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Abstract:
Many sources of water, especially in areas of intensive agriculture, contain intolerable levels of nitrate
concentrations. Applications of biofilms for denitrification purposes has been recommended in the
waste - water and drinking water industries. Normally, denitrification refers to the biological process
by which microorganisms oxidize a carbon source to CO2 while reducing NO3 to N2 in a 2-3 step
biological process. Problems of environmental contamination due to the use of organic carbon sources
lead to the suggestions to use H2 in denitrifying biofilm systems. Application of electrochemistry in
conjunction with biofilm for denitrification is a relatively recent development. Microorganisms can use
the electrolytically produced H2 to reduce NO3 to N2. The research presented in this thesis addresses
the application of electrochemical principles to enhance the biological denitrification process. As
hydroxide is produced in the denitrification process, there is an inevitable increase in pH. Biofilm
activity at various pH was studied under the experimental conditions; biological activity was observed
even at pH as high as 13, though loss in biological activity was observed at pH 12 and above. The
possibility of a direct electrochemical reduction of nitrate along with the biological denitrification was
explored and verified to gain a valuable insight into the mechanism of this process. Microsensors for
specific ions (NO3' NH4+, pH) and H2 were developed and used for the measurement of the respective
species in the biofilm. Results show that apart from the direct electrochemical reduction of nitrate, a
fairly large portion of electric current was used for electrolysis of water to produce H2 which was
utilized by the biofilm. The measured net denitrification rates are in qualitative agreement with the
mathematical model of biological denitrification available in the literature. A descriptive model based
on the hypothesis of a direct electrochemical reduction of nitrate is proposed. Technical feasibility of
electrochemically enhanced biological reduction of nitrate is experimentally verified and
demonstrated. 



AN ELECTROCHEMICALLY ENHANCED DENITRIFICATION

PROCESS USING BIOFILMS

by

Vijay K Tripathi

A thesis submitted in partial fulfillment 
of the requirements for the degree

' of

■ Master of Science 

in

Chemical Engineering

MONTANA STATE UNIVERSITY-BOZEMAN 

Bozeman, Montana

April 1997



ii

APPROVAL

of a thesis submitted by 

Vijay K Tripathi

This thesis has been read by each member of the thesis committee and 

has been found to be satisfactory regarding content, English usage, format, 

citations, bibliographic style, and consistency, and is ready for submission to 

the College of Graduate Studies.

yW l J i  m?
Date3 ’

Date

•  AU- ____ _
hairperson, Graduate Committee

CO-Chalrperson, Graduate Committee

Approved for the Major Department

Date

Approved for the College of Graduate Studies

y/A/^7__________
Date Graduate Dean



i i i

STATEMENT OF PERMISSION TO USE

In presenting this thesis in partial fulfillment of the requirements for a 

master’s degree at Montana State University, I agree that the Library shall 

make it available to borrowers under rules of the Library.

If I have indicated my intention to copyright this thesis by including a 

copyright notice page, copying is allowable only for scholarly purposes, 

consistent with “fair use” as prescribed in the U S. Copyright Law. Requests for 

permission for extended quotation from or reproduction of this thesis in whole 

or in parts may be granted only by the copyright holder.



iv

ACKNOWLEDGMENTS

I would like to express my sincere gratitude to my research advisor Dr. 

Zbigniew Lewandowski for his guidance and support. I am indebted to my 

academic advisor Dr. John T. Sears for his help, advice and encouragement 

throughout the course of my stay. I am thankful to Dr. Frank Roe for stimulating 

discussions and suggestions while serving on my graduate committee as 

graduate representative. I would also like to thank Dr. Max Deibert for serving 

as my thesis committee member.

Special thanks are due to John Neuman, Peg Dirckx, Jeralyn Brodowy, 

Shelley Thomas and Shiela Fenlason for their timely help. Last, but not the 

least, I would like to thank the staff of the Center for Biofilm Engineering and 

the Department of Chemical Engineering ' and my colleagues for their 

continuous support and encouragement.



V

TABLE OF CONTENTS

LIST OF TABLES viii

LIST OF FIGURES x

ABSTRACT xiii

1. INTRODUCTION 1

2. THEORY 8

Denitrification 8

Biofilms 17

Electrochemically enhanced denitrification process 19

Microsensors 28

3. MATERIALS AND METHODS 33

Experimental plan 33

Reactor design 36

Construction of microsensors 40

Polarography and cyclic voltammetry 50

Electrochemical reduction of nitrate: no biofilm 52

Denitrifying biofilm growth procedure 54

Biological denitrification: no electrolytic electron source 57

Electrochemically enhanced denitrification 58

Denitrification process: measurement of hydrogen utilization 59



vi

Effect of pH on denitrification rate 59

4. RESULTS 61

Polarography and cyclic voltammetry 61

Electrochemical reduction of nitrate in batch mode: no biofilm 66

Biological denitrification: no electrolytic electron source 72

Denitrification in presence of both current and biofilm in

batch mode 74

Electrochemical reduction of nitrate in open channel flow

mode: no biofilm 81

Denitrification in presence of both current and biofilm in open

channel flow mode 88

Estimation of denitrification rate based on hydrogen

utilization in the biofilm 97

Effect of pH on the-denitrification process .106

5. DISCUSSIONS 118

Directelectrochemical nitrate reduction 119

A sudden drop imthe rate of nitrate reduction after 35 - 40 

hours of batch operation 120

Enhancement in the denitrification rate 127

Mass balance and consistency in the experimental results 127

Similarities and differences with Sakakibara et al. [42] 131



Effect of pH 136

Description of the model , . 141

6. CONCLUSIONS 143

7. SUGGESTIONS FOR FUTURE RESEARCH 148

APPENDICES 150

Appendix A: Specifications of materials 151

Appendix B: pH analysis of denitrification process for the side 

reaction of water electrolysis in presence of electric 

current: no biofilm batch mode 157

Appendix C: pH analysis of denitrification process in the 

presence of both biofilm ans electric current: batch mode 160

Appendix D: Mass balance calculations 162

NOMENCLATURE 164

v ii l'

BIBLIOGRAPHY 166



LIST OF TABLES

\

Table Page No.

3.1 Nutrient solution composition 55

3.2 Composition of the dilute nutrient solution in the reactor 55

4.1 Electrochemical denitrification in the absence of biofilm:

batch mode 68

4.2 Electrochemical denitrification in the presence of biofilm:

batch mode 77

4.3 Comparison of electrochemical denitrification in the presence

■ and absence of biofilm: batch mode 78

4.4 Electrochemical denitrification in the absence of biofilm:

open channel flow mode 87

4.5 Electrochemical denitrification in the presence of biofilm: open

channel flow mode 95

4.6 Comparison of electrochemical denitrification in the presence

and absence of biofilm: open channel flow mode: no buffer 96

4.7 Rate of denitrification based on dissolved hydrogen gas profiles:

open channel flow mode 104

4.8 Comparison of electrochemical denitrification in presence and

absence of biofilm: no buffer ^ 105

v iii



. ix

4.9 Rate of denitrification at different pH values in presence of

100 mA current and biofilm: batch mode 114

4.10 Denitrification rates using glucose in the absence of electric

current at different pH values in batch mode 115

5.1 Rate of denitrification: deviation from the absolute mass

balance for different current densities 129

A l Specifications of graphite cathode 151

A2 Specifications of graphite felt 152

AS Specifications of cation exchange membrane 153

A4 Specifications of nitrate ion microsensor 154

AS Specifications of ammonium ion microsensor 155

AG Specifications of pH microsensor 156



LIST OF FIGURES

Figure Page No

1.1 A schematic of the mathematical model proposed by

Sakakibara et al. [42] 4

1.2 Schematic of a complete pathway model of an electroChemically

enhanced denitrification process 6

2.1 Profiles of (A) nitrate and hydrogen, and (B) pH and potential^)

under different electric current fluxes (Sakakibara et al, [42]) 27

2.2 Effect of electric current on net denitrification rate(JN) for different

biofilm thicknesses (Sakakibara et al. [42]) 27

3.1 Experimental plan 35

3.2 Schematic of a dual purpose reactor designed for the growth

of denitrifying biofilm as well as for electrochemical experiments 37

3.3 Schematic diagram of the experimental set up for growing biofilm 39

3.4 . Schematic of a typical ion-selective microsensor 44

3.5 Schematic of a hydrogen sensing microsensor 49

4.1 Potentiodynamic studies at various nitrate concentrations 62

4.2 Cyclic voltammetry 65
I

4.3 Electrochemical reduction of nitrate in batch mode: no biofilm 67



xi

4.4 pH increase in bulk solution with time during electrochemical

reduction of nitrate in batch mode 71

4.5 Endogenous respiration behavior of biofilm studied in batch

mode: no current, no electrolytic electron source 73

4.6 Denitrification in the presence of both current and biofilm:

batch mode 75

4.7 Comparison of rate of nitrate reductionwith and without biofilm:

batch mode 76

4.8 pH increase in bulk solution with time during denitrification 

process in batch mode in the presence of both biofilm and

electric current 79

4.9 Nitrate profiles in the diffusion layer during electrochemical

reduction in open flow mode 82

4.10 Nitrate profiles in biofilm in open flow mode 89

4.11 Hydrogen profiles in biofilm 99

4.12 pH profiles in biofilm in presence of an electric current 107

4.13 Denitrification at different pH values in the

presence of 100 mA current: batch mode 113

4.14 Denitrification at different pH values in the presence of glucose

and no current: batch mode 116

5.1 A schematic of double layer at the electrode-solution interface 121



xi'i

5.2 The potential Vs time curve for batch operation at 100 mA

current supply 126

5.3 Net denitrification rate in batch mode compared with that 

predicted by the mathematical model given by

Sakakibara et al. [42]. 132

5.4 Profile of nitrate in biofilm compared with that given by

Sakakibara et al. [42]. 134

5.5 H2 profile in biofilm compared with that given by

Sakakibara et al. [42]. 135

5.6 pH profile in biofilm compared with that given by

Sakakibara et al. [42]. 138

5.7 Denitrification rates at different pH values 140

5.8 The model for electrochemically enhanced denitrification process 142



x iii

ABSTRACT

Many sources of water, especially in areas of intensive agriculture, 
contain intolerable levels of nitrate concentrations. Applications of biofilms for 
denitrification purposes has been recommended in the waste - water and 
drinking water industries. Normally, denitrification refers to the biological 
process by which microorganisms oxidize a carbon source to CO2 while 
reducing N O 3 "  to N2 in a 2-3 step biological process. Problems of environmental 
contamination due to the use of organic carbon sources lead to the suggestions 
to use H2 in denitrifying biofilm systems. Application of electrochemistry in 
conjunction with biofilm for denitrification is a relatively recent development. 
Microorganisms can use the electrolytically produced H2 to reduce NO3" to N2. 
The research presented in this thesis addresses the application of 
electrochemical principles to enhance the biological denitrification process. As 
hydroxide is produced in the denitrification process, there is an inevitable 
increase in pH. Biofilm activity at various pH was studied under the 
experimental conditions; biological activity was observed even at pH as high as 
13, though loss in biological activity was observed at pH 12 and above. The 
possibility of a direct electrochemical reduction of nitrate along with the 
biological denitrification was explored and verified to gain a valuable insight into 
the mechanism of this process.. Microsensors for specific ions (NO3", NH4+, pH) 
and H2 were developed and used for the measurement of the respective 
species in the biofilm. Results show that apart from the direct electrochemical 
reduction of nitrate, a fairly large portion of electric current was used for 
electrolysis of water to produce H2 which was utilized by the biofilm. The 
measured net denitrification rates are in qualitative agreement with the 
mathematical model of biological denitrification available in the literature. A 
descriptive model based on the hypothesis of a direct electrochemical reduction 
of nitrate is proposed. Technical feasibility of electrochemically enhanced 
biological reduction of nitrate is experimentally verified and demonstrated.
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CHAPTER 1 

INTRODUCTION

Denitrification refers to the biological process by which microorganisms 

oxidize a carbon source to CO2 while reducing NO3" to N2 in a 2-3 step 

biological process. The problems of environmental contamination for a 

denitrification process in which carbon sources such as ethanol or acetate are 

added to water are undesirable. It is therefore of interest to seek , a 

denitrification process that does not require addition of a carbon source. A 

solution to this problem is the use of hydrogen gas as an electron source for the 

denitrification process.

Denitrifying bacteria are biochemically and taxonomically very diverse. 

Heterotrophs and autotrophs, e.g., paracoccus denitrificans and micrococcus 

denitrificans, respectively, can reduce nitrate to nitrogen gas through the use of 

hydrogen gas as an electron donor.

The reaction proceeds according to:

I 2NO3" + 2H2 2N02‘ + 2H20 (1.1)

Il 2NO2" + SH2 ->N 2 + ZH2O + 20H" (1.2)
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Step I requires 0.14 mg H2Zmg NO2 -N and involves no pH shift. Step Il 

requires one additional mole of H2 per mole of N or 0.21 mg H2Zmg NO2 -N. A 

pH increase results from step II. Various gaseous oxides of nitrogen are 

intermediates of step II. The overall reaction is:

III 2N03" + SH2 N2 + 4H20  + 20H" (1.3)

The overall requirement is 0.35 mg H2Zmg NOs'-N for complete reduction. One 

mole of OH" is released per mole of NO3' reduced [27].

The fact that H2 is inherently clean and only very slightly soluble in water 

(1.6 mgZl at 20°C) makes it an excellent reactant for a biological process to 

denitrify drinking water. The absence of organic carbon requires organisms that 

can assimilate dissolved carbon dioxide as their carbon source from the water. 

Normally, autotrophic organisms are relatively slow growing, which suggests a 

reactor with biofilm retention.

The effectiveness of electrochemical bioreactors to reduce nitrate has 

been experimentally demonstrated using both an immobilized-enzyme reactor 

[33] and a denitrifying biofilm reactor [43]. The overall reaction is:

2NO3" + 2H+ + SH2 N2 + GH2O (1.4)



If hydrogen gas is provided by the electrolysis of water,

H2O + e' 34 H2 + OH' (1.5)

and then rapidly utilized by a microorganism, nitrate can be reduced to nitrogen 

gas.

A denitrification process which is driven and controlled by an electric

current was demonstrated by Sakakibara and Kuroda [43] and a mathematical

model based on this hypothesis was proposed by Sakakibara et al. [42]. In their

system, a denitrifying biofilm was attached to a carbon electrode and the

hydrogen gas produced by the electrolysis of water was utilized for the

reduction of nitrate to nitrogen (see Figure 1.1). Complete denitrification was

achieved in the presence of an electric current. The denitrification rate was

found to be linear function of current over a range of current density. The

reaction at the cathode surface consumes hydrogen ions and produces

hydroxyl ions. Since microorganisms are pH-sensitive, electrochemical 
X

reactions that produce hydrogen gas may result in an undesirable increase in 

pH within the biofilm. Overall, the electric current must be Controlled to optimize 

the mass transfer rates, electrochemical reaction rates and biological reaction 

rates. From the available literature, it appears that a biofilm reactor removes 

nitrate more efficiently than any other process when an electric current
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(electrochemical reaction) is used to produce hydrogen necessary for the 

reduction of nitrate [42, 43].

Figure 1.1 A schematic of the mathematical model proposed by Sakakibara et 

al. [42].

Though hydrogen is an obvious electron donor in a denitrification 

process, the possibility of a parallel direct electron transfer process can not be 

over-looked. Nitrate can be reduced electrochemically by the direct electron 

transfer due to the passage of electric current. This direct electrochemical 

reduction of nitrate during the process may influence the mechanism and 

hence, the kinetics of the denitrifying process. Part of the electrons supplied 

through the electric current may contribute to the direct electrochemical
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reduction and the ' remaining part for producing hydrogen gas through 

electrolysis. Only a limited part of the hydrogen gas, which is soluble in the 

solution, can be consumed by the bacteria as an electron source for the 

reduction of nitrate. Nitrate can be reduced electrochemically through a direct 

electron transfer process given by:

NO3" + SH2O + Se' ^  14 N2 + 6OH." (1.6)

This possibility of a direct electron transfer for the reduction of nitrate 

was the hypothesis of this research work. This hypothesis along with the 

biological reduction of nitrate, is depicted in Figure 1.2 as a complete pathway 

model for the electrochemically enhanced denitrification process.

It is normal to implicitly assume that the pH in the interior of biofilms or 

floes in biological waste water treatment plants is about the same as in the bulk 

liquid. This is however not always the case. Riemer and Harremoes [34] 

showed theoretically that the alkalinity production can create a pH inside the 

biofilm up to 12. Accordingly a difference of two to four pH units between the 

interior of the biofilm and the bulk liquid may result, particularly in case of low 

alkalinity waters..The pH-phenomenon is important in several respects because 

the pH has a significant role in, for example, precipitation processes and 

strongly influences biological reactions, including inhibition.
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-----  Biological pathway as suggested by Sakakibara et al. [42]

----------- Electrochemical route for reduction of nitrate.

