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ABSTRACT

Few cost-effective remediation options exist for the thousands of hazardous 

waste sites contaminated with compounds of limited aqueous solubility. These 

compounds typically sorb to organic material in the subsurface and/or become trapped 

in pore-spaces as non-aqueous phase liquids. Much attention is being given to the 

use of chemical enhancements, particularly surfactants, to increase the mobility of 

these contaminants and significantly shorten the time needed to reach clean-up goals. 

Applications of surfactants will, however, create a secondary aqueous waste stream 

containing the mobilized contaminant and surfactant. The goal of this research was to 

investigate the biodegradability of two surfactants as a first step in assessing the 

feasibility of biological treatment of this secondary waste stream. Previous research 

on surfactant degradation was focused on low concentrations typical in municipal 

waste streams. Two nonionic polyethoxylated surfactants, Neodol 91-8 and Makon 12, 

were selected for study based on their ability to solubilize creosote compounds. 

Investigations were conducted in bench-scale sequencing batch reactors at influent 

concentrations of 100, 250 and 500 milligrams/liter. Reactors were operated with a 

heterogeneous microbial population started from an activated sludge sample collected 

at a local wastewater treatment plant. Each reactor was provided with one of the 

surfactants as the only source of carbon. The reaction time varied in length,
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depending on the influent surfactant concentration. Experimentation at three influent 

concentrations revealed a decreased ability of even acclimated microorganisms to 

degrade either compound at a concentration of 500 mg/L. Decreased performance was 

indicated by a decrease in reaction rate and a decrease in relative biomass. At the 

lower surfactant concentrations of 100 and 250 mg/L, TOC and COD in both the 

Neodol and Makon reactors were rapidly removed within the first 24-hours of a 

reaction cycle. Both surfactants showed a marked decrease in foaming after only 4-5 

hours, indicating primary transformation of the parent compound occurs more rapidly 

than complete mineralization. Makon consistently produced a higher residual TOC 

than Neodol, with the residual increasing with increasing influent concentration.

TOC removal for both surfactants at each influent concentration was best fit by 

a modified first order model. An order of magnitude decrease in the reaction rate 

constant at the highest influent concentration was observed. The first order reaction 

rate constants observed in this study, were an order of magnitude greater than previous 

studies conducted at much lower influent concentrations.

iv



T-4373

TABLE OF CONTENTS

Page

A B S T R A C T .................................................................................................................  iii

LIST OF FIG U R E S ..................................................................................................... viii

LIST OF TABLES ..................................................................................................... x

ACKNOW LEDGEM ENTS........................................................................................  ix

Chapter L IN TRO D U CTIO N ...................................................................................  1

1.1 Motivation for Research ....................................................................... 1
1.1.1 Remediation of Hydrophobic Compounds in the

Saturated and Unsaturated Zones ......................................  1
1.1.2 Biodegradability of Surfactants Used in

In-Situ Applications ............................................................. 3

1.2 Research Hypotheses and Objectives................................................  5

Chapter 2. BACKGROUND ...................................................................................  5

2.1 Selection of S u rfac tan ts........................................  5

2.2 Selection of Surfactant Concentrations ...........................................  7

2.3 Selection of Microbial C u ltu re s ........................................................ 9

2.4 Selection of Sequencing Batch Reactors .........................................  10

2.5 Chemical Structure of Polyethoxylated Surfactants........................ 10

2.6 Polyethoxylate Biodégradation ..........................................................  13

v



T-4373

2.7 Kinetics of Surfactant Degradation..... .................................................  18

Chapter 3. EXPERIMENTAL METHODS AND MATERIALS ......................  20

3.1 Microbial Cultures ................................................................................  20

3.2 Experimental System .............................................................................  20

3.3 Monitoring and Analytical Methods .................................................  22

3.4 Reactor S ta r t-u p .....................................................................................  24

3.5 Experiments at Surfactant Concentrations of 100 m g /L .............. 26

3.6 Experiments at Surfactant Concentrations of 250 mg/L ...........  27

3.7 Experiments at Surfactant Concentrations of 500 m g /L .............. 28

3.8 Data Analysis .....................................................................................  29

Chapter 4. EXPERIMENTAL RESULTS ............................................................  31

4.1 Reactor Performance During S ta rt-U p .............................................  31

4.2 100 mg/1 Surfactant C oncentration...................................................... 33
4.2.1 Total Organic C a rb o n ...........................................................  33
4.2.2 Chemical Oxygen Demand .................................................  37
4.2.3 Total Suspended S o lid s ........................................................  37
4.2.4 Additional System Parameters ............................................  39

4.3 250 mg/1 Surfactant C oncentration...................................   39
4.3.1 Total Organic C a rb o n ...........................................................  39
4.3.2 Chemical Oxygen Demand .................................................  41
4.3.3 Total Suspended S o lid s ........................................................  44
4.3.4 Additional System Parameters ............................................  45

4.4 500 mg/1 Surfactant C oncentration...................................................... 46
4.4.1 Total Organic C a rb o n ...........................................................  46
4.4.2 Chemical Oxygen Demand .................................................  50
4.4.3 Total Suspended S o lid s ........................................................  50
4.4.4 Additional System Parameters ............................................  52

vi



T-4373

4.5 Kinetic M odeling.................................................................................... 52
4.5.1 Theoretical Considerations................................................... 52
4.5.2 Results of Mathematical M o d e lin g .................................... 56

Chapter 5. DISCUSSION ........................................................................................  66

5.1 Interpretation of Kinetic Modeling . . .  ........................................  66

5.2 Effect of Surfactant Concentration on TOC Removal ................  67

5.3 Effect of Chemical Structure on TOC R e m o v a l..................   69

5.4 Effect of pH on TOC R em oval........................................................  74

5.5 Potential for Abiotic L o sse s .............................................................  77

5.6 Implications of Results for Full-Scale Treatment ........................ 79

5.7 Suggestions for Future R esearch ......................................................  81

Chapter 6. CONCLUSIONS ...................................................................................  83

REFERENCES C IT E D ................................................................................................ 85

APPENDIX A - Laboratory Data for Experiments 1 - 2 6 ..................................  90

APPENDIX B - Sample LMFIT Output ...........................................................  98

vii



T-4373

LIST OF FIGURES

Figure Title Page

1. Generalized chemical structure of Neodol 9 1 -8 ..........................................  12

2. Generalized chemical structure of Makon 12 .............................................  13

3. Schematic of experimental sequencing batch reactors .............................. 23

4. Percent removal of total organic carbon for experiments with
influent surfactant concentrations of 100 m g /L ......................................... 35

5. Total organic carbon profiles for experiment 15 conducted between 
October 5 - October 6, 1992, with an influent surfactant concentration
of 100 m g /L ....................................................................................................  36

6. Percent removal of total organic carbon for experiments with
influent surfactant concentrations of 250 m g /L ......................................... 42

7. Total organic carbon profiles for experiment 22 conducted between
November 20 - November 22, 1992, with an influent surfactant 
concentration of 250 m g /L ............................................................................ 43

8. Percent removal of total organic carbon for experiments with
influent surfactant concentrations of 500 m g /L ......................................... 48

9. Total organic carbon profiles for experiment 25 conducted between 
January 18 - January 28, 1993, with an influent surfactant
concentration of 500 m g /L ............................................................................ 49

10. Comparison of experimental total organic carbon results to
model predicted values for experiment 15 conducted between 
October 5- October 6, 1992, with an influent Makon concentration
of 100 m g /L ..................................................................................................... 60

viii



T-4373

11. Comparison of experimental total organic carbon results to 
model predicted values for experiment 15 conducted between 
October 5 - October 6, 1992, with an influent Neodol concentration
of 100 m g /L ..................................................................................................... 61

12. Comparison of experimental total organic carbon results to
model predicted values for experiment 22 conducted between 
November 20-November 22, with an influent Makon concentration
of 250 m g /L ..................................................................................................... 62

13. Comparison of experimental total organic carbon results to
model predicted values for experiment 22 conducted between 
November 20-November 22, with an influent Neodol concentration
of 250 m g /L ..................................................................................................... 63

14. Comparison of experimental total organic carbon results to 
model predicted values for experiment 25 conducted between 
January 18 - January 28, 1993,with an influent Makon concentration
of 500 m g /L ..................................................................................................... 64

15. Comparison of experimental total organic carbon results to
model predicted values for experiment 25 conducted between 
January 18 - January 28, 1993, with an influent Neodol concentration
of 500 m g /L ..................................................................................................... 65

16. Comparison of total organic carbon removal between Makon 
and Neodol for all experiments at the 100 mg/L influent
surfactant concentration .................................................................................  71

17. Comparison of total organic carbon removal between Makon 
and Neodol for all experiments at the 250 mg/L influent
surfactant concentration ................................................................................. 72

18. Comparison of total organic carbon removal between Makon 
and Neodol for all experiments at the 500 mg/L influent
surfactant concentration ................................................................................. 73

ix



T-4373

LIST OF TABLES

Table Title Page

1. Distribution of ethoxide chain lengths in a typical
polyethoxylated surfactant ............................................................................ 11

2. Summary of experiments conducted during reactor s ta r t-u p .......  25

3. Summary of experiments at surfactant concentrations of 100 mg/L . . .  27

4. Summary of experiments at surfactant concentrations of 250 mg/L . . 28

5. Summary of experiments at surfactant concentrations of 500 mg/L . . 29

6. Reactor performance during start-up period ...............................................  32

7. Percent reduction of total organic carbon and chemical oxygen
demand at surfactant concentrations of 100 m g /L .................................... 34

8. Total Suspended Solids (TSS) concentrations in initial (time = 0)
and final samples for experiments at a surfactant concentration
of 100 m g /L ..................................................................................................... 38

9. Percent reduction of total organic carbon and chemical oxygen
demand at surfactant concentrations of 250 m g /L .................................... 41

10. Total Suspended Solids (TSS) concentrations in initial (time = 0)
and final samples for experiments at a surfactant concentration
of 250 m g /L ..................................................................................................... 45

11. Percent reduction of total organic carbon and chemical oxygen
demand at surfactant concentrations of 500 m g /L .................................... 47

x



T-4373

12. Total Suspended Solids (TSS) concentrations in initial (time = 0) 
and final samples for experiments at surfactant concentrations
of 500 m g /L ..................................................................................................... 51

13. Approximations of the general Monod equation for
substrate u tiliza tio n ........................................................................................  55

14. Nonlinear regression estimates of kinetic parameters from
several experiments for differing influent concentrations.............. 57

15. Linear regression estimates of kinetic parameters from
several experiments for differing influent concentrations.....   58

16. Comparison of total organic carbon analysis of unfiltered and
filtered samples of Makon at a range of concentrations.......................... 59

xi



T-4373

ACKNOWLEDGEMENTS

The success of this project can be attributed to the efforts of many individuals 

who deserve recognition. First and foremost is Dr. Linda Figueroa who regularly 

went above and beyond the duties of a thesis advisor to assist in laboratory work and 

provide countess hours of advise. Without her expertise and willingness to listen this 

project would not have been successful. I would also like to thank Dr. Helen 

Dawson who provided valuable assistance in the interpretation of the kinetic 

modeling, and who graciously loaned the use of her computer. Thanks also go to Dr. 

Nevis Cook and Dr. Donald Macalady whose advise and comments contributed to the 

high quality of this thesis. I must also thank Dr. Tom Barnard for always letting me 

interrupt him with questions about statistics. I also acknowledge the National 

Science Foundation provided the necessary funding to complete this project.

