710 mg L*NOs-N. The
maximum temperature reached during denitrification of 677-1355 mg NO3-N L™ was less
than 40 °C for all C/N ratios but for concentrations 2032-2710 mg LINO;-N, the
maximum temperature was in the range of 40-48 °C. Increase in temperature above 40 °C
could be the reason for decrease in the rate constants, since proteins and other cellular
components are sensitive to temperature [101]. The optimum temperature for
denitrification by mesophilic microbial communities was reported to be between 30 and
37 °C [75,157]. The specific denitrification rates achieved in our study were considerably
higher than those reported in the literature [12-13,74,90,147-150]. Steady decrease in
specific nitrate reduction rates with increase in the nitrate concentration and decrease in

specific nitrate reduction rates were observed across C/N ratios for a given nitrate
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concentration (Fig. 4.7). Specific nitrite accumulation rates in the presence of nitrate and
specific nitrite reduction rate in the absence of nitrate also were found to decrease with
increase in nitrate concentrations and with increase in C/N ratio for a given nitrate
concentration. Relative rates (RR) were found to increase with increased nitrate
concentrations and with increase in C/N ratio for a constant nitrate concentration. This
can be correlated with nitrite built up rates.

Glass and Silverstein [12] reported that nitrite build-up in high strength denitrification
reactors could occur because of oxygen presence, insufficient electron donor supply and
absence of true denitrifiers, which convert nitrate to nitrogen gas, in the consortium. In
our study, the measured DO was less than 80 ppb and acetate was not fully utilized at the
end of the cycle, ruling out two of the proposed reasons. Thus, the decrease in population
of true denitrifiers and increase in nitrate respiring organisms which reduce nitrate to
nitrite, could be reason for nitrite build-up in the present study. However, microbial
community analysis is required to infer population level differences on reactor
performance. The relative rates (RR) were always more than one during whole study at
all three C/N ratios, implying that nitrite reduction is the controlling reaction and nitrite
build-up will be observed [74]. Nitrate reduction rates were greater than nitrite reduction
rates (Table 4.4). Moreover, nitrite reduction rate in the absence of the nitrate was always
greater than the nitrite reduction rate in the presence of nitrate. It can be deduced that
nitrite reductase activity was inhibited in the presence of nitrate because competition for
the flow of electrons to nitrate reductase. In other words, nitrate is preferred as an
electron acceptor over nitrite when both nitrate and nitrite were available for

microorganisms. Additional fundamental studies are required to infer the effect of nitrate
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on nitrite reductase activity, particularly under high strength conditions. Nevertheless,
this study shows that high strength denitrification is best achieved at a C/N ratio of 1.5.
The study demonstrates that C/N ratio of 1.5 is optimum with acetate as carbon source,
for complete and stable denitrification of high strength nitrate wastewaters, in anoxic

granular sludge sequencing batch reactors.
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Fig. 4.7 Sp. Nitrate reduction rates for different C/N ratios during denitrification of
different initial nitrate concentration.
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Table 4.4 Nitrate and nitrite denitrification rates and specific denitrification rates
for different C/N ratios
For zero order kinetics at different initial nitrate concentrations

, Knoz Koz
il g Nz Kwo; o Knog X X
nitrate in 3 (mgNO,~ (mgNO,-- (mg NOz (mg NO,-
theSBR  no9,  NLUH  NLhY)  (mgNo,- NL'h'g  Nihlg  RR
|y iy Nitrateis  Nitrateis NL’h%g  MLVSS ) MLvssY)
(mg L™) absent  present MLVsSs) Nitrateis Nitrate is
absent  present
C/IN=15
3000 1472.76  650.16 644.00 827.39 365.26 361.00 2.29
6000 1980.00 451.08 489.33 312.30 71.15 77.18 4.05
9000 1170.11 511.49 165.14 124.22 54.30 17.53 7.09
12000 111240  782.21 72.80 98.97 69.59 6.48 15.28
C/IN=2
3000 1366.92 815.76 480.00 373.48 222.89 131.15 2.85
6000 1510.92  461.20 510.67 160.74 49.06 54.33 2.96
9000 1158.77 689.98 65.14 106.11 63.18 5.97 17.79
12000 121590 620.06 61.20 94.84 48.37 4.77 19.87
C/IN=3
3000 1463.18  326.52 454.00 353.43 78.87 109.66 3.22
6000 144720  419.36 670.67 132.29 38.33 61.30 2.16
9000 778.14 597.56 46.86 52.86 40.60 3.18 16.61
12000 817.63 590.87 10.00 47.98 34.68 0.59 81.76
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4.1.4 Conclusion
Compact denitrifying granular sludge capable of denitrification of up to 2710 mg L™*NOs-

N at different C/N ratios was developed in sequencing batch reactor, using acetate as
carbon source. Complete denitrification was observed at C/N ratios of 1.5, 2 and 3.
Nitrite accumulation was observed at all three C/N ratios tested. The specific
denitrification rates observed were 2 - 3 times higher than those reported for similar
studies on high strength denitrification. Kinetic study revealed that nitrate and nitrite
denitrification rates were of zero order. The study shows that C/N ratio of 1.5 is optimum
for efficient and stable denitrification, as denitrification times and peak nitrite
concentrations were lowest for this C/N ratio. As this is low compared to the optimum
C/N ratios reported by many other researchers, the treatment scheme investigated in the

present study, using granular biomass in SBRs is highly cost effective.

4.2 Effect of sudden change in C/N on nitrate removal from high strength nitrate-
bearing wastes

Experiments were carried out to study the effect of sudden change in C/N on nitrate
removal from high strength nitrate-bearing wastes in a glass tank with 6 L working
volume which was operated in a sequencing batch mode. Mixing was provided by means

of an impeller stirred at 100 rpm.

4.2.1 Denitrification performance
The SBR was inoculated with activated sludge and fed with simulated waste containing

1354 mg L™* NO3-N at a C/N ratio of 3. It may be noted that the starting concentration in
the reactor would be 677 mg L™ NOs-N, because the SBR retains 50% of waste from the
previous batch (50% VER), with < 10 mg L™ nitrates in it. The pH of simulated nitrate

waste was 7.5 before feeding to the reactor. The pH observed in the reactor at the end of
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cycle was 9.5, the increase being due to denitrification. In subsequent cycles of operation,
the pH in the reactor stabilized at ~9.5 (Fig. 4.8). The simulated waste prepared in
deionized water and the dissolved oxygen (DO) content before feeding was noted to be
6.0mg L™ The DO rapidly decreased to below 0.08 mg L™ within a few minutes of
addition to the reactor, due to respiration by the aerobic microbial population. The reactor
tank was open to atmosphere and the mixing was provided by means of bottom stirring at
100 rpm. Under these conditions, the DO in the SBR cycle period was always below

0.08 mg L™.
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Fig. 4.8 Profile of pH during the first one hour of cycle period in 6 L SBR.
The reactor was fed with simulated nitrate waste with a pH of 7.5. The
sequencing batch reactor was operated with 24 h cycle period and 50% volume
exchange ratio.

The reactor operating conditions were conducive for heterotrophic denitrification,

observed from cycle 1 onwards (Fig. 4.9). By keeping the C/N ratio constant at 3, feed
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nitrate-N was increased to 2710 and then to 5420 mg L™. Complete denitrification was
observed at the increased feed nitrate concentrations of 2710 and 5420 mg L™ NOs-N.
The effluent nitrate and nitrite concentrations were invariably less than 10 mg L™ during

long term operation of the SBR, except during a few occasions (Fig. 4.9).
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Fig. 4.9 Effluent nitrate and nitrite levels during 150 days of operation denitrifying
‘?’EeR rleactor was fed with simulated nitrate waste containing 1350, 2710, 4060
and 5420 mg L™ NOs-N at a C/N ratio of 3.

Denitrification of feed NOs-N concentrations of 1354, 2710 and 5420 mg Lt was

completed within the first 4, 6 and 8 hours, respectively. Typical denitrification profiles

consisted of nitrate removal, accumulation of nitrite and nitrite removal. Nitrite
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accumulation reached a maximum value of approximately 250 mgL? NO»-N at

1354 mg L™ nitrate-N in the feed.
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Fig. 4.10 Nitrate and nitrite levels in the effluent during break period and post-

break period.

Denitrifying granular sludge capable of high strength denitrification of up to
5420 mg L™ at C/N ratio of 3 was achieved. Denitrification was severely
inhibited when the reactor was fed with 5420 mg L™ NOs* at C/N ratio of 2
due to accumulation of high concentrations of nitrite. A step-down procedure
was adopted for decreasing feed nitrate concentration up to 1350 mg L™ for re-
establishing high strength denitrification.

In order to study the denitrification at reduced substrate concentration, the reactor was
subsequently fed with 5420 mg L™ NOs-N at a C/N ratio of 2. The change in C/N ratio
caused inhibition of denitrification, resulting in incomplete denitrification and
accumulation of nitrite-N as high as 3500 mg L™ (Fig. 4.10). SBR operation in the
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subsequent cycles consistently showed the buildup of the high concentrations of nitrite
and nitrate. Inhibition of the denitrification process was probably due to the toxicity

caused by high nitrite levels.

In order to improve the denitrification performance, the feed C/N ratio was reverted to 3.
However, high nitrite levels continued to accumulate in the SBR, in spite of the presence
of surplus electron donor in the reactor. Oh and Siverstein [109] reported accumulation of
significant amount of nitrite during low strength denitrification, when the C/N ratio was
decreased from 2 to 1. In the present case, complete denitrification of low strength
denitrification was restored only 3 weeks after reverting the C/N ratio to 2. Complete
denitrification could not be restored in spite of operating the SBR for two weeks at C/N
of 3, and the nitrite accumulation continued to be exceptionally high. High strength
denitrification cannot be directly compared with low strength denitrification as the nitrite
levels in the former case reach very high concentrations even in the presence of excess
electron donor. TOC measurements showed that the effluent still contained about
2000 mg L™ for feed with 5420 mg L™ nitrate at C/N ratio 2. Some unutilized organic
carbon was found in the treated water leaving the reactor at the lowest C/N ratio of 1.2
tested. This indicates that even though some electron donor is still available at C/N ratio
2, the nitrite levels formed are relatively higher due to stiff competition for electrons
between nitrate and nitrite. Thus, it is likely that high nitrite levels inhibited high strength

denitrification.

To re-establish denitrification, a step-down procedure was adopted and the feed nitrate
concentration was decreased to 1355 mg L™ NOs-N. At this concentration of nitrate,

complete denitrification was established within a few days. Subsequently, the feed nitrate
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level was increased in a step-wise manner (1355, 2710, 4065 and 5420 mg L™) at C/N
ratio 2. After 10 days of operation, stable denitrification could be re-established for all the
concentrations of nitrate studied (Fig. 4.11). At this stage, the microorganisms were
acclimatized to high levels of nitrate as well as nitrite. Therefore, the reactor was fed with
various nitrate concentrations, increasing in steps, but at a reduced substrate
concentration, viz., C/N ratio of 2. By this strategy, complete and stable denitrification
was achieved at C/N ratio of 2 for feed NO3-N concentrations of 1355, 2710, 4065 and

5420 mg L™ (Fig. 4.11).
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Fig. 4.11 Nitrate and nitrite concentrations in the sequencing batch reactor outlet.
Treating simulated nitrate waste containing 1354, 2710, 4065 and 5420 mg L™
NO3-N at a C/N ratio of 2. Reactor was seeded with denitrifying granular sludge
developed on feed with C/N ratio of 3.
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4.2.2 Denitrifying granular sludge
During the startup, the SBR was operated with 10 min settling time to minimize biomass

loss from the system. After one week of operation, the settling time was reduced to 5 min
to select granular sludge with good settling characteristics. Formation of tiny, irregularly
shaped and well settling granules was apparent within two weeks of operation. The
morphology of granules, which evolved in the reactor during high strength
denitrification, is shown in Fig. 4.12. The sludge predominantly consisted of granules as
evident from visual observations, microscopy and settling characteristics. Long rod-

shaped microorganisms were evident on the surface of granules (Fig. 4.12).