Figure 1.2 Schematic of a complete pathway model of an electrochemically 

enhanced denitrification process.

A pH-effect may occur in the denitrifying biofilms caused by the 

production of OH as a result of electrolysis. This pH rise is not desirable. An 

appropriate buffer in enough quantities should be added to nullify the pH rise. 

The pH-profile inside a growing denitrifying biofilm should be measured and 

would help in better understanding of the nature of the denitrifying biofilm and
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the processes involved.

In pure culture, as well as in natural systems, the denitrification rate is 

related to pH, with an optimum in the range of 7.0 to 8.0. Denitrification has 

been shown to occur in wastes up to pH 11 [41]. Due to the pH gradient 

between the biofilm and the bulk, a delayed pH increase can be expected in the 

bulk too.

The research work presented in this thesis is an attempt towards the 

better understanding of the denitrification process under the influence of 

electric current. The question regarding the nature of an enhancement in the 

denitrification rate due to the passage of electric current is addressed. What 

portion of this enhancement is due to the direct electrochemical reduction (if at 

all), and how this influences the mechanism and the path of the denitrification 

reaction were objectives. Based on the results a conceptual complete pathway 

model for the electrochemically enhanced denitrification process is proposed. 

This model focuses on the mechanism of electrochemical electron transfer 

reaction for the reduction of nitrate along with the biological denitrification 

resulting from the donation of electrons by hydrogen. Finally, suggestions are 

made for future studies in this field to refine the knowledge of this process and 

understand the intricacies of the mechanism involved, which may have 

applications in the modification of industrial practices for denitrification.
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CHAPTER 2 

THEORY

Study of denitrification process in presence of electric current requires 

the knowledge of certain areas of microbiology, biofilms, electrochemistry, and 

related technologies. This chapter mainly describes the physiology and. 

microbiology of the denitrifying biofilms, principles of electrochemistry, and 

construction of ion-selective microsensors.

DENITRIFICATION

Introduction to Denitrification process
Nitrate is one of the major ions in natural waters. The . nitrate in

underground and surface water comes from a variety of sources, many of 

which are dependent to some extent on biological activity and so vary between 

regions and time. The main nitrate sources are rainfall, sewage or animal 

excreta, biological fixation in the soil and various agricultural practices. Nitrate 

is the end product of the microbial break-down of the nitrogenous compounds 

in the excreta. It is also released from plant material by microbial action, and so 

an apparently innocuous process, such as ploughing a field of pasture, can 

have major consequences for the nitrate content. The public health standard for 

nitrate in drinking water is set at 10 mg/I N03'-N (0.7 mM) due to its toxicity and
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health effects. When necessity arises denitrification offers a relatively 

inexpensive, natural method for removing unwanted nitrate. Normally, 

denitrification refers to the biological process by which microorganisms oxidize 

a carbon source to carbon dioxide, reducing nitrate to nitrogen.

Denitrification refers to the dissimilatory reduction, by essentially aerobic 

bacteria, of one or both of the ionic nitrogen oxides (nitrate and nitrite) to the 

gaseous oxides (nitric oxide and nitrous oxide), which may themselves be 

further reduced to nitrogen. Nitrogen oxides act as terminal electron acceptors 

in the absence of oxygen. The gaseous nitrogen species are the major 

products of these reductive processes. A dissimilatory reduction of NO3" and 

NO2" may occur, however, in which the major product is ammonia (NH4+). Such 

reactions occur in many of the enterobacteriaceae, bacilli, and Clostridia and 

are reported in soils and marine sediments under very anaerobic conditions. At 

least some of these dissimilatory reductions to ,NH/ can yield small amounts of 

N2O as a minor product. However these reactions are not denitrification in the 

strict sense [25].
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Dissimilatory nitrate metabolism occurs in a series of enzyme catalyzed
/3

reactions similar to the route hypothesized by Fewson & Nicholas [15]:

NO3" -> NO2' NO -> NOH -> NH2OH -> NH3
A

N2O2
N2O

N2

> enzymatic ► non-enzymatic

(2 .1)

The reaction sequence is partially confirmed through the enzymes found 

in denitrifying bacteria: nitrate reductase (NaR)1 nitrite reductase (NiR)1 nitric 

oxide reductase (NOR), nitrous oxide reductase (N2OR)1 hyponitrite reductase 

(not very well established), and hydroxylamine reductase [11], In these 

reactions nitrate is reduced by serving as a hydrogen acceptor. An additional, 

but a relatively small quantity of nitrate is reduced to ammonia in order to 

supply nitrogen for cell synthesis. Typical denitrification genera are 

Pseudomonas sp., Micrococcus sp., Spirillum sp. and Achromobacter sp. In the 

absence of molecular oxygen these organisms use nitrate or nitrite as terminal 

electron acceptors while oxidizing organic matter for energy [28].

Interest in denitrification exists for several reasons. First, it is a major 

mechanism of loss of fertilizer nitrogen resulting in decreased efficiency of 

fertilizer use. Second, it is of great potential application in the removal of 

nitrogen from high-nitrogen waste materials such as animal residues. Third,
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denitrification is an important process contributing N2O to the atmosphere, 

where it is involved in stratospheric reactions which result in the depletion of 

ozone. Fourth, it is a mechanism by which the global nitrogen cycle is balanced.

Denitrifying Bacteria

The following summarizes the taxonomic distribution of bacteria able to 

use nitrogen oxides as electron acceptors in place of oxygen, with the evolution 

of major gaseous products. These bacteria are biochemically and taxonomically 

very diverse. Most are heterotrophs and some utilize one-carbon compounds, 

whereas others grow autotrophically on H2 or CO2 or sulphur compounds. One 

group is photosynthetic. Most possess all of the reductases necessary to 

reduce NO3" to N2, some lack NO3' reductase and are termed NO2" dependent, 

and others lack N2O reductase and thus yield N2O as the terminal product. Still 

other organisms possess N2O reductase but cannot produce N2O from NO3' or 

NO2" [25].

A potential for denitrification exists in most habitats, but there is little 

information available on which groups of organisms are responsible for the 

activities observed in the particular systems. From their frequency of isolation, 

the Pseudomonas and Alcaligenes groups are perhaps of greatest significance.
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Factors Affecting Denitrification

Oxygen

It is generally assumed that the nitrogen oxide reductases are repressed 

by O2 and that, when this gas is removed, even in the absence of the nitric 

oxides, the reductase enzymes are derepressed within a period of 40 minutes 

to 3 hours. It is noteworthy that gradual depletion of oxygen or provision of 

semi-anaerobic conditions appears to allow normal synthesis of at least the 

DNaR (dissimilatory nitrate reductase), whereas a rapid shift to anaerobiosis by 

sparging with helium apparently does not. Stouthamer [44] suggested that the 

repression or derepression of the DNaR may be controlled by the redox state of 

components of the electron transport chain. Although there is little direct 

evidence supporting this idea, it is consistent with the action of azide as a 

gratuitous inducer, causing the development of four times the NaR (nitrate 

reductase) activity shown by an anaerobic culture exposed to NO3'. (NiR) Nitrite 

reductase requires somewhat longer for derepression than does the NaR. 

Furthermore, it is more strongly repressed by O2 than is the NaR. N2OR (nitrous 

oxide reductase) is derepressed in the absence of oxygen, but there is no 

information available on the concentration of O2 which controls the repression- 

derepression threshold of this enzyme [8].

Preformed reductases in whole cells are immediately or gradually
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inactivated by O2, possibly due to competition for electrons rather than to an 

inactivation of the enzyme itself by O2. Membrane vesicles of Paracoccus 

dehitrificans were reported to use both O2 and NO3" simultaneously but the 

reason for that is not apparent. The penetration of O2 into the biofilm increases 

by photosynthetic O2 production when the biofilm is illuminated. Denitrification 

is at least partially inhibited by high O2 concentrations and illumination should 

thus have a significant effect on the denitrifying activity of the biofilm.

Organic Carbon

The availability of electrons in organic carbon compounds is one of the 

most important factors controlling the activity of the heterotrophs which 

comprise the bulk of denitrifiers. Interestingly, different organic compounds 

which support equal rates of denitrification may nevertheless give different mole 

fractions of N2O in the gaseous products, suggesting that they may exert 

differential effects.on the reductases involved. Under some conditions, there is 

no effect of organic carbon addition, indicating that this factor is not rate 

limiting. Furthermore, with abundant carbon and complete anaerobiosis, 

reduction proceeds significantly towards NH41" rather than the gaseous products 

[25].
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In pure culture, as well as in natural systems, the denitrification rate is 

dependent on pH, with an optimum in the range of 7.0 to 8.0. It has been 

reported that denitrification may occur in wastes up to pH 11 [41]. At low pH 

values, the nitrogen oxide reductases, especially that which reduces N2O, are 

progressively inhibited such that the overall denitrification rate decreases but 

the mole fraction of N2O produced increases, and at pH 4.0 N2O may be the 

major product. Thus, it appears that both decreasing pH and increasing O2 

concentration tend to decrease the overall denitrification rate, at the same time 

increasing the proportion of N2O in the products evolved [6],

Interpretation of denitrification processes at low pH values is complicated 

because of the simultaneous occurrences of abiological reactions of NO2' which 

yield one or more of the gaseous products NO, N2O, and N2. These reactions 

are best studied in soil systems.

Temperature

Most of the studies of the effect of temperature on denitrification have 

been carried out with soil in which there appears to be a marked temperature 

dependence. This is in contrast to aquatic sediments in which surprisingly little 

variation of rate with temperature is reported. .
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For applications in waste water treatment the denitrification process 

must operate over a wide range of temperatures. The variation in denitrification 

rate, expressed in terms of the various temperatures employed, were given by 

Sutton [46]. It is well known that the relationship between the specific reaction 

rate and the temperature is, in case of the enzyme catalyzed reactions, linear 

only in relatively narrow range. It is evident that the reaction proceeds 

according to the van’t Hoff rule.

Inhibitors

The reductases involved in denitrification are susceptible to inhibition by 

a variety of compounds. The mechanism of action is not clear for any of the 

inhibitors many of which exert metabolic effects other than those on specific 

reductases involved in denitrification. Sulfides appears to inhibit specifically the 

reduction of NO and N2O and is probably responsible for the accumulation of 

these gases reported in certain sulfidic marine sediments [25].

Denitrification in Aquatic Systems

Oxygen-depleted regions of the oceans are frequently associated with 

the particular distributions of the nitrogen oxides. In both marine and freshwater 

systems, the depletion of O2 below about 0.2 mg/liter favors the occurrence of
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denitrification, which proceeds until the nitrogen oxide concentrations are very 

low, for example NO3' below 10 jug of N/liter. A high potential for denitrification 

may exist even though the countable denitrifying bacteria are not more than 

100 per ml [9].

Considerable interest has developed in the removal of nitrogen from 

organic and high-nitrate wastewaters, to reduce the contamination and 

eutrophication of receiving waters. For the large scale treatment of municipal or 

other wastes, more sophisticated processes are used, involving either 

suspended cultures or attached biofilm cultures, or a combination of both 

methods.

Limitations in the knowledge of denitrification process

Methodological inadequacies continue to dog those who study the 

occurrence of denitrification outside the laboratory. ‘ Despite some 

improvements in methods, the quantitation of denitrification in natural and 

manipulated terrestrial and aquatic systems remains a goal. The bacteria 

largely responsible for denitrification in aquatic systems are still virtually 

unknown. A potential for the practical management of denitrification clearly 

exists. This is being exploited in various waste treatment processes for nitrogen 

removal in which denitrification is promoted in specially designed reactors [11.]. 

However, the universal application of denitrification in the tertiary treatment of
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municipal wastes is still a considerable way off. Agricultural management of

denitrification to reduce nitrogen losses is at present dependent on the 
•»

manipulation of soil conditions in such a way as to inhibit denitrification. 

However, with greater understanding of the basic mechanisms involved, it may 

yet become possible to promote the dissimilatory reduction of the ionic nitrogen 

oxides to ammonia rather than to the gaseous products which are otherwise 

lost to the atmosphere.

BIOFILMS 

■ Definition
Microbial cells attach firmly to any surface submerged in an aquatic 

environment. The immobilized cells grow, reproduce, and produce extracellular 

polymers which provide structure to the assemblage termed biofilm. A biofilm 

consists of cells immobilized at a substratum and frequently embedded in an 

organic polymer matrix of microbial origin, A biofilm is a surface accumulation, 

which is not necessarily uniform in time or space. A biofilm may be composed 

of a significant fraction of inorganic or abiotic substances held together by the 

biotic matrix [10].
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Diffusion: Chemical Gradient in Biofilm

Biofilms growing on water immersed surfaces consume soluble 

substrates from the bulk , water phase. Substrate consumption creates a 

concentration gradient across the system, driving the diffusion process. Each 

point of the substrate concentration profile reflects a balance between two 

processes: consumption by the biofilm and transport from the bulk solution. If 

the transport is much faster than the consumption then there is no 

concentration gradient and the system is reaction-rate limited. If consumption is 

faster than transport then there is a concentration gradient and the system is 

diffusion-rate limited. The conditions in the bulk water and inside the biofilm 

are different and, hence, the substrate concentration profiles are described by 

different differential equations [10].

In biofilms more than a few microns in thickness most of the chemical 

reactions are potentially diffusion limited. Consequently, each chemical 

compound which is consumed or produced in the biofilm system can form a 

concentration profile. The substrate supplied from the bulk fluid is consumed by 

the biofilm thereby forming a gradient which decreases with depth into the film. 

However, other compounds which are generated within the biofilm may diffuse 

outward into the bulk fluid. Each point on a concentration profile reflects local 

equilibrium between consumption and supply. The shape of the profile is 

influenced by many factors including .biofilm activity, hydrodynamics,
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temperature, biocides, and substratum reactivity [30]. >

Effect of Denitrification on pH in Biofilms

It is normally implicitly assumed that the pH in the interior of biofilms or 

floes in biological waste water treatment plants is about the same as in the bulk 

liquid. This is however not always the case. Riemer and Harremoes [34] 

showed theoretically, that the alkalinity production can create a pH inside the 

biofilm up to 11. Accordingly a pH difference of two to four pH units between 

the interior of the biofilm and the bulk liquid may result, particularly in case of 

low alkalinity waters. The pH-phenomenon is important in several respects 

because the pH has a significant role in precipitation processes and strongly 

influences biological reactions, including inhibitions. According to Prakasam et 

al. [41], pH control was not essential to accomplish denitrification, although 

extreme pH conditions (pH 4.0 and pH 11.0) adversely affects the denitrification 

of nitrified poultry wastes.

ELECTROCHEMICALLY ENHANCED DENITRIFICATION PROCESS

Electrochemically-Activated Denitrifying Biofilms
One application of denitrification process is to denitrify aerobically

treated wastewater, but an application has been also proposed for drinking
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water. Normally, autotrophic organisms are relatively slow growing, which 

suggests a reactor with biofilm retention. The effectiveness of bioreactors using 

hydrogen gas as an electron donor to reduce nitrate has been experimentally 

demonstrated using both an immobilized-enzyme reactor [33] and an 

electrochemically-activated denitrifying biofilm reactor [42]. A denitrification 

process, where the problems of organic contamination due to the use of carbon 

sources for electron donation is eliminated by the use of hydrogen gas, has 

been proposed for the drinking water industry. The hydrogen gas supplied to 

the denitrifying biofilm may act as the electron donor. Hydrogen gas was 

supplied externally to the biofilm and used for denitrifying water using 

autotrophic denitrifiers in fluidized-bed biofilm reactors by Kurt et al. [27]. 

Hydrogen gas is very slightly soluble in water (1.6 mg/I at 20°C) and diffusion of 

hydrogen gas through the biofilm is an important factor for its utilization by the 

biofilm for the denitrification process. This suggests that hydrogen gas that is 

not dissolved in the water and can not diffuse through the biofilm might escape 

without being used, thus reducing the efficiency of the process. An in-situ 

generation of the hydrogen gas at the substratum of biofilm might result in a 

more efficient utilization of hydrogen gas by the biofilm. Hydrogen gas can be 

generated in-situ at the substratum surface electrochemically by the electrolysis 

of water. Since electric current is used to generate hydrogen gas, there lies the 

possibility of direct electrochemical reduction of nitrate in the system and hence
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an increment in the net denitrification rate. This is the. hypothesis of the work 

presented in this thesis and is addressed later in detail.

Denitrifying bacteria are biochemically and taxonomically very diverse, 

but heterotrophs and autotrophs, e.g., Paracoccus denitrificans and 

Micrococcus denitrificans, respectively, can reduce nitrate to nitrogen gas 

through use of hydrogen gas as an electron donor. The overall reaction is:

2N03" + 2H+ + SH2 ^  N2 + SH2O (2.5)

here hydrogen gas is provided by the electrolysis of water,

H2O + e' ^  Y2 H2 + OH" (2.6)

and then utilized by microorganisms instantaneously.