And last, but not least, I must thank my fellow students, Leigh, Peggy, Ruth 

and Lee who struggled with me through the trials of setting up a new laboratory, 

first time courses, and endless problem sets. Without their good humor, support and 

willingness to say "yes" to the occasional question, "will you take a sample for me 

this weekend?", I would never have been able to see the light at the end of the 

tunnel.

xii



CHAPTER 1

INTRODUCTION

1.1 Motivation for Research

1.1.1 Remediation of Hydrophobic Compounds in the Saturated and 

Unsaturated Zone

Of the over 20,000 hazardous waste sites in the U.S. in need of clean-up, a 

significant number are contaminated with organic compounds of limited aqueous 

solubility. Because of their low solubility and high affinity for organic matter, 

relatively small amounts of these compounds enter the groundwater in the dissolved 

phase. Instead, a significant fraction of a spill or release will be adsorbed to the 

organic soil fraction and/or be trapped in pore space as a separate non-aqueous phase 

liquid (NAPL). In addition to contaminating soils, NAPLs can migrate through the 

unsaturated zone under the forces of gravity and soil capillarity, and if sufficient 

volume is present will reach and contaminate groundwater. (Fountain et. al., 1991; 

Hulling and Weaver, 1991).

Remediation techniques for hydrophobic compounds and NAPLs in the 

unsaturated zone are limited. The typically low vapor pressures of contaminants such 

as pesticides and polychlorinated biphenyls, make remediation by soil vapor extraction 

infeasible. In the saturated zone, NAPLs are retained in pore spaces by high 

interfacial tension, and do not respond significantly to the hydraulic gradients produced
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by conventional pump-and-treat remediation techniques. Without enhanced removal 

techniques, NAPLs will remain trapped in both the saturated and unsaturated zone and 

will act as a long-term source of contamination (Fountain et. al., 1991; Hulling and 

Weaver, 1991).

Surfactants have been proposed as a means to enhance remediation of 

hydrophobic compounds and NAPLs in the vadose zone (Ellis et al., 1985; Clarke et 

al., 1991, Kimball and Bates, 1992; Raghaven et al., 1990;) and in the saturated zone 

(Abdul et al., 1990; Fountain et al., 1991; Hulling and Weaver, 1991; Jackson, 1991; 

Soerens et al., 1992). In these applications, contaminant removal is accelerated 

primarily by the surfactants ability to increase the solubility of hydrophobic organic 

compounds. Surfactants have been proposed for use on excavated soils in above

ground "soil washing" reactors as well as on saturated-zone soils through in-situ 

injection and recovery. In both instances, a secondary waste stream would be 

produced consisting of the surfactant and solubilized organic contaminant. This waste 

stream would require treatment prior to subsequent disposal to meet applicable 

environmental regulations.

While recycling of the surfactant solution by removing the hydrophobic 

contaminant would be a desirable treatment option, past attempts have met with 

limited success (Ellis et al., 1985). Biodégradation of surfactants has been observed 

in hazardous waste applications, however, no quantitative investigations, including 

determination of kinetic parameters have been conducted (Abdul et al., 1992; Fountain, 

1992). Biodégradation offers the advantage of simultaneously treating both the 

contaminant and the solubilizing agent without creating a residual hazardous waste 

which would require further handling and disposal. As a precursor to developing 

such a treatment process, the biodegradability of surfactants warranted investigation.
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1.1.2 Biodegradability of Surfactants Used in In-Situ Applications

Because of their hydrophobic character, some fraction of the surfactants used 

for in-situ remediation of low solubility compounds in the unsaturated and saturated 

zones will adsorb to organic material, and, therefore, not be completely recovered by 

extraction wells (Currie, 1992; Fountain 1992; Kimball 1992; Swisher, 1987; Rosen,

1978). It is, therefore, important that the surfactants selected for in-situ 

environmental applications be relatively biodegradable so that additional persistent 

chemicals are not added to the environment (Abdul et. al, 1991; Fountain et al., 1991). 

Thus, one of the goals of this research was to investigate the relative biodegradability 

of the specific surfactants recommended for these applications.

1.2 Research Hypotheses and Objectives

The objective of this research was to investigate the rate and extent of 

biodégradation of two ethoxylated nonionic surfactants, Neodol 91-8 and Makon 12, at 

varying influent concentrations. Biodégradation experiments were conducted in 

sequencing batch reactors at three influent concentrations - 100, 250 and 500 mg/L. 

Although a significant amount of literature exists on the degradation of surfactants at 

concentrations typically encountered at municipal wastewater treatment plants, little 

information is available regarding the ability of microorganisms to degrade 

concentrations of ethoxylated nonionic surfactants exceeding 100 mg/L. Additionally, 

no data is available on the kinetics of this degradation in a sequencing batch reactor. 

This information represents a critical first step in evaluating the feasibility of 

biological treatment of surfactant-organic mixtures generated by hazardous waste 

remediation.
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The complete mineralization of linear alcohol ethoxylates (LAE, or simply AE) 

and alkyl phenol ethoxylates (APE) has been demonstrated to occur at low (10-50 

mg/1) concentrations in batch and continuous activated sludge systems (Osburn, 1966; 

Patterson et al., 1967; Swisher, 1987). Primary transformation of APEs, while slower 

than LAE degradation, will occur if the microbial cultures are properly acclimated 

(Mann & Reid, 1971; Yoshimura, 1986; Swisher, 1987). The current research was 

structured to test the hypothesis that Neodol 91-8 (an LAE) and Makon 12 (an APE) 

can be degraded in sequencing batch reactors with acclimated microbial cultures at 

concentrations higher than previously evaluated. Based on performance at low 

concentrations, it was also expected that Neodol 91-8 would biodegrade more rapidly 

and completely than Makon 12.

The specific objectives in support of the proposed hypothesis were to:

1. develop mixed population microbial cultures capable of using two nonionic 

surfactants, Neodol 91-8 and Makon 12, as primary substrates;

2. determine the effect of variable concentrations of Neodol 91-8 and Makon 12 

on the rate and extent of surfactant degradation (investigate an influent 

concentration range between 100 - 500 mg/1); and

3. determine the appropriate kinetic model to describe the effect of increasing 

concentration of surfactant on the rate of biodégradation.
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CHAPTER 2 

BACKGROUND

Included in this chapter is information pertinent to the selection of critical 

experimental parameters. Also included in this section is a summary of the previous 

research on biodégradation of the selected surfactants. Experimentation was aimed at 

determining the feasibility of biologically treating the residual waste stream produced 

by surfactant enhanced remediation of soils or groundwater. As such, system 

components were selected to mimic a full-scale biological treatment scheme designed 

with this specific aim in mind. Important to the research goals were selection of 

compounds and concentrations for investigation, choice of reactor design, and choice 

of microorganisms.

2.1 Selection of Surfactants

The successful operation of an above-ground or in-situ soil washing system 

requires employment of a surfactant which provides significantly increased 

solubilization of the contaminant(s) of concern. Currie (1992) found that of 18 

surfactants evaluated, two nonionic polyethoxylated surfactants provided the maximum 

removal of creosote from a glass column packed with sand. The two surfactants were 

Makon 12, a nonyl phenol ethoxylate (an APE with a hydrophobe chain length of
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nine and also referred to as a NPE), and Neodol 91-8, a linear alcohol ethoxylate 

(LAE).

Similarly, of the 120 surfactants tested by Fountain et al. (1991) for their 

ability to solubilize tetrachloroethylene (PCE), a linear alcohol ethoxylate (LAE) and a 

nonyl phenol ethoxylate (NPE) were among the top 10%. In experiments on removal 

of PCE from a porous medium, Fountain also showed that solubilization was the most 

important factor in determining overall extraction efficiency.

Biological treatment of a surfactant/organic compound mixture, as well as 

biodégradation of residual surfactant adsorbed to aquifer material, requires that the 

surfactant be nontoxic to microorganisms at the applied concentrations. Surfactant 

toxicity to bacteria is generated by two types of interactions. The first is formation of 

complexes with bacterial proteins leading to changes in shape and activity of enzyme 

proteins and to weakening or dissolution of structural proteins. The second is 

disruption of the cell membrane. Cell membranes are susceptible to this kind of 

disruption because they have chemical and physical properties similar to those of 

surfactants (Swisher, 1987). Of the three major types of surfactants commercially 

available, nonionics have been found to be the least biotoxic and the most readily 

biodegradable (Swisher, 1987; Currie, 1992). Bacteriotoxicity tends to increase with 

increased hydrophobe chain length and, in nonionics, to decrease exponentially with 

increased ethoxylate (EO) chain length (Swisher, 1987; Patoczka and Pullium, 1990).

The two polyethoxylated nonionic surfactants, Makon 12 and Neodol 91-8, 

were selected for investigation based on the low biotoxicity of nonionics relative to 

cationics and anionics, and their demonstrated ability to solubilize a range of 

hydrophobic compounds. Both compounds also have moderate hydrophobe and EO- 

chain lengths making them particularly well suited to biodégradation.
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2.2 Selection of Surfactant Concentrations

A second important experimental parameter was surfactant concentration. The 

concentrations selected for experimentation were related to (1) the concentration 

necessary for mobilization of contaminants and (2) the concentration which may 

inhibit microbial degradation.

Surfactants increase the effective solubility of nonpolar contaminants through a 

process called solubilization. When present at a sufficiently high concentration in 

aqueous solution, surfactant molecules aggregate like spheres with their nonpolar ends 

clumped together at the center. These aggregates are referred to as micelles, and the 

threshold concentration at which this aggregation occurs is referred to as the critical 

micelle concentration (CMC). Nonpolar, hydrophobic contaminants can be 

incorporated into the center of micelles and, thereby, be mobilized in the aqueous 

solution. To provide the enhanced mobility necessary for environmental applications, 

surfactant concentrations in excess of the CMC must be employed. CMCs for 

nonionic surfactants are usually lO-4 /xmol/L (Becher, 1966), which for the two 

surfactants proposed in this study is approximately 0.005 to 0.01% weight/volume (50 

mg/L to 100 mg/L).

Most research on surfactant-enhanced remediation of hydrophobic compounds 

have used surfactant solution concentrations ranging from 0.75 to 4%, concentrations 

far exceeding the CMC (Abdul et al., 1992; Ellis et al., 1985; Fountain et al., 1991; 

Soerens et al., 1992). Current research is aimed at minimizing surfactant levels 

required, to a concentration approaching the CMC, in an effort to minimize the cost of 

remediation, (Abdul, 1991).

Few researchers have investigated the effect of surfactant concentrations 

exceeding .01% on the viability (ability to reproduce and degrade organics) of 

microorganisms. Waddams (1950) investigated the nonionic surfactant Lissapol N at a
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concentration of 500 ppm and found no lethal effect on pure cultures of b. coliy b. 

proteus, staph, aureus, and on cultures in untreated sewage and sewage effluent. 

Leclerc (1952, as reported in Swisher, 1987) showed that commercial 

alkylbenzenesulfonate (ABS), an anionic surfactant with an average carbon-chain 

length of 12, inhibited oxygen uptake in a BOD test at 60 ppm, whereas an alkyl 

phenol ethoxylate (APE), a nonionic surfactant, caused no such effect at 300 ppm. 

Laha and Luthy (1991) demonstrated that phenanthrene degradation is inhibited in 

aqueous solutions containing nonionic polyethoxylated surfactants at concentrations of 

greater than 0.05% but is unaffected at concentrations of 0.01%.