PCR-DGGE revealed clear shifts in the total bacterial community during the course of
reactor operation. Some bands were found to be stable throughout the reactor operation,
while some new bands became dominant towards the later period of reactor operation
(Fig. 4.13). Certain bands became more intense than the others, possibly due to the
enrichment of specific denitrifying strains. Apart from selection pressure imposed for
enrichment, nitrite accumulation during high strength denitrification may strongly
influence development of microbial community, as depicted by the appearance and
disappearance of bands. In spite of the break in the denitrification process due to change
in C/N ratio (day 153 through 174), the microbial community was found to be resilient to

the operational perturbations.
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Fig. 4.12 Micrographs showing the morphology and microstructure of denitrifying

granular sludge developed in the sequencing batch reactor.

A) Morphology of denitrifying granules collected on day 30 of SBR operation.
Bar = 1 mm. B) Scanning electron microscope (SEM) image showing
morphology of microorganisms on the surface of denitrifying granule. Scale bar
=1 um. C, D are confocal images. C) maximum intensity project of xy-images
obtained from acridine orange stained denitrifying granule. D) Maximum
intensity project of an overlay green and red channel of multiple xy-images
obtained from denitrifying granule stained with BacLight™ viability stain.
Green = SYTO 9 signal, Red = propidium iodide signal.
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Fig. 4.13 (A) Ethidium bromide stained DGGE gel, B) dendrogram prepared using

UPGAMA clustering method.

DGGE analysis of PCR amplified 16S rRNA gene of bacteria from denitrifying
sludge collected from the reactor during six months of operation. The reactor
was inoculated with activated sludge and fed with simulated nitrate waste. Feed
nitrate was increased in a step wise manner to achieve denitrification of
5420 mg L™ NOs-N at C/N ratio of 3. Lane labels refer to day of sample
collection after reactor startup.

Several researchers have reported accumulation of nitrite during denitrification of high
strength nitrates [12,141,74-75,141,151-152]. Nitrite accumulation during denitrification
by mixed liquor activated sludge was explained on the basis of differences in the rates of
reduction of nitrate and nitrite at cellular and population level. Nitrate reduction rates are
much higher than nitrite reduction rates, causing accumulation of nitrites. Nitrite and
nitrate reductases use protons for reduction reactions from periplasm and cytoplasm,
respectively. Thus it results in nitrite accumulation in periplasmic space of denitrifying
bacteria. Further, at alkaline pH, concentration of protons in the periplasmic space may

be limited, leading to inhibition of nitrite reduction [12]. Dhamole et al.[74] also stated
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that competition for electrons between nitrate and nitrite reductases can lead to nitrite

accumulation.

At population level, nitrite accumulation has been explained on the basis of relative
distribution of nitrate-respiring bacteria and true denitrifying bacteria [12,74]. Nitrate
respiring bacteria can use only nitrate as electron acceptor, leaving nitrite as the end
product. In the present study, only 4 out of 14 isolates obtained from the denitrifying
granular sludge were able to completely reduce nitrate to N, gas, while all the remaining
isolates could only reduce nitrate to nitrite and no further. These results point to the
possibility that nitrite accumulation could be also be due to differences in the populations

of nitrate-respiring and true denitrifying bacteria that co-existed in the granular sludge.

4.2.3 Conclusions
Denitrifying granular sludge cultivated in SBR exhibited efficient and stable

denitrification during long-term operation. Complete denitrification of feed nitrate-N up
to 5420 mg L™ was achieved, with effluent nitrate-N and nitrite-N levels of below
10 mg L™ The granular sludge formed under denitrifying conditions possessed compact
microstructure and diverse microbial community. When the denitrifying granular sludge,
cultivated with a C/N ratio of 3, was abruptly fed with high strength nitrate at a lower
C/N ratio of 2, complete denitrification could not be achieved. Acclimatization of the
granular sludge by increasing the feed nitrate concentration in steps, at a given C/N ratio,
appears to be essential to achieve complete and stable denitrification of high strength
nitrates. High strength denitrification involves nitrite accumulation and therefore,
selection of nitrite tolerant strains through adaptation and enrichment of the denitrifying

community is a prerequisite.
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4.2.4 Practical implications
Transient accumulation of nitrite depends on initial nitrate, electron donor concentrations

as well as on microbial community composition. Exposure of microbial community to
transient nitrite accumulation is inevitable during high strength nitrate denitrification in
sequencing batch reactors. Since nitrite is inhibitory to microorganisms, enrichment of
nitrite tolerant denitrifying bacteria is desirable. A step-wise increase in initial nitrate
concentration at a fixed C/N ratio allows enrichment of nitrite tolerant microbial
community. It is evident that an abrupt decrease in electron donor supply will lead to
accumulation of higher nitrite levels to which microbial community has not been exposed
thus far and can decrease nitrite reduction and then nitrate reduction by inhibiting the
denitrifying microorganisms. Therefore, proper electron donor dosing of nitrate
contaminated water along with enrichment strategy needs to be adopted in order to

protect denitrifying community by avoiding inadvertent exposure to high nitrite levels.

4.3 Denitrification at different initial pH
Experiments were carried out in two 3 L volume SBRs to study denitrification of acidic

wastewater, having pH 7.5, 5 and 4. The results are presented below and discussed in the
light of available literature on the treatment of acidic nitrate wastewaters and effect of pH

on denitrification.

4.3.1 Biomass growth and characterization
Evolution of granular sludge was observed in both the reactors within two weeks.

Granular sludge formed under anoxic conditions allowed easy separation of biomass.
Denitrifying biomass was predominantly in the form of distinct, compact and fast settling
granules (Fig. 4.14a,b). The granular sludge was stable during several months of reactor
operation. Scanning electron microscope showed the presence of rod shaped
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microorganisms on the surface of granular sludge, when fed with simulated nitrate waste
at pH 7.5 (Fig. 4.14c). In contrast, the surface of granular sludge developed when the
SBR was fed with nitrate waste at pH 4.0 was mostly colonized by cocci shaped

microorganisms (Fig. 4.14d).

Fig. 4.14 Morphology of denitrifying granular biomass collected from the reactor
fed with simulated nitrate waste at pH 7.5 and 4.
a) Digital image showing the morphology of granular sludge, scale bar = 10
mm. b) SEM image of individual denitrifying granule, scale bar = 10 um. c)
SEM image of granule formed at feed pH of 7.5. d) SEM of granule formed at
feed pH of 4. Scale bar forcand d =1 um.
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4.3.2 Denitrification at different initial pH in batch experiments
In batch experiments, denitrification of 677 mg L*NOs-N was carried out at

different pH of 4, 5, 6 and 7.5. Denitrification was observed at initial pH of 6 and 7.5. No
significant denitrification activity was observed at initial pH of 4 and 5. This was evident
from the negligible nitrate removal and associated changes in solution pH (Fig. 4.15). No
significant change in pH was evident for initial pH of 4 and 5. But, a small decrease in
nitrate concentration was observed at pH 4 and 5. In contrast, the medium pH increased
from 6 and 7.5 to 8.7 and 9.5, respectively, due to denitrification activity. When
denitrified medium titrated with fresh nitrate feed of pH 4 and 5 showed the possibility of
achieving pH above 6. Therefore, this strategy was used for treatment of acidic nitrate

waste by feeding into sequencing batch reactor with 50% volume exchange ratio.
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Fig. 4.15 Nitrate removal and associated changes in the medium pH through
denitrification by unacclimated granular sludge.
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Simulated nitrate waste with 677 mg L"*NOz-N was prepared with different initial pH,
inoculated with granular sludge and incubated under anoxic conditions in serum bottles.

Nitrate removal and final pH were determined after 48 h of incubation.

4.3.3 Denitrification of simulated nitrate wastewater with different initial pH
Complete reduction of 677 mg L™ NOs-N (1355 mg L™ NOs-N in feed) was observed

from cycle 1 onwards indicating the presence of denitrifying organisms and conditions in
the reactor. Due to acclimatization and enrichment of denitrifying bacteria, the time
needed for complete denitrification decreased progressively and stabilized within two
weeks of startup. At steady state, reduction of nitrate was complete within the first ~3 h
of cycle period. The denitrification profiles observed during the cycle period in R1, fed
with simulated nitrate waste at pH 7.5 are shown in Fig. 4.16. Typically, denitrification
profile consisted of a rapid nitrate removal pattern, accumulation of nitrite and nitrite
removal phase. Denitrification profiles and performance were almost similar in both the
SBRs operated under similar conditions (Fig. 4.17). Although SBRs were fed with nitrate
waste of pH 7.5, the pH in the reactor increased to 9.5 soon after filling. At the end of

denitrification, the pH in the reactor was stabilized at 9.6 (Fig. 4.18).

Denitrification profiles determined during 4 representative cycles at steady-state are
presented. Steady state in terms of minimum period for complete denitrification was
attached within 2 weeks of startup. The MLSS was 3.4 g L™.

Denitrification profiles determined during 4 representative cycles at steady-state are
presented. Steady state in terms of minimum period for complete denitrification was

attached within 2 weeks of startup.
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Fig. 4.16 Nitrate and Nitrite concentration profiles during cycle period of R1, fed
with simulated nitrate waste containing 1355 mg L™ NOs-N in the feed at
pH 7.5.
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Fig. 4.17 Nitrate and Nitrite concentration profiles during cycle period of R2, fed
with simulated nitrate waste containing 1355 mg L™ NOs-N at pH 7.5.
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Fig. 4.18 pH profiles of during the cycle period of R1, fed with simulated nitrate
waste containing 1355 mg L™ NOs-N at 7.5, 5 and 4.

After two weeks, R1 was fed with nitrate waste of pH 5. Immediately after filling, the pH
in the reactor was determined to be 8.7, which stabilized at 9.4 at the end of
denitrification phase (Fig.4.12). The time taken for complete denitrification of
677 mg L™ NOs-N increased from 3 to 8 h in the 1% cycle after adjustment of feed pH to
5. After a few cycles of R1 operation with feed pH 5, the time needed for complete
denitrification decreased and stabilized at 3 h. This could have been due to adaptation of
the denitrifying microorganisms (Fig. 4.19). Subsequently, R1 was fed with nitrate waste
of Ph 4. After filling, the pH in the reactor was found to be 6.2. Denitrification was
complete during the cycle period, although it took almost 20 h. At the end of
denitrification, the pH in the reactor was stabilized at 8.2 (Fig. 4.18). The time needed for

complete denitrification gradually decreased and stabilized at 3 h, again through a
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process of adaptation of the microbial community (Fig. 4.20). However, the adaptation of
microbial community took almost one month for achieving steady-state in denitrification

of feed with pH 4.
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Fig. 4.19 Denitrification profiles of nitrate during the cycle period of R1, fed with
simulated nitrate waste containing 1355 mg L™ NOs-N at pH 5.
Denitrification data for two representative cycles showing denitrification before
(A) and after (B) attaining steady-state is presented. The minimum time needed
for complete denitrification was stabilized within two weeks of reactor
operation with feed at pH 5. The MLSS was 3.4 g L™.
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Fig. 4.20 Denitrification profiles of nitrate during the cycle period of R1, fed with
simulated nitrate waste containing 1355 mg L™ NOs-N at pH 4.
Denitrification data for two representative cycles showing denitrification
before (A) and after (B) attaining steady-state is presented. The minimum time
needed for complete denitrification was stabilized (B) after one month of
reactor operation with feed at pH 4. The MLSS was 3.4 g L™
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4.3.4 Denitrification of acidic wastewater
Heterotrophic denitrification consists of four sequential reduction reactions from nitrate

to nitrite (NOy), nitric oxide (NO), nitrous oxide (N2O) and finally to dinitrogen (N,).
These reactions are catalyzed by distinct reductases [67]. Denitrifying microorganisms
efficiently reduce nitrate to N, provided the necessary conditions, viz., electron donor
supply and oxygen limiting conditions are available. Other parameters such as solution
pH and temperature strongly influence denitrification performance. The rate of
production and accumulation of denitrification intermediates are strongly influenced at
pH below 7 [153]. Complete inhibition of denitrification was observed in batch assays
carried out at pH 4 and 5. Inhibition of high strength denitrification at pH below 7 was
observed in activated sludge systems [12]. The denitrification reaction coupled to acetate

oxidation generates alkalinity, as given by:

CHsCOOH + §N03— + 2H,0 » =N, + 2H,C05 + §0H- 4.1

The alkalinity generated in the above reaction has the potential to neutralize the pH of
acidic wastewater fed to the SBR. Internal recycling of denitrification generated
alkalinity led to neutralization of nitrate wastewaters with pH 4 and 5 (Fig. 4.15). The pH
of acidic wastewater increased from 5 to 8.7 and 4 to 6.2 in the reactor. Thus,
establishment of steady state denitrification was relatively fast with feed pH of 5
compared to 4. The longer time for complete denitrification and adaptation of
denitrifying community at pH 4 was because the pH in the reactor was below 7, even
after neutralization. pH between 6 and 7 has been reported to affect denitrification and
contribute to N,O accumulation in wastewater treatment plants [153]. In addition,

adaptation of microbial community and possible enrichment of acid tolerant strains have
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led to steady state denitrification of feed at pH 4. In a recent work, Papirio et al. [154]
employed internal recycling of biologically produced alkalinity in fluidized bed reactor
for neutralization of low strength nitrate and sulfate acidic wastewaters. The nitrate
containing effluents produced in nuclear industry are inadequately buffered and the
biologically produced alkalinity could be beneficially used for the neutralization and
treatment of nitrate rich acidic waters. In addition, the biologically produced alkalinity
has the potential to cause precipitation of co-contaminants (i.e. metals, radionuclides) of
low level radioactive wastes as hydroxides or carbonates, which would be an added

advantage.

4.3.5 Reaction Kkinetics
Table 4.5 shows the nitrate reduction rate and nitrite accumulation rate in the presence of

nitrate, nitrite reduction rate in the absence of nitrate and their respective specific
reduction rates and relative rate for different pH at 677 mg L™ of NOs-N. Nitrate and
nitrite reduction rates were calculated from the slopes of the nitrate and nitrite decay
profiles, respectively. Nitrite accumulation rate was calculated from nitrite build up
profile. Nitrate reduction rates varied between 307-336 mg L™ h™* at different pH for
677 mg L™ of NOs-N. Nitrite reduction rates in the presence of nitrate and in the absence
of nitrate decreased with a decrease in feed pH. Relative rates (RR) were found to
increase with a decrease in feed pH. This can be correlated with nitrite build up rates.

The optimum pH for most heterotrophic denitrifying bacteria was reported to be between
7 and 8 [105]. pH control in denitrifying reactors showed that the rate of denitrification
was same in pH range between 7.5 and 9.5. Denitrification rates decreased significantly

at pH values below 7 [12].

108



Table 4.5 Nitrate and nitrite denitrification rates for Zero order at different feed

pH
Kno; Kyo;
FlnictlialH Knoz (MgNO,-N L™ (mg NO,-N L™
eed p (Mg N013-N L2 ) h™) RR
h™) Nitrate is Nitrate is
absent present
4.0 318 76 34 9.35
5.0 336 165 154 2.18
7.5 307 175 246 1.25

4.3.6 Conclusion
Denitrifying granules capable of complete denitrification of 1355 mg L*NOs-N in the

feed at pH 4 and 5 were cultivated in a three litre SBR. Complete denitrification of feed
with pH4 and 5 was successfully achieved by in situ neutralization caused by the
biologically generated alkalinity and adaptation of microbial community. Denitrifying
granules were colonized by rod and coccus shaped microorganisms when fed with nitrate
waste at pH 7.5 and 4, respectively. The denitrification performance in bench scale SBR
shows the practical utility of internal recycling of biologically generated alkalinity for

neutralization and treatment of acidic nitrate waters.

- Batch experiments showed that pH 4 and 5 were inhibitory to denitrification of high

strength nitrate.
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- Compact denitrifying granular sludge capable of efficient denitrification was
cultivated in 6 L volume SBR. Complete denitrification of 1355 mg L™ NOs-N in the
feed at pH 4 and 5 could be successfully achieved in sequencing batch reactor.

- Denitrification of low pH high strength nitrate was possible because of internal
recycling of denitrification generated alkalinity and adaptation of microbial
community.

- The denitrification performance in bench scale SBR shows the practical utility of
internal recycling of biologically generated alkalinity for neutralization and treatment

of acidic nitrate waters.

4.4 Denitrification in continuous reactor
4.4.1 Operation of reactor
The continuous stirred tank reactor (CSTR) was operated, with a constant feed flow rate

of 400 mL h™* at an acetate-carbon to nitrate-nitrogen (C/N) ratio of 2. Stirring was
provided by means of a bottom impeller set at 100 rpm. In most of the CSTRs, the feed
will be at the top and stirred at high rpm for uniform concentration. Since high rpm is
harmful to biomass, the feed was introduced at bottom to enhance mixing. The CSTR
was operated in batch mode for 5 days at each concentration in order to acclimatize the
biomass to high nitrate concentration and subsequently operated in CSTR mode for about
2 weeks at each influent nitrate concentration. Effluent samples were collected for

monitoring nitrate, nitrite, pH, total organic carbon and biomass.

4.4.2 Biomass characterization
The reactor was inoculated with 1 g L™ of MLSS initially. Steady increase in MLSS was

observed as the number of days of operation increased. The reactor stability got
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disturbed when the C/N ratio was decreased from 2 to 1.5 and the MLSS values also

decreased.

4.4.3 Denitrification performance
a. Denitrification at C/N ratio of 2

In CSTR, the influent nitrate was increased in steps to 677, 1355, 2032 and 2710 mg L™
NO3-N shown in Fig. 4.15. Complete and stable denitrification was observed at all the
initial nitrate concentrations in CSTR mode. Accumulation of neither nitrate nor nitrite
was observed in the CSTR. However, accumulation of acetate was evident in the reactor
indicating incomplete utilization. Subsequently, the acetate-carbon to nitrate-nitrogen
ratio was decreased to 1.5 in the influent. .

Table 4.6 Biomass (MLSS, MLVSS) concentrations in the SBRs operated at

different initial nitrate concentrations.

The biomass concentrations shown are obtained after attaining steady state in
the CSTRs in terms of complete and stable denitrification.

Day Nitrate Conc. CIN MLSS MLVSS
(NOz-N) mg L) ©) ©)

8 677 2 1.40 0.94
25 1355 2 2.80 1.55
32 2032 2 2.96 1.55
90 2710 2 6.48 4.6
110 2710 1.5 3.76 2.36
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b. Denitrification at C/N ratio of 1.5
CSTR containing denitrifying consortium was fed with synthetic waste with 2710 mg L
'NO;-N at C/N ratio of 1.5. At this C/N ratio, denitrification was complete. Accumulation
of nitrate or nitrite was not observed during 10 days of operation.

c. Denitrification in Continuous EGSBR
Expanded Granular Sludge Bed Reactor (EGSBR) of 4 L volume containing denitrifying
consortium was fed with synthetic waste with C/N ratio of 1.5. The feed concentration to
the reactor was increased from 677 mg L™ NO3-N to 4742 mg L™ NOs-N. Denitrification
was complete at the concentrations from 677 mg L™ NOs-N to 4742 mg L™ NOs-N.

Accumulation of nitrate or nitrite was not observed during 90 days of operation.

2710

Nitrate-N Conc. (mg L-1)

T T T T T I T
0 20 40 60 80 100 120

Days

Fig. 4.21 Stepwise increase in nitrate concentration from 338 mg L™ to 2710 mg L™
NO3-N in CSTR.
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4.4.4 Conclusion
Compact denitrifying granular biomass capable of denitrification of up to 2710 mg L™

NO3z-N at both C/N ratios was developed in a continuous stirred tank reactor. The
denitrification was complete and stable during long term operation for both C/N ratios
without any accumulation of nitrite. The study shows that C/N ratio of 1.5 is optimum for
efficient and stable denitrification, as complete utilization of acetate was observed and
further treatment of effluent for removal of excess carbon is not required. Complete
denitrification up to 4742 mg L™ NOs-N was achieved in EGSBR with a hydraulic

residence time of 16 h.

4.5 Denitrification at different temperatures
45.1 Reactor operation
Experiments were carried out at different temperatures using a jacketed glass tank to

determine the effect of temperature on denitrification rate. The temperature in the reactor

was maintained by allowing hot/cold water through the jacket.

4.5.2 Biomass characterization
Table 4.7 Biomass concentrations in the SBR operated at different temperatures.

The biomass concentrations shown are obtained after attaining steady state in
the SBRs in terms of minimum time for complete and stable denitrification.

Nitrate Conc.
(NOs-N) C/N Temp MLSS
mg L™
677 15 20+ 0.5°C 6.0+0.1
677 15 25+0.5°C 6.0+ 0.2
677 15 30+0.5°C 6.0+ 0.2
677 15 35+0.5°C 6.0+ 0.1
677 15 40+ 0.5°C 6.0+ 0.1
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4.5.3 Denitrification at different temperatures

Nitrate and nitrite profiles at different temperatures during denitrification were shown in
the Fig. 4.22 to Fig. 4.26. It was found that complete denitrification was observed at all
temperatures. Steady decrease in nitrate concentration was observed for all initial nitrate
concentrations at all temperatures without any accumulation. Slower removal of nitrate
was observed at lower temperatures because lower bacterial activity. Nitrate removal rate
increased with increase in temperature. Nitrite concentrations increased from zero to a
peak value and subsequently the concentration steadily decreased at all temperatures. The
time for nitrite peak corresponds to the time for complete conversion of nitrate, as shown
in Fig. 4.22 to Fig. 4.26. Nitrite peak was about 300-350 mg L™ for the temperatures 20-
30 °C. Nitrite peak concentrations increased to 450 mg L™ at 35 °C because of sudden
decrease in nitrate reduction time but nitrite peak concentration reduced to 300 mg L™ at
40 °C could be because of higher biological activity. Time required for complete

denitrification reduced with increase in temperature due to faster kinetics.
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Fig. 4.22 Concentration profile of nitrate and nitrite during denitrification at 20 =
0.5°C.

Initial nitrate concentration 677 mg L™, pHinitar = 7.5, MLSS =6+ 0.1 g L™
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Fig. 4.23 Concentration profile of nitrate and nitrite during denitrification at 25 +
0.5°C.
Initial nitrate concentration 677 mg L™, pHinitim = 7.5, MLSS =6+ 0.2 g L™
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Fig. 4.24 Concentration profile of nitrate and nitrite during denitrification at 30 =
0.5°C.
Initial nitrate concentration 677 mg L™, pHinitar = 7.5, MLSS =6+ 0.2 g L™,
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Fig. 4.25 Concentration profile of nitrate and nitrite during denitrification at 35 +
0.5°C.

Initial nitrate concentration 677 mg L™, pHinitim = 7.5, MLSS =6+ 0.1 g L™
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Fig. 4.26 Concentration profile of nitrate and nitrite during denitrification at 40 =
0.5°C.