The effectiveness of such a denitrification process which is driven and 

controlled by an electric current was demonstrated by Sakakibara and Kuroda 

[43] and a mathematical model was proposed [42]. In their system, a 

denitrifying biofilm was attached to a carbon electrode and the hydrogen 

produced by the electrolysis of water was utilized for the reduction of nitrate to 

nitrogen. The denitrification rate was found to be linear function of current.
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Effect o f E lectric Current on Denitrification Process

When electric current is applied, the transport of ionic species (such as 

NO3", H+ and OH") is affected by the electric field that is generated. The electric 

field causes the nitrate ions to migrate away from the biofilm into the bulk fluid. 

Furthermore, the reaction at the cathode surface consumes hydrogen ions and 

produces hydroxyl ions [38]. Since microorganisms are pH-sensitive, these 

electrochemical reactions that produce hydrogen gas may result in an 

undesirable increase in pH within the biofilm [16]. Overall, the electric current 

must be controlled to optimize the mass transfer rates, electrochemical reaction 

rates and biological reaction rates.

The rate of an electrochemical reaction is dependent on the current 

density, and from Faraday’s law, for a single reaction is given by

AniF
(2.7)

where n, is the number of electrons involved in the reaction and F is the 

Faraday’s constant. The total number of moles, Nil produced or consumed by 

the reaction per unit area in a given time period, t, is given by:

Adt
Ni = 4

AniF
(2.8)
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t

where JliCit is the total charge passed,
0

For any reactor in which more than one electrochemical reaction is 

taking place, the total current flowing in the cell is the sum of the currents 

associated with all the reactions., i.e.

I = S Ii , (2.9)

Each partial current Ii therefore relates to the local rate of reaction IiZniFA 

for that reaction. Current efficiency is a measure of a reactor’s ability to utilize 

current in favor of one specific component and can be defined on an overall or 

a local basis. The local point or differential current efficiency is defined as

I
(C.E.)p = j x  100% (2.10)

The overall current efficiency is the ratio of the actual moles of species 

produced or consumed to the maximum possible if all the current is consumed 

in that reaction, i.e.

At \
Jlidt
0 
t

Jldt
v 0 /

(C-E)0 X 100% . (2 .11)
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Modeling of Electrochemically Enhanced Denitrification Process

Sakakibara and Kuroda et al. have developed a mathematical model of 

electrochemically-activated denitrification process. To describe the 

mathematical model [42], the Nernst-Einstein equation [37, 38], which includes 

a migration term and a diffusion term, was used to describe the flux of ionic 

species, i, under the effect of electric current:

, ZiFDiCi d^ _ dC; 
J i"™ RT d y "Di cy

(2 .12)

where Jj is the net flux of the species i; §  is the potential; Di is the diffusion 

coefficient; Zj is the charge number of the ionic species; F is Faraday’s 

constant; Ci is the concentration; R is the universal gas constant, and T is the 

absolute temperature. A double .Monod expression [27] was used to describe 

the rates of nitrate and hydrogen utilization:

RNo;
K X C h2________^ no;

XmH2 + ^H2 XmN0- + ^ no-
(2.13)

where r \  is the stoichiometric ratio of the hydrogen gas utilization to the nitrate 

utilization; k is the maximum specific denitrification rate; X is the microorganism 

density in the biofilm; and KmN0„ and Kmhz are the half-velocity coefficients for

nitrate and hydrogen utilization, respectively.
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A steady state mass balance was made on total nitrate, and hydrogen,

zC
\

dy v n°3 dy.

d2C
+ D NO3

d2C.
NO; dy

+ D. HNO3

HNO3 r NO3 =O (2.14)

and

D
' . ^ C hi

H.2 dy2
-R H2 O (2.15)

The model was generated and solved using the techniques given by 

Flora et al. [16], Each second-order ordinary differential equation was resolved 

into two first-order ordinary differential equations and the algebraic equations 

were differentiated with respect to distance in the biofilm. Necessary boundary 

conditions were used to solve the problem using Gear’s method [22] and 

Secant method [14]. This model was used to generate the steady-state profiles 

of nitrate, hydrogen, potential and pH for electron fluxes ranging from 0.01 to 

10 mmol-e/cm2-day (Figures 2.1 (A and B)). Among other, important results 

obtained with this model were the effect of electric current on net denitrification 

rates for biofilms of different depths. They are presented in the form of a plot of 

net denitrification rate vs electron flux for different biofilm thicknesses (Figure 

2.2). Except at extremely thin biofilm thicknesses(<10 pm), the model suggests 

that the denitrification rate increased linearly with increasing current and was
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given by:

(2 .16)

where A is the surface area of the cathode and assumes that all cathodic area 

has biofilm. In this region, hydrogen production is the rate-limiting step and an 

increase in the ,applied current results in a linear increase in the denitrification 

rate. For applied currents more than 0.1 mmol-e/cm2-day, the denitrification 

rate becomes insensitive to the electric current and was calculated with an 

effective factor, Ef, for nitrate uptake based on the bulk conditions,

Values of Ef were calculated using the traditional biofilm models [4],

Further, the paper states that the feasibility of operation in the “linear 

region” is theoretically demonstrated and the present mathematical model is 

applicable to the design and control of denitrification using electrochemical 

biofilm reactors.

Tthough this model addresses the process of denitrification in the 

presence of electric current, it ignores the possibility of direct electrochemical 

reduction of nitrate and needs to be investigated further. This hypothesis is 

tested and is presented in this thesis with both supporting and critical 

arguments based on the experimental work done in this direction.

kXLfCf n o ;

j N -E fK
m,NO; + 0*

(2.17)
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Figure 2.2 Effect of electric current on net denitrification rate(JN) for different 

biofilm thicknesses(Lf) (Sakakibara et al. [42])
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MICROSENSORS

Electrochemical sensors are the largest and the oldest group of chemical 

sensors. Many members of this group have reached commercial maturity while 

many are stages of development. These electrochemical sensors can be 

divided depending on their mode of measurement into:

1. Potentiometric sensors (measurement of voltage),

2. Amperometric sensors (measurement of current), and .

3. Conductometric sensors (measurement of conductivity).

Potentiometric Sensors
Potentiometric measurements are conducted under conditions of zero 

current. The domain of potentiometric sensors lies at the zero current axis. 

There are two types of electrochemical interfaces from the point of view of the 

charge transfer: ideally polarized (purely capacitive) and nonpolarized. As the 

name implies ideally polarized interface is only hypothetical. A very few metals, 

such as Hg, Au, or Pt, in contact with solutions containing only inert 

electrolyte(e.g., H2SO4) to a limited extent approach the behavior of such an 

interface [23]. According to the number of charged species involved in the 

overall charge transfer the nonpolarized interfaces are divided into:

1. Perm-selective: only one type of ion can pass through,

2. Semipermeable: one type of ion cannot pass through, and
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3. Nonselective: all ions can pass through.

Amperometric Sensors

In this group of electrochemical sensors the information is obtained from 

the current-concentration relationship. The indicator electrode is either a 

cathode or an anode, depending on whether the electrons are added or 

withdrawn from the sample. Although the chemical changes that take place at 

the electrodes are different in these two processes, the principle of obtaining 

the sensor signal is not. The chemical transformation which takes place at the 

electrodes during the passage of current is governed by:

1. Faraday’s law:

Q
mole = —  (2.18)nF

2. Mass transport (Fick’s law) equation:

- J  = D ^  (2.19)
dx

3. Current-Voltage (Buttler -Volmer) equation:

i=  nFK0{C0e"anF(E-Eo,/RT - C Re(1"a)nF(E™Eo)/RT} (2.20)

Questions concerning the quantitative nature of the amperometric signal

and its selectivity are closely related. The application of a potential between a
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reference and indicating electrode can give rise to a current which, in turn, may 

be related to the concentration of an electroactive analyte in solution. The 

measured current can be directly related to the rate of the electrochemical 

reaction occurring at the indicating (sensing) electrode. It is important, however, 

to identify and control the conditions which define the rate determining step of 

the overall electrolytic process. The rate of the heterogeneous electron transfer 

process occurring at the electrode can be controlled by variation of the applied 

potential according to the Butler-Volmer equation. Thus in many systems it is 

possible to choose a potential such that the current is not limited by 

heterogeneous electron transfer even if the process is electrochemically 

irreversible [2], The explanation for this behavior rests on the fact that in a short 

time the edge of the depletion layer is initially close to the electrode surface, 

which looks like a parallel plate. As time progresses the area through which the 

molecules enter the depletion layer becomes larger and larger.

Amperometric sensors are frequently covered with a protective 

membrane which is permselective to species of interest. The membrane has 

two other important and not widely appreciated functions. First, it is possible for 

species to partition across the membrane/solution interface causing either a 

diminution or enhancement of response. This effect may be observed in 

addition to charge or molecular sieving effects. Second, the presence of a 

relatively thick membrane (50-1000 pm) creates a substantial diffusional
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barrier. If too thick, a slow response (5-10 min) can result. An advantage, 

however, is that the response of the sensor is unaffected by the motion 

(stirring) of the analyte solution because the external diffusion term is much 

Iargerthan the internal.

There is no conceptual difference between amperometric sensors for 

solution or for gaseous species. In both cases the electrical circuit must be 

closed and analytical information obtained from the known concentration 

dependence of the mass-transport limited current. In practice, the entire gas 

sensor is a self-contained unit which can operate either in gas or in condensed 

phase. For gas-phase application the gaseous species of interest can enter the 

electrolyte in the sensor usually through a semipermeable membrane. In 

principle some selectivity can be obtained at the gas/electrolyte barrier, but it is 

usually not too large. Proper selection of the operating potential, the electrolyte, 

and modification of the working electrode usually supplement the barrier 

selectivity [36].

Advantages of Microsensors

It is much easier to confine the shallow depletion layer of the 

microelectrode to an additional layer placed at the surface of the 

microelectrode than at the macroelectrode. There are other advantages of 

microelectrodes as compared to the macroelectrodes:
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1. The current is small (nA to pA), hence the voltage drop due to the electrical 

resistance is negligible.

2. The double-layer capacitance is very small because of the small electrode 

area.

3. The charging current on microelectrodes is much smaller* which improves 

the signal-to-noise ratio.

4. The small physical size of the microelectrodes is an important advantage for 

the i n  v i v o  experiments and for measurements in microliter-size samples.

Amperometric systems have particular advantages over presently 

available methods including the ability to quantitatively determine the 

concentration of a specific metabolite, irrespective of the oxygen tension, 

without pretreating the sample or washing prior to the determination. Electrodes 

ideally should exhibit stability both during storage and during operation, with 

their reproducibility of response falling within predetermined constraints. In 

addition, they must not be subject to interference from other metabolites. The 

ability of these electrodes to perform well in turbid solutions such as blood may 

result in their application in other areas such as environmental and industrial 

analysis [17],



CHAPTER 3

MATERIALS AND METHODS

EXPERIMENTAL PLAN

Based on the hypothesis that there is a possible electrochemical 

reduction of nitrate and to study the effect of electric current on the rate of 

denitrification in the presence of biofilm, experiments were designed to:

1. Determine the possibility of a direct electrochemical reduction of nitrate 

(Using electrochemical current and no biofilm).

2. Determine the effect of electric current on the biological denitrification 

process.

3. Measure hydrogen gas utilization rate and relate it to the process of 

biological denitrification in presence of an electric current.

4. Study the effect of denitrification on pH and vice versa.

A dual purpose biofilm reactor was designed. This reactor was used to 

grow the denitrifying biofilm for the denitrification reaction as well as to carry out 

the electrochemical denitrification reaction in the presence and absence of 

biofilm. The process of denitrification in the presence of electric current was 

studied at different buffering capacities, with and without denitrifying biofilm. 

Profiles of nitrate, nitrite, ammonia, pH and hydrogen gas were made., A mass 

balance, based on the amount.of hydrogen used in the presence of biofilm and
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the amount of nitrate reduced in presence and absence of biofilm, was made.

To accomplish these objectives, construction and use of several specific 

ion microelectrodes was necessary. Microelectrodes for measuring the 

concentration of specific ions, in the biofilm, were constructed and used. 

Nitrate, nitrite, ammonium and pH ion selective microelectrodes were made. To 

achieve the completion of mass balance experimentally, rather than 

theoretically, the hydrogen gas profiles within the biofilm were required. An

amperometric microsensor was constructed for measuring the hydrogen gas
)  ' '

within the biofilm. The amount of measured hydrogen gas utilization could then 

be related to the extent of denitrification process with hydrogen gas acting as 

electron donor.

To achieve the objectives of studying the denitrification process in the 

presence of electric current , the experimental work was carried out in different 

phases. This experimental plan is shown schematically on the next page.
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REACTOR DESIGN

A dual purpose biofilm reactor was designed to grow the denitrifying 

biofilm as well as to carry out the electrochemical reactions (Figure 3.2). The 

uniqueness of this reactor lies in the fact that, unlike the previously developed 

conventional biofilm reactors, the electrochemical reactions can be continued in 

the presence of the biofilm without making much changes in the experimental 

set up. The methods available in the literature have used separate reactors to 

grow biofilm and to conduct the electrochemical experiments. In this respect 

this reactor is much superior to others, since the conditions within the reactor 

can be controlled without any influence of separate environments.

The open channel flow-through biofilm reactor was made of transparent 

polycarbonate material, with a graphite sheet (SG-15; 12"x6"x5/32"; The 

Electrosynthesis Co., Inc., NY) as the bottom of the reactor. The specifications 

of the material used for this graphite plate are given in Appendix A (table A l). 

The graphite surface served the purpose of substratum for biofilm growth as 

well as cathode for the electrochemical reactions. Provisions for an electrical 

connection was made by connecting the graphite sheet to a copper wire using 

a pressing screw at the bottom of the reactor. The left side of the reactor was 

designed such that it can be modified as an anode compartment with pressed 

graphite felt (GF-S2; 0.3 mm thick; The Electrosynthesis Co., Inc., NY) being 

used as the anode material. The specifications of the graphite felt are given in
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Openings for electrodes, gas inlet, etc.

f  Outlet 
Separator Membrane Cathode

-►Anodic Chamber
(Graphite Plate)

Anode 
(Carbon felt)

Figure 3.2 Schematic of a dual purpose reactor designed for the growth of 

denitrifying biofilm as well as for electrochemical experiments
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Appendix A (table A2). A cation exchange membrane (ESC-7000; The 

Electrosynthesis Co., Inc., NY; see Appendix A: table A3) was used as a 

separator between the anode and the cathode compartments to prevent the 

migration of anions between the two compartments.

The top cover of the reactor had openings for inserting the electrodes 

and the gas inlets for passing the nitrogen gas. To make the reactor air-tight, 

latex rubber casing was employed around the openings while using the 

electrodes. A mixing chamber for mixing the streams of feed and recycling was 

connected to the reactor using tubing and pumps (Figure 3.3). The operating 

volume of the recycle loop including the reactor and the mixing chamber was 

1.2 liters. The total active surface area of the graphite cathode was 450 cm2.



39

pump

flow breaker

Ion-selective electrode

nutrient
Pressurized

nitrogen
Waste

Reference
electrode

Separator

Biofilm Cathode
Dilution water Mixing Chamber

>

Figure 3.3 Schematic diagram of the experimental set up for growing biofilm
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CONSTRUCTION OF MICROSENSORS

To study the denitrification process, specific-ion-selective 

.microelectrodes were required for measuring the concentration of different ions 

within the biofilm. Microelectrodes specific to nitrate, nitrite, ammonium ions, 

, pH (H+ ions), and hydrogen gas were constructed.

The ion selective microelectrodes are essentially glass capillaries closed 

on one end with a ion-selective membrane, permeable for that particular ion 

only. If such a membrane separates two aqueous phases with different 

concentrations of that ion, an electrical potential will be build up balancing the 

chemical potential difference, according to the Nernst equation. At 25°C the 

electrical potential will be given by

AE = 59.2 * In (CVC2) . (3.1)

This shows that the potential change upon a decade change in 

concentration equals about 60 mV. However, this is a theoretical value for ideal 

electrodes and, unfortunately, most of the microelectrodes deviate from ideal 

due to leak processes, which are more prominent at smaller tip size.

The making of microelectrodes consist of the following steps:

1. Preparation of the membrane

2. Preparation of glass microcapillaries

3. Silanization of the glass micro-capillaries

4. Inserting of the membrane in the capillaries
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4. Filling of the electrodes with reference electrolyte

5. Giving electrical connection.

Nitrate, Nitrite, and Ammonium Ion-Selective Microelectrodes

These sensors fall into the category of potentiometric ion selective 

microelectrodes. The following procedure for construction of a microelectrode is 

common for nitrate, nitrite, and ammonium ion electrodes. The only difference 

is the filling solutions and the application of ion-exchange resin which are 

different for different ions.