As the concentration of the ethoxylated alcohol Cirrasol SF 200 was increased 

in a wastestream from 0.11 milligrams (mg) per mg dry weight suspended solids (dw) 

per day to 0.18-0.31 mg/dw-day, the number of genera of viable surfactant-degrading 

bacteria decreased from 8 to 4. A loading greater than 0.32 mg/mg dw-day appeared 

to be toxic to the remaining genera of bacteria as evidenced by a significant drop in 

their numbers (Rzechowska, 1976).

Biological treatment of a wastestream requires not only that the bacteria remain 

viable but also requires bacterial cultures which flocculate and settle from the effluent. 

Rzechowska (1976) found that floe structure was also affected by higher surfactant 

loading. When dosed with concentrations exceeding 0.32 mg/mg dw-day, acclimated 

activated sludge floes changed from compact and small with irregular or ramified 

shapes, to floes covered with a mucous-like substance having a loose structure at the 

edges (Rzechowska, 1976).

Based on consideration of the past research, the range of influent 

concentrations to be investigated in this research was as follows:
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- 100 mg/1 (0.01%), below the reported and experimental CMC for both selected 

surfactants and a concentration that did not inhibit phenanthrene degradation in Laha 

and Luthy's 1991 research; to

- 500 mg/1 (0.05%), a concentration at the low end of most surfactant application 

research, yet a concentration which showed no lethal effect in Waddams 1950 

research, but inhibited phenanthrene degradation in Laha and Luthy's 1991 research, 

and, therefore, demonstrates potential for biodégradation.

2.3 Selection of Microbial Cultures

Microorganisms gain competitive advantages by developing the capability to thrive 

on a specific compound that other microorganisms cannot use. Thus, a particular 

surfactant may be readily degraded by a certain species but resistant to other species. 

Similarly, the intermediate formed by the first bacterial species may only be utilized 

by another species. In a study aimed at evaluating the potential for complete 

mineralization of a substrate, it is useful to supply a mixed bacterial culture (Swisher, 

1987). With a few exceptions, isolation of individual microbial species from a mixed 

culture gives a set of pure cultures with surfactant degrading capabilities markedly 

poorer than those of the original mixture (Swisher, 1987). Reliable information on the 

underlying cause of the decrease in surfactant mineralization has not been obtained, 

however, some researchers have suggested loss of flocculation capability in the 

isolation process (Swisher, 1987).
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2.4 Selection of Sequencing Batch Reactors

The sequencing batch reactor (SBR) is a batch treatment operation involving a 

sequence of discrete time periods. These periods are reactor filling, reaction, solids 

settling, and effluent discharge. While continuous-flow systems are more commonly 

employed in waste treatment, SBR systems offer several key advantages (Dennis and 

Irving, 1979; Arora, et al., 1985). Batch reactors possess a kinetic advantage over 

continuous-flow systems thereby, requiring smaller reactors or shorter reaction time. 

The SBR processes are not designed to operate at steady state and, therefore, are better 

able to handle fluctuations in influent waste concentration or volume. Separation of 

solids occurs in the same vessel as reaction, obviating the need for a separate settling 

basin and return activated sludge pumping, a clear economic and space advantage over 

continuous systems. In addition, the solids-liquid separation occurs under quiescent 

conditions. This minimizes the possibility of solids wash-out which can occur during 

hydraulic surges in a continuous system. Lastly, the kinetic data obtained from an 

experimental SBR can be used to design a wide range of engineered biological 

treatment systems.

2.5 Chemical Structure of Polyethoxylated Surfactants

The essential structural features of polyethoxylated nonionic surfactants are a 

nonpolar (hydrophobic) hydrocarbon tail, normally an alkyl chain of not less than 8 

carbon atoms, bonded to a polar (hydrophilic) head comprised of polymerized ethylene 

oxide (EO). The ethylene oxide polymerization process produces a compound with a 

chain length distribution approximating a Poisson distribution. The chemical formula 

given for a commercial surfactant represents the average number of EO units per mole
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of hydrophobe. For example, a compound with an average of 10 moles of EO per 

mole of hydrophobe may contain molecules with ethoxide chains lengths ranging from 

3 to 20. Such compounds are termed "polydisperse" indicating a range of molecular 

structures rather than one unique structure (Cross, 1987; Schick, 1966). An example 

of the distribution of these molecules is shown in Table 1.

Table 1. Distribution of ethoxide chain lengths in a typical polyethoxylated surfactant.

Chain % of Chain % of
Length Compound Length Compound

3 0.022 9 13.29
4 0.45 10 13.18
5 1.98 11 9.57
6 4.95 15 3.55
7 8.6 20 0.3
8 11.7

(From Cross, 1987).

The hydrophobic tails are typically fatty alcohols, fatty acids or alklyphenols. 

The hydrophobic groups of both alkylphenols and fatty alcohols are manufactured in a 

process that also produces a polydisperse compound with a range of carbon-chain 

lengths. In addition, compounds which are predominantly linear in character tend to 

contain some proportion of branched chains (Cross, 1987).
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The chemical structure of Neodol 91-8, a linear polyethoxylated alcohol (LAE) 

is shown in Figure 1. Its hydrophobic tail consists of a linear saturated hydrocarbon 

chain with an average of 9-11 carbon atoms. The hydrophilic group is polymerized 

ethylene oxide with an average of 8 moles of ethylene oxide per mole of alcohol.

CH3 -(CH2)m-CH2 - O - (CH2-CH2- 0 ) n - H

m ave. = 7-9 

n ave. = 8

Figure 1. Generalized Chemical Structure of Neodol 91-8. (Adapted from Cross, 1987 

and manufacturer Material Safety Data Sheet)

Makon 12 (Figure 2) is a alkyl phenol ethoxylate (APE) consisting of an 

average of 12 moles of ethylene oxide per mole of hydrophobe. The hydrophobic 

group is a alkyl phenol with an average carbon chain length of 9-11. Because of its 

predominant character of 9 carbons it is also referred to as a nonyl phenol ethoxylate 

(NPE).
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CH3-(CH2)m.CH2 O- (CH2-CH2- 0 ) n - H

m ave.= 7-9 

n ave. = 12

Figure 2. Generalized Chemical Structure of Makon 12. (Adapted from Cross, 1987 and 

manufacturer Material Safety Data Sheet)

2.6 Polvethoxvlate Biodégradation

Much of the information available on surfactant degradation comes from 

investigation of the fate of surfactants in municipal waste streams. The concentrations 

used in these investigations are typically 10-50 milligrams/liter (mg/1) or 0.001%-

0.005%, far below the 0.75% to 4% range being recommended for hazardous waste 

clean-up applications. There is currently little data on either primary or ultimate 

degradation of these higher concentration solutions.

The major factors influencing the biodégradation of the polyethoxylates are the 

length of the ethoxy late chain and the structure of the hydrophobic group. The rate of 

biodégradation is retarded by an increased degree of ethoxylation and is facilitated by 

increased linearity of the hydrophobe (Paterson et al., 1967; Osburn, 1966; Swisher 

1987). The dominant factor effecting degradation rate is the structure of the carbon
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carbon (C)-chain and ethoxy late (EO)-chain length, and whether the EO-chain is linked 

to a terminal or internal carbon of the hydrophobe, (Swisher, 1987). Environmental 

factors which have been shown to affect degradation rate are acclimation period, 

temperature, and phosphate concentration (Lashen et al, 1966; Stiff et al., 1978; and 

Painter & King, 1978).

Early investigations of surfactant degradation focused on primary degradation,

i.e., only considered loss of the parent compound and used indirect measurement 

techniques such as loss of foaming or surface tension. Patterson et al., (1967) found 

that primary degradation of 10 mg/L of alcohol-based ethoxylated surfactants (AE) 

was rapid and relatively complete in laboratory batch tests at 20 °C. Degradation was 

measured using thin-layer chromatography capable of detecting compounds with EO- 

chain lengths greater than three. The time required for degradation increased with 

increased ethoxylation and with increased branching of the alkyl chain. Similar results 

have been obtained under field conditions at a wastewater treatment plant (Sykes et al.,

1979).

Primary degradation of 30 mg/1 of octyl-phenolethoxylate (OPE-10, 10 moles 

of ethoxylate per mole of hydrophobe) was shown to be 95% complete within seven 

days based on loss of response in a cobalt thiocyanate (CTAS) test under laboratory 

conditions, provided that an adequate acclimation period was provided (Lashen et al., 

1966). Under simulated field conditions (a combined septic tank and percolation field) 

degradation was 93% complete based on CTAS response but only 65% complete based 

on recovery of 14C 0 2. The CTAS method relies on formation of a chemical complex 

with the ethoxylate-chain, a process which imparts more hydrophobic character to the 

surfactant and allows it to be extracted into an organic phase. The complexed 

surfactant can then be quantified spectrophotometrically. Shortening of the carbon- 

chain will render the complex unextractable, while reduction of the EO-chain to less 

than five, eliminates the spectrophotometric response (Swisher, 1987).
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In tests comparing degradation of linear alcohol ethoxylates (LAE) to alkyl 

phenol ethoxylates (APE), primary degradation of AE proceeds considerably faster 

than that of APE, and the extent of APE degradation depends on acclimation period 

(Mann and Reid, 1971; Swisher, 1987; Yoshimura, 1986). Studies comparing the 

degradation of LAE and APE under aerobic and anaerobic conditions have shown that 

degradation (both primary and ultimate) is more rapid and complete under aerobic 

conditions (Lashen et al., 1966; Swisher, 1987; Ball et al., 1989).

Stiff et al. (1978) reported that while primary degradation of 20 mg/1 of AE 

was not temperature dependent over a range of 8-15 degrees celsius (°C), APE did 

show reduced degradability at the lower temperature. Similarly, low temperatures (9.6 

°C) did not adversely affect sludge or floe formation and only slightly depressed AE 

removal as compared to that at 18 °C. APE on the other hand showed a markedly 

decreased removal of 62-72% at 9.6 °C as compared to 96% at 20 °C (Painter and 

King, 1978).

In an activated sludge experiment with a reactor retention time of 3 hours and 

mixed liquor suspended solids (MLSS) concentration of. 2500 mg/1, Painter and King 

(1978) found that lack of phosphate (orthophosphate = .075 mg/1) in a synthetic waste 

containing AE and APE at concentrations of 20 mg/1 greatly impairs primary 

degradation of surfactant and sludge development. The concentration of phosphorous 

necessary to achieve removal efficiencies of 90% was between 2-5 mg/1 in a waste 

stream with a COD of 230-300 mg/1, BOD of 150-200 mg/1, and TOC of 98-136 mg/1. 

Lack of phosphate resulted in low and erratic removal of COD and surfactants, and a 

dispersed, non-flocculent sludge with poor settling characteristics and less microbial 

diversity. Addition of excess phosphate (as high as 22 mg/L) had no deleterious effect 

on bacterial viability and, therefore, a mass ratio of phosphorous to TOC ratio of 

greater than 0.05 has been suggested as necessary to ensure complete surfactant 

degradation (Painter and King, 1978).
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More recent studies have focused on the mechanisms of degradation, 

identification of primary degradation by-products and detection of complete 

mineralization. Mechanistically, ethoxylated nonionics undergo initial bacterial attack 

at one of three locations on the molecule. Initial cleavage can occur (i) by disruption 

at the end of the hydrophobe, (ii) by bacterial attack at the end of the EO chain 

(referred to as the co-EO pathway), or (iii) by central fission separating the hydrophobe 

and the EO-chain (Swisher, 1987). For AE, all three of these pathways are important. 

For APE, bacterial attack at the end of the EO chain has been most frequently 

observed (Swisher, 1987).