Initial nitrate concentration 677 mg L™, pHinitai = 7.5, MLSS =6+ 0.1 g L™
45.4 Reaction Kinetics
Table 4.8 Nitrate and Nitrite denitrification rates at different temperatures

L Kyos Kyo-
Initial Nitrate Kno; NOz NO2
inthe SBR | (mg NOa- N L | (MINOZNLTh 1 (mgNO-NL™H |- g
(mg L™ h™) : ) . )
Nitrate is absent | Nitrate is present
20+0.5°C 1319.36 358.34 440.68 2.73
25+ 0.5°C 3080.16 1289.38 1191.4 1.77
30+05°C 5467.16 1037.3 1896.58 2.14
35+0.5°C 11363.98 2830.38 4864.5 2.97
40+ 0.5°C 13820.42 2372.22 4339.64 4.32
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The nitrate reduction rate, nitrite accumulation rate in the presence of nitrate, nitrite
reduction rate in the absence of nitrate and relative rate for different at different
temperatures are tabulated in Table 4.7. Nitrate reduction rates increased from 1319 mg
NOs-N L™* h™ at 20 °C to 13820 mg NOs-N L™ h™ at 40 °C. The nitrite reduction rates in
the presence of nitrate and in the absence of nitrate also increased with increase in
temperature.

Temperature influences the biological denitrification significantly. Fig. 4.27 shows the
Arrhenius plot for Ky,,. The obtained line with linear fit (y= -11.044 x + 45.007) had a
high degree of linearity (R* = 0.956). The obtained activation energy, 91.81 kJ/mol,
which is higher than the reported in literature [90,133]. Higher values for activation

energy clearly reflected on decrease in time for nitrate reduction.

= Experimental Kyog3 values

)

Linear Fit (Arrhenius Eqn.)

y =-11.044 x + 45.007
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3.15 l 3.20 | 3.|25 | 3.I30 [ 3.;55 ' 3.40 I 3.45
1/T 1000 (1/K)

Fig. 4.27 Graphic plot of In Kyos w.r.t. /T
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The magnitude of temperature influence can be expressed by an Arrhenius-type function
of the form:

kT = k20 B(T_ZO) 42
Where k1 is the denitrification rate at temperature T

Fig. 4.28 shows the influence of temperature on the denitrification rates and the
calculated 6 is 1.15 for the temperature range 20-35 °C, which is slightly higher than

reported values 1.02-1.08 [156] and 1.06 to 1.13 [146].

= :
12000 -

3000 - ./

0 T T T T T T y T y T T
15 20 25 30 35 40 45

Temp (°C)

Fig. 4.28 Effect of temperature on denitrification rate

455 Conclusion
Complete denitrification of SNW for nitrate concentration of 1355 mg L* NOs-N was

observed at all temperatures studied. Nitrite accumulation for all C/N ratios at all

temperatures was observed. Denitrification rates were found to increase with increase in

119



temperature. Kinetic study revealed that nitrate and nitrite denitrification rates were found
to be zero order. The study shows that 35-40 °C was found to be optimum for efficient

denitrification.

4.6 Denitrification at very high nitrate concentrations
4.6.1 Reactor Operation
The reactor was operated in sequencing batch mode with a cycle time of 24 h. The cycle

period consists of 5 min filling, 23 hour reaction, 5 min settling, 10 min effluent decant
period and 40 min idle period. Nitrate concentration in the reactor increased in steps from
677 mg L™ NO3-N to 4742mg L™ NOs-N with an objective to develop compact
denitrifying granular biomass capable of denitrification of highest possible nitrate
concentrations. Mixing was provided by means of an impeller stirred at 100 rpm. Each
reactor was inoculated with 1 L of activated sludge and SNW. The reactors were either
filled at the bottom using a peristaltic pump or dump filled by manual addition. At the
end of cycle period, effluent was drawn from port situated at a height of 17 cm from the
bottom using a peristaltic pump. The reactor was operated at C/N of 1.5. Typically, the
SBRs were operated with 24 h cycle period and 50% volume exchange ratio for

convenience.

4.6.2 Biomass characterization
Formation of granular sludge (Fig.4.29 A) with good settling characteristics was

observed within two weeks of reactor start-up. The granular sludge formed under anoxic
conditions was compact, dense and allowed easy biomass - liquid separation in the
reactor. Average particle size was determined to be 0.68 mm (Fig. 4.30). The biomass
concentration in the SBR increased from 2.5 to 29.5 g L™ MLSS during reactor operation
up to 9484 mg L™ NO;-N feed concentration. Up to 50% of the MLSS was constituted by
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inorganic solids as shown in Table 4.8. The denitrifying granular sludge was stable
during several months of SBR operation. Scanning electron microscope showed the
presence of both cocci and rod shaped cells enmeshed in an EPS matrix (Fig.4.29 B, C,
D). Microbial community analysis by PCR-DGGE revealed a major shift in the microbial
population of denitrifying granular sludge during its transformation from floccular
activated sludge to compact granular sludge (Fig. 4.30). As can be seen from Fig. 4.31A,
the DGGE pattern showed a major shift in microbial community reflected in terms of
number and intensity of bands. There were changes in the intensity of the bands and also
appearance of new bands during the course of reactor operation as the nitrate
concentration increased. However, establishment of a stable microbial community is seen
at each initial nitrate concentration. The DGGE banding pattern was clustered into three
major groups (Fig. 4.31B). Group | contained activated sludge, which was used for
cultivation of denitrifying granular sludge. Groups Il and 11l contained banding patterns
associated with establishment of denitrifying granular sludge, with a major shift in
microbial community of activated sludge. The band patterns of microbial community
denitrifying up to 1355 mg L"NOs-N were clustered into group I, while the band
patterns obtained from microbial community, treating from 2710 to 4065 mg L™*NO3-N

clustered into to group 1.
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Table 4.9 Biomass (MLSS, MLVSS) concentrations in the SBRs operated at
different initial nitrate concentrations.

The biomass concentrations shown are obtained after attaining steady state in
the SBRs in terms of minimum time for complete and stable denitrification.

Con::\(leir::?;%ons Nit:’r(;g(ie?: i?]i:tr]ithR MLSS MLVSS
(mg L) (mg L NOx-N) OL) OL9
3000 677 5.05 2.40
6000 1355 6.82 2.92
9000 2032 9.70 4.74
12000 2710 15.88 7.96
15000 3387 18.30 8.77
18000 4065 22.32 9.16
21000 4742 25.90 11.69

4.6.3 Denitrification performance
The pH of Simulated nitrate waste (SNW) prior to addition to the SBR was 7.5. In the

SBR, the pH increased to above 9 during the first cycle and stabilized close to 9.5 during
subsequent cycles of denitrification (Fig. 4.32). The DO in the feed was 6 mg L™, which
after addition to the SBR dropped to below 0.08 mg L™. This drop was apparently caused
by intense microbial activity. It has been reported that denitrification at these pH and DO
conditions is significant [12,109,142]. It was observed in the present work that

denitrification was effective from the first cycle onwards. Further, the time required for
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complete denitrification decreased significantly during the first few cycles and stabilized

at the lower value thereafter.

Fig. 4.29 Morphology (A, B) and microstructure (C, D) of denitrifying granular

sludge formed in 6 L volume SBR.
For A, Bar = 5 mm. B, C and D are scanning electron microscope images of

denitrifying granular sludge. Bar = 0.1 mm (B), 2 um (C, D). Shape of bacteria
and slimy appearance on the surface of granular sludge is shown in C and D.
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Fig. 4.30 Particle size distribution of denitrifying granular sludge cultivated ina 6 L
volume SBR
SBR inoculated with activated sludge and fed with simulated nitrate waste. The
average particle size was found to be 0.68 mm.
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Fig. 4.31 PCR-DGGE analysis of denitrifying granular sludge at different initial
nitrate concentrations.
A) DGGE gel shows the number of bands in the denitrifying consortium
obtained from SBR. B) Dendrogram shows the relation between different lanes
of DGGE gel.
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Fig. 4.32 pH and dissolved oxygen profiles during SBR cycle period.
The reactor was fed with SNW containing 1355 mg L™ NOs-N. Before adding
to the SBR, the pH and DO were 7.5 and 6.0 mg L™ respectively.

In order to optimize the C/N ratio, denitrification of 1355 mg L™* NOs-N was studied at
acetate-C to nitrate-N ratios of 1.5, 2 and 3. Complete denitrification was observed within
2 h at all the tested C/N ratios. Hence, a fixed C/N ratio of 1.5 was chosen for
denitrification of higher initial concentrations of nitrate. Fig. 4.33 to Fig. 4.39 show
denitrification profiles during the SBR cycle period, in terms of nitrate removal, and
build-up and subsequent removal of nitrite. The total time required for complete
denitrification increased with increase in the initial nitrate concentration. At steady state,
complete denitrification of 9484 mg L™ NOs-N was achieved in 20 h. By the time the

nitrite concentration reached the maximum, more than 95% nitrate was reduced.
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Fig. 4.33 Nitrate and nitrite concentration profiles during denitrification of
677 mg L™ NOs-N

SNW with initial pH of 7.5 and MLSS 5.05g L. Error bars are + one
standard deviation.
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Fig. 4.34 Nitrate and nitrite concentration profiles during denitrification of
1355 mg L™ NOs-N

SNW with initial pH of 7.5 and MLSS 6. g L™. Error bars are + one standard
deviation.
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Fig. 4.35 Nitrate and nitrite concentration profiles during denitrification of
2032 mg L™ NOs-N
SNW with initial pH of 7.5 and MLSS 9.70 g L-1. Error bars are + one
standard deviation.
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Fig. 4.36 Nitrate and nitrite concentration profiles during denitrification of
2710 mg L™ NOs-N
SNW with initial pH of 7.5 and MLSS 15.88 g L. Error bars are + one
standard deviation.
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Fig. 4.37 Nitrate and nitrite concentration profiles during denitrification of

3387 mg L™ NOs-N

SNW containing with initial pH of 7.5 and MLSS 18.30 g L™*. Error bars are +

one standard deviation.
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Fig. 4.39 Nitrate and nitrite concentration profiles during denitrification of

4742 mg L NOs-N

SNW containing with initial pH of 7.5 and MLSS 25.90 g L. Error bars are +

one standard deviation.
Nitrite accumulation was observed at all the nitrate concentrations studied and this is
presented in Fig. 4.40, both in terms of absolute values and as % of maximum nitrite that
would have been accumulated, if there was no nitrite reduction. NO,-N build up was only
26% for denitrification of 1355 mg L™ NOs-N in the influent, but increased to almost
85% for denitrification of 9484 mg L™ NOs-N. Glass and Silverstein [12] reported nitrate
accumulation of 3778 mgL™* NO,-N (85%) for influent nitrate concentration of
2710 mg L™ NOs-N, whereas 2803 mg L™ NO,-N (62%) was observed in the present
work. Dhamole et al.[74] reported accumulation of 5907 mg L™ NO,-N (98%) for
influent nitrate concentration of 9032 mgL™® NOs-N, whereas accumulation of
4064 mg L™ NO,-N (85%) was observed in the present work for influent nitrate
concentration of 9484 mg L™ NOs-N. Activated sludge is reported to contain true

denitrifiers, which reduce nitrate to nitrogen gas and nitrate respirers, which reduce

nitrate to nitrite. Nitrite is further reduced to nitrogen gas by nitrite reductase. Presence of
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true denitrifiers in more proportion in the activated sludge may be responsible for less

nitrite build up in the present work.

Temperature has been monitored during the denitrification cycle for all the initial nitrate
concentrations. Maximum temperature reached during denitrification increased with
increase in the initial concentration of nitrate, because of the exothermic reactions.