Glass capillaries, 1 mm in diameter and approximately 4 inches in 

length, were used as the outer casing for the electrode. The glass capillaries 

must be cleaned thoroughly before use. The capillaries were soaked overnight 

in concentrated nitric acid which was followed by thorough rinsing-first in 

distilled water and then in acetone. Thoroughly cleaned glass capillary was 

pulled using the micromanipulator (Pull 1-K; World Precision Instruments, FL) 

to obtain a tip ~ 5-1 Opm in diameter. The tip was grounded on a rotating 

diamond wheel (model E.G.-4, Narishige Co., Tokyo, Japan) so as to expose 

the opening of the tip. The tip was then cleaned in a sohication bath (Heat 

Systems-Ultrasonics Inc., NY) with water and acetone and dried in an oven at 

150°C for 30 minutes to get the moisture free surface both inside and outside

the electrode.
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Ioh exchanger resins do not stick well to a hydrophilic clean glass 

surface. The inner surface of the class capillary was made hydrophobic in order 

to stabilize the resin in the tip and to form a good seal with the glass surface. 

The process of silanization was adopted for this. The clean and dried electrode 

tip was dipped in the silanizing solution (10% solution of dimethyldichlorosilane) 

for 15-30 seconds, letting the solution fill the tip as a result of the capillary 

action. The electrode must be free of moisture before the silanization process. 

After the inner and outer walls of the electrode tip were coated enough with the 

silanizing solution the electrode was baked in an oven at 125°C for one hour.

Following silanization, the electrode is filled with the appropriate 

reference electrolyte and is checked under a microscope to confirm the 

absence of air bubbles. The glass wall at the tip is silanized and thus made 

hydrophobic to allow adhesion of the membrane. It obviously does not like to 

attach to electrolyte, but it does nicely stick to air bubbles. For proper electrical 

contact it was very important to remove the air bubbles.

The ion selective membrane was then formed by filling the tip of the 

electrode with a 200-500jj,m length of appropriate ion exchanger. This was 

done by dipping the tip of the electrode into the ion exchanger resin solution. 

Due to the capillary action and viscous nature of the resin, this procedure was 

successful most of the time. An alternative to this is suction of resin using a 

pipette stopper.

f
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Electrical connection between the electrolyte and the amplifier was made 

with a Ag/AgCI wire. This was made by electrolyzing a silver wire (0.1 mm 

diameter) with dc in 0.1 M HCI. The electrode was stored in a solution similar to 

the filling reference solution. Although electrodes can be stored for extended 

periods, a loss of both selectivity and sensitivity usually occurs with time. So, for 

better precision fresh electrodes were made on the same day as usage. 

Calibration was performed in different strengths of the respective ion 

(nitrate/nitrite/ammonium) solutions and the electrode potential was measured 

against a calomel reference electrode" (SCE). Specifications of these 

microelectrodes are given in Appendix A(table A4 and AS).
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*  Silver wire

*  Glass capillary

*  Filling solution

*  AgCI on Ag wire

> Hydrophobic wall by silanization

*  Resin membrane

Microsensor tip (~ 5 pm in dia.)

Figure 3.4 Schematic of a typical ion selective microsensor
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pH MicroeSectrode

The membrane consists of a carrier, which complexes selectively with 

H+, dissolved in a hydrophobic liquid. Good results were obtained with 

commercially available membranes: hydrogen ionophore Il - cocktail A (Fluka 

Chemical Corp., NY). In this membrane the carrier is tridodecylamine (C36H75N) 

and the solvent is 2-nitrophenyloctylether(NPOE). The cocktail also contains 

an additive, 2-sodium tetraphenyl borate, that reduces the resistance of the 

membrane.

Glass micro-capillaries were made using the microelectrode puller. The 

result was a sharp pointed capillary with a sealed tip. The capillaries with long 

'hairy' tips were discarded. The tip was opened by carefully breaking it. This 

was done under the microscope, by bumping it against a glass rod. The tip 

diameter after opening was 5-10 jam. The electrode was cleaned in a sonication 

bath and dried in the oven at 150°C for 30 minutes. The tip was dipped in a 

solution of 10% solution of dimethyldichlorosilane for 15 seconds two to three 

times. Then the electrode was heated in an oven at 125°C for one hour.

To apply the membrane to the tip, it was dipped in the membrane solution. Due 

to the silanization the glass wall was hydrophobic and membrane was sucked 

into the capillary tip by the capillary force. An electrolyte solution of 300 mM KCI 

in 50 mM potassium phosphate buffer of pH 7.0 was used as the reference 

filling solution. As much air was removed as possible. Electrical connection
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between the electrolyte and the amplifier was made with a Ag/AgCI wire. This 

was made by electrolyzing a silver wire (0.1 mm) with dc in 0.1 M HCI. 

Calibration was performed most conveniently in different strengths of buffer 

solutions and the electrode potential was measured against a calomel 

reference electrode. The slope of the calibration curve was found to be ~ 56-60 

mV/pH unit. The specifications of pH microsensor are given in Appendix A 

(table A6).

Hydrogen Sensing Microelectrode

The hydrogen sensing microelectrode was developed based on the 

principles of amperometry where the information is obtained from the current- 

concentration relationship.

Construction

The hydrogen sensing microelectrode was constructed from the glass 

capillaries which are the same as that used for the potentiometric 

microelectrodes (nitrate, nitrite, ammonia). Glass capillaries, I mm in diameter 

and approximately 4 inches in length, were used as the outer casing for the 

electrode. The capillaries were soaked overnight in concentrated nitric acid 

which was followed by thorough rinsing in distilled water followed by that in

acetone.



47

Thoroughly cleaned glass capillary was pulled using the

micromanipulator (PulM-K; World Precision Instruments, FL) to obtain a tip ~ 5- 

10pm in diameter. The electrode was dried in the oven at 150°C. The electrode 

tip was then dipped in the silanizing solution (10% solution of 

dimethyldichlorosilane) for 15-30 seconds, letting the solution fill the tip as a 

result of the capillary action. After the inner and outer walls of the electrode tip 

are coated enough with the silanizing solution the electrode is baked in an oven 

at 125°C for one hour.

50pm thick platinum wire of 99.99% purity (Product of Engrlhard, 

Carteret, NJ), was etched electrochemically in 2M potassium cyanide solution 

to get a tip of diameter less than 5-10pm. The wire was then rinsed well with 

distilled water and inserted carefully into the glass capillary.

The glass capillary was positioned in a microelectrode puller (Stoelting 

Co., IL) with the tip of the wire pointing upward and about 1.5 cm above the Ni- 

Cr heating coil. A small weight was attached at the end of the capillary so that 

the capillary slid down easily while heating. Heat was gradually increased until 

the glass around the platinum wire melted and adhered to the wire while the 

entire capillary dropped down and cooled in the air.

The tip was grounded on a rotating diamond wheel (model E.G.-4, 

Narishige Co., Tokyo, Japan) so as to expose the opening of the tip. A recess 

of length 2-5p was made by electrochemically dissolving part of the platinum tip

/
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in the 2M solution of KCN for a few seconds The tip was then cleaned in a 

sonication bath (Heat Systems-Ultrasonics Inc., NY) with water and acetone. 

The platinum surface in the recess was platinized to increase its surface area 

so as to improve the stability , and sensitivity of the electrode current. The 

composition of platinizing solution used was made up of 0.2 g PtCIe and 0.2 ml 

1% lead acetate in 20 ml of aqueous solution. Acetate membrane was then 

applied to the tip of the electrode by dipping it in the resin membrane, which 

consist of 5% w/w cellulose acetate in acetone, and drying it in the air (see 

Figure 3.5).

Calibration and usage of hydrogen sensing electrode

. The application of a potential between a reference and indicating 

electrode gave rise to a current which, in turn, is related to the concentration of 

an electroactive analyte in solution. The measured current is directly related to 

the rate of the electrochemical reaction occurring at the indicating (sensing) 

electrode. Here, the hydrogen evolution reaction was the result of electrolysis. 

The current reading was a direct indication of the concentration of dissolved 

hydrogen in the solution. In 100% hydrogen saturated solution the current 

reading was ~250pA and the response time was 5-10 seconds.

i



Glass capillary

Platinum wire tapered at the end

Platinum wire tip sealed in the glass 
capillary

Glass wall made hydrophobic by 
silanization

Acetate membrane 

Microsensor tip ( ~ 5 pm in dia.)

Figure 3.5 Schematic of a hydrogen sensing microsensor
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POLAROGRAPHY AND CYCLIC VOLTAMMETRY

Before growing the biofilm electrochemical reduction of nitrate was 

carried out in the reactor. The first question of importance was to find out if the 

electrochemical reduction of nitrate is possible in the absence of a denitrifying 

biofilm. An electrochemical study using the principles of polarography and cyclic 

voltammetry was done to answer this. A potentiodynamic study is one where a 

linearly increasing polarization is applied to the system and the resulting current 

is measured. A sudden change in the pattern of the current-potential curve 

indicates a shift in the mechanism and type of the electrochemical reaction at 

that potential.

Using the potentiostat, a potential was applied in the range of O V to 

negative 2.0 V Vs SCE and the current values were noted. 0.5M NaCI was 

used as the supporting electrolyte in test solutions. The current-potential curves 

were obtained for a nanopure water system and a series of nitrate solutions 

(SM, 2M, 1.5M, 1M, 0.5M, and 0.25M, nitrate) to predict the possibility of a 

direct electrochemical reduction of nitrate. Nitrogen gas was bubbled through 

the solution to eliminate oxygen. Use of nanopure water was to preview the 

dominance of competing water electrolysis reaction over the . reduction of 

nitrate. The experiment with concentrated nitrate solutions would eliminate 

most of the current contribution from the. water electrolysis reaction. The results 

will be analyzed to predict the voltage requirement for the electrochemical
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reduction of nitrate.

If potential supplied to the working electrode in an electrochemical cell is 

changed linearly with time, a current-potential curve is produced. In cyclic 

voltammetry, a triangular-wave potential is applied to the cell sp that the 

indicator electrode potential is swept linearly through the ,voltammetric wave 

and then back again. On the forward scan, the current response is just the 

linear potential sweep voltammogram as reduction takes place. On the reverse 

scan, if a significant anodic peak appears, reoxidation of the reduced species 

can be expected [18, 20].

A SM solution of nitrate and a control nanopure water system were used 

for cyclic voltammetry to verify the results obtained from the polarographic 

studies and to look into the mechanism of the reaction in more detail. In the 

cyclic voltammetric experiment, the potential of a small working electrode was 

varied linearly with time from an initial potential of 0.5V vs SCE to a second 

potential -2V vs SCE., where the direction of the scan was reversed and the 

potential was swept back to the Initial potential. The current was recorded and 

presented as a plot of current density vs the potential. Depending on the shape 

of the curve one can predict a mechanism of the reaction. Peaks were 

observed on the polarogram and a possible mechanism was predicted.
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ELECTROCHEMICAL REDUCTION OF NITRATE: NO BIOFILM 

Batch mode
To start the electrochemical denitrification studies, 30 mM nitrate 

solution (KNO3) was used for reduction in the reactor. The reactor was 

operated in the batch mode, while recycling the solution in the reactor using a 

pump. The reactor was connected to the galvanostat through a data acquisition 

system (Model 352 SoftCorr II; EG&G Instruments Corp., TX) with appropriate 

reference (SCE) 1 working (substratum; the graphite sheet in the reactor), and a 

counter (graphite felt in the anode compartment of the reactor) electrodes. The 

cathode surface of area 450 cm2 was polarized galvanostatically at 5 mA 

constant current. With the passage of current the electrochemical denitrification 

reaction starts. A sample was taken at a two hour interval of time for 50 hours. 

The samples were analyzed for nitrate and nitrite, using ion chromatography. 

The ammonium ion concentration was measured using the ammonium ion- 

selective electrode (Hach Company, CO). pH was measured using a pH 

electrode every time the sample was taken. A profile of pH and nitrate, nitrite, 

and ammonium ion concentrations with time was the result of this experiment. 

The experiment was repeated for four other current values: 10 mA, 25 mA, 50 

mA, and 100 mA.
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Open channel flow mode

In another set of experiments the profiles of nitrate, nitrite, ammonium 

ions and pH were taken through the diffusion layer at different current densities. 

In this case the electrochemical denitrification reaction was taking place in the 

open channel flow mode, thus replenishing the reactor with the fresh source of 

nitrate solution. Microelectrodes were used for taking the profiles.

The microelectrode was introduced from the top of the reactor, through 

the openings made especially for inserting the electrodes, into the biofilm 

perpendicular to the surface of the reactor. To do this Z-Program software was 

used. The microelectrode was mounted on a micromanipulator (Model M3301L, 

World Precision Instruments, CT) equipped with a stepper motor (Model 20010, 

Oriel, CT) and connected to a data acquisition system computer with the Z- 

program installed. This program allows one to set the vertical movement of the 

microelectrode in steps and displays the response of the electrode in terms of 

voltages. The microelectrode was set to move down through the biofilm at the 

rate of 10pm/step. To establish the vertical Z-coordinate, the position of the 

reactor’s bottom (graphite sheet surface) was arbitrarily set as zero. The 

vertical distance of the microelectrode was then measured as the distance from 

the tip of the microelectrode to the bottom of the reactor. The diffusion layer 

was assumed to begin from the point where a concentration gradient was 

found. So, the thickness of the diffusion layer is the distance between the
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surface of the cathode and the point where the concentration gradient was first 

observed.

This experiment was repeated for four different buffering capacities. The 

buffer used was a mixture of 50 ml of 0.05 molar sodium bicarbonate and 29 ml 

of 0 .1  molar sodium hydroxide in different dilutions.

DENITRIFYING BIOFILM GROWTH PROCEDURE

A mixed population denitrifying biofilm was grown on the graphite 

substratum. The nutrient solution composition is given in table 3.1. This nutrient 

solution was autoclaved to make it sterile so that the possibility of a microbial 

contamination in the bottle is avoided. Dilution water was used to dilute this 

nutrient solution to obtain the final composition in the reactor as given in table 

3.2.
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Table 3.1 Nutrient solution composition

Component Concentration

K2HPO4 3.33 gpl

KH2PO4 1.42 gpl

NaNO3 0.33 gpl

glucose 1.85 gpl

yeast extract 1 mg/I

Table 3.2 Composition of the dilute nutrient solution in the reactor

Component Concentration

K2HPO4 0.07gpl

KH2PO4 0.03 gpl

NaNO3 0.007 gpl

glucose 0.040 gpl

yeast extract 0 . 0 2 2  mg/I
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The flow rate was adjusted to 60 ml/m in to set the hyd raulic residence 

time of 20 minutes using a masterflex pump(1-100 rpm; Cole Parmer 

Instruments Co., IL) with #13 and #17 pumpheads (Cole Parmer) controlled by 

masterflex solid state speed controls (Cole Parmer). This flow rate had 1.3 

ml/m in of nutrient solution and 58.7 ml/m in of dilution water mixed together in 

the mixing chamber before entering the reactor. A flow breaker was employed 

between the nutrient reservoir and the mixing chamber to prevent the back-flow 

of the nutrient solution into the bottle which was necessary to keep the nutrient 

bottle free of bacterial contamination. The mixing chamber was connected to 

the reactor using a masterflex pump (6-600 rpm; Cole Parmer Instruments Co., 

IL) with #17 pumphead (Cole Parmer) controlled by masterflex solid state 

speed controls (Cole Parmer). Nitrogen gas was supplied to the reactor for 

keeping the conditions anaerobic which was necessary for the growth of 

denitrifiers. Also, nitrogen gas creates a pressure inside the reactor which 

forces the fluid out of the reactor for the discharge through the mixing chamber 

thus avoiding the use of an extra pump for the outlet discharge. The effluent 

was treated with UV using UV sterilizer before its final discharge to the drain.

A mixed population of denitrifying biofilm was grown on the graphite 

substratum in the reactor. The inoculum, obtained from the Montana State 

University water pond, consisted mainly of the anaerobic denitrifying 

microorganisms: micrococcus denitrificans, paracoccus denitrificans and 

pseudomonas denitrificans. After an initialization period of 24 hrs in batch
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mode, the reactor was switched to the continuous flow mode. Bacteria were 

allowed to grow for 7-10 days to get a biofilm thick enough (500-800 jum) for 

denitrification for a period of time.

Before starting the denitrification process, the flow of nutrient was 

stopped, and dilution water replaced the comparatively concentrated nutrient 

solution in the reactor, thus removing any carbon source present in the reactor. 

After adequate washing, the dilution water was slowly drained and replaced 

with 30 mM nitrate solution (KNO3) formulated for the experiments.

BIOLOGICAL DENITRIFICATION: NO ELECTROLYTIC ELECTRON

SOURCE
(

The biological denitrification process was carried out in batch mode after 

growing denitrifying biofilm in the reactor. Distilled water was used to make the 

30 mM solution of nitrate, so as to avoid the interference of other ionic species, 

especially chloride and carbonate. No electron source was supplied to the 

biofilm to study the endogenous behavior of the denitrifying bacteria. The 

concentrations of nitrate and nitrite ions in the bulk solution were measured 

every two hours for 50 hours using ion chromatography as discussed before. 

pH was measured every time the sample was taken for ion chromatography. 