In a 35-day batch die-away test on 20 mg/1 of a branched-chain nonyl phenol 

containing 10 moles of EO per mole of hydrophobe (NPE10), ultraviolet (UV) 

spectroscopy at 280 nm of samples showed little change in absorbance the first two 

weeks, a loss of 50% between the second and third weeks and a leveling off after 

three weeks. UV analysis at 280 nm only detects the presence or absence of the 

aromatic ring and does not reflect significant changes in the hydrophobic or 

hydrophilic structures of the molecule (Osburn and Benedict, 1966). Subsequent tests 

were conducted under the same conditions, but using analysis by infrared 

spectroscopy, showed that the NPE10 was degraded by a piecemeal shortening of the 

EO chain without disruption of the aromatic ring. The molecule was degraded to 

NPE6 within 21 days and to NPE4 within 35 days. Evidence was also obtained that 

carboxylation of the alkyl group occurs in which a methyl group is converted to a 

carboxyl group (Osburn and Benedict, 1966).

Yoshimura (1986) performed die-away tests on 20 mg/1 of an AE with a 

carbon-chain length of 12 and an average number of EO units of 7 per mole 

(C12AE7) and on 20 mg/1 of an NPE with an average of 9 EO units per mole (NPE9). 

High Performance Liquid Chromatography (HPLC) of samples collected after 5 days 

showed disappearance of C12AE1, C12AE2 and C12AE3, which where present in the
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parent C12AE7 compound, while several new peaks appeared between C12AE3 and 

C12AE6. These peaks were not identified but disappeared along with peaks from the 

parent compound after 10 days. All peaks associated with the NPE9 disappeared after 

10 days. NPE1, NPE2 and NPE3, which were not part of the parent compound, 

were observed in small quantities (0.4 mg/1) at both 5 and 10 days. However, two 

new peaks appeared on the chromatogram which remained intact even 30 days after 

inoculation. These peaks were identified as NPE1 and NPE2 with the terminal 

CH2OH oxidized to a carboxyl group. Ball et al. (1989) reported on the rapid alkyl 

carboxylation of APEs with non-branched alkyl groups as suggested by Osburn and 

Benedict (1966), but listed the primary aerobic transformation pathway for branched 

APEs as shortening of the EO-chain by hydrolysis or an oxidative-hydrolytic 

mechanism.

As reported by Ball et al. (1989) several investigators have found that APE 

degrades to a relatively recalcitrant metabolite with two ethoxy units remaining on the 

intact aromatic ring with its alkyl group. Using tert-octylphenol ethoxylate (a 

compound with a branched hydrophobic group with 8 carbons and with 3 moles of 

EO, OPE3) Ball et al., 1989 conducted batch studies with both activated sludge and 

primary sewage effluent. Data from the 24-hour activated sludge inoculation with 

approximately 180 mg/1 of suspended solids and 500 /*g/l OPE3 indicated that ether 

cleavage occurred in parent compound homologues with a EO-chain lengths > 2 to 

those with EO-chain lengths of 1-3. This step was followed by the oxidation of the 

terminal ethylene glycolic alcohol to a carboxyl group. This transformation of the 

starting mixture to the carboxylated homologues with n=l-3 occurred within 12 hours. 

A mass balance conducted after 24 hours showed that little, if any, subsequent 

transformation of the highly branched hydrophobic group occurred. In general, ether 

cleavage of the EO-chain was favored over terminal alcohol oxidation, particularly for 

the longer EO-chain homologues. Data also suggested that terminal alcohol oxidation

ARTHUR LAKES U BRARÏ 
COLORADO SCHOOL OF M INES
GOLDEN, CO 8 0 4 0 1
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of the EO-chain forming a carboxylated by-product may hinder, but not preclude, 

further ether cleavage and biotransformation.

2.7 Kinetics of Surfactant Degradation

Design and operation of a biological treatment system requires a mathematical 

representation or model of the microbial reaction involved. Many factors affect the 

rate of substrate disappearance in a natural ecosystem or engineered wastewater 

treatment facility. These factors include among other things, predation of substrate 

degraders by protozoa, the accumulation of toxins produced by certain microorganisms 

and the binding of substrate to colloidal particles (Simkins and Alexander, 1984). This 

complicated set of controlling parameters make development of a mechanistic model 

that precisely describes substrate utilization difficult. However, it has been shown that 

biologically-mediated reactions can be modelled adequately with only the variables of 

substrate concentration, biomass, and the parameters of Monod kinetics (Simkins and 

Alexander, 1984).

Little information is available regarding the kinetics of AE or APE degradation. 

Fitter and Fuka (1979) conducted batch tests on branched NPEs with EO-lengths 

ranging from 3-35. Tests were conducted at surfactant concentrations corresponding to 

a COD of 100 mg/L and were inoculated with 100 mg dry weight (dw)/L of activated 

sludge that had been acclimated to the surfactants for five days. Values were provided 

for the average specific rate of decomposition, given in mg of COD and dissolved 

organic carbon (DOC) removed by one gram of initial total solids of inoculum after 

one hour. The rate of degradation was highly dependent on the length of the 

hydrophilic chain. The rates of decomposition ranged from approximately 6.5 mg 

COD/gm dw-hr and 2.75 mg DOC/gm dw-hr for the surfactants with low EO-chain
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length to approximately 3.25 mg COD/gm dw-hr and 1.25 mg DOC/gm dw-hr for 

compounds with highest number of ethoxy groups. These rates are considerably less 

than the rates for phenols, which when tested under the same experimental conditions 

showed rates ranging from 15 - 200 mg COD/gm dw-hr.

Vashon and Schwab (1982) modeled degradation of trace concentrations of the 

linear alcohol ethoxylate C16E03 as a function of surfactant concentration and 

biomass. At initial concentrations of 0.850, 6.6, and 68 yitg/L, the kinetics of 

mineralization of the alpha-alkyl carbon of C16E3 showed first order mineralization 

kinetics with a half life for ultimate biodégradation of about 2.3 days. No significant 

differences were seen in the rate constants at the various initial concentrations. The 

kinetics of ethoxylate degradation were also first order at low concentrations (0.42 

/4g/l) and but appeared to be zero order at 31.2 yMg/1. The half-life based on the lower 

concentration of 0.42 /4g/l was 5.8 days.
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CHAPTER 3

EXPERIMENTAL METHODS AND MATERIALS

3.1 Microbial Cultures

Microbial cultures were obtained in September 1991 from a 1-liter grab-sample 

of mixed liquor from the Coors municipal wastewater treatment plant in Golden, 

Colorado. The mixed liquor was allowed to settle for at least 1-hour and the 

supernatant liquid was decanted. Approximately 500 ml of biochemical oxygen 

demand (BOD) dilution water was added to the remaining solids and the sample was 

again allowed to settle. This procedure was repeated three times in total to remove 

any residual soluble organic material. The resulting solids were split between two 

sequencing batch reactors (SBRs) described in section 3.2.

3.2 Experimental System

SBR construction - Two 8-liter bench scale sequencing batch reactors were 

used for all experimentation (Figure 3). The reactors were constructed from an 8 inch 

internal diameter (I.D.), 15 inch tall, clear acrylic cylinder glued to a 1/2 inch thick 

square base plate. The reactors originally operated with an identical top plate which 

was later removed to provide room for a mechanical mixer. Holes were drilled into 

the top to place the decant tube and air line. Penetrations were also made into the side 

wall for a feed tube.
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Aeration and Mixing - For the first ten months of operation (reactor start-up), 

air was supplied to both reactors by a compressed air source connected to a dual 

sparging stone set approximately 1/2 inch from the bottom. The compressed air was 

filtered and metered to flow at 5-6 psi. A second flow meter regulated the flow into 

the reactors at a rate of 40 ml/min. A solenoid valve was used to turn the air on and 

off. Mixing was supplemented by a 1 inch magnetic stir bar on the bottom of each 

reactor. Subsequent to the ten month-start-up period, the sparging stone and magnetic 

stir bar were replaced by a mechanical mixer fitted with a 2 inch diameter propeller 

(Barnant Company, Barrington, IL). The mixer supplied both oxygen transfer and 

complete mixing.

Reactor Influent - Each reactor was supplied with either Neodol 91-8 

(provided by Shell Chemical Co., Geismar, LA) or Makon 12 (provided by Steppan 

Company, Chicago, IL) as its only carbon source. The influent also contained an 

inorganic salt solution consisting of reagent grade NH4C1, Na2H P 04, and NaHCG3.

The phosphorous and nitrogen salts were added to tap water (dechlorinated with 

sodium thiosulfate) such that the influent contained approximately 25 mg nitrogen and 

5 mg phosphorus per 100 mg of total organic carbon. The sodium bicarbonate was 

added to the feed solution in varying amounts to keep the pH of the reactors near 7 ± 

1. Adjustment of pH is discussed further in Chapter 4. The surfactants and inorganic 

salt solution were stored separately to discourage microbial growth and were pumped 

during the fill cycle of the SBRs by constant-speed peristaltic pumps (Cole-Palmer, 

Chicago, Illinois).

SBR Operation - The SBRs were operated continuously from start-up in 

October, 1991 to the completion of all degradation experiments in January, 1993. The 

complete batch cycle consisted of the following four discrete steps; (1) reactor filling;
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(2) reaction (or microbial degradation of the surfactant); (3) solids settling; and (4) 

effluent decant and discharge. After decant, the sequence was repeated. In all 

subsequent discussions, one complete batch cycle in which surfactant degradation was 

monitored is referred to as an experiment.

During period (1), the reactors were filled with the surfactant and inorganic salt 

feed to a liquid level of approximately 4-liters over a period of 20 minutes. Period 

(2), the reaction cycle, varied in length depending on influent concentration. Higher 

surfactant concentrations generally required longer reaction times before removal of 

TOC ceased. Biomass that adhered to the reactor walls was regularly scraped off and 

added to the reactor to provide a completely mixed system. Distilled water was 

periodically added to the reactors to make up for evaporation losses during long 

reaction cycles. During Step (3) forced air and mixers were turned off and solids were 

allowed to settle for a period of two hours. The reactors would then be decanted in 

Step (4) to a liquid level of approximately 1/2-liter over a period of 30 minutes. All 

pumps, magnetic stirrers and the air solenoid valve were operated by a programmable 

Chrontrol XT timer (Lindberg Enterprises, San Diego, CA). The SBRs were kept in a 

growth chamber kept at a constant temperature of 20 ± 2 °C.

3.3 Monitoring and Analytical Methods

Surfactant degradation was measured by monitoring total organic carbon (TOC) 

and chemical oxygen demand (COD) during the reaction cycle. Twenty-five to 50 ml 

samples were withdrawn from the reactors at regular intervals and placed into separate 

glass beakers. Five to ten ml samples were pipetted from the beaker and were vacuum 

filtered directly into a 50 ml glass vial. To minimize losses from adsorption to the 

plastic pipet tip, 5 ml of sample was drawn into the tip and discarded prior to filling
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Figure 3. Schematic of experimental set-up
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the sampling vials. Samples were filtered through pre-washed Whatman 934-AH glass 

microfibre filters. If the sample foamed excessively during filtration, 5 ml of distilled 

water was vacuum filtered to remove foam caught on the filter apparatus. Samples 

were immediately acidified with 1-drop of concentrated H3P 0 4 and refrigerated for not 

more than 30-days prior to analysis. All analytical measurements were made on the 

filtered samples. TOC was measured using a Schimadzu 500 (Columbia, MD) TOC 

analyzer. COD was measured using HACH dichromate reagents and digester (HACH, 

Loveland, CO). Samples were then analyzed at a wavelength of 420 nm using a 

Milton Roy Spectronic 20D spectrophotometer (Milton Roy Co., Rochester, NY).