Temperature rise was 7 °C — 16 °C for the concentrations studied.
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Fig. 4.40 Maximum nitrite concentration at different initial nitrate concentrations
Given as absolute values and as percentage of initial nitrate concentration. The
denitrification experiments were carried in a sequencing batch reactor at fixed
C/N ratio of 1.5. The data points represent average of three consecutive cycles
and error bars represent standard deviation.
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4.6.4 Denitrification Kinetics
Nitrate and nitrite reduction rates were calculated from the slopes of the nitrate and nitrite

decay profiles, respectively. Nitrite accumulation rate is calculated from nitrite build up
profile. The change of MLSS from 2.5 to 29.5 g L™, indicated in section 4.5.2, is over a
time period of 100 days. As the denitrification cycle is only one day, the MLSS is taken
to be constant in this period. Specific denitrification rates were calculated by dividing the
nitrate and nitrite decay slopes by the MLSS concentrations. These rates are presented in
Table 4.9. The rate constants for nitrate and nitrite denitrification for nitrate
concentrations of 677 to 4742 mg L* NOs-N (in the SBR) can be divided into two
groups. The rate constants are in the range of 63 — 292 mg NOs-N or NO,-N L*g MLSS™
h for initial reactor concentrations of 677 to 2032 mg L of NO3-N and the maximum
temperature reached during denitrification was less than 40 °C. On the other hand for
initial reactor concentrations of 2710 — 4742 mg L of NOs-N, rate constants of 5.2 —
68 mg NO3-N or NO,-N L*g MLSS™ h™ were observed (in the SBR) and the maximum
temperatures were 42-48 °C. The optimum temperature for denitrification was reported to
be 36-37 °C [75,157]. With rising temperature, proteins, nucleic acids and other cellular
components that are sensitive to temperature will tend to become irreversibly deactivated
and lysis, death and endogenous metabolism rates will increase [101]. Increase in the
temperature during denitrification at higher concentrations could be the reason for
reduced denitrification rate constants. Relative rates increased with increase in the initial
nitrate concentration in the reactor. This increase is associated with increase in the

accumulation of nitrite due to decrease in nitrite reduction rate in the presence of nitrate.

Table 4.9 shows that there was a decrease in the rate constants during denitrification of

higher initial nitrate concentrations. Similar observation was reported by Glass and
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Silverstein [13]. The widely applied kinetic model of Monod [158] was originally derived
for continuous—growth pure-culture systems. It must be borne in mind that biological
denitrification is a complex process, compounded by the heterogeneous nature of both the
substrate and microbial population [101]. The growth yield, Y is usually considered a
constant during modelling but can vary, according to reaction conditions. Due to these
limitations, this model is incomplete for nitrate concentrations above 400 mg L™ NOs-N
[90].

Nitrite is known to exert inhibition on heterotrophic bacteria at concentrations higher than
200 mg L™ [159]. It is evident that nitrite build-up prolonged the total time required for
complete denitrification, probably by such inhibition [12,159]. The specific
denitrification rates obtained in this study were much higher than those obtained using
activated sludge [13,74,90,147]. A comparison of the specific denitrification rates
reported in the literature is given in Table 4.11 [12,74,90,133,148-150]. These can be
compared with the specific denitrification rates reported in the present work, which are
given Table 4.10. Specific denitrification rates obtained by Dhamole et al. [74] for
4516 mg L™ NOs-N were slightly higher but were obtained at a higher C/N ratio of 2.
Though nitrite build-up can be inimical in biological denitrification of high strength
nitrate, the compact microbial structure of granular sludge allows denitrifying
microorganisms to function despite such high nitrite concentrations. This appears to be a
promising feature justifying the application of granular biomass for high strength nitrate
denitrification.

4.6.5 Conclusion

Compact denitrifying granular biomass capable of efficient denitrification of up to

9484 mg L™ NOs-N was developed in SBR operated with 24 h cycle period and 50%
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volumetric exchange ratio. Microscopy showed that compact granular sludge was

composed of cocci and rod shaped cells enmeshed in a matrix. PCR-DGGE revealed a

major shift and formation of stable microbial community during denitrification. Nitrite

accumulation of up to 85% of initial nitrate was observed. High specific denitrification

rates were observed which were 2 - 3 times higher than those reported for activated

sludge systems. The study shows that granular sludge sequencing batch reactors could be

effectively employed for treatment of high strength nitrate wastes of industrial origin, at

low C/N ratios with fast kinetics and are inherently immune to the problems caused by

nitrite accumulation.

Table 4.10 Nitrate and Nitrite denitrification rates and specific denitrification rates

for Zero order at different nitrate concentrations.

, Knoz Koz
Initial . ( KNI\% ( KN&; Knos ko X
i - NO3 mg - mg - mg - (mg NO,-
'Nlthrat;BNR (mgNG.- | NU'M) | N | ooy | NL*hg | NLigh | RR
N SPR | NL*h?) | Nitrateis | Nitrateis | NL2h?g? | MLSS) | MLSS)
(mgL™) absent present MLss) | Nitrateis | Nitrate is
absent | present
677 1472.8 496 995.7 291.5 98.2 197.2 15
1355 1656.0 486 1003.5 242.8 71.3 147.1 1.7
2032 1440.0 038.16 610.9 148.5 96.7 62.9 2.4
2700 1005.5 1077 273.4 63.3 67.8 17.2 3.7
3387 908.6 765 164.9 49.6 41.8 9.0 55
4064 840.2 347.4 159.2 37.6 15.6 7.1 5.3
4742 1000.1 293.8 135.6 38.6 11.3 5.2 7.4
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Table 4.11Specific denitrification rates reported in literature

; gir:(i:aelnrt]ri;?ctﬁ, The specific ;::j;rification rate Temferature N
(mg L™NOs-N) X o

1350 23-54 mg NO; —N L gt MLSS h'! 25 [12]
100-500 | 21.0mgNO; N L g MLVSS h 25 [90]
847 24 mgNO3; N L* g* MLSS h! * [74]
1694 91 mg NOs-N L™ gt MLSS h' * [74]
4132 42 mg NO3-N L™ g-1 MLSS h'* * [74]
6002 66 mg NO3-N L g-1 MLSS h* * [74]
750 56.3mg NO; -N L™ g MLVSS h'! 25 [133]
5 10-20 mg NO; N L g MLVSS h 20 [148]
550 32-111 mg NO; -N L™ g* MLVSS h™ 25 [150]
140 12-27.6 mg NO; —N L™* g™ biomass h™ 30 [149]

" Not reported
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4.7 Denitrification in Semi Pilot Scale reactor
4.7.1 Operation of reactors
A 24 L volume semi pilot reactor was operated in sequencing batch mode with a cycle

time of 24 h and 50% VER. Mixing was provided by recirculation of the reactor fluid.
Each reactor was inoculated with 1 L of activated sludge and simulated nitrate waste. The

nitrate in the feed was increased step wise from 6, 12, 18 and 24 g L™.

4.7.2 Biomass Characterization
Granular sludge was observed within two weeks of semi pilot scale reactor startup. The

granular sludge formed under anoxic conditions allowed easy separation of biomass from
treated liquid during short settling period employed during SBR operation. Denitrifying
biomass was predominantly in the form of distinct, compact and well settling particles.
Scanning electron microscope showed the presence of rod shaped microorganisms
enmeshed in a slimy matrix of granular sludge formed in the SBR. The surface of the
granular sludge was mostly colonized by coccoid and rod shaped microorganisms in the

reactor.

4.7.3 Denitrification performance
It can be clearly seen from the nitrate and nitrite profiles that reduction times for both

nitrate and nitrite reduced as no. days of operation increased. Complete denitrification
was observed from the first day.

The denitrification times for nitrate and nitrite increased with increase in initial nitrate
concentration. Complete denitrification was observed at all nitrate concentrations. The
effluent nitrate and nitrite levels were below 10 mg L™ . The reactor was operated for more

than 3 months, thereby demonstrating efficient and stable denitrification.
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Fig. 4.41 Morphology (A, B) and microstructure (C, D) of denitrifying granular
sludge formed in 24 L volume semi pilot scale reactor (EGSBR).

4.7.4 Conclusion
Formation of denitrifying granular biomass capable of complete denitrification of up to

5420 mg L NOs-N was demonstrated in a 24 L volume semi pilot scale sequencing
batch reactor. Microscopy showed that compact denitrifying granules were colonized by
cocci and rod shaped microorganisms. Successful denitrification of up to 5420 mg L™
NO3-N in the feed was achieved at C/N ratio of 1.5 in semi pilot reactor. The data
obtained in this work shows possibilities for scale up of granular sludge sequencing batch

reactors for treating large quantities of high strength nitrate wastewaters.
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Fig. 4.42 Nitrate and nitrite concentration profiles during denitrification of SNW

containing 677 mg L* NOs-N during different days of operation.
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5 MODELLING

5.1 Introduction
Biological denitrification takes place in the presence of bacteria available in the water

and wastewater. Nitrogen is present in the wastewater in the form of nitrate and nitrite
salts. The denitrification reaction is a very slow process in natural environmental
conditions. This process is generally conducted in both modes of operation, viz. batch
and continuous. Denitrification process being an exothermic reaction, temperature of the
waste increases when the initial concentration of the nitrate increases. The bio-reaction

rate depends on the resultant temperature in the reactant at higher concentration.

Several mathematical models were proposed for bio-denitrification reaction. Marazioti et.
al. [160] explained kinetic modeling of a mixed culture (Pseudomonas and Bacillus)
under aerobic and anoxic operating condition. Another mathematical model proposed by
Monod and Michaelis-Menten explains denitrification kinetics by Pseudomonas under

growth conditions limited by carbon and /or nitrate or nitrite as shown

_ S N
H=" Hmax Ks +S K +N

f(T)f(pH) 51
where S and N are substrate and nitrate concentration,
Van-Handel model (1981) explains the temperature dependency of bio-denitrification as

K =0.72 6% 5.2
where 0 varies from 1.08 to 1.2.
Bioreactor used in the present work is modeled in COMSOL 4.4 to predict concentration

and temperature profiles in the reactor at various operating conditions. This chapter

explains the construction of geometry with the in-built geometry building features of
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COMSOL 4.4. It also explains the governing equations and boundary conditions such as
initial and ambient conditions. Heat of reaction is taken as the heat source. Material
properties used for each domain are given in detail. The model uses chemical reaction
species transport and heat transfer physics using the discrete ordinates method (DOM) for
evaluation of heat transfer in solid and fluid system. It employs time dependent solver for
estimating heat transfer and ordinary differential equation for determining the rate

kinetics of bio-denitrification process.

5.2 Estimation of Rate constants
Rate constants for denitrification of waste of 3000 mg LY NO; concentration were

determined experimentally in a 500 mL SBR at isothermal conditions. Temperature
dependence of the rate constants is determined from Arrhenius plots as shown in Fig. 5.1
to Fig.5.3. The rate constants and Arrhenius parameters are given in Table 5.1 and

Table 5.2.

Table 5.1 Denitrification rate constants at different temperature

KNO: (p) KNO, (Ab)

Temp KNOg (presence of (absence of
(°C) (mol/m°/h) nitrate) nitrite)

(mol/m%h) (mol/m®/h)

20 21.28 9.58 7.79

25 49.68 25.90 28.03
30 88.18 41.23 22.55
35 183.29 105.75 61.53
40 222.91 94.34 51.57
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Fig. 5.3 Arrhenius plot for Nitrite decomposition in the absence of nitrate

Table 5.2 Arrhenius parameter for Denitrification

3000 (mg L™

Al (mol/m®/s) 1.57 x 10" E1 (kd/mol) 91.81
A2 (mol/m?s) 7 x 105 E2 (kJ/mol) 95.99
A3 (mol/m?s) 9.12 x 10° E3(kJ/mol) 68.51

Biological denitrification takes place in the bioreactor under controlled environmental
conditions in the presence of mixed cultured bacteria. During denitrification, nitrate and
nitrite decompose into elemental nitrogen gas.

gas is a two-step series reaction; decomposition of nitrate into nitrite and subsequently
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nitrite into elemental nitrogen gas. The rate kinetics of decomposition of nitrite into
nitrogen mainly depends on the nitrate decomposition. The rate kinetics of biological

denitrification was adequately explained by the Monod equation [13].