Ammonium ion concentration was measured using the ammonium ion selective 

electrode (Hach Company, CO).
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ELECTRQCHEMICALLY ENHANCED DENITRIFICATION 

Batch mode
The denitrifying biofilm was grown on the graphite substratum as 

described before and the denitrification reaction was carried out in the presence 

of different current densities in the batch mode. The 30 mM solution of nitrate in 

distilled water was used for this experiment. The concentrations of nitrate, 

nitrite, ammonium ions and pH were measured as described before using ion 

chromatography. This was repeated for five different current values 5 mA, 10 

mA, 25 mA, 50 mA, and 100 mA. The net denitrification rates and current 

efficiencies were calculated from this data.

Open channel flow mode

In another experiment, the profiles of nitrate ions and pH were taken 

within the biofilm using appropriate microsensors in open channel flow mode at 

all the current densities mentioned before ( 5, 10, 25, 50, and 100 mA). The 

point in the system at which a gradient in the nitrate concentration is observed 

and the point where the microsensor touches the graphite electrode surface 

were used for predicting the thickness of the biofilm. The nitrate solution used 

in this experiment was made from tap water to account for the buffering 

capacity of water. This experiment was repeated for four other buffering 

capacities (3*10"3, 1.5*10"3, 7.5*10'4, 3.75*10"4 mol/I, and with no buffer). Net
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denitrification rate and current efficiencies were calculated at all the current 

densities and the buffering capacities.

DENITRIFICATION PROCESS: MEASUREMENT OF HYDROGEN

UTILIZATION

The utilization of the hydrogen, produced via electrolysis of water during 

the denitrification process in the presence of electric current, was related to the 

extent of denitrification process without the contribution of electric current. 

Hydrogen concentration was measured in the biofilm with the hydrogen sensing 

microelectrode using the Z-program described before. This process was carried 

out at different current densities, thus producing hydrogen at different rates. 

The amount of hydrogen utilized by the biofilm was then related to the extent of 

the denitrification reaction. These measurements were repeated for 30 mM 

nitrate solutions of different buffering capacities. .

EFFECT OF pH ON DENITRIFICATION RATE

In the Presence of an Electric Current
In the presence of biofilm an electrochemically enhanced denitrification

process was carried out in the batch mode at different pH values. A current of 

100 mA was supplied to the system at six different pH reading (7.0, 8.0, 10.0, 

12.0, 13.0, and 13.6). A pH controller was used to keep the pH constant in the
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system during the time of denitrification process. Concentration of nitrate was 

measured at regular intervals for two hours for each pH. Ion chromatography 

was used to measure the nitrate concentration. The rate of denitrification was 

calculated from this data and was compared with that obtained in previous 

experiments.

In the Absence of Electric Current, Using Glucose as Electron Donor

The denitrifying biofilm in the bioreactor was grown on glucose ■ as 

before. The reduction of 30 mM nitrate solution was carried out biologically in 

the batch mode using glucose as the source of electron donation. No electric 

current was used in this case. To make sure that the process was not substrate 

limited excess glucose (twice that required stoichiometrically) was added to the 

solution. The concentration of nitrate was measured for two hours at regular 

intervals of time for the six pH values (7.0, 8.0, 10.0, 12.0, 13.0, 13.6). A pH 

controller was used to maintain the' pH in the bulk solution by adding dilute 

H 2 S O 4  (0.1M) as necessary. The data collected was analyzed to study the 

effect of pH on biological denitrification process and comparison was made to 

that in presence of an electric current.
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CHAPTER 4 

RESULTS

The experimental work was aimed at answering the question whether 

there is an enhancement in the rate of biological denitrification when the 

hydrogen required for electron donation is generated electrolytically using 

electric current. In this section the experimental results will be presented to 

show the effect of electric current on the rate of nitrate reduction in presence 

and absence of the biofilm. The hypothesis that the nitrate reduction can take 

place electrochemically is tested. The biological denitrification is carried out in 

the presence of electrolytically produced hydrogen gas. These results will be 

discussed further and analyzed in terms of a phenomenological model to 

describe the system under the chapter ‘Discussions’.

POLAROGRAPHY AND CYCLIC VOLTAMMETRY

A potentiodynamic study is one where a linearly increasing polarization 

is applied to the system and the resulting current is measured. A sudden 

change in the pattern of the current-potential curve indicates a possible shift in 

the electrochemical reaction at that potential. Potentiodynamic studies showed 

that the denitrification process can take place electrochemically without using a 

biofilm (see Figure 4.1). For different nitrate concentrations (0.25M, OiSM1 1.0M,
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1.5M, 2.OM1 3.0M) and a controlled nanopure water system a potential in the 

range of OV to -2.0V Vs SCE (Saturated Calomel Electrode) was applied and 

the current values Vs potential were noted. 0.5M NaCI was used as the 

supporting electrolyte. In case of the water solution, the reduction potential for 

water was observed to be -1.5V Vs SCE. This is the potential required for the 

electrolysis of water which is the close to the thermodynamically calculated 

expected value of -1.48V Vs SCE (-1.23V Vs SHE). The polarogaphic studies 

with solutions containing different concentrations of nitrate pointed to a 

reduction potential of -1.38V Vs SCE. This suggests that a reduction of nitrate 

can be carried out electrochemically at a reasonable potential of -1.4V Vs 

SCE. This information was used in future experiments to indicate the range of 

potential necessary for the electrochemical reduction of nitrate.

In cyclic voltammetry, a triangular-wave potential is applied to the cell so 

that the indicator electrode potential is swept linearly through the voltammetric 

wave and then back again. On the forward scan, the current response is just 

the linear potential sweep voltammogram as reduction takes place. On the 

reverse scan, if a significant anodic peak appears, reoxidation of the reduced 

species can be expected. A SM solution of nitrate and a nanopure water 

(control) system were used for cyclic voltammetry to verify the results obtained 

from the potentiodynamic studies and to look into the mechanism of the 

reaction in more detail. In the cyclic voltammetric experiment, the potential of a
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small working electrode was varied linearly with time from an initial potential of 

OV Vs SCE to a second potential -2.0V Vs SCE., where the direction of the 

scan was reversed and the potential was swept back to the initial potential. The 

current was recorded and presented as a plot of current density vs the 

potential. The resulting cyclic voltamnriogram is shown in Figure 4.2.

The origin of the increasing current with potential on the forward scan is 

easily understood. When the reduction potential of species (here, NO3" or 

water) is reached, the current rises sharply as it is reduced near the electrode 

surface. The current peak on the forward polarization suggests a possible 

reduction reaction at that potential.

The absence of any peak on the reverse scan suggested no reoxidation 

of any species in the system. For an electrochemical reaction with the chemical 

step irreversible, the chemical rate constant controls the shape; large values 

cause a shift to more positive potentials and virtually eliminate the backward 

peak. It can be concluded that the reduction proceeds till no further reduction is 

possible. This shows that the reduction of nitrate is continued to the formation 

of nitrogen gas, thus eliminating the possibilities of any intermediate products 

such as nitrite and other - oxides of nitrogen under these experimental

conditions.
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ELECTROCHEMICAL REDUCTION OF NITRATE IN BATCH MODE: NO 

BIOFILM

The electrochemical reduction of nitrate carried out in the batch mode; 

using a 30 mM nitrate solution made up of distilled water, showed a reduction in 

the nitrate concentration over a period of time (see Figure 4.3). It can be seen 

that the rate of nitrate reduction increases initially with the amount of supplied 

current to about 25 mA, and then there appears to be a saturation with little 

further increase in the rate of nitrate reduction as the supplied current is 

increased. Rate of nitrate reduction and the associated current efficiencies are 

presented in table 4.1. The rate of reduction was seen to be slow as time 

proceeded, indicating that the rate might be dependent on the concentration of 

nitrate present or electrode properties. A plateau was seen to be approached 

after a time period of approximately 35 - 40 hours had elapsed for almost all the 

current densities. The rate of nitrate reduction was nearly the same for first 35 - 

40 hours of the process, after which it fell to less .than one - fifth of the initial 

rate of nitrate reduction and appeared to form a sort of nitrate concentration 

plateau for next 10-15 hours.
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Table 4.1 Electrochemical denitrification in the absence of biofilm: Batch 

mode

I
(mA)

Electron Flux
(mmol-e/cm2-
day)

Expected
Denitrification Rate
(mmol/cm2-day)

Experimental 
Denitrification Rate
(mmol/cm2-day)

Current
Efficiency*
(%)

5 9.95*10"3 1.99*10"3 7.8*10"4 39.2

1 0 1.99* 10 2 3.98*10"3 1 .6 * 1 0 3 40.2

25 4.975*10' 2 9.95*10"3 4.4*10"3 44.2

50 9.95*10"2 1.99*10' 2 5.0*10"3 25.1

1 0 0 1.99*10"1 3.98*10'2 5.4*10 3 13.6

"Calculated using equation 2.11 and based on data presented in Figure 4.3.

Since all of the current is not being consumed by the nitrate-reduction 

reaction, for a particular current density, the current efficiency is very low. The 

amount of nitrate reduced is less than that calculated theoretically, so there 

must be some side reactions. These side reactions include those resulting from 

the electrolysis of water, such as:

2H+ + 2e -*  H2 (4.1)
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and

2H20  + 2e" H2 + 2QH" ( 4 . 2 )

Industrially, the ideal condition of the total conversion of reactant to 

product is rarely achieved. Inevitably a variety of reactions take place in the 

electrochemical cell producing products, some desired and some undesired. 

The undesired reactions, if not controlled, can seriously reduce the market 

value of a process.

Another important outcome of this experiment was knowledge about the 

path of the nitrate reduction. The concentration of other interfering ions such as 

nitrite and ammonium were found to be negligible, as they were not present 

upon analysis with ion chromatography. Other oxides of nitrogen are not very 

stable and tend to reduce to ammonium ions; since ammonium ions were not 

detected during ion chromatography, possibility of their existence is discarded 

[9, 33]. So, it can be concluded that nitrate was reduced completely to the 

nitrogen gas without an appreciable amount of residual intermediate 

compounds.

Results from the pH measurements during this reaction showed a large 

increase in pH during the electrochemical denitrification process (see Figure 

4.4). The pH rise indicated that a very large portion of the current was used for 

the electrolysis and produced OH" as residue and hence resulted in the
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accumulation of OH" ions over the period of time. Theoretically, based on the 

amount of denitrification achieved, after a period of one day for a current supply 

of 25 mA the pH should be 12.3 (see Appendix B). As seen in Figure 4.4, the 

pH after one day for 25 mA current supply was « 12.25, which is in close 

approximation with that calculated theoretically. Since pH is logarithmic 

quantity, it is hard to say anything about the process. This only suggests that 

reduction of water is the other important reaction along with the reduction of

nitrate.
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Figure 4.4 pH increase in bulk solution with time during electrochemical

reduction of nitrate in batch mode
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BIOLOGICAL DENITRIFICATION: NO ELECTROLYTIC ELECTRON

SOURCE

As described in chapter 3, a denitrifying biofilm was grown using glucose 

as carbon source in an anaerobic environment. It was then cleaned from any 

carbon source using repeated washing with nanopure distilled water. To study 

the endogenous behavior of the denitrifying bacteria, no electron source was 

supplied to the biofilm. The rate of nitrate reduction was very small when 

compared to that expected in the presence of a physical electron donor such 

as hydrogen (see Figure 4.5). The nitrate reduction in this case can be 

attributed to the inherent property of the autotrophic denitrifying bacteria to 

reduce nitrate. This is a case of endogenous respiration, where the 

microorganisms can use stored carbon as the source of maintenance energy. If 

glucose were present, the reduction of nitrate should be related to glucose 

concentration, glucose being the electron source of choice. However, the shock 

of having no electrolyte could be lethal to the biofilm, or in any case injurious in 

the long term.
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Figure 4.5 Endogenous respiration behavior of biofilm studied in batch mode: 

no current, no electrolytic electron source.
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DENITIRFICATION IN PRESENCE OF BOTH CURRENT AND BIOFiLM IN 

BATCH MODE

The experiments conducted in this set of experiments with 30 mM 

solution of nitrate made up of distilled water showed a clear enhancement in 

the rate of nitrate reduction when electric current was used to generate 

hydrogen electrochemically (see Figure 4.6). The rate of nitrate reduction is 

given in table 4.2. When the denitrification is compared in the presence of 

electric current with and without biofilm, the enhancement in the denitrification 

is clearly seen (see Figure 4.7). This enhancement in the total rate of nitrate 

reduction was assumed due to the ability of biofilm to utilize the 

electrochemically produced hydrogen(via water electrolysis) for the 

denitrification process, thus adding to the total rate of nitrate reduction and not 

competing with water reduction but using its products. As in the case of the no

biofilm system, a plateau was observed in the nitrate concentration vs time 

curve after 35 - 40 hours of operation. The rate of nitrate reduction was nearly 

the same for first 25 hrs. of the process and then slowed down to approximately 

90% of the initial rate for next 10-15 hours, after which it fell to less than one - 

fourth of the initial rate of nitrate reduction.
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Figure 4.6 Denitrification in presence of both current and biofilm: batch mode
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Figure 4.7 Comparison of rate of nitrate reduction with and without biofilm: 
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Table 4.2 Electrochemical denitrification in the presence of biofilm: Batch 

mode

I
(mA)

Electron Flux
(mmol-e/cm2-
day)

Expected
Denitrification Rate
(mmol/cm2-day)

Experimental 
Denitrification Rate 
(mmol/cm2-day)

Current
Efficiency*
%)

5 9.95*10"3 1.99*10"3 1.75*10"3 87.9 ■

10 1.99*10"2 3.98*10"3 3.5*10"3 88

25 4.975*10"2 9:95*T0'3 8.85*10'3 88.9

50 9.95*10"2 1.99*10'2 1.35*10"2 68

100 1.99*10"1 3.98*10-2 1.92*10"2 48.2

‘ Calculated using equation 2.11 and based on Figure 4.6.

Comparison of this rate of denitrification in the presence of both biofilm 

and current with the reduction of nitrate in the absence of biofilm is presented in

table 4.3.
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Table 4.3 Comparison of electrochemical denitrification in the presence and 

absence of biofilm: Batch mode

(mA)
Electron Flux
(mmol-e/cm2-
day)

Current Efficiency in 
Absence of Biofilm 
(%)

Current Efficiency in 
Presence of Biofilm 
(%)

5 9.95*10"3 39.2 87.9

10 1.99*10"2 40.2 88

25 4.975*10"2 44.2 88.9

50 9.95*10'2 25.1 68

100 1.99*10"1 13.6 48.2

The bulk pH measured with time (Figure 4.8) during the denitrification 

process in the presence of electric current and biofilm showed a slightly higher 

pH than that obtained in the previous experiment with no biofilm. This was due 

to the combination of both electrochemical and biological reduction of nitrate. 

The analytical calculations to predict the pH based on the amount of 

denitrification achieved are given in Appendix C. As seen in Figure 4.8, the pH 

after one day for 25 mA current supply in the presence of biofilm was « 12.4 

which is close to that obtained theoretically (Appendix C).
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Figure 4.8 pH increase in bulk solution with time during denitrification process

in batch mode in the presence of both biofilm and electric current.
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This pH rise is not desirable, for it reduces the activity of 

microorganisms. Though most of the bacteria can survive in a pH environment 

of 11-12, their metabolism is expected to decrease with an increasing pH [3, 

25]. This metabolism decrease might have decreased the rate of denitrification 

after the denitrification has proceeded for sufficient time to raise the pH.

Based on these results the course of experiments was modified to study 

the effect of pH rise. In the following experiments, the profiles of nitrate ions 

were taken in open flow channel experiments at different buffering capacities. 

Effect of pH on biofilm activity was studied both in the presence and absence of 

an electric current by measuring reduction in nitrate concentrations at different 

pH values using electrochemically generated hydrogen and using glucose as 

electron donor in the absence of an electric current.
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ELECTROCHEMICAL REDUCTION OF NITRATE IN OPEN CHANNEL FLOW 

MODE: NO BIOFiLM

The nitrate profiles near the cathode surface during the electrochemical 

reduction of the 30 mM nitrate solution made up of tap water were found 

relatively linear and flat over a diffusion layer thickness of 2 0 0 pm-2 2 0 pm (see 

Figure 4.9(a-e)). These profiles were taken at different current densities; for 

different buffering capacities the profiles showed little change for a particular 

current density.

The profiles were then used to determine the rate of electrochemical 

denitrification in the absence of biofilm, to be used for the mass balance for the 

development of a suitable model. From the plot of nitrate concentrations within 

the diffusion layer, the concentration gradient (dNOs'/dx) was estimated. D is 

the diffusion coefficient of nitrate in the water and has an estimated value of 

1.64 cm2/day [40]. The rate of denitrification was calculated using the Pick’s law 

of diffusion.