Other parameters measured were total suspended solids (necessary for kinetic 

modeling), pH, alkalinity, temperature and dissolved oxygen (measures of system 

stability). Suspended solids and alkalinity were measured as described in Standard 

Methods for the Examination of Water and Wastewater. 15th edition (1980). pH was 

measured with an Orion 920A pH meter and Orion model 91-55 probe (Orion, Boston, 

MA), while dissolved oxygen was measured using a YSI Model 50B meter and model 

5739 probe (YSI, Yellow Springs, OH).

3.4 Reactor Start-up

The reactors were operated for a period of twelve months (between October 

1991 and October 1992) to evaluate the reactor response to changes in reaction cycle 

length, aeration rate, and influent surfactant concentration. This start-up period 

allowed for acclimation of the microbial cultures and collection of preliminary data on 

reactor performance at the concentration extremes of 100 mg/L and 500 mg/L. Table 

2 summarizes the experiments conducted during this time period. As discussed in 

Section 3.2, experiments represent a complete batch cycle in which surfactant
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degradation was monitored. The experiments occurred sequentially and are numbered 

chronologically based on the start-date of the batch cycle. The reaction length in 

column three, represents the length of Step (2) in the complete batch cycle.

Table 2. Summary of experiments conducted during reactor start-up. Experiment 3 
was conducted after a 5-week acclimation period. Experiments 4-8 operated with a 
24-hour idle period once a week.

Exp.
#

Start
Date

Reaction
Length

Cone.
(mg/L)

1 11/19/91 48 hr 100
2 11/25/91 48 hr 100
3 1/22/92 120 hr 500
4 2/12/92 120 hr 100
5 3/3/92 48 hr 100
6 4/7/92 72 hr 100
7 5/19/92 72 hr 100
8 6/5/92 72 hr 100
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3.5 Experiments at surfactant concentrations of 100 mg/L

Experiments used to assess the kinetics of surfactant degradation at an influent 

surfactant concentration of 100 mg/L, took place between September 8 - October 9, 

1992. Table 3 summarizes the experiments conducted during this time period. The 

reaction length for both surfactants was varied between 72 and 48 hours. For the final 

two weeks of this period (Experiments 13-16), the reaction length was held at 48 

hours. A steady-state condition with respect to surfactant degradation was assumed to 

be present after TOC degradation profiles showed a consistent percent removal (±

10%) over three, 48 hour cycles. After steady state was achieved, frequent samples 

were collected during the next reaction cycle. This data was then used in the initial 

efforts to model the kinetics of degradation (Experiment 15). During experiment 15, 

samples were collected from each reactor every hour for the first fours hours, every 2 

hours for the next 10 hours, and every 4 hours for the final 10 hours. Because TOC 

reduction was relatively consistent during all experiments, additional experiments were 

used to confirm the results of the kinetic modeling and determine average kinetic 

parameters.
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Table 3. Summary of experiments at surfactant concentrations of 100 mg/L.

Exp. Start Reaction Comments
# Date Length

10 9/8/92 144 hr increased H C 03‘ conc.
11 9/15/92 72 hr
12 9/21/92 48 hr
13 9/29/92 48 hr
14 10/1/92 48 hr
15 10/5/92 48 hr initial kinetic modeling
16 10/7/92 48 hr

3.6 Experiments at surfactant concentrations of 250 mg/L

Experiments at an influent surfactant concentration of 250 mg/L took place 

between October 26 - November 23, 1992 and are summarized in Table 4. The 

reaction length for both surfactants was initially 7 days (168 hours) and was reduced 

to 3 days (72 hours) after TOC reduction had stabilized. As with the previous 

concentration, a steady-state condition with respect to surfactant degradation was 

assumed to be present after surfactant degradation profiles showed a consistent percent 

removal (± 10%) over three 72-hour cycles. After steady state was achieved, frequent 

samples were collected during the next batch cycle (Experiment 22) to be used for the 

initial kinetic modeling. Samples were collected from each reactor every hour for the 

first five hours, every 2 hours for the next 10 hours, and every 4 hours for the final 15 

hours. Earlier experiments were then used to corroborate the kinetic parameters 

obtained by modeling experiment 22.
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Table 4. Summary of experiments at surfactant concentrationsof 250 mg/L.

Exp.
#

Start
Date

Reaction
Length

Comments

17 10/26/92 168 hr after 17 day acclimation
18 11/1/92 98 hr
19 11/6/92 72 hr
20 11/9/92 72 hr
21 11/16/92 72 hr
22 11/20/92 72 hr initial kinetic modeling

3.7 Experiments at Surfactant Concentrations of 500 mg/L

Experiments at an influent surfactant concentration of 500 mg/L took place 

between December 7, 1992 - January 29, 1993 and are summarized in Table 5. The 

reaction cycle for both surfactants began at 14 days and was reduced to 10 days based 

on initial TOC results. A total of four experiments were conducted at this 

concentration over five reaction cycles. Unlike previous concentrations, a steady-state 

condition with respect to surfactant degradation was not maintained over the length of 

the five cycles. Suspected reasons for the system irregularity will be discussed in 

Chapter 4. Frequent samples were collected during experiment 26 for the initial 

assessment of kinetic parameters. Samples were collected from each reactor 

approximately every 12 hours for the first 24 hours, and once a day thereafter.
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Table 5. Summary of experiments at surfactant concentrations of 500 mg/L. A fifth 
reaction cycle occurred between 12/28/92 - 1/18/93 but no samples were collected.

Exp. Start Reaction Comments
# Date Length

23 12/7/92 14 days after 14 day acclimation
24 12/18/92 10 days
25 1/8/93 10 days
26 1/18/93 10 days initial kinetic modeling

3.8 Data Analysis

The TOC versus time profiles collected in experiments 15, 22 and 26 for the 

three influent surfactant concentrations were compared against four kinetic models 

which take into account substrate concentration, cell density, and the parameters of 

Monod kinetics as described by Simkins and Alexander (1984). This analysis was 

aided by the computer program LMFIT (Hess, 1990), which uses non-linear regression 

fitting techniques. LMFIT requires the user to select one of 13 kinetic models and to 

provide initial estimates of the model parameters. The program uses iterations to 

converge on a solution for the model parameters which minimizes the least squares of 

the difference between the actual data and the model.

Selection of the best model was based on a comparison of the residual sums of 

squares between different model fits. A model was considered to provide a reasonable 

fit only if the standard errors of the estimated parameters were less than 50 percent.
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Selection of the "best fit" was made by comparing the residual sums of squares in a 

statistical technique similar to the analysis of variance used in stepwise multiple linear 

regression to test the significance of adding an additional independent variable 

(Simkins & Alexander, 1984). The technique relies on an F-test to determine if the 

reduction in the unexplained variance of a model with one more parameter is 

significant at the 95% level. If the difference between the residual sums of squares of 

one model and a model with fewer parameters was significantly lower at the 95% 

confidence level on a standard F-test, the model with the lower residual sum of 

squares was selected as the "best fit".

After selection of the appropriate model, additional experiments at each 

concentration were modeled with LMFIT to confirm the relative magnitude of kinetic 

parameters. In addition, the selected model was linearized and kinetic parameters 

estimated via linear regression to evaluate smaller data sets and determine average 

kinetic parameters for each influent concentration by evaluating data collected during 

all experiments.
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CHAPTER 4 

EXPERIMENTAL RESULTS

4.1 Reactor Performance During Start-up

The period between October 1991 to October 1992 was used to collect data on 

reactor performance at the concentration extremes of 100 and 500 mg/L. Data 

collected during this period is summarized in Table 6. All analytical data collected is 

contained in Appendix A.

At influent concentrations of 100 mg/L, the reactors were generally operated 

with a 48 to 72 hour reaction length, with air being supplied after the first 24 hours. 

Although TOC and COD reduction between experiments was somewhat erratic at this 

concentration, the mean percent reduction for both reactors was comparable. The 

percent reduction of COD and TOC in the Neodol reactor ranged from 39-93% with a 

mean reduction of 74.4 ± 18.0%. The percent reduction of COD and TOC in the 

Makon reactor ranged from 59-94% with a mean reduction of 67.0 ± 12.6%. Percent 

reduction was not correlated to reaction length, i.e., longer reaction periods did not 

produce greater reductions in TOC or COD.

At an influent surfactant concentration of 500 mg/L, the reactors were operated 

for one five day cycle, again with air supplied after the first 24 hours. At this 

concentration, both reactors failed to appreciably reduce foaming or TOC even after 

five days of reaction.
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Table 6. Reactor performance during start-up period. Percent removal represents 
results of total organic carbon or chemical oxygen demand analysis.

Exp. Conc. Makon Neodol Anal.
# mg/L % Removal % Removal Method

1 100 61 72 COD
2 100 59 75 COD
3 500 12 8 TOC
4 100 60 39 TOC
5 100 59 93 COD
6 100 94 78 TOC
7 100 69 93 TOC
8 100 67 71 TOC

The inconsistency in removal of COD and TOC at 100 mg/L and failure at the 

higher surfactant concentration indicated problems with the initial reactor configuration 

and operation. Hourly, monitoring of D.O. during the nonaerated period showed that 

the reactors became anaerobic (D.O. < 0.20 mg/L) within two hours of feeding, a 

condition shown to reduce surfactant degradation rates (Swisher, 1987; Ball et al.,
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1989). However, until partial TOC reduction had occurred supplying air via the 

sparging stones caused excessive foaming in both reactors. Foaming meant the 

majority of the surfactant was not in contact with the activated sludge and caused 

difficulties in obtaining a representative sample.

Based on this data, a mechanical mixer was tested to determine if it could 

supply oxygen throughout the reaction cycle while minimizing foaming. Each reactor 

was supplied with a mechanical mixer and dissolved oxygen was measured at various 

mixer speed settings during a reaction with an influent concentration of 100 mg/L. 

Results of this test indicated that mixer speeds between 1500-2500 rpms were 

sufficient to keep DO levels > 2.0 mg/L.

4.2 100 mg/L Surfactant Concentration

4.2.1 Total Organic Carbon

Once the reactors were reconfigured with the mechanical mixer, TOC reduction 

at a surfactant concentration of 100 mg/L was monitored over seven consecutive batch 

cycles (Experiments 10-16). Experimental conditions were kept constant during these 

experiments, except that the reaction length was shortened from 72 to 48-hours during 

the last five experiments. Percent reduction of TOC during each experiment is 

summarized in Table 7 and in Figure 4. The percent reduction of TOC in the Neodol 

reactor ranged from 78-90% with a mean reduction of 83.6 ± 5.1%. In addition, the 

percent removal of Neodol improved over the experimental time period, probably due 

to improved acclimation. TOC in the Makon reactor tended to plateau at a higher 

level indicating the possible formation of a recalcitrant metabolite. The percent 

reduction of TOC ranged from 56-73% with a mean reduction of 61 ± 6.1%.
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Data collected during the October 5-October 6, 1992 reaction cycle (experiment 

15) was used to determine which kinetic model best fit the experimental data. Hence, 

this experiment is labeled kinetic study in Figure 4. Figure 5 shows TOC reduction as 

a function of time for this experiment.

Except for Experiment 10, TOC reduction in both reactors was complete within 

18-24 hours. Microbial degradation during this experiment was thought to be inhibited 

by the low pH of the reactors. TOC dropped rapidly in each reactor after addition of 

supplementary NaHC03 and a subsequent rise in pH. The concentration of H C 03" in 

all subsequent experiments at this concentration was raised from 100 mg/L to 500 

mg/L.