—dc _ X Cnog {m_Ol} 5.3

dt Kn+p Um3 s
The reaction rate of biological denitrification is faster than the biomass growth in the
bioreactor. Hence, the biological growth of bacteria for any batch is very small in
quantity in mg L™ and even it is not measurable for a complete batch of denitrification
process. The growth rate of biomass is reported as first order kinetics [74]. As explained
in Chapter 3, degradation of nitrate and nitrite follows zero order kinetics. Thus the
Monod equation is reduced to simple zero order rate expression for nitrate and nitrite
decomposition. But, nitrite degradation takes place at different rates in the presence and

absence of the nitrate.

5.3 Assumptions
The following assumptions were made in the development of the model,

1. Heat transfer in axial direction is neglected.

2. The system is considered to be homogenous as the mixing was carried out
with mechanical stirrer.

3. Heat generation due to mechanical stirrer is negligible due to low rpm
maintained for stirring.

4. Thermal conductivity of fluid domain is considered to be constant—only
single phase sludge concentrations.

5. Material properties are taken from the in-built model builder.
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54 Geometry
The first step in creating a model is to create geometry. The 2D geometry has been

constructed with the dimensions of the bioreactor as shown in Fig. 5.4. Reactors of

150 mm ID and 160 mm OD were created in the geometry model builder.

Outside Diameter, OD 160 mm

Inside diameter: ID : 150 mm

-100 -50 0 50 100

Fig. 5.4 Geometry of bioreactor

The aim of the modeling is to study the concentration profile and temperature distribution
in bio reactor. The heat transfer analysis is carried out in modeling by solving energy
balance equations and substituting the appropriate boundary conditions such as initial

temperatures and ambient conditions.

5.5 Parameter Specification
Set of parameters are used in the model and their values are given in Table 5.3 and these

values are taken as user inputs to the model.

146



Table 5.3 Model Parameters

Value/ . —
S.No| Parameter Expression Unit Description
1 Al | 1.57x 10" | mol/m%/s Nitrate decomposition
9 A2 7 x 108 mol/m3/s Nitrite decomposition in thg presence of nitrate
concentration
3 A3 9.12 x 10° | mol/mé/s Nitrite decomposition in thg absence of nitrate
concentration
4 El 91.81 kJ/mol Nitrate decomposition
5 E2 95.99 K3/mol Nitrite decomposition in thg presence of nitrate
concentration
5 E2 68.51 K3/mol Nitrite decomposition in th}e absence of nitrate
concentration
7 X 6 g MLSS value of biomass at 105°C
8 knos 0.023 mol/m®/s Rate constant of Nitrate to nitrite reaction
9 Knop 0.0149 mol/m3/s Nitrite decomposition in thg presence of nitrate
concentration
10 Ko 0.01 mol/m3/s Nitrite decomposition in thg absence of nitrate
concentration
11 H1 -135 kJ/mol Enthalpy of reaction -1 (Nitrate to Nitrite)
12 H2 -362 kJ/mol Enthalpy of reaction -2 (Nitrite to N, gas)
13 \ 6 L Volume of reacting fluid (water-feed-biomass)
14 P 1 atm Operating pressure of bioreactor
15 Tamb 304 K Ambient condition
16 T1 303K K Initial feed temperature, (It may vary for different
batch operation)
48.37
. 93.45 3 . . .
17 Ci_NO3 143 mol/m Initial Molar Concentration of Nitrate
196.15
10 Ci_NO2 0 mol/m3 Initial Molar Concentration of Nitrite
11 Ci_N2 0 mol/m3 Initial Molar Concentration of Nitrogen gas
12 A 0.155 m? Heat transfer area
13 h 8 W/m? k Convective heat transfer coefficient
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5.6 Domain Specification

Two different domains were used for modeling. Water with biomass was considered as

domain-I and acrylic cylinder of the bioreactor wall was considered as domain-Il. These

domains were constructed as concentric cylinders in modeling software. The selected

dimensions for the above geometry were similar to that of bioreactor used in the present

study.

80 Water-
7071 bioma_ss
domain

(L]

Domain-I

\

Acrylic

Domain-I1

cylinder
domain

~100

-50 0 50 100

Fig. 5.5 Material properties for each domain

5.7 Material Properties

The physical properties of the air, water and acrylic sheet were taken from in built library

in the COMSOL 4.4, using the option “INBUILD PROPERTIES”. Material properties

for different domains are given in Table 5.4.
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Following are the properties of air surrounded by the reactor. The air property is assigned

as default value in the model.

Table 5.4 Properties of Air

Physical Quantity Symbol Unit Value / Expression
Density Puir kg/m? rho(p A[1/Pa], T[1/K])
Viscosity [ PaS eta(T[1/K])
Specific Heat Capacity Cpair J/kg.K 1.005
Thermal Conductivity Kgir W/m.K K(T[1/K])

Ratio of specific heat Y - 1.4

Following are the properties assigned for the water-biomass domain-I as shown in

Fig. 5.4 and its properties are shown in the Table 5.5.

Table 5.5 Properties of Water-biomass

Physical Quantity Symbol Unit Value / Expression
Density P fruia kg/m® rho(T[1/K])
Viscosity Wfluid PaS. eta(T[1/K])

Specific Heat CPfuia J/kg.K 4200

Capacity

Thermal kfia W/m.K k(T[/KD[W/(m K)]
Ratio of specific Veluid - 1
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Following are the properties assigned for the domain-11 as shown in Fig. 5.5 and its

physical properties are shown in the Table 5.6

Table 5.6 Properties of Acrylic Cylinder

Physical Quantity Symbol | Unit | Value
Density P kg/m® | 1190
Specific Heat Capacity Cp J/kg.K | 1470
Thermal Conductivity k W/m.K | 0.18
Coefficient of thermal expansion o 1/K | 7x10°

5.8 Boundary Conditions
The main aim of the modeling is to study the concentration and temperature profiles. The

heat transfer analysis is carried out by solving energy balance equations and substituting
boundary conditions such as initial temperatures at the inside and outside wall of the
acrylic sheet. The boundary conditions for the above said geometry is depicted in the

Fig. 5.6.

The temperature distribution in the bioreactor is derived from energy balance equation.
Heat transfer analysis is carried out by considering the convective heat transfer
coefficient for liquid and surrounding air. Heat transfer takes place from liquid to the
surrounding air through the conduction of acrylic cylinder, followed by convection from

the wall to surrounding air.
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Acrylic sheet domain

Woater-biomass domain

Heat source Term (w/m?®)

B.C (T’K)

\> B.C1TK

AN

210 "205 00

215 185 -190 -185 -180 -175 170 16

Wall B.C ( T’K) and h w/m? K —convective cooling

Fig. 5.6 Boundary conditions for liquid and solid domain in a bioreactor

5.9 Governing Equation:-
Energy balance equation is written as

: heat generation heat
{heatin} + { due%o Feactio } = {out } + {heat loss}
dar d
wzicicp,i;=%+Q+Qext+wd—f 5.4

Where ¢; is the concentration of the species, mol/m?, Cp,; molar specific heat kJ/mol K

and Qext external hear source W/m®.

For Liquid phase reaction, shaft work, W, and ‘;—’t’ = 0, as per the assumption (i) and (ii),

hence, the above equation is reduced to
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ar

Ve %iC Gy — =0 5.5

dar
Vo %iCi Cpi o = Ve XiH; (=17) 5.6

H; is heat of reaction kJ/mol

0 dcl

dT
V. XiCi Cp; -~ = V. > X AH, 5.7
X is % conversion
ar 0 n
VrZiCLCL__V;"ZiXAHr kC 5.8
Since n =0, eq.5.6 becomes
daT 0
V%G Cpy — =V, X X AH," k 5.9
dT V, Yi X AH O k
Ve Cpi Pl 5.10
dT _ V; YiXAHOk
dT _ V; YiXAH %k
VI' Cp,l a —_ W 5.12
T oty ZIXAHr
fTO Vp Cpi dT = f D dt 5.13

The maximum temperature (adiabatic) attained during the decomposition of nitrate and

nitrite is
tVr %iXNoz AHnos° Kno tVr i Xno, AH2° Kno
T= T 2 2 2 dt Z 2 5.14
ot f CNno; (1-XNo3) +f CNno, (1-XN03)
Heat loss from bioreactor to ambient through the wall of the bioreactor
dT dT d?T
pCp E-F pCpu& =—-k d? + ext + Qr 5.15
dT dT
pCp o t+ pCpuaz—k—+xZIH (—r1j) 5.16

152



For individual species such as nitrate and nitrite decomposition, the above equation

becomes under static conditions

dT dT d2T

T T PCpu =k ——= +Xyo, XiHno, (-rno, ) + Xno, ZiHno, (—Ino, ) 5.17

The heat generated during the reaction will raise the temperature of the reactor, thereby
inducing a driving force as temperature gradient between the reactor and outside

atmosphere.

d?T
gr = X Zi HN03 (—rN03 ) + X Zi HN02 (—rN02 ) =k E + (hX (TeXt - T)) 5.18

From Eqg. 5.3 and Eq. 5.16 the general governing equation for heat transfer is written as
Ve Zici Cpi o — V.(kVT) = Q 5.19
The governing equation for the heat loss is arrived by equating the conductive flux across
the acrylic cylinder and of convective fluxes of liquid and surrounding air. The heat
transfer coefficients for liquid and surroundings are calculated from the Nusselt
correlation. The boundary conditions for heat transfer given as
—n.(—KVT) = h.(Text — T) 5.20
User Input, Text= Tamb
h = h_side W/m?.K
Heat transfer from the wall of the bioreactor is by conduction and will depend upon the

physical properties selected and heat flux generated for different nitrate concentration.

5.10 Creation of Mesh
Triangular size mesh was created for both the domains of the bioreactor because of the

simplicity of its construction. Heat transfer analysis was carried out in radial direction

across the reactor from the fluid to its surroundings. Different sizes of mesh elements
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have been selected for different locations of the bioreactor. A large number of element
sizes were selected near the interfaces of both domains of the bioreactor. The different
mesh element size and its statistical data are represented in the following Table 5.7 and

Table 5.8.

Table 5.7 Mesh elements Report

Parameters Values
Tetrahedral element 24560
Edge element 614
Vertex element 8

Table 5.8 Mesh Statistical data

Parameters Values
Element quality 0.81
Average element quality 0.93
Element volume ratio 0.289
Mesh area (2D) 20090 mm?
Maximum growth rate 2.71. mm
Minimum element size 0.0032 mm
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There are total number of 24560 triangular elements are created in the model. The
element size near the source region is in the range of 0.0032 mm — 1.09 mm. The mesh
size distribution is given in Fig. 5.7 to Fig. 5.9. The Average Mesh quality of 0.97 was

achieved in water-biomass domain & acrylic sheet as shown in Fig. 5.9.
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Fig. 5.7 Finer Meshed geometry of Bioreactor domain
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Fig. 5.8 Mesh quality report from simulation geometry

Different sizes of Triangular mesh
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Fig. 5.9 Magnified mesh quality and size distribution in Acrylic sheet and Fluid

domain.