^  ok
(4.3)

Based on .these calculations the rate of denitrification due to electric 

current was calculated (table 4.4).
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Figure 4.9 Nitrate profiles in the diffusion layer during electrochemical 

reduction in open flow mode (a) B = 3*10"3 mole/liter (B is the buffering capacity 

of the buffer).
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Figure 4.9 Nitrate profiles in diffusion layer during electrochemical reduction in 

open flow mode (b) B = 1.5*10'3 mole/liter (B is the buffering capacity of the 

buffer).
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Figure 4.9 Nitrate profiles in diffusion layer during electrochemical reduction of 

nitrate (c) B = 7.5*10 4 mole/liter (B is the buffering capacity of the buffer).
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Figure 4.9 Nitrate profiles in diffusion layer during electrochemical reduction in 

open flow mode (d) B = 3.75*10'4 mole/liter (B is the buffering capacity of the

buffer).
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Figure 4.9 Nitrate profiles in diffusion layer during electrochemical reduction in 

open flow mode (e) without buffer.



87

Table 4.4 Electrochemical denitrification in the absence of biofilm: Open 

channel flow mode

(mA)
Denitrification Rate* 

(mmol/cm2-day)
B=3*10"3
mole/liter

B=1.5*10"3
mole/liter

B=7.5*10'4
mole/liter

B=3.75*10"4
mole/liter

No Buffer

5 7.95*10"4 7.95*10'4 7.9*10"4 7.92*10"4 7.9*10"4

10 1.65*10'3 1.66*10"3 1.64*10"3 1.62*10"3 1.64*10'3

25 4.5*10"3 4.5*10"3 4.45*10"3 4.4*10'3 4.55*10"3

50 5.2*10"3 5.4*10"3 5.1*10'3 5.1*10'3 5.25*10"3

100 5.6*10"3 5.5*10"3 • 5.4*10'3 5.5*10"3 5.5*10"3

* Based on Figures 4.9(a-e) and calculated using equation 4.3 

B is the buffering capacity of the buffer used.

Based on the slopes of the nitrate profiles and rate of nitrate reduction 

calculated it was found that the results obtained here are nearly identical to that 

obtained before in the batch mode of direct electrochemical reduction of nitrate 

in the absence of biofilm. This shows the consistency in the two experimental

results.
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DENITIRFICATION IN PRESENCE OF BOTH ELECTRIC CURRENT AND 

BIOFILM IN OPEN CHANNEL FLOW MODE

In the batch mode set of experiments, enhancement in the rate of 

denitrification was observed when both current and biofilm were used. This was 

confirmed by the profiles of nitrate in the biofilm in the open channel flow mode.

The enhancement in the rate of denitrification was confirmed by the 

experiments conducted in the open channel flow mode in the presence of 

biofilm at different current densities with buffers of different buffering capacities, 

as estimated from the profiles of the nitrate with in the biofilm. The profiles of 

nitrate in the biofilm, at different current densities, are shown in Figure 4.10(a-e) 

for different buffering capacities.

These profiles of nitrate concentration, in principle, should give the 

maximum amount of nitrate that can be reduced when all the hydrogen 

produced due to the electrolysis is consumed for the reduction process or the 

total amount of nitrate reduced in the event of electrochemical reduction 

accompanied with the biological reduction with hydrogen as electron donor.

The rate of denitrification was calculated using the Pick’s law of diffusion.-

dx
(4.4)
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Figure 4.10 Nitrate profiles in biofilm in open flow mode (a) B= 3*10 3 mole/liter

(B is the buffering capacity of the buffer).
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Figure 4.10 Nitrate profiles in biofilm in open flow mode (b) B=1.5*10"3 

mole/liter (B is the buffering capacity of the buffer).
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Figure 4.10 Nitrate Profiles in biofilm in open flow mode (c) B=7.5*10"4

mole/liter (B is the buffering capacity of the buffer).
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Figure 4.10 Nitrate profiles in biofilm in open flow mode (d) B=3.75*10"4

mole/liter (B is the buffering capacity of the buffer).



on
ce

nt
ra

tio
n 

of
 n

itr
at

e 
(m

M
)

93

30.00

027.00

26.00

100 mA 
50 mA 
25 mA 
10 mA 
5 mA 
0 mA

0 200 400 600 800 1000

Distance from surface (\i)

Figure 4.10 Nitrate profiles in biofilm in open flow mode (e) without buffer
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. From the plot o f , nitrate concentrations within, the biofilm, the 

concentration gradient (dNO3Vdx) at the bulk-biofilm interface was estimated. D  

is the diffusion coefficient of nitrate in the bipfilm and has an estimated 

numerical value of 1 .3 1  cm2/day. This value of diffusion coefficient for nitrate in 

the biofilm was calculated based on the general hypothesis [ 3 0 ]  that D i in 

biofilm = 0 . 8 0 0 * ( D i  in water) and D nItrate in water is 1 . 6 4  cm2/day [ 4 0 ] .  Based on 

these calculations the rate of denitrification in the presence of both biofilm and 

electric current was calculated (table 4 . 5 ) .

The rate of denitrification was found to increase proportionally with the 

current initially and then it increased less rapidly at higher current densities. 

Since microorganisms can use only that amount of hydrogen gas which, is 

dissolved in the water, large amounts of hydrogen gas produced at higher 

current densities can escape to the gaseous state, resulting in lesser utilization 

rate of hydrogen gas. These results obtained in the presence and absence of 

biofilm in batch mode and open channel flow mode are summarized in table

4 . 6 .
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Table 4.5 Electrochemical denitrification in the presence of biofilm: Open 

channel flow mode

I-
(mA)

Denitrification Rate* 
(mmol/cm2-day)

B=3*10"3
mole/liter

B=1.5*10"3
mole/liter

B=7.5*10"4
mole/liter

B=3.75*10"4
mole/liter

No Buffer

5 1.97*10"3 1.90*10"3 1.85*10"3 1.85*10'3 1.86*10"3

10 3.80*10"3 3.71*10 3 3.65*10"3 3.60*1 Or3 
)

3.60*10"3

25 9.84*10'3 9.70*10"3 9.30*10"3 9.00*10 3 8.90*10"3 .

50 1.60*10"2 1.54*10'2 1,50*10"2 1.43*10"2 1.40*10"2

100 2.40*10"2 2.20*10 2 2.10*10"2 2.01*10"2 2.00*10"2

*Based on Figures 4.10(a-e) and calculated using equation 4.4 

B is the buffering capacity of the buffer used.
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Table 4.6 Comparison of electrochemical denitrification in the presence and 

absence of biofilm: Open Flow mode: No buffer*

I
(mA)

Electron Flux
(mmol-e/cm2-
day)

Current Efficiency in 
Absence of Biofilm 
(%)

Current Efficiency in 
Presence of Biofilm 
(%)

■ Batch Open Flow Batch Open Flow
.

5 9.95*10"3 39.2 39.7 87.9 93.5

10 1.99*10'2 40.2 41.2 88 90.5

25 4.975*10"2 44.2 45.7 88.9 89.5

50 9.95*10"2 25.1 26.4 68 70.4

100 1.99*10"1 13.6 13.8 48.2 50.3

‘ Comparison based on Table 4.1,4.2, 4.4 and 4.5.

V
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ESTIMATION' OF DENITRIFICATION RATE BASED ON HYDROGEN 

UTILIZATION IN THE BIOFILM

Due to the passage of electric current, hydrogen was produced at the 

electrode surface as a result of water electrolysis. Microorganisms in the biofilm 

used this hydrogen as an electron donor for the reduction of nitrate. The 

dissolved hydrogen concentration was measured within the biofilm using the 

hydrogen sensing microelectrode. The dissolved hydrogen profiles obtained 

under different current densities and buffering capacities are shown in Figures 

4.11(a-e). These measurements were carried out at different current densities, 

hence at different rates of hydrogen production, within the biofilm at different 

buffering capacities. Different buffering capacities resulted in different rate of 

hydrogen utilization, thus showing the influence of pH on the performance of 

the biofilm to use the hydrogen and hence the reduction of nitrate. The profiles 

of dissolved hydrogen were found to be almost linear, suggesting that the 

hydrogen utilization rate is much smaller than the production rate. The profiles 

of dissolved hydrogen obtained are similar to that predicted by the 

mathematical model given by Sakakibara et al. [42], and is discussed later in 

the chapter ‘Discussions’. The profiles in both the cases were found to be

linear.
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The rate of hydrogen utilization was calculated from the dissolved hydrogen 

profiles using the Pick’s law of diffusion

- J - D ^ (4.5)

where D is the diffusion coefficient of dissolved hydrogen in the biofilm and has 

an estimated numerical value of 3.1 cnf/day [40].

This rate of hydrogen consumption was related to the rate of 

denitrification by assuming that the following stoichiometry holds:

2NO3" + SH2 N2 + 4H20  + 20H" (4.6)

So, 5 mol of H2 = 2 mol of nitrate.

The calculated rates of denitrification at different current densities and 

buffering capacities are given in table 4.7. It can be seen that though the rate of 

hydrogen utilization increased with the amount of current supplied, it was not 

proportional to the amount of electric current. This indicates that part of 

hydrogen produced was not used for the denitrification process, thus implying a 

loss of hydrogen vented out of the system in the gaseous state.
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Figure 4.11 Hydrogen profiles in biofilm (a) B = 3*10"3 mole/liter (B is the 

buffering capacity).
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Figure 4.11 Hydrogen profiles in biofilm (b) B = 1.5*10"3 mole/liter (B is the 

buffering capacity).
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Figure 4.11 Hydrogen profiles in biofilm (c) B = 7.5*10'4 mole/liter (B is the 

buffering capacity).
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Figure 4.11 Hydrogen profile in biofilm (d) B = 3.75*10 4 mole/liter (B is the 

buffering capacity).
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Figure 4.11 Hydrogen profiles in biofilm (e) without buffer.
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Table 4.7 Rate of denitrification based on dissolved hydrogen gas profiles: 

Open channel flow mode

11  ■
(mA)

Denitrification Rate* 
(mmol/cm2-day)

B=3*10'3
mole/liter

B= 1.5*10"3 
mole/liter

B=7.5*10"4
mole/liter

B=3.75*10"4
mole/liter

No Buffer

5 1.20*10"3 1.10*10"3 1.05*10"3 1.00*10"3 1.02*10'3

10 2.12*10'3 2.00*10'3 1.98*10 3 1.98*10 3 1.95*10"3

25 5.31*10 3 5.15*10'3 4.80*10"3 4.6*10"3 4.40*10"3

50 1.00*10"2 9.91*10 3 9.40*10"3 9.00*10"3 8.70*10'3

100 1.8*10"2 1.64*10"2 1.52*10 2 1.5*10"2 1.41*10 2

"Calculated based on Figures 4.11(a-e) using equation 4.5.

B is the buffering capacity of the buffer used.

Comparing the results from tables 4.5, 4.6, and 4.7, with no buffer, the 

current efficiencies of denitrification process were calculated at different current 

densities. These results are presented in table 4.8. The current efficiencies 

obtained in case of open flow mode are slightly higher when compared to that 

in the batch mode, but follow the same trend with respect to the current 

densities. The current efficiencies obtained from the hydrogen gas utilization 

are lower than the current efficiencies obtained for the overall denitrification 

process, including the effect of both current and biofilm.
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Table 4.8 Comparison of electrochemical denitrification in the presence and 

absence of biofilm: No buffer

I
(mA)

Electron Flux
(mmol-e/cm1 2-
day)

Current 
Efficiency in 
Absence of 
Biofilm1 
(%)

Current 
Efficiency 
in Presence 
of Biofilm2 
(%)

Current Efficiency I 
based on dissolved 
hydrogen gas 
profiles in Biofilm3 
(TA)

5 9.95*10"3 39.7 93.5 51.3

10 1.99*10"2 41.2 90.5 49

25 4.975*10^ 45.7 89.5 44.2

50 9.95*10"2 26.4 70.4 43.7

100 1.99*10"1 13.8 .50.3 35.4
'

1. From Table 4.5
2. From Table 4.6
3. From Table 4.7
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EFFECT OF pH ON THE DENITRIFICATION PROCESS

pH Profiles in Biofilm in the Presence of an Electric Current
pH profiles were taken in biofilm in the presence of electric current

during the denitrification process at different buffering capacities (Figures

4.12(a-e)). These pH profiles were further proof of an on-going water

electrolysis process along with the denitrification process. The direct

electrochemical reduction of nitrate at the electrode surface results in an

additional source of OH" ions which increases the pH according to the following

stoichiometry:

NO3' + SH2O + Se' - » 1Z2 N2 + 60H " (4.17)

The pH increase is an outcome of three individual processes:

1. Direct electrochemical reduction of nitrate in the absence of biofilm,

2. Biological denitrification in the presence of electric current, and

3. The water electrolysis.
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Figure 4.12 pH profiles in biofilm in presence of electric 
current at (a) B=3*10"3 mole/liter (B is the buffering capacity).
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Figure 4.12 pH profiles in biofilm in presence of electric 
current at (b) B=I .5*10"3 mole/liter (B is the buffering 
capacity).
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Figure 4.12 pH profiles in biofilm in presence of electric 
current at (c) B=7.5*10'4 mole/liter (B is the buffering 
capacity).
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Figure 4.12 pH profiles in biofilm in presence of electric 
current at (d) B=3.75*10 4 mole/liter (B is the buffering 
capacity).
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Figure 4.12 pH profiles in biofilm in presence of an electric 
current (e) without buffer
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Batch Mode: Denitrification at Different pH Values in the Presence of an 

Electric Current

Denitrification carried out at various pH values (7.0, 8.0, 10.0, 12.0, 13.0, 

and 13.6) in the presence of both biofilm and an electric current supply of 100 

mA in 0.5 liter reactor volume resulted in a pattern of denitrification rate which 

was found to be almost the same for a pH range of 7.0 - 12.0. The rate of 

denitrification decreased slightly for pH 13 and declined rapidly at higher pH 

values. The rate of denitrification at pH above 13 was found to be nearly the 

same as the rate of electrochemical reduction of nitrate at 100 mA in batch 

mode (table 4.1). The reduction in nitrate concentration with time at different pH 

values is presented in Figure 4.13. The calculated rate of nitrate reduction is 

presented in table 4.9 .
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Table 4.9 Rate of denitrification at different pH values in presence of 100 mA 

current and biofilm: Batch Mode

pH Denitrification Rate

(mmol/cm2-day)

7.0 0.022

8.0 0.024

10.0 0.0253

12.0. 0.0235

13.0 0.017

13.6 0.0053
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Batch Mode: Denitrification in the Absence of Electric Current, Using 

Glucose as an Electron Donor

The effect of pH on the biological dentrification using glucose (a carbon 

source) was studied. The change in concentration of nitrate with time is 

presented in Figure 4.14. The denitrification rates at different pH values is

given in table 4.10. The rate of denitrification increased marginally between pH
'

of 7.0 and 10.0 and then decreased for pH of 12.0, 13.0 and 13.6.

Table 4.10 Denitrification rates using glucose1 in the absence of electric 

current at different pH values in batch mode.

PH Denitrification Rate 

(mmol/cm2day)

7.0 0.018

8.0 0.02

10.0 0.021

12.0 0.0144

13.0 0.01

13.6 0.0013
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Figure 4.14 Denitrification at different pH values in the 
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As can be seen from the results obtained in the two cases of 

denitrification in presence and absence of electric current, at a particular pH the 

rate of denitrification was higher for the process with electric current than that 

using glucose. Also, a denitrification process which is based on the utilization of 

electrochemically produced hydrogen gas by the biofilm has an advantage of 

being a clean process. A process where a source of carbon, such as glucose, 

methanol, etc. is used results in organic contamination of the water. Especially 

in the case of drinking water systems this contamination is undesirable.
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CHAPTER 5 

DISCUSSIONS

As seen in the previous chapter (Results), the experimental work done in

order to study the biological denitrification process in presence of electric

current resulted in some interesting and valuable understanding of the process.

Among many, the more important observations are:

1. There appears to be a possibility of direct electrochemical reduction of 

nitrate, though the rate of nitrate reduction was found to be appreciably 

lower in the long term.

2. A sudden drop in the rate of nitrate reduction was observed after about 35- 

40 hours of process time for both biofilm and no-biofilm systems in the 

batch mode.

3. An enhancement in the rate of denitrification rate was found when both 

current and biofilm were used.

4. Activity of biofilm was observed to be nearly the same for first 35 - 40 hours 

of process even though the pH reached a peak value of 12.4.

5. Mass Balance: There was consistency in the rates of nitrate reduction in 

presence and absence of biofilm in both batch and open channel mode 

experiments and hydrogen utilization by the biofilm.
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6. Similarities and differences with mathematical model proposed by 

Sakakibara et al. [42] were found.