Table 7. Percent reduction of TOC and COD at surfactant concentrations of 100 
mg/L. The accuracy and precision of the TOC and COD measurements is 
approximately, ± 2 mg/L and ± 5 mg/L respectively (Swisher, 1987).

Exp.
#

Makon 
% TOC 
Removal

Makon 
% COD 

Removal

Neodol 
% TOC 

Removal

Neodol 
% COD 
Removal

10 57 66 79 76
11 56 65 78 84
12 58 78
13 65 86
14 58 86
15 60 77 88 92
16 73 90
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60
Surfactant Feed Concentration 

= 100 mg/L

50 -

40 -

30 -

Makon
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Neodol
io-

2520

Cycle Time (hrs)

Figure 5. Total organic carbon profiles for experiment 15 conducted between
October 5 - October 6, 1992, with an influent surfactant concentration 
of 100 mg/L.
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4.2.2 Chemical Oxygen Demand

Selected samples from three of the seven experiments were analyzed for COD. 

These results are summarized along with TOC in Table 7. The mean percent 

reduction of COD in the Neodol reactor was 84.0 ± 8.0%, and in the Makon reactor 

69.3 ± 6.7%. Based on a one tailed student-t test, no significant difference (a=0.05 

and 0.01) existed between the percent reduction of COD and TOC in the Neodol 

reactor. For the Makon reactor, there was a signigicant difference at a=0.05, but not 

at a=0.01. The close correspondence between results indicates that either test is a 

good indicator of the reduction of surfactant. Comparison of TOC and COD 

degradation profiles for Experiment 15 showed COD reduction following the same 

pattern as TOC reduction. This suggests that any removed TOC may have been 

completely mineralized to COz, as no further changes in oxidation state occur once 

TOC reduction ceases.

4.2.3 Total Suspended Solids

As part of Experiments 14-16, total suspended solids (TSS) were measured in 

triplicate immediately after feed (referred to as initial solids) and immediately before 

settling (referred to as final solids). Results of these measurements are summarized in 

Table 8. Throughout experiments 14-16, suspended solids concentrations in the 

Neodol and Makon reactors were not significantly different based on a student t-test at 

a significance level of 0.05 and 0.01. Comparisons of influent and final solids within 

each experiment revealed no significant difference at a=0.05. These results indicate 

that no net biomass production occurred during a reaction cycle. Mean TSS was 398 

± 47 mg/L in the Neodol reactor and 344 ± 185  mg/L in the Makon reactor, values
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which are far below the 1500-5000 mg/L recommended as optimum for an SBR 

activated sludge system (Metcalf & Eddy, 1991).

In addition to the reactor solids, suspended solids samples were collected from 

the decanted effluent of Experiment 15. Effluent solids from both reactors were high; 

TSS was 66 ± 50.5 mg/L from the Neodol reactor and 114 ± 74 mg/L from the 

Makon reactor. With a decant volume of 3.5 liters, 14.5% of the total mass of solids 

from the Neodol reactor and 29% from the Makon reactor were lost. These values 

also exceed the minimum secondary treatment standards for suspended solids of 30 

mg/L under Section 304(d) of the Clean Water Act (Metcalf & Eddy, 1991). 

Macroscopically, the two cultures developed distinct colors, the Neodol being light 

brown and the Makon yellowish-tan. A preliminary microscopic evaluation of the two 

cultures revealed no distinct microbial differences with both cultures exhibiting a 

mixture of bacteria and protozoa.

Table 8. Total Suspended Solids (TSS) concentrations in influent (time = 0) and final 
samples for experiments at a surfactant concentration of 100 mg/L.

Exp. Makon Makon Neodol Neodol
# TSS TSS TSS TSS

Initial Final Initial Final
_____________ (mg/L)__________(mg/L)________ (mg/L)___________(mg/L)

14 310 ± 30 277 ± 18 390 ± 62 393 ± 35
15 300 ± 36 363 ± 25 390 ± 75 426 ± 30
16 303 ± 55 513 ± 448 290 ± 36 497 ± 13
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4.2.4 Additional System Parameters

Dissolved oxygen, pH and alkalinity were measured periodically throughout the 

reaction cycles (See Appendix A for complete documentation of the collected data). 

The mechanical mixers were adjusted in an attempt to keep DO levels above 1.0 

mg/L. However, mixer speed was limited to less than 5000 rpm due to excessive 

shearing of the bacterial floes which would occur above that level (Grady & Lim, 

1980). During experiments 13 and 15, DO in both reactors dropped to below 1.0 

mg/L during the period of rapid degradation, a condition which may have influenced 

the rate of degradation.

Except in Experiment 10, the system was well buffered with the pH remaining 

between 6.9 and 8.5. The rapid drop in pH during Experiment 10 was countered in 

subsequent runs by increasing NaHC03 in the feed to 500 mg/L as H C 03\  The drop 

in pH during Experiment 10 was thought to be related to the increased degradation 

rates promoted by use of the mechanical mixers which provided oxygen throughout the 

reaction cycle. Once alkalinity was added to the reactors, no distinct upward or 

downward trend in pH was evident during any reaction cycle.

4.3 250 mg/L Surfactant Concentration

4.3.1 Total Organic Carbon

After the experiments at the 100 mg/L concentration were complete, the 

influent surfactant concentration was increased to 250 mg/L. The amount of inorganic 

salts added also was increased to keep the same ratio of TOC to nitrogen and 

phosphorus as in earlier experiments. The influent H C 03 concentration was kept at
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500 mg/L. After a 17 day acclimation period (one seven-day, and two five-day batch 

cycles) experiments 17- 22 were begun. Again experimental conditions were held 

constant during these experiments, with only the length of the reaction period 

changing. The results of these experiments are summarized in Table 9 and in Figure 

6. The percent reduction of TOC in the Neodol reactor ranged from 75 - 93% with a 

mean reduction of 87.2 ± 6.8%. As with the 100 mg/L concentration, TOC in the 

Makon reactor reached a plateau at a higher level indicating the possible formation of 

a recalcitrant metabolite. Formation of an intermediate was also evidenced by a milky 

color present in the samples after the first four to five hours of reaction. The percent 

reduction of TOC in the Makon reactor ranged from 55^77% with a mean reduction of 

67 ± 8.5%.

Data collected during Experiment 22 was used to determine which kinetic 

model best approximated the system dynamics and is labelled as the kinetic study in 

Figure 6. Figure 7 shows TOC as a function of time for this experiment. Consistent 

with Figure 7, reduction of TOC to the plateau value was generally complete for all 

experiments within 24 to 30 hours for both surfactants.
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Table 9. Percent reduction of TOC and COD at surfactant concentrations of 250 
mg/L.

Exp.
#

Makon 
% TOC 
Removal

Makon 
% COD 

Removal

Neodol 
% TOC 

Removal

Neodol 
% COD 
Removal

17 68 93
18 74 93
19 77 89
20 59 84
21 68 75
22 55 82 89 89

4.3.2 Chemical Oxygen Demand

Selected samples from the Experiment 22 were analyzed for COD. These 

results are summarized along with TOC in Table 9. The percent reduction of COD in 

the Neodol reactor was 88.0% which correlates very well with the 88.6% reduction in 

TOC. The reduction of COD in the Makon reactor was 81.8% which is much higher 

than the TOC reduction of 55.0%. This lack of correlation is partly an artifact of the 

unusually high initial COD reading of 782 mg/L. Based on the initial TOC reading of 

149, COD should have been approximately 515 mg/L, or a percent reduction in COD 

of only 72%. This high initial COD value was most likely due to analytical error. As 

with experiment 15, comparison of TOC and COD degradation profiles revealed no 

distinct difference between the pattern of COD and TOC reduction.
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180
Surfactant Feed Concentration 

= 250 mg/L
160;

140

120

100

Makon80-

60 -

40 -

Neodol
20-

10 15 20

Cycle Time (hrs)
25 30 35

Figure 7. Total organic carbon profiles for experiment 22 conducted between 
November 20 - November 22, 1992, with an influent surfactant 
concentration of 250 mg/L.
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4.3.3 Total Suspended Solids

As part of Experiments 20-22, TSS was measured in triplicate in initial and 

final samples. These results are summarized in Table 10. Suspended solids 

concentrations in the Makon reactor were consistently and significantly (a=0.05 and 

0.01) higher than in the Neodol reactor. Over the course of the experiments, solids in 

the Makon reactor steadily increased while the concentration in the Neodol reactor 

remained similar to that at the 100 mg/L concentration. Mean solids concentrations 

were 620 ± 55 mg/L in the Makon reactor (250 mg/L greater than at 100 mg/L) and 

497 ± 36 mg/L in the Neodol reactor (100 mg/L greater than at 100 mg/L). In the two 

experiments with sufficient data to test, solids increased significantly (a  = 0.05 and 

0.01) in the Neodol during the reaction cycles. No significant difference existed 

between influent and final samples in the Makon reactor (a  = 0.05 and 0.01).

Triplicate TSS samples were also collected from the decanted effluent of 

Experiment 22. Effluent solids concentrations from the Neodol and Makon reactors 

were 82 ± 12 mg/L and 35 ± 17 mg/L, respectively - values which are again very high 

in comparison to the mass remaining in the reactor. The distinct color difference 

between the reactors persisted (see Section 4.2.3).
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Table 10. Total Suspended Solids (TSS) concentrations in influent (time = 0) and 
final samples for experiments at a surfactant concentration of 250 mg/L.

Exp. Makon Makon Neodol Neodol
# TSS TSS TSS TSS

Initial Final Initial Final
(mg/L) (mg/L) (mg/L) (mg/L)

20 553 ± 15 543 ± 45 413 ± 38 537 ± 55
21 575 ± 15 650 460 ± 42 610
22 666 ± 91 733 ± 67 440 ± 20 527 ± 5.8

4.3.4 Additional System Parameters

Dissolved oxygen, pH and alkalinity were again measured periodically 

throughout the reaction cycles (see Appendix A). The mechanical mixers were 

adjusted in an attempt to keep DO levels above 1.0 mg/L. As with the 100 mg/L 

experiments, DO in both reactors often dropped to below 1.0 mg/L during the period 

of rapid degradation. Throughout all the experiments pH remained between 5.6 and 

8.9, but generally was above 7.5, and showed no distinct upward or downward trend 

during an experiment. Alkalinity tended to decrease slightly between influent and 

final samples, but insufficient data was collected to determine whether this decrease 

was statistically significant.
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4.4 500 mg/L Surfactant Concentration

4.4.1 Total Organic Carbon

After a two day idle period, the influent surfactant concentration was increased 

to 500 mg/L. The amount of inorganic salts added was increased to maintain the same 

TOC to nitrogen and phosphorus ratio as in all previous experiments. Additional 

N aH C03 was added to the feed to increase the concentration of H C 03" to 700 mg/L. 

After a 14 day acclimation period (one 14-day cycle), Experiments 23-26 were begun. 

The results of these experiments are summarized in Table 11 and in Figure 8. During 

Experiments 23 and 24 both reactors achieved similar percent TOC reductions as at 

the previous concentrations, although reduction was extremely slow. During 

Experiment 22 both reactors displayed a 3-day lag period prior to significant reduction. 

TOC reduction ceased after 8-10 days, occurring more rapidly in the Neodol system. 