Temperature and concentration profiles of the bioreactor for different nitrate

concentrations were predicted by simulation of heat transfer and chemical reaction using
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COMSOL 4.4 Multi-physics software. The model is validated by comparing simulated

results with the experimental values.

5.11 Mesh Independence Test
Mesh independence test was conducted for different mesh sizes of triangular shape for

both the domains of bioreactor. Different combinations were tried to get a good
approximation with experimental values. The test was conducted for temperature profile
of 12000 mg L™ as initial nitrate in the bioreactor. Details of the mesh size are

presented in the Table 5.9.

As it is 2D geometry, results obtained from the model for various mesh size did not show
major difference for temperature as well as for concentrations for various initial nitrate

concentrations.

The domains of fluid and reactor wall were made with triangular mesh. The resultant
temperature profile from various sizes of meshes showed a similar result with minimum
error. Hence, for the mesh size of maximum of 1 mm to minimum size of 0.001 mm was

chosen for modeling to minimize computational time.

5.12 Model Development
The model is validated for the experimental data generated in the SBR for different initial

concentrations. The rate constants determined from the laboratory experiments for initial
concentration of 3000 mg L™ were used for all concentrations. The validated model can
be used for scaling up the reactor for denitrification of high strength nitrates or for

predicting the concentration profiles.
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Table 5.9 Details of different mesh sizes

S. | Description Coarse Normal Fine Extra | Extremely User-
No Fine fine defined
p | Maximum 16 10.7 8.48 3.2 16 1
Element
size(mm)
Minimum
2 element 0.32 0.048 0.048 0.012 0.003 0.001
size(mm)
3 Domain-1 | Triangular | Triangular | Triangular Triangular | Triangular
4 | Domain-2 | Triangular | Triangular | Triangular Triangular | Triangular
5 | Curvature 0.4 0.3 0.3 0.25 0.2 0.2
factor
Resolution
6 | of narrow 1 1 1 1 1
region
7 | Distribution | Geometry | Geometry | Geometry Geometry | Geometry
method sequence | sequence sequence sequence | sequence
8 ) No (_3f 1000 1000 1000 1000 1000
iteration

158




5.13 Validation of Concentration Profile in the Bioreactor

Modeling of the bioreactor is carried with the following inputs

1. Volume of the reactor

2. Mode of operation

3. Initial condition

4. Enthalpy of reaction

5. Molar mass of different species

6. Thermo-physical properties

7. Rate constants.
Temperature profile in the reactor is modeled by Heat transfer analysis and input for this
model was calculated from the result obtained from the chemical species transport model.
The main input for the model is that of heat of reaction calculated from the volumetric

heat source (W/m?®).

The model is also validated for various nitrate concentrations. It is compared with the
experimentally measured concentrations from 3000 to 12000 mg L™ nitrate and it is
shown in Fig. 5.10 and Fig. 5.11 for nitrate and nitrite decomposition for various initial

nitrate concentration in the bioreactor.

The predicted concentration profiles for initial nitrate concentrations of 3000 to
12000 mg L™ are in good agreement with experimental results. The deviations in the
results which are around 10% at higher concentration (>9000 mg L™) and 15% deviation
for lower concentration (<6000 mgL™). Time duration for various initial nitrate
concentrations were predicted from the modeling and it is shown in the following

Table 5.10 and Table 5.11.
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— COMSOL 3000 mg L!
— COMSOL 6000 mg L™
—— COMSOL 9000 mg L™
~ COMSOL 12000 mg L™

Exp 3000 mg L~
Exp 6000 mg L™
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Exp 12000 mg L™
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Hours

30 35 4.0

Fig. 5.10 Validation of model for Nitrate Concentration profile

Table 5.10Time for nitrate degradation for different initial nitrate concentrations

. . Time duration by Time duration
Initial Nitrate .
(mg LY Experiments (h) by model (h)
(Nitrate degradation) (Nitrate degradation)
3000 0.5 0.7
6000 0.8 1.2
9000 2 1.8
12000 2.5 2.4
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COMSOL 3000 mg L™
COMSOL 6000 mg L™
COMSOL 9000 mg L
COMSOL 12000 mg L™
Exp 3000 mg L™’

Exp 6000 mg L™

Exp 8000 mg L™

Exp 12000 mg L™

Hours

Fig. 5.11 Validation of model for Nitrite Concentration profile

Table 5.11Time for nitrite degradation for different initial nitrate concentrations

Time duration by

Time duration by

Peak nitrite

Initial Nitrate Experiments (h) o concentration (mg L™)
) o model (h) (Nitrite
(mg L™ (Nitrite degr(ad)a(tion) Model and Exp
degradation)
3000 1.2 1.4 42 28
6000 2.8 2.9 90 78
9000 4.4 4.3 133 130
12000 55 5.7 182 190
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5.14 Temperature Profile in a Bioreactor during Bio-denitrification
Temperature profile in the reactor is of main interest in modeling because bio reactions

are highly sensitive to temperature. The rate of reaction of bio-denitrification falls when
the temperature of the reacting species increases and the reaction may not sustain at high
temperatures. The recommended temperature for bio-denitrification reaction is about 30
to 37 °C [101]. The maximum temperature achieved in the bioreactor in the present work

is 45 °C for 12000 mg L™.

Temperature distribution in the bio-reactor for initial nitrate concentrations of 3000 mg L
! to 12000 mg L'was simulated at transient conditions for 8 h operation. The resultant
output from the heat transfer analysis was compared with the experimentally determined

temperature distribution for 3000 to 12000 mg L™ in the bioreactor.
The following are the inputs for the model for heat transfer analysis

Outside fluid is considered as Air

Convective heat transfer at the surface of the reactor
Conduction heat transfer across the wall

Convective heat transfer inside the fluid

o > 0D E

Convective heat transfer coefficient (8 W/m?/K).

Temperature distribution for various concentrations was simulated in the model and
shown in Fig. 5.12 to Fig. 5.15. Starting/initial temperature (304.8 K) of the bioreactor
and ambient temperatures (305 K) were kept constant in the model, where as
starting/initial temperature of the bioreactor is different for different days and ambient
temperature also varies during the cycle. Due these reasons, there is a difference in the
temperature measured by the RTD from the predicted by the model as shown in the

validation.
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Temperature (deg C)

3000 ppm Nitrate concentratioon in Bioreactor
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41t 1
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Time (h)

Fig. 5.12 Temperature distributions 3000 mg L™ of nitrate
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Temperature (deg C)

Temperature (deg C)

6000 ppm Nitrate concentratioon in Bioreactor

45

44
43+
42 -
41+
40+
39t
38t
37t
36+
35¢
34+
33t
32
31y
30

— Temp., profile for 6000 mg/L initial Nitrate |

0]

2 3 4 5 6 7 8

Time (h)

Fig. 5.13 Temperature distributions for 6000 mg L™ of nitrate

9000 ppm Nitrate concentratioon in Bioreactor

45

44 ¢
43+
42 ¢
41+
40+
39t
38t
37+
36+
35¢
34+
33¢

32

31¢

— Temp., profile for 2000 mg/L initial Nitrate |-

30
0

2 3 4 5 & 7 8

Time (h)

Fig. 5.14 Temperature distributions for 9000 mg L™ of nitrate
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12000 ppm Nitrate concentratioon in Bioreactor
45 T T T T T T T

44
43|
42
41t
40+
39t
38t
37}
36!
350
341
33t
32
31t :
30

Temperature (deg C)

0 1 2 3 4 5 6 7 8
Time (h)

Fig. 5.15 Temperature distributions in the bioreactor for 12000 mg L™ of nitrate

5.15 Temperature Profile in 2D Format
Temperature distribution in the reactor was simulated for nitrate concentration of

12000 mg L™ using the heat transfer simulation option and shown in 2D format in

Fig. 5.16 to Fig. 5.24.
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Time=0 h
Temp profile for 12000 mg/L as initial nitrate in Bioreactor

80+ | A 319

701 1 —31.9
60! ]

50+ 1
40+ 1
30+ 1
20+ 1
10+ 1
O L 4
-101+ |
20+ |
=30+ ]
40+ |
-50 | ]
60} ]
-70+ ]
80!

. . . 31.8
-50 0 50 V¥ 31.8

Fig. 5.16 Temperature in the bioreactor at 0 h
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Time=1 h

%

Temp profile for 12000 mg/L as initial nitrate in Bioreactor

80+
70t
60
50+
40
30+
20+
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0 L
-10+
=20k
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40}
-50}
60+

| A 35.1

35
i 34.8
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34.4

34.2

i 33.8

. 33.6

-50 0 50 V¥ 33.4

Fig. 5.17 Temperature in the bioreactor at 1 h operation
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Time=2 h

vy

Temp profile for 12000 mg/L as initial nitrate in Bioreactor

80+
70+
60+
50+
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20+
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Fig. 5.18 Temperature in the bioreactor at 2 h of operation
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Time=3 h

Temp profile for 12000 mg/L as initial Nitrate in Bioreactor

80+
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250 0 50 v 37.1

Fig. 5.19 Temperature in the bioreactor at 3 h of operation
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Time=4 h

Temp profile for 12000 mg/L as initial Nitrate in Bioreactor
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Fig. 5.20 Temperature in the bioreactor at 4 h of operation
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Time=5 h

Temp profile for 12000 mg/L as initial Nitrate in Bioreactor
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Fig. 5.21 Temperature in the bioreactor at 5 h of operation
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Time=6 h
Temp profile for 12000 mg/L as initial Nitrate in Bioreactor

50| ' : ' | A 49.4
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Fig. 5.22 Temperature in the bioreactor at 6 h of operation
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Time=7 h
Temp profile for 12000 mg/L as initial Nitrate in Bioreactor

50| ' ' ' | A 47.4
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Fig. 5.23 Temperature in the bioreactor at 7 h of operation
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Time=8 h
Temp profile for 12000 mg/L as initial Nitrate in Bioreactor

] A 45.6

80+
70+
60+
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Fig. 5.24 Temperature in the bioreactor at 8 h of operation

The simulation results for the temperature distribution is shown in 2D format in Fig. 5.16
to Fig. 5.24 for 12000 mg L™ in a bioreactor. There is no color change at initial condition
and temperature increases with respect to time and reaches to 44.8°C at 5.6 hour.
Temperature in the reactor reduces after 5.6 hour and approaches to ambient condition

due to heat loss modeled in the reactor.

5.16 Validation of the model with experimentally determined temperature profiles
Using the model, nitrate concentration and temperature profiles in the bioreactor were

generated for initial nitrate concentrations. Model predictions and experimental results

for different concentration are shown in Fig. 5.25.
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w
=}
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Fig. 5.25 Validation of the model for temperature profiles

It can be seen from the validation that the model could predict the temperatures for all
the nitrate concentrations studied within + 5%. The error was maximum for the initial
concentration of 12,000 mg L™. For 12000 mg L™, the maximum temperature predicted

by the model is 44.1 C and experimental value was 43.57 C.