DIRECT ELECTROCHEMICAL NITRATE REDUCTION

The electrochemical experiments conducted in the absence of biofilm, in 

both batch and open channel flow mode, showed a reduction of nitrate. As 

predicted by the potentiodynanriic studies, a voltage of -1.4 V vs SCE is enough 

to start an electrochemical nitrate reduction process. Also it was observed that 

even at the highest current (100 mA), the average voltage was ranged between 

4 and 6V, except for a small period of time at about 35 - 40 hours, when there 

was a transitional rise in the voltage. This unusual rise in the voltage is 

discussed in the next section in context with the sudden drop in the rate of 

nitrate reduction after 35 - 40 hours of batch operation. It can be seen that 

there was a rapid increase in the rate of nitrate reduction with current till a 

current supply of 25 mA was reached and then denitrification started saturating. 

This is an indication of a simultaneous electrochemical reaction competing with 

the nitrate reduction. Water electrolysis is possible in the system. Since 1.5 V 

Vs SCE is enough for the water electrolysis process, supply of high amount of 

currents increases the preference for water electrolysis. The current efficiencies 

based on the nitrate reduction were found to be very low (15 - 45%) and can be 

accounted for by the ongoing competing water electrolysis. The pH
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measurements during the experiments showed an accumulation of OH" ions in 

the system, thus increasing the pH of the system.

A SUDDEN DROP !N THE RATE OF NITRATE REDUCTION AFTER 35 - 40 

HOURS OF BATCH OPERATION

The rate of nitrate reduction fell to less than one - fourth of the initial rate 

in both biofilm and no-biofilm systems after a period of 35 - 40 hours. Since this 

phenomenon was observed at all the current densities and both in the presence 

and absence of biofilm, the only common process which may be responsible for 

this behavior must involve electrochemistry. An explanation based on the 

surface and electrochemical properties of the graphite cathode is given here.

Species in solution near the electrode are unevenly distributed due to 

the existence of the phase boundary, chemical and short-range interactions 

and electrostatic forces. Such a distribution is shown in Figure 5.1. The charge 

carried by an electrode promotes an alignment of polar molecules, thus the 

electrolyte solvent (here water) forms a layer at the electrode surface. Anions 

are less strongly solvated than cations and consequently they can approach the 

electrodes more closely. A region referred to as the inner Helmholtz plane 

(i.h.p.) locates the center of partially solvated anions. These anions can 

undergo specific adsorption. An outer layer of cations and unadsorbed ions is 

located next to the inner Helmholtz plane; the complete region is known as the
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electrode
|diffuse Iayej^

Figure 5.1 A schematic of double layer at the electrode-solution

interface
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compact double layer and is bounded by the outer Helmholtz plane (o.h.p.). 

Depending on the polarity of the electrode surface due to the passage of 

electric current, ions and other molecules tend to stay near the electrode 

surface. Because there is an imbalance of charge in this region there exists an 

ill-defined region, or diffuse layer, where there is an excess of ions of one 

charge. What can be perceived from the double layer is the adsorption 

characteristics of ions and molecules which can have significant bearing on the 

reaction mechanism evaluation. For example, organic molecules are generally 

more polar than water and will hence tend to accumulate in the inner Helmholtz 

plane and be preferentially adsorbed. Since the electrode used here as a 

cathode is made of graphite, it is porous in nature (22% porosity, see table A l, 

Appendix). This results in greater degree of adsorption and absorption of 

electrolyte solution and other ions and molecules.

It is common for more than one reaction to take place at an electrode 

surface. Since a secondary electrochemical reaction involving the electrolysis of 

water is going on in the reactor, hydrogen is produced at the electrode surface 

according to the following stoichiometry:

2H+ + 2e' H2 , (5.1)

and

2H20  + 2e -> H2 + 20H" (5.2)
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Some part of the hydrogen produced at the electrode surface via 

electrolysis of water gets adsorbed onto the electrode surface through diffusion 

into the porous electrode. Also, the hydrogen from the hydrolysis and the 

nitrogen gas produced via nitrate reduction reaction tend to form bubbles at the 

electrode surface. These two separate phenomena along with the double layer 

properties(described earlier in this section) and adsorption properties of 

graphite cathode results in a cathode surface partially covered with different 

types of molecules and ions as the reaction proceeds. This decreases the 

effective electrode area available for the desired electrochemical reaction, Le., 

reduction of nitrate.

As described before, due to the formation of a double layer at the 

electrode surface, the amount of active ion species (nitrate) reaching the 

electrode surface decreases with time as the reaction proceeds. The diffusion 

of nitrate ions is further hindered by the presence of a layer of hydrogen and 

nitrogen gas molecules on the electrode surface. Also, since this is a cathodic 

reduction process, the cathode being negatively charged repels the nitrate ions 

and thus limits the reduction reaction at the electrode surface. This ultimately 

results in lower rate of nitrate reduction after some time. In the beginning rate of 

nitrate reduction.is controlled by the amount of electric current supplied to the 

electrode. Later the fate of nitrate reduction may become diffusion limited and 

is governed by the diffusion of nitrate ions to the electrode surface. This results
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in a lower rate of nitrate reduction after some time. It was found that after a 

longer period of time (approximately 35-40 hours of batch operation) the carbon 

electrode surface was virtually inactive for an electrochemical reaction as the 

rate of reduction approached almost zero value.

. Similar type of results are available in literature [18] where a flattening of 

composition Vs charge passed curve occurred in case of electrochemical 

reduction of 1.95 M nitrate solutions in alkaline medium at both lead and nickel 

cathodes. Though the authors (Genders, J.D. et al.) have explained this 

behavior to be the outcome of the reduction in the nitrate concentration after a 

period of time, lack of supporting arguments and other observations (analyzed 

below) suggests the presence of some other process and needs explanation. 

Since the primary objective of authors was to investigate the performance of 

different electrode materials for cathodic reduction of nitrate . and nitrite 

solutions, no further discussion is presented in their paper.

This behavior, where the rate of nitrate reduction fell to almost zero, was 

observed at different times in case of the two cathode electrodes (lead after 

approximately 8 hours and nickel after approximately 15 hours of batch 

operation, as analyzed using their results). Also, it can be shown that this 

behavior occurred after reaching two different concentrations of nitrate (in case 

of nickel cathode when compared to that in case of lead cathode at about 1:2 

nitrate concentration ratio). This indicates that the behavior is dependent on
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other factors and not just on the concentration of nitrate in the solution. Such 

factors, as explained before, include the electrode surface properties, the 

double layer characteristics and the products of the competitive reactions. 

These factors ultimately affect the yield and current efficiency of the reaction. 

Since the concentration of nitrate used was very high(1.95 M) and the solution 

used was a mixture of highly concentrated nitrate, nitrite and ammonium ions, 

their process was more likely to be reaction limited than diffusion.

The potential vs time curve in case of both biofilm and no-biofilm 

systems showed a peculiar rise in the voltage requirement at about the same 

time frame of 35 - 40 hours after the process was started (see Figure 5.2). This 

suggests that an undescribed electrode surface phenomenon is taking place 

which reduces the rate of nitrate reduction to a very great degree of extent. This 

behavior of the electrode surface heeds to be looked into for future studies in

this field,
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Figure 5.2 The potential Vs time curve for batch operation at 
100 mA current supply
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ENHANCEMENT IN THE DENITRIFICATION RATE

The rate of nitrate reduction was higher in the biofilm systems with 

current than in the absence of either of the two. The rate of nitrate reduction 

was found to increase with the increase in the current density till about 25 mA 

and then a saturation in the rate was observed. A comparison of the rates of 

nitrate reduction in the presence and absence of biofilm in batch mode shown 

in Figure 4.7 clearly shows an increase in the rate of denitrification. At all the 

current densities the rate increased by more than a factor of two, in the 

presence of biofilm (table 4.3). Since no other source of electrons is available 

to the biofilm, hydrogen produced electrolytically is assumedIy used by the 

biofilm for electron transfer. Similar enhancements in the denitrification rates 

were observed at all current densities in open channel flow mode experiments.

MASS BALANCE AND CONSISTENCY IN THE EXPERIMENTAL RESULTS

The experimental results from the batch experiments were similar to 

those obtained in the open channel flow mode experiments under the same 

conditions of current densities.and biofilm. It was shown earlier that the rate of 

denitrification observed in the presence of .biofilm was higher than that in the 

absence of biofilm. The increment in the rate was approximately the same both 

under batch and open channel flow conditions at a particular current density. Of 

all the current densities used, the rate and the current efficiencies were found
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to be maximum for a 25 mA current supply in both the cases and similarities 

were observed for all other current densities.

Since an enhanced denitrification rate was observed in the presence of 

biofilm and current, the process of biological denitrification using the 

electrolytically produced hydrogen is evident. The rate of hydrogen utilization 

calculated from the hydrogen profiles in the biofilm in the presence of an 

electric current compares with the enhancement in the denitrification rate. 

Based on the current efficiencies for the denitrification rates in the presence 

and absence of -biofilm and the hydrogen utilization, a mass balance given by 

the following relation is achieved.

Ĥ2 -  P s  -  | ( 5 - 3 )

where

J H i is the denitrification rate based on the dissolved hydrogen profiles

Jb is the denitrification rate in the presence of both biofilm and current

Je is the rate of electrochemical nitrate reduction in the absence of biofilm.

Using the experimentals results tabulated in table 4.8, a mass balance is 

attempted and the results are presented in the form of table 5.1. For example, 

for a current supply of 25 mA, ■ J Hi, the rate of nitrate reduction estimated based

on the hydrogen utilization is 2.27*10"2 (mmol/cm2-day) (table 4.8) and should
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equal to | Jb - Je |. For 25 mA j Jb - Je I is 2.25*10"2 (mmol/cm2-day), and 

reflects an error of 0.45% which for practical purposes is a good approximation.

The corresponding values for other current densities are given in table 

5.1. The governing calculations are shown in Appendix D.

Table 5.1 Rate of Denitrification: Deviation from the absolute mass balance for 

different current densities.

I
(mA)

Current 
Efficiency 
in Absence 
of Biofilm 
(%)

Current 
Efficiency in 
Presence of 
Biofilm 
(%)

Current Efficiency 
based on dissolved 
hydrogen profiles in 
Presence of Biofilm 
(%)

Error
(%)

5 39.7 93.5 51.3 2.67

10 41.2 90.5 49 0,33
■

25 45.7 89.5 44.2 ' 0.45

50 26.4 70.4 43.7 . 0.43

100 13.8 50.3 35.4 2.19
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From this analysis the process of denitrification in the presence of an 

electric current can be represented as:

BIOLOGICAL DENITRIFICATION IN PRESENCE OF ELECTRIC CURRENT
_________________________±_____________________________

Electric current Denitrifying biofilm

k Electrochemical reduction of nitrate

Water electrolysis H2

OH" Biological denitrification 

-> H2 vented out of system

Rise in pH <



131

SIMILARITIES AND DIFFERENCES WITH SAKAKIBARA ET AL. [42]

Direct Electrochemical Reduction of Nitrate

The possibility of direct electrochemical reduction of nitrate, which was

ignored by Sakakibara et al. [42], was tested and confirmed here. The direct

electrochemical reduction of nitrate was found to increase with the amount of

current supplied. The nitrate reduction rate was greater at higher current

densities, but was not linearly proportional to the amount of current supplied,

i.e., the rate of reduction at 100 mA current was not four times that at 25 mA. It

was found that the rate of nitrate reduction initially increased with the amount of

current supply till 2 5  mA and then tend to slow down at higher current densities.

Net Denitrification Rate vs Electron Flux in the Batch Mode

The measured denitrification rates in the batch mode in presence of both 

biofilm and current when superimposed on the plot of net denitrification rate vs 

electron flux given by the mathematical model developed by Sakakibara et al. 

[42], resulted in almost identical plots (Figure 5.3). The plots of rate of 

denitrification vs electron flux in both the cases show that the rate of 

denitrification initially increases almost linearly with the electron flux and then 

tends to saturate or goes down as the current density is increased.
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Figure 5.3 Net denitrification rate in batch mode compared with that predicted

by the mathematical model given by Sakakibara et al. [42].
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Nitrate Profiles in the Biofilm

The profiles of nitrate in the biofilm obtained here very closely follow the 

trend predicted by the model given by Sakakibara et al. [42, 43], For a biofilm of 

order of thickness of approximately 750 microns the profiles of nitrate using 

Sakakibara’s model and our experimental results are presented in Figure 5.4. 

Also, the profiles are in close agreement with the results obtained under similar 

conditions in batch mode.

Hydrogen Profiles in the Biofilm

The hydrogen profiles in the absence of a buffer were similar to that 

predicted by the mathematical model given by Sakakibara et al. [42] within the 

working limits of current densities. The presence of hydrogen and its utilization 

by the biofilm for the denitrification process was confirmed. A comparison of the 

profiles of hydrogen to that predicted by the model developed by Sakakibara et 

al. [42] in the same region of current density and biofilm thickness is 

represented in Figure 5.5.
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EFFECT OF pH

Bulk pH With Time: Batch Mode

In the batch experiments with both biofilm and electric current, even 

though the pH of the system kept rising with time and reached a maximum 

value of 12.4 (at 100 mA), the rate of denitrification did not decrease much. The 

rate of denitrification reduced only, by about 10% after 24 hours even though 

the pH was above 12.0. Though the denitrification rate suddenly dropped to 

less than 20% after 35 - 40 hours of reaction time, a rise in pH does not seem 

to be the major factor responsible. Even when the pH was much higher (above 

12.0) than the normal pH range (7.0 - 8.0), for 15 - 20 hours the denitrification 

rate was nearly the same. This suggests an appreciable metabolic activity of 

the biofilm capable of remaining active even at pH values above 12.0.

The theoretical analysis of pH shown in Appendix B clearly predicts 

water electrolysis to be a major contributor to the pH rise in the system. If 

nitrate reduction reaction is the only contributor to the pH increase, then based 

on the amount of nitrate reduced in one day for a supply of 25 mA current the 

pH after one day should be 12.0, but the pH measurement with time showed a 

pH of 12.25,which was higher. Since very dilute (SOmIVI) nitrate solution is used, 

water electrolysis is a major electrochemical reaction which can increase the 

pH. Based on the current efficiencies for the nitrate reduction reaction and
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assuming that rest of the current is used for the water electrolysis, the pH was 

calculated to be 12.3 for a current supply of 25 mA, which is very close to what 

was measured, i.e. 12.25. Though not much can be said about the process, 

water electrolysis seems to be a major side reaction taking place in the system.

pH Profiles in the Biofilm

It was seen that though the pH profiles without use of any buffering 

solution followed the trend predicted by the Sakakibara’s model [42]; pH was 

appreciably higher (see Figure 5.6). This discrepancy can be explained keeping 

in mind that there is an additional electrochemical reaction of nitrate reduction 

which Sakakibara et al. did not consider. This direct electrochemical reduction 

of nitrate at the electrode surface results in an additional source of OH" ions 

which increases the pH according to the following stoichiometry:

NO3" + SH2O + Se" 1/2 N2 + 60H " (5.4)

\

pH profiles at different solution buffering capacities of the solution 

showed a control of pH when appropriate amount of buffer was used. 

Depending oh the quantity of buffer added to the system, the pH at the, 

electrode surface ranged from 7.2 - 11.8. This information is useful for 

designing a buffering system to control the pH of the system.
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Denitrification at Different pH values: Batch Mode

The denitrification carried out at different pH values in presence of 100 

mA current and in the absence of an electric current with glucose in the system 

suggested sufficient biological activity up to a pH of 10. At pH above 10 the 

denitrification rate decreased cosiderably (see Figure 5.7). Though the higher 

activity of microorganisms at high pH is surprising, it can be reasoned out that 

this may be a result of the maintenance of most suitable conditions for 

denitrification in our systems when compared to that available in literature [41] 

where the denitrification process was studied for the waste water containing all 

sorts of other matter which might be detrimental to the denitrification process. 

Though the microorganisms were found to be active even at a pH as high as 

13.0, the activity was sufficiently low to be un economical. A pH control using a 

suitable buffer in enough quantities is therefore suggested for better results.
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Figure 5.7 Denitrification rates at different pH values
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DESCRIPTION OF THE MODEL

Based on the experimental work done, a complete pathway model for 

electrochemically enhanced denitrification process is proposed. When electric 

current is supplied to the system for the generation of hydrogen gas for electron 

donation, part of electrons contribute to the direct electrochemical reduction of 

nitrate. This electrochemical reduction of nitrate along with the biological path of 

denitrification is depicted in Figure 5.8 as the proposed complete pathway 

model for the electrochemically enhanced denitrification process. In this model, 

a denitrifying biofilm attached to a graphite electrode is fed with the 

electrochemically generated hydrogen gas. Since electric current is supplied for 

the electrolysis of water to generate hydrogen gas, direct electron transfer is 

possible. This makes the direct electrochemical reduction of nitrate possible. 