Because limited samples were collected during Experiment 24, there is no evidence 

whether or not the lag persisted. The percent reduction of TOC in the Neodol reactor 

(excluding Experiment 25) ranged from 85 - 92%. TOC reduction in the Makon 

reactor during these experiments ranged from 67 - 69%. As with the two previous 

influent concentrations, TO
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attributed to the extremely low alkalinity of both reactors which led to a rapid decrease 

in pH throughout the reaction cycle. Because of the low alkalinity of both reactors at 

the start of the reaction period (118 mg/L in Makon and 212 mg/L in Neodol), 

increasing the H C 03' concentration to 1000 mg/L after day 7 failed to significantly 

increase pH. The extremely poor performance of Neodol was also probably related to 

the low TSS concentration relative to the high surfactant influent concentration (see 

Section 4.4.3).

Alkalinity of the system was increased to 1343 mg/L in the Makon reactor and 

1309 mg/L in the Neodol reactor for Experiment 26. TOC reduction improved in both 

reactors and was comparable to Experiment 23 but with no evidence of the lag period. 

Data collected during this experiment was used to determine which kinetic model best 

fit the TOC reduction profile. Figure 9 shows TOC as à function of time for this 

experiment.

Table 11. 
mg/L.

Percent reduction of TOC and COD at surfactant concentrations of 500

Exp.
#

Makon 
% TOC 
Removal

Makon 
% COD 

Removal

Neodol 
% TOC 

Removal

Neodol 
% COD 
Removal

23 69 85
24 67 88
25 67 42
26 62 69 92 92
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Surfactant Feed Concentration 
= 500 mg/L

300
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150
Makon
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250100 150 2000 50

Cycle Time (hrs)

Figure 9. Total organic carbon profiles for experiment 25 conducted between
January 18 - January 28, 1993, with an influent surfactant concentration 
of 500 mg/L.
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4.4.2 Chemical Oxygen Demand

Selected samples from Experiment 26 were analyzed for COD. These results 

are summarized along with TOC in Table 11. The percent reduction of COD in the 

Neodol reactor was 92.1% which correlates very well with the 91.9% reduction in 

TOC. The reduction of COD in the Makon reactor was 69.0%, also a good correlation 

with the 62.3% reduction in TOC. As with the two lower influent concentrations,

COD and TOC reduction profiles revealed no difference in the rate of TOC and COD 

removal.

4.4.3 Total Suspended Solids

As part of experiments 25 and 26, total suspended solids were measured 

in triplicate in initial and final samples. These results are summarized in Table 12.

In both experiments, suspended solids concentrations in the Makon reactor were 

consistently and significantly (a=0.05 and 0.01) higher than suspended solids in the 

Neodol. Mean solids concentrations remained low with respect to an efficiently 

operating biological system. In the Makon reactor TSS was 620 ± 32 mg/L 

(comparable to the 250 mg/L concentration) and in the Neodol reactor, 330 ± 1 9  mg/L 

(50 mg/L less than at 100 mg/L). The more prominent loss of solids from the Neodol 

reactor may be attributed to the fact that surfactant biotoxicity increases with decreased 

ethoxy late chain length (Swisher, 1980). Neodol, with a shorter average EO-length 

than Makon, may interact more strongly with the lipophilic cell membranes of the 

bacteria, thereby, interfering with membrane functions. Solids in the Neodol reactor
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increased significantly (a= 0.05 and 0.01) between the initial and final samples. 

Solids in the Makon reactor increased significantly at a= 0.05 for both experiments 

and at a=0.01 for one experiment.

Table 12. Total Suspended Solids (TSS) concentrations in influent (time = 0) and
final samples for experiments at a surfactant concentration of 500 mg/L.

Exp. Makon Makon Neodol Neodol
# TSS TSS TSS TSS

Influent Final Influent Final
(mg/L) (mg/L) (mg/L) (mg/L)

25 537 ± 21 710 ± 20 260 ± 17 377 ± 8
26 603 ± 32 630 ± 46 310 ± 10 376 ± 31

The microbial cultures in both reactors possessed a strong ammonia-like smell 

not present at the lower concentrations, a distinct indication of biomass decay. As a 

further indication of a stressed microbial population, samples of decanted effluent from 

Experiment 26 indicated a large loss of solids during effluent. Effluent solids 

concentrations in the Neodol and Makon reactors were 160 ± 27.8 mg/L and 153 ±

10.4 mg/L respectively, values which are higher than those at the previous
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concentrations. On a mass basis, these effluent values represent 42% of the Neodol 

solids and 22% of the Makon solids. A decreased ability to settle at high surfactant 

concentrations was reported by Rzechowska (1976). As with the previous 

concentrations, the distinct color difference between the reactors persisted.

4.4.4 Additional System Parameters

Dissolved oxygen, pH and alkalinity were again measured periodically 

throughout the reaction cycles. Unlike with the other two concentrations, DO levels 

were easily maintained above 1.0 mg/L and averaged between 4.0-6.0 mg/L. The slow 

rate of degradation meant oxygen uptake by the microorganisms was also very limited. 

Changes in pH and alkalinity were discussed in Section 4.4.1. In general, a decrease 

in alkalinity and pH was evidenced during the long ten-day reaction cycle (see 

Appendix A).

4.5 Kinetic Modeling

4.5.1 Theoretical Considerations

The following theoretical development follows a discussion provided by 

Simkins and Alexander (1984). Monod kinetics are most frequently used to describe 

the relationship between substrate utilization and microbial growth. The Monod form 

can be expressed as follows:

+ S) (1)
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where fi = dB/dt(l/B) is the specific growth rate (mg/L-hr), /tmax is the maximum 

growth rate (mg/L-hr), S is the substrate concentration (mg/L), K* is the half-saturation 

growth constant (mg/L), and B is the microbial population density (mg/L). In 

addition, the following conservation of mass equation is often used to describe the 

changes in substrate concentration and biomass during a reaction cycle:

Sc + qB0 = S + qB (2)

where S0 is the initial substrate concentration, B0 is the initial population density, and 

q is the cell quota or inverse yield. Researchers have found that q is relatively 

constant when carbon is the limiting nutrient and it will be considered constant for this 

development. If q is held constant, the terms qB0 and qB can be replaced with the 

variables X0 and X, which essentially correspond to the amount of substrate required 

to produce a population density equal to B0 and B.

Substitution of XQ and X into the Monod and mass balance equations, yields 

the following:

dX/dt-l/X = (1W S/(K ,+ .S) (3)

S„ + X0 = S + X (4)

Solving the mass balance equation for X and taking the derivative, dX/dt, 

yields the following:

X = S0 + X0 - S (5)

dX/dt = -dS/dt (6)
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Substituting these values into equation (3) yields a general expression for 

substrate disappearance which is influenced only by population density and substrate 

concentration.

-dS/dt = /a max-S(S0 + XQ - S)/(K, + S) (7)

Simkins and Alexander modified this model to take into account the fact that 

their analytical method could not determine whether residual radiolabled C 0 2 was 

parent compound or material incorporated into microbial cells. Their modification 

assumed that a constant fraction of label, is incorporated into cells. Thus, S in 

equation 7 is replaced by S' where S'= (S - ÇS0). By analogy, our method failed to 

distinguish between residual TOC which may have been parent compound from TOC 

which may have represented recalcitrant intermediates or soluble cell metabolites. 

Simkins and Alexander's modification would be appropriate for this system if the ratio 

between the amount of substrate removed and the residual TOC remained a constant 

fraction, Ç. An examination of Tables 7, 9 and 11, supports this assumption, showing 

that regardless of influent surfactant concentration, the percent removal of TOC 

remains relatively constant for both surfactants.

If this equation is evaluated at extreme values of the inoculum density, X0, the 

initial substrate concentration, SD, and the half-saturation constant, K*, approximations 

of this general expression can be developed. The three approximations evaluated in 

this study (along with the general Monod equation) are summarized in Table 13. For 

example, if the initial cell density is much greater than the amount of organisms which 

could be produced from the initial substrate concentration (XQ »  S0), the term (S0+X0- 

S) can be approximated by X0, as in the first order and Michaelis-Menten 

approximation. If S0 «  , the denominator of equation 7 can be approximated by

Kg, also seen in the first order model and the logistic model .
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Table 13. Approximations of the General Monod Equation for Substrate Utilization.

Model Description Equations

F irst O rder

assumptions X0» S '0 and S '„« K ,

differential form -dS/dt = K'-S'

constant K = /^max*X0/Ks

M ichaelis-M enten

assumptions X . » s .
differential form -dS/dt = k-SVCK, + S')

constant k = /̂ max'Xo

Logistic

assumptions S 'o«K ,
differential form -dS/dt = k'-SXS; + Xc - S')

constant k' — max/ICg

from Simkins and Alexander (1984).
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4.5.2 Results of Mathematical Modeling

The non-linear regression model, LMFIT was used to determine which of the 

four models derived in the previous section best fit the TOC reduction profiles 

collected during experiments 15, 22, and 26. Profiles for both surfactants at each of 

the three influent surfactant concentrations were best fit by the modified first order 

model with the parameters shown in Table 14. Comparisons of actual data to the 

model fits are presented in Figures 10-15. Because of the lag in TOC reduction for 

the first 3 hours of experiment 22, these profiles were fit beginning with the values at 

time equal to 4 hours.

To confirm the relative magnitude of the kinetic parameters, additional 

experimental runs were fit to the first order model using LMFIT. In addition, the first 

order model was linearized, and the data fit using a linear regression. Use of a simple 

linear model allowed evaluation of smaller data sets, determination of the error 

associated with the primary kinetic parameter, and determination of an average rate 

constant based on data from all experimental runs. The linearized first order model 

was derived by integrating the first order model including the residual term, as 

follows:

Integrating both sides and evaluating the initial condition at t = 0, S = So yields,

-dS/dt = -dS'/dt = K(S - ÇSo) (8)

-dS/(S - ÇSo) = Kdt ( 9 )

InfS-EScri = - Kt 

(So-ÇSo)

(10)
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The results of the additional LMFIT modeling are presented in Table 14, while 

the estimated kinetic parameters from the linear regressions are found in Table 15.

Table 14. Nonlinear regression estimates of kinetic parameters for several experiments 
at differing influent concentrations. Note: Negative values of zeta are an artifact of 
the mathematical model and occurred in instances where substrate concentration 
showed at slight negative slope during the last two sampling points.

Cone.
(mg/L)

Exp.
#

MAKON
Rate

Constant
(1/hr)

Zeta

NEODOL
Rate

Constant
(1/hr)

Zeta

100 13 0.14 0.30 0.087 -0.042
16 0.24 0.32 0.15 0.073

250 17 0.054 0.34 0.049 0.13
18 0.085 0.29 0.089 0.073
22 0.23 0.49 0.15 0.092

500 23 0.021 0.31 0.034 0.22
26 0.011 0.34 0.0095 -0.018
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Table 15. Linear regression estimates of kinetic parameters for several experiments at 
differing influent concentrations.