The comparative results from the model and the experimental values for various

concentrations are shown in Table 5.12.
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Table 5.12Comparison of Model results with experimental values

oarameter 3000 6000 9000 12000

mg L™ mg L™ mg L™ mg L™
Time for Exp 1.2 2.8 4.4 55
denitrification |\ 4e) 1.2 2.6 43 57
Peak Temp Exp 35.06 39.08 433 4357
°C Model | 35.35 39.57 42.66 44.1

5.17 Estimation of Un-Measurable Parameter from the Model

The extensive parameters such as heat flux, temperature gradient and heat transfer

coefficient that are not measurable, can be evaluated from the model. These are useful for

scaling-up

the reactor for higher strength nitrate. The heat flux variation for 3000 to

12000 mg L™ as initial nitrate concentration at transient condition was computed from the

model and shown in the Table 5.13 and presented in Fig. 5.26 for 6000 mg L™ pictorial

form.
Table 5.13Heat flux variation for various concentrations
Time | Heat Fqu(W/nf) Heat Flux (W/njlz) Flux(\l;l\f/?rtﬁ) for (w;;zljlgoxr
(h) | for3000 mgL for 6000 mg L 9000 mg L™ 12000 mg L™
0 0.16 0.13 0.13 0.47
0.25 14.8 14.8 14.8 15.1
0.5 19 19.1 19.1 19.3
0.75 25.7 22.9 22.9 23.2
1 30.9 26.6 26.6 26.9
1.25 35.9 32.4 30.2 30.5
1.5 33.1 37.5 33.7 34
1.75 31.1 32.3 38.7 37.3
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2 30.1 46.9 43.8 40.4
2.25 29.1 51.4 48.4 43.7
2.5 28.2 55.8 52.8 49.7
2.75 27.3 60 57.1 54.1

3 26.5 55.1 61.3 58.4
3.25 25.7 53 65.4 62.5
3.5 24.9 51.3 69.3 66.4
3.75 241 49.6 73.1 70.3

4 23.4 48.1 76.8 74.1
4.25 22.7 46.6 80.3 77.8
4.5 22 45.2 72.1 81.4
4.75 21.4 43.8 69.8 84.8

5 20.7 42.5 67.6 88.2
5.25 20.1 41.2 65.5 91.4
5.5 19.5 39.9 63.5 945
5.75 18.9 38.8 61.6 97.6

6 18.3 37.6 59.6 88.4
6.25 17.7 36.4 57.9 85.5
6.5 17.2 35.3 56.1 82.8
6.75 16.6 34.2 54.4 80.3

7 16.1 33.2 52.8 7T
7.25 15.6 32.1 51.2 75.4
7.5 15.1 311 49.6 73.1
7.75 14.6 30.1 48.2 70.9

8 14.2 29.2 46.7 68.8

The heat flux variation for 6000 mg L™ is shown in Fig. 5.26. The maximum heat flux

observed is 97.6 W/m?* @ 5.75 hour for 12000 mg L™. Heat flux varied with time and
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reached a maximum when all the nitrate got consumed and it is varies with initial

concentrations of the reactor.

Max Total heat flux for 6000 mg/L as Nitrate in Bioreactor

20 ' ' ' 1 A 58.6
80| .
70t | m58.6
50 1 H49.6
40t 1 H46.6
30! 1 436
20| | 1377
10} 1 +134.7
Of 1 +{31.7
101 1 128.7
20+t - 25.7
|
-407¢ 1 H16.7
-50 1 =13.7
60t 1 m™10.7
7ol | 047
-80+ 1 O*
90t . . . | Ho0.25
-50 0 50 ¥ 0.25

Fig. 5.26 Total Heat flux variation in X-direction for 6000 mg L™ as initial nitrate

5.18 Temperature Profile in Reactor at Radial Direction
Radial temperature distribution, shown in Fig.5.27 and Fig.5.28 for nitrate

concentrations of 3000 mg L™ and 6000 mg L, is uniform and flat at initial condition.
When nitrate is added to the bioreactor, reaction starts and temperature in the reactor
increases because of the exothermic reaction. Heat loss occurs from reactor to the

ambient air. Reactor temperature decreases after completion of denitrification. The peak
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temperature for each concentration varies depending on the initial nitrate concentration in

the reactor.

Radial Temp distribution for 3000 mg/L in Bioreactor

37

36.5¢

36

35.5¢

35+

34.5¢

34+

33.5¢

Temperature (degC)

33+

32.5¢ 1

32| ]
0 20 40 60 80 100 120 140 160
Arc length

Fig. 5.27 Temperature distribution across the bioreactor for 3000 mg L™ as initial
nitrate

The above simulated values from the model were compared with the experimental values
obtained during bio-denitrification for various nitrate concentration and results are shown

in the Table 5.14.
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Radial Temp distribution for 6000 mg/L in Bioreactor
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Fig. 5.28 Temperature distribution across the bioreactor for 6000 mg L™ as initial

nitrate

Table 5.14Temperature comparison between model and experimental values

Nitrate Model AT by Actual ar f.“’m
concentration oc del oc Experiment

(mg LY (°C) mode (°C) °C)
31.90t0 35.5 31.53t035@

3000 @L4h 35 15h 3.47
31.90t039.1 @ 32.19 to 39.08

6000 5 85 h 7.2 @2.7h 6.89
31.90 to 43.3 33.19 t043.3

9000 @43h 11.46 @4.2h 10.11
31.90 to 44.59 32.21 t0 43.75

12000 @5.75h 12.65 @5.85 h 11.54
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Table 5.14 shows that, AT increases with increase in nitrate concentration. The difference
between the model and experimental value is due to the certain assumptions made in the
model. The predicted temperatures are in good agreement with experimental values.
Denitrification follows zero order kinetics, the time required for denitrification of
various initial nitrate concentrations can be estimated in lab scale and this data can be
used to simulate industrial scale results.

Operation of high nitrate strength bearing wastes results in higher reactor temperatures
because of large amount of heat energy evolved due to exothermic reaction. External
cooling can be used for controlling the temperature in the bioreactor. Bioreactor

modeling is useful to upgrade the reactor to industrial scale.
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6 SUMMARY AND FUTURE DIRECTIONS

6.1 Summary
Sequencing batch reactors were used for cultivating denitrifying granular biomass to treat

high strength nitrate wastewaters.

Compact denitrifying granular sludge capable of denitrification of up to 2710 mg L™NOs-
N at different C/N ratios was developed in sequencing batch reactor (SBR), using acetate
as carbon source. Complete denitrification was observed at C/N ratios of 1.5, 2 and 3.
Nitrite accumulation was observed at all three C/N ratios tested. The specific
denitrification rates observed were 2 - 3 times higher than those reported for similar
studies on high strength denitrification. Kinetic study revealed that nitrate and nitrite
denitrification rates were of zero order. The study shows that C/N ratio of 1.5 is optimum
for efficient and stable denitrification, as denitrification times and peak nitrite
concentrations were lowest for this C/N ratio. As this C/N ratio 1.5 is low compared to
the optimum C/N ratios reported by many other researchers, the treatment scheme
investigated in the present study using granular biomass in SBRs is highly cost effective.

Denitrifying granular sludge cultivated in SBR exhibited efficient and stable
denitrification during long-term operation. Complete denitrification of feed nitrate-N up
to 5420 mg L™ was achieved with effluent nitrate-N and nitrite-N levels below 10 mg L™
The granular sludge formed under denitrifying conditions possessed compact
microstructure and diverse microbial community. When the denitrifying granular sludge,
cultivated with a C/N ratio of 3, was abruptly fed with high strength nitrate at a lower

C/N ratio of 2, complete denitrification could not be achieved. Acclimatization of the
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granular sludge by increasing the feed nitrate concentration in steps, at a given C/N ratio,
appears to be essential to achieve complete and stable denitrification of high strength
nitrates. High strength denitrification involves nitrite accumulation and therefore,
selection of nitrite tolerant strains through adaptation and enrichment of the denitrifying

community is a prerequisite.

Denitrifying granules capable of complete denitrification of 1355 mg L™*NO3-N in the
feed at pH 4 and pH 5 were cultivated in a 3 liter SBR. Complete denitrification of feed
with pH 4 and pH 5 was successfully achieved by in situ neutralization caused by the
biologically generated alkalinity and adaptation of microbial community. Whereas batch
experiments showed that pH 4 and pH 5 were inhibitory to denitrification of high strength
nitrate. Denitrifying granules were colonized by rod and coccus shaped microorganisms
when fed with nitrate waste at pH 7.5 and pH 4, respectively. The denitrification
performance in bench scale SBR shows the practical utility of internal recycling of

biologically generated alkalinity for neutralization and treatment of acidic nitrate waters.

Compact denitrifying granular biomass capable of denitrification of up to 2710 mg L™
NO3-N at both C/N ratios was developed in a continuous stirred tank reactor. The
denitrification was complete and stable during long term operation for both C/N ratios
without any accumulation of nitrite. The study shows that C/N ratio of 1.5 is optimum for
efficient and stable denitrification, as complete utilization of acetate was observed and
further treatment of effluent for removal of excess carbon is not required. Complete
denitrification up to 4742 mg L™* NOs-N was achieved in EGSBR with a hydraulic

residence time of 16 h.
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When experiments were conducted to see the effect of temperature on denitrification,
complete denitrification was observed at all temperatures. Denitrifying granular biomass
capable of denitrification of 1355 mg L™* NOs-N at different temperatures (20-40 °C) was
developed in SBR operated with 24 h cycle period and 50% volume exchange ratio.
Nitrite accumulation for the indicated C/N ratios at all temperatures (20-40 °C) was
observed. Specific denitrification rates were found to be increasing with increase in
temperature. Kinetic study revealed that nitrate and nitrite denitrification rates were found
to be zero order. The experimental study showed that temperature range 35-40 °C is

optimum for efficient denitrification.

Compact denitrifying granular biomass capable of efficient denitrification of up to
9484 mg L™ NOs-N was developed in SBR operated with 24 h cycle period and 50%
volumetric exchange ratio. Microscopy showed that compact granular sludge was
composed of cocci and rod shaped cells enmeshed in a matrix. PCR-DGGE revealed a
major shift and formation of stable microbial community during denitrification. Nitrite
accumulation of up to 85% of initial nitrate was observed. High specific denitrification
rates observed were 2 - 3 times higher than those reported in the literature for activated
sludge systems. The study indicated that granular sludge sequencing batch reactors could
be effectively employed for treatment of high strength nitrate wastes of industrial origin,
at low C/N ratios with fast kinetics and are inherently immune to the problems caused by

nitrite accumulation.

Formation of denitrifying granular biomass capable of complete denitrification of up to
5420 mg L™ NOs-N was demonstrated in a 24 L volume semi pilot scale sequencing

batch reactor. Microscopy showed that compact denitrifying granules were colonized by
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cocci and rod shaped microorganisms. Successful denitrification of up to 5420 mg L™
NOs-N in the feed was achieved at C/N ratio of 1.5 in semi pilot reactor. The
experimental data generated in this work showed possibilities for scaling up of granular
sludge sequencing batch reactors for treating large quantities of high strength nitrate

wastewaters.

6.2 Future directions

The current study demonstrated denitrification for initial nitrate concentrations of

9484 mg L NOs-N, but the effluents from nuclear industry are 4 to 5 times higher.

Therefore, a set of strategies need to be developed to treat higher concentrations.

The effect of temperature on denitrification was studied up to 40 °C. Denitrification rates
were found to be declining at temperatures above 40 °C. The effect of temperature on

denitrification up to 50 °C can be studied.

Present study showed that acidic effluents up to pH 4 can be treated using acclimatization
strategy. In view of the fact that pH of industrial effluents may be as low as 2, studies
may be planned for effluents with pH lower than 4. In the current denitrification studies,
C/N ratio of 1.5 was the lowest. Further reduction in C/N ratio can be studied to reduce

the cost of denitrification.

Bio-augmentation strategy can be adopted to increase nitrite reductase to reduce overall
denitrification time as nitrite reduction was found to be higher than that of nitrate
reduction. EGSBRs were employed to denitrify the nitrate concentrations up to
4742 mg L™ NOs-N with HRT 16 h. This leaves scope for finding ways to increase

nitrate concentrations and reduce HRT.
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Denitrification at semi pilot scale (24 L reactor) demonstrated good results suggesting a
good case for carrying out studies at Pilot scale handling larger volumes. All the
denitrification studies demonstrated were with synthetic wastewaters, suggesting a need

to demonstrate denitrification with actual industrial wastewaters.
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