Also, due to the electrolysis process OH" ions are produced. This results in an 

increase in the pH of the system. The total current supply to the cathode was 

distributed for three major reduction reactions:

1. Direct electrochemical reduction of nitrate.

2. Electrolysis of water for the production of hydrogen gas.

3. Biological reduction of nitrate using the hydrogen gas produced in the 

previous reaction.

There may be other side reactions, depending on the quality of water, 

which are not taken into account. Assumptions that effect of these reactions on
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denitrification is negligible are based on the fact that the concentrations of other 

ionic species are very low to affect the system to an appreciable extent. The 

only effect of these side reactions may be on pH. Appropriate buffer in enough 

quantities need to be added to reduce the effect of pH increase on the 

denitrification rate.

Biological pathway as suggested by Sakakibara et al. [42] 

Electrochemical route for reduction of nitrate.

Figure 5.8 The model for electrochemically enhanced denitrification process
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CHAPTER 6 

CONCLUSIONS

Based on the results obtained from the experimental work, it can be 

concluded that the enhancement in denitrification rate in the presence of 

electric current is dependent on both electrochemical and biological factors. 

The techniques developed to measure the concentrations of ionic species 

within the biofilm with the help of microsensors resulted in better understanding 

of the process. Microsensors for measuring pH, nitrate ion, ammonium ion, and 

hydrogen were developed and used to obtain the concentrations in the bipfilm. 

Results obtained from the direct electrochemical reduction of nitrate showed 

the possibility of a direct electron transfer process in the presence of biofilm. 

This was confirmed by the microelectrode profiles of nitrate in diffusion layer, 

next to the working electrode surface, in the absence of biofilm and in the 

biofilm when a supply of electric current was present.

A hydrogen sensing microsensor was developed based on the 

amperometric principles of electrochemistry and was used to measure the 

dissolved hydrogen concentration profiles in the biofilm. These profiles were 

used to predict the hydrogen utilization rate. The amount of hydrogen used for 

denitrification, as calculated from the experimental results based on the 

measured limiting current to the microsensor, was related to the extent of
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denitrification. Use of hydrogen sensing microsensor made it possible to 

measure the insitu concentration of dissolved hydrogen at the substratum and 

in the biofilm. This allowed the balance of the electrons supplied. The total 

current supply to the cathode was distributed for three major reduction 

reactions:

1. Direct electrochemical reduction of nitrate:

NO3" + SH2O + Se" -> 1/2 N2 + 60H" (6.1)

2. Electrolysis of water for the production of hydrogen:

H2O + e" ^  1Z2 H2 + OH" (6.2)

3. Biological reduction of nitrate using the hydrogen produced in the previous 

reaction:

2N03" + SH2 -» N2 + 4H20  + 20H" (6.3)

where dissolved hydrogen is utilized by the biofilm as a source of electron

donation.



145

Results obtained from the direct electrochemical reduction of nitrate (in 

the absence of biofilm) showed that though the electrochemical reduction of 

nitrate is possible, the rate of reduction and the current efficiency are very low. 

So, a denitrification process based solely on the electrochemical reduction 

process will not be economically viable for low concentration nitrate solutions. 

A process where electric current is used in conjunction with the biofilm for 

denitrification will be a better solution. The process, however, may be limited by 

the electrode surface properties. The reactions taking place at the electrode 

surface during the denitrification process may tend to affect the physical and 

electrochemical properties of the electrode. This was hypothesized from the 

results where the rate of nitrate reduction slowed down considerably after a 

period of time.

Denitrification processes, whether electrochemical or biological, result in 

an increased pH of the system. Since the biological activity is pH-sensitive, and 

decreases with increasing pH, an effect of pH on denitrification rate was 

studied. Using different buffering capacities in the system, the denitrification 

process was carried out. This rise in the pH in cases where electric current is 

used with biofilms was found to be substantial. An appropriate amount of buffer 

should be added to the system to combat the effect of pH increase.

Based on the denitrification rates obtained from the profiles of nitrate in 

the presence and absence of biofilm and the profiles of dissolved hydrogen in 

biofilm, a mass balance was achieved to a reasonable precision. This mass
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balance suggests that the process of denitrification is a combination of two 

processes: the electrochemical reduction of nitrate and the biological 

denitrification by the biofilms using the electrochemically produced hydrogen.

The experimental results obtained qualitatively fit the mathematical 

model given by Sakakibara et al. [42]. The denitrification rate in the presence of 

both biofilm and electric current are in close agreement with that predicted by 

their model of electrochemically-activated denitrification process. Further, the 

profiles of nitrate and hydrogen in the biofilm, at the working current density, fit 

the model to a good degree of precision. One point that Sakakibara et al. and 

their mathematical model failed to notice and address was the possibility of a 

direct electron transfer denitrification reaction. The electric current that was 

supplied to the system was assumed to be utilized by the biofilm in the form of 

hydrogen. The possibility of direct nitrate reduction was not considered by 

them. The results presented in this thesis showed a possible direct electron 

transfer process for the nitrate reduction according to the stoichiometry:

NO3' + SH2O + Se' -> 1/2 N2 + 60H" (6.4)

This reaction is accompanied by the production of OH" and resulted in 

higher pH than that expected in the absence of this reaction. This was evident
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from the pH profiles taken in the biofilm and in the bulk during the denitrification 

process. The pH was considerably higher than that predicted by their model.

A complete pathway of electrochemically enhanced denitrification 

process based on the experimental results is suggested as a modification to the 

mathematical model proposed by Sakakibara et al. [42]. This allows an 

improved perception of the biological denitrification process in the presence of

electric current.
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CHAPTER 7

SUGGESTIONS FOR FUTURE RESEARCH

Principles of microsensors may further be developed and applied for the 

quantitation of chemical species in the biofilm. Improvement of the hydrogen 

sensing microelectrode would assist in furthering this reasearch. The 

electrochemical enhancement in denitrification rate proposes denitrification 

under conditions adverse for microbial growth. There is a need for the study of 

the denitrification processes at higher pH’s to understand the physiology of 

denitrifying biofilms at higher pH values.

The application of an electrochemically enhanced denitrification process 

to serve the drinking water industry as well as waste water industry should be 

explored further. In the wake of the results obtained, intricacies of the 

electrochemical aspect of this process should be examined further to improvise 

on existing industrial practices of denitrification process. A good example would 

be a modification in the industrial process of denitrification by suitably 

converting the biofilm substratum to a cathode and treating the system as an 

electrochemical cell. From the point of environmental concerns, utilization of 

electrochemically produced hydrogen by the biofilm, resulting in a ‘clean’ 

technology, would be instrumental in promoting this process on commercial 

level. Moreover, to understand and rectify the problems of a large scale
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process, a scale-up and process control is suggested as the next step in the 

advancement of this technology.
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APPENDIX A

Specifications of Materials

Table Al Specifications of graphite cathode

PROPERTIES SPECIFICATIONS

Bulk Density 106 IbZftd'

Maximum Grain Size 0.03 in.

Specific Resistance 0.00032 ohm-in.

Flexural Strength 3000 psi

Scleroscope Hardness 42

Coefficient of Thermal Expansion 2.2*10"6/°F

Total Porosity 22%

Thermal Conductivity 92 BTU-FT/ft2-hr°F

Ash 0.10%
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Table A2 Specifications of graphite felt

PROPERTIES SPECIFICATIONS

Fiber tensile strength 350,000 psi

Fiber tensile modulus 30,000,000 psi

Fiber density 1.73 g/cc

Paper areal weight 14 g/m2

Resistivity 0.07 ohm-inches
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Table A3 Specifications of cation exchange membrane

PROPERTIES SPECIFICATIONS

Membrane Thickness 0.43 mm

Electrical Resistance 6 ohm-cm2

IN NaCI at 25°C

Permselectivity 97%

Transport Number ■0.98

0.5N KCI/0.1 N KCI

Mullen Burst Strength 210 psi

Water Permeability < 45 ml/hr/ffVS psi

Total Capacity 1.30 meq/g

Temperature Stability 120°C maximum

Chemical Stability at 50°C 
H2SO4 
HCI 
NaOH 
PH

up to 45% 
up to 45% 
up to 35% 
Or 14
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F i l l i n g  s o l u t i o n :  0.1 M KC 1 + 0.01 M KNO3 + Saturated AgCI

I o n  e x c h a n g e  r e s i n :  Nitrate-ionophore-cocktail A: Fluka Chemical Corp., NY.

Table A4 Composition of the ion exchange resin for nitrate ion-selective 

microsensor

Specifications of nitrate ion microsensor

Constituent wt %

Tridodecylmethylammonium nitrate 1.50

2-Nitrophenyl octyl ether 16.25

Nitrocellulose, 35% in ethanol 1.93

Methyltriphenylphosphonium bromide 0.25

Polyvinyl chloride (high molecular weight) 5.75

Tetrahydrofuran 74.32

Slope of linear regression: -55.6 mV (10"4 to 10"1 M KNO3)
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F i l l i n g  s o l u t i o n :  0.1 M KCI + 0.01 M NH4NO3 + Saturated AgCI

I o n  e x c h a n g e  r e s i n :  Ammonium ionophore I - Cocktail A: Fluka Chemical Corp.,

NY.

Table AS Composition of the ion exchange resin for ammonium ion- 

selective microsensor

Specifications of ammonium ion microsensor

Constituent wt %

Ammonium ionophore I (Nonactin; C40H64O12) 6.90

Potassium tetrakis(4chlorophenyl)borate 0.70

2-Nitrophenyl octyl ether 92.40

Slope of linear regression: 54.5 mV (10"4 to 10"1 M NH4CI)
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F i l l i n g  s o l u t i o n :  0.3 M KCI + 50 mM Potassium Phosphate buffer of pH 7.00.

I o n  e x c h a n g e  r e s i n :  Hydrogen ionophore Il - Cocktail A: Fluka Chemical Corp., 

NY.

Table AS Composition of the ion exchange resin for H+ ion-selective 

microsensor

Specifications of pH microsensor

Constituent w t %

Hydrogen ionophore I (Tridodecylamine; CseHysN) 10.00

2-NitrophenyI octyl ether 89.30

2-sodium tetraphenyl borate 0.70

Slope of linear regression: 58.0 ± 0.4 mV (pH range: 5.0-12.0)
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pH Analysis of Denitrification Process for the Side Reaction of Water 

Electrolysis in Presence of Electric Current: No Biofilm Batch Mode

Results from the pH measurements during this reaction showed a large 

increase in pH during the electrochemical denitrification process (see Figure 

4.3). The pH rise indicated that a very large portion of the current was used for 

the electrolysis and produced OH" as residue and hence resulted in the 

accumulation of OH" ions over the period of time. This can be shown by the 

following analysis:

BASIS: 25 mA of current supply to 450 cm2 cathode surface for one day. 

Effective volume of reactor =1.2 liters

For every mole of nitrate reduced electrochemically, according to:

NO3" + SH2O +Se' -+ 1Z2 N2 + 60H",

6 mole of OH" ions are produced.

So, for a supply of 25 mA, expected denitrification

= 9.95 *10'3 mm0Z flitrate
cm -day

APPENDIX B
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=> OH" generated in one day

= 9.95*10"3*6 = 2.239*10"2 M
cm

Since, the initial pH of the nitrate solution was » 7.0, 

^ [O H "]=  10"7M 

So, after one day,

[OH"] = 10"7 M + 2.239*10"2 M «2.24*10"2 M 

=> [H+] = 10"14/2.24*10"2 = 4.47*10"13 M

=> pH = -log[H+] = -log(4.47*10"13)

= 12.4

But, experimentally, the amount of nitrate reduced was found to be

= 4.4,10-3 mmol-nitrate
cm2 -day

(see Figure 4.3)

So, amount of OH" generated in one day

= 4.4*10'3*6 — —  = 9.9*10"3 M 
cm -  day

So, after one day,

[OH ] = 10 7 IVI + 9.9*10 3 M «9.9*10'3 M 

^  [H+] = 10"14/9.9*10"3 = 1.01*10:12 M

=> pH = -log[H+] = -log(1.01*10"12)

= 12.0
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Based on the hypothesis of direct electrochemical nitrate reduction according to 

the stoichiometry:

NO3' + SH2O + Se" 1/2 N2 + 60H '

4.4*1 CT3
current efficiency = gg^Q-s x IOO 

= 44.22%

Assuming that the rest of the current was utilized for the electrolysis of water, 

according to: . \

2H20  + 2e" ->H 2 + 20H" 

the current used by water electrolysis reaction

= (1 - 0.4422)*25 mA = 2.78*10"2 miT10' ~ 6 -
cm -day .

stoichiometry says, for electrolysis of water:

1 mole e '=1 mole OH"

2.78«10-2 Tl- e~ g 2.78.10-2 mm° ' - ° H~ =1.04.10 2MZday
cm2-day cm2-day

So, after one day

total [OH"] = 10"7 M + 1.04*10"2 + 9.9*10"3 M «2.03*10"2 M

[H+] = 10"14/2.03*10"2 = 4.93*10"13 M

=̂> pH = -log[H+] = -log(4.93*10"13)

= 12.3
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APPENDIX C

pH Analysis of Denitrification Process in the Presence of Both Biofilm and 

Electric Current: Batch Mode

The bulk pH measured with time during the denitrification process in the 

presence of electric current and biofilm showed a slightly higher pH than that 

obtained in the previous experiment with no biofilm (Figure 4.8). This was due 

to the combination of both electrochemical and biological reduction of nitrate. 

The analytical calculations based on the amount of denitrification achieved are 

given below.

In the presence of biofilm, denitrification rate was found to be:

,8.85,10-3 mmo,-nitrate
cm -  day

from the electrochemical reduction conducted in the batch mode in the absence 

of biofilm,

3 mmol-nitrate
rate of nitrate reduction due to electric current = 4.4*10 . ------ ;—  ----- -

. cm -day

3 3 mmol -  nitrate
=> the contribution of biofilm = (8.85*103 - 4.4*103) ------=—  -------

cm2-da y

= 4.45,10-3 mm° |- nitrate
cm -  day
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According to the stoichiometry,

2NO3' + SH2 -> N2 M H2O + 20H' 

1 mole nitrate = I mole OH"

4.45*10"
mm ol-e 
cm2 -  day

4.45*10 -3 mmol -  OH" 
cm2-day

So, after one day

[OH ] = 1.67*10'3 + 9.9*10"3 M = 1.16*10"2 M 

=> [H+] = 10'14/1.16*10"2 = 8.64*1 O’13 M

=> pH = -log[H+] = -log(8.64*10"13)

=  12.1

1.67*10 3 M/day

As seen from the pH profiles (Figure 4.8), the pH after one day for 25 

mA current supply in the presence of biofilm was « 12.4.
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MASS BALANCE CALCULATIONS

A mass balance was achieved based on the hydrogen profiles in biofilm 

and nitrate profiles in biofilm in presence of electric current and in the 

diffusional layer in absence of biofilm. Two exemplary calculations using table 

4.8 are presented here which are tabulated in table 5.1.

*

1. For a current supply of 25 mA

Je = 0.442*4.975*10"2 * (mmol/cm2-day) = 2.2*10'2 (mmol/cm2-day)

Jb = 0.895*4.975*10"2 (mmol/cm2-day) = 4.45*10"2 (mmol/cm2-day)

J h ^ = 0.457*4.975*10"2 (mmol/cm2-day) = 2.27*1 O'2 (mmol/cm2-day)

I J 1J2 - (JB - Je) I = 1.99*10'4 (mmol/cm2-day)

Error = (1.99*10"4/ 4.45*10"2)*100 

=0.45%

APPENDIX D

2. For a current supply of 100 mA

Je = 0.138*1.99*10'1(mmol/cm2-day) = 2.75*10"2 (mmol/cm2-day)

Jb = 0.503*1.99*10"1 (mmol/cm2-day) = 1.00*10"1 (mmol/cm2-day)
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J H i =  0.354*1.99*10"1(mmol/cm2-day) = 7.04*10"2 (mmol/cm2-day) •

I J H i - (JB - Je) I = 2.19*10"3(mmol/cm2-day) 

Error = (2.19*10"3 / 1.00*1Cr1)*100

2.19%
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NOMENCLATURE

A = total surface area of cathode (cm2)

C = concentration of constituent (mol/l or mol/cm3)

D = the diffusion coefficient (cm2/sec)

Ef = effectiveness factor 

E-Eo = the over potential (V)

F = Faraday's constant (C/mol) ■ 

gpl = grams per liter 

I = electric current (amp or mol-e/day)

J = molar flux of constituent (mol/cm2/day)

Jn = net denitrification rate (mol/cm2/day)
I

Kmij = half-velocity coefficient for the utilization of constituent i (mol/l) 

k0 = rate constant

k = maximum specific denitrification rate (mol/g-VSS/day)

Lf = biofilm thickness (pm)

n = number of electrons per mole

Q = total charge passed through the electrode

X = microorganism density in the biofilm (g-VSS/cm3)

Z = charge number of the ionic constituent



(j) = potential (V)

dC/dx = the concentration gradient, 

a = the symmetry factor
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