MAKON NEODOL

Cone. Exp. Linear Rate Linear Rate
(mg/L) # Constant (1/hr) Constant (1/hr)

100 13 0.19 ± 0.04 0.17 ± 0.04
15 0.15 ± 0.02 0.20 ± 0.01

250 17 0.053 ± 0.004 0.033 ± 0.004
18 0.036 ± 0.01 0.100 ± 0.006
20 0.071 ± 0.01 0.055 ± 0.01
22 0.15 ± 0.01 0.20 ± 0.01

500 23 0.011 ± 0.001 0.019 ± 0.001
26 0.014 ± 0.001 0.016 ± 0.001
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Examination of Tables 14 and 15 reveals no consistent relationship between 

parameters estimated by LMFIT compared to those estimated by linear regression (i.e., 

one method did not produce consistently higher or lower values for the rate constant, 

K). The LMFIT estimates do, however, consistently provide a superior fit to the 

experimental data (see Figures 10-15). This result is not surprising given the relative 

sophistication of a nonlinear regression fitting technique compared to a linearized 

approximation. Both methods did, however, provide estimates in the same order of 

magnitude and the variability between the two methods is typical of that encountered 

in studies of heterogeneous microbial cultures (Grady & Lim). Variations in the 

kinetic parameters are discussed further in Chapter 5.
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Figure 10.
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Comparison of experimental total organic carbon results to model
predicted values for experiment 15 conducted between October 5 -
October 6, 1992, with an influent Makon concentration of 100 mg/L.
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Figure 11. Comparison of experimental total organic carbon results to model
predicted values for experiment 15 conducted between October 5 -
October 6, 1992, with an influent Neodol concentration of 100 mg/L.
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Figure 12. Comparison of experimental total organic carbon results to model
predicted values for experiment 22 conducted between November 20-
November 22, with an influent Makon concentration of 250 mg/L.
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Figure 13.
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Comparison of experimental total organic carbon results to model
predicted values for experiment 22 conducted between November 20-
November 22, with an influent Neodol concentration of 250 mg/L.
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Figure 14.
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Comparison of experimental total organic carbon results to model
predicted values for experiment 25 conducted between January 18 -
January 28, 1993,with an influent Makon concentration of 500 mg/L.
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Figure 15.

350t

X Neodol Feed Concentration
x\ °  =500 mg/L300-

250-

200-

150-

100-

50-

%
XD \ X

X x x .

50 ïoô 150 200 250
Cycle Time (hrs)

a Data  LMFIT Linear Regression

Comparison of experimental total organic carbon results to model
predicted values for experiment 25 conducted between January 18 -
January 28, 1993, with an influent Neodol concentration of 500 mg/L.
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CHAPTER 5 

DISCUSSION

5.1 Interpretation of Kinetic Modeling

A comparison TOC profiles against four kinetic models which describe 

substrate disappearance as a function of Monod kinetics, substrate concentration, and 

microbial population density revealed that TOC removal was best approximated 

mathematically by a modified first order model. This relationship held true for both 

surfactants at each of the three influent concentrations.

The first order model approximates the complete Monod model developed in 

Chapter 4. The use of this model is appropriate only for instances in which Kg, or the 

saturation constant, is much greater than SQ, the initial substrate concentration.

Because difficult to degrade compounds are typically characterized by high Kg values 

(Grady & Lim, 1980 p.326), this assumption is not unreasonable for the surfactants 

under investigation. The first order approximation also requires that XQ be much 

greater than SQ, a condition in which growth of the population during an experiment is 

insignificant (Simkins & Alexander, 1984). As to the latter assumption, monitoring of 

suspended solids showed that a significant increase in TSS between influent and 

reaction completion only occurred in a small subset of the experiments (based on a 

Student-1 test). Those were experiments 20, 22, 25 and 26 for Neodol, and 

experiments 25 and 26 for Makon, (i.e. the 250 and 500 mg/L concentrations).
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Mathematically total suspended solids increased somewhat during these experiments. 

However, physically these increases did not represent significant growth relative to the 

existing population. None of the experiments showed a large increase in biomass 

which would greatly influence the reaction kinetics. And TSS, although related, is not 

a true measure of viable organisms capable of degrading substrate. It is, therefore, 

possible that a small increase in TSS is not significant in terms of growth of viable 

surfactant degrading organisms. Therefore, the assumption of insignificant growth 

relative to the initial population of viable organisms is also reasonable.

5.2 Effect of Surfactant Concentration on TOC Removal

Although less pronounced at 100 mg/L, rate constants for both surfactants at 

100 mg/L and 250 mg/L appeared to increase with increased acclimation time (See 

Tables 14 and 15). By the final experiments at these concentrations (Experiments 15 

and 22, respectively), the rate constants at 250 mg/L was almost identical to that at 

100 mg/L for both Makon and Neodol. The rate constants, however, were 

approximately an order of magnitude lower at the higher 500 mg/L concentration.

Both surfactants also showed a decrease in reaction rate from Experiment 23 to 26 at 

500 mg/L, an indication that the system was failing to acclimate. The similiarity of 

rate constants at 100 and 250 mg/L and the order of magnitude decrease at 500 mg/L 

also held true for rate constants normalized to the mean TSS.

The decrease in reaction rate at the higher concentration may be attributed to 

one of several phenomenon. Laha & Luthy (1991) postulated that the inhibition of 

phenanthrene degradation in aqueous solutions containing surfactant concentrations in 

excess of 500 mg/L, was due to the interference of micelles. They tested this 

hypothesis by first testing the inherent toxicity of the surfactants. They found that in
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the presence of 0.1% of surfactant, glucose mineralization is completely unaffected. 

They concluded that the surfactant itself was not toxic, only that degradation of 

phenanthrene incorporated into micelles was somehow inhibited. The likely reason 

behind this inhibition was that nonionic surfactants at concentrations in excess of their 

CMC will bind with membrane proteins and phospholipids, disrupting transport across 

the cell membrane (Cserhati et al., 1991; Swisher, 1980; Laha & Luthy, 1991). This 

interaction is reversible upon dilution (Swisher, 1980; Laha & Luthy, 1991). This 

same phenomenon does not seem to occur, however, in solutions containing 

biosurfactants at concentrations greater than their CMC (Oberbremer, A., 1990).

The manufacturer reported CMCs for Neodol and Makon are 270 mg/L and 

1400 mg/L, respectively. However, CMC concentrations determined via conductivity 

measurements were 752 mg/L for Neodol and 220 mg/L for Makon (Josselyn, 1992). 

One explanation for the discrepancy is that different measurement techniques will 

predict CMC values within a range of about ± 350 mg/L (Rosen, 1978). The 

manufacturer determined the Makon CMC using measurements of surface tension, 

whereas Josselyn used conductivity. Exact determination of CMCs is further 

exacerbated by the dependence of micelle formation on temperature and the presence 

of other species (Rosen, 1978). It is, therefore, difficult to determine whether 

formation of micelles caused the reactors to perform poorly at 500 mg/L.

The high influent concentration also caused a loss of biomass in both reactors, 

but particularly the Neodol reactor, a condition which would cause a drop in the 

reaction rate. This observation correlates with Rzechowska's (1976) results which 

showed that AE doses greater than 0.32 mg/mg dw-day caused a significant loss in 

biomass and loss of floe structure. At 500 mg/L, the initial dose of surfactant per 

biomass was approximately 0.83 mg/mg for Makon and 1.7 mg/mg for Neodol, values 

exceeding those which caused problems in Rzechowska's study.

Despite the difficulties at 500 mg/L, the experimentally-determined rates at 100
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and 250 mg/L exceed reduction rates of earlier studies conducted at lower influent 

concentrations. Vashon & Schwab (1982) investigated trace concentrations of the 

LAE C16E03. At concentrations of 0.850 to 68 /zg/L, the first order rate constant was 

0.0126 1/hr, an order of magnitude less than found in this study. Similarly, Larson 

(1981) investigated concentrations of the LAE C12E9 from 1 to 100 yWg/L. The first 

order rate constant for 14C 02 formation ranged from 0.010 to 0.029 1/hr, again an 

order of magnitude less than the current research. In a study of reduction of 30 mg 

COD/L of nonyl-phenol ethoxylates with EO-lengths ranging from 3-35, Fitter & Fuka 

found rates to range from 1.25 to 2.75 mg TOC/gm-hr. Based on model predicted 

TOC removal, rates in this study ranged from 20.8 to 40.5 mg TOC/gm-hr. Thus, the 

rates obtained in this study were an order of magnitude greater than those reported by 

Fitter & Fuka.

5.3 Effect of Chemical Structure on TOC Removal

Mean rate constants were determined for each surfactant concentration from the 

values presented in Table 14 and 15. No significant difference (a=0.05) was observed 

between the Makon and Neodol rate constants at any of the three influent 

concentrations. Because degradation of polyethoxylates is generally retarded by an 

increased EO-chain length, we expected to see a slight decrease in the rate of Makon 

degradation (EO-length = 12) as compared to Neodol (EO-length = 8). It is possible 

that no discernable difference in rate results from a decrease in EO-chain from 12 to 8.

As anticipated, TOC and COD in the Makon reactor was consistently less 

complete than in the Neodol reactor. The lower percent removal in the Makon reactor 

can be seen graphically in Figures 16-18 which present all TOC data collected at each 

of the three influent concentrations. The higher TOC plateau can be attributed to the
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formation of recalcitrant metabolites as described by Osburn & Benedict (1966), 

Swisher (1987), and Ball et al. (1991). The ethoxylate chain of APE's has been shown 

to degrade fairly rapidly leaving the hydrophobe and phenol ring intact. If such a 

metabolite was formed in the Makon reactor, the theoretical percent reduction of TOC 

would be approximately 55% - a value which corresponds reasonably well with the 

65% removal found in this study.
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Figure 16. Comparison of total organic carbon removal between Makon and Neodol 
for all experiments at the 100 mg/L influent surfactant concentration. 
Note: Experiment 10 was not included in this figure. Although percent 
reduction of TOC was comparable to other experiments it took 
considerably longer due to a low pH in both reactors.
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Figure 17. Comparison of total organic carbon removal between Makon and Neodol
for all experiments at the 250 mg/L influent surfactant concentration.



T-4373 73

350r

300;

250n

■g 200-

O  
. t i

c  1504

I»
O
75 1004
5

50-1

Surfactant Concentration 
= 500 mg/L

□
e

% □□

□
Makon

#

Neodol

□
o

25 50 75 100 125 150 175 200 225 250 275
Cycle Length (hrs)

Figure 18. Comparison of total organic carbon removal between Makon and Neodol 
for all experiments at the 500 mg/L influent surfactant concentration. 
Note: The poor performance of the Neodol reactor in experiment 24 due 
to the low pH is evident in this figure.



T-4373 74

5.4 Effect of pH on TOC Removal

Throughout the start-up experiments, no distinct trends in pH were evident over 

the course of a single reaction. Instead, the 100 mg/L of H C 03" appeared to 

adequately buffer both reactors, keeping pH between 6.5 and 7.5. However, upon 

switching the aeration scheme from diffused air after 24-hours of reaction to 

immediate aeration via mechanical mixers, both reactors showed a dramatic decrease 

in pH during the course of Experiment 10. Along with this decrease in pH, a decrease 

in TOC removal also occurred. A similar decrease in pH and drop in TOC reduction 

was evident at the 500 mg/L influent concentration, even after addition of 700 mg/L of

h c o 3- .

The decrease in pH brought about by the increased aeration and subsequent 

increased TOC removal rates, could have been brought about by any or all of the three 

following mechanisms. (1) a rapid production of acidic intermediates; (2) the 

production of C 0 2, a weak acid, from complete aerobic respiration of the surfactants; 

or (3) the consumption of alkalinity due to nitrification. These mechanisms will be 

discussed in an attempt to determine the potential controlling factor.

Several researchers have reported that biological attack of both APE's and 

LAEs can result in the carboxylation of both the carbon-chain hydrophobe (Osburn & 

Benedict, 1966; Swisher 1987; Ball et al., 1989) and the ethoxy-chain of the 

hydrophile (Swisher, 1987; Ball et al., 1989). Swisher reported that for LAEs such as 

Neodol, biodégradation usually occurs by rapid degradation of the hydrophobe 

followed by a slower degradation of the residual hydrophilic group or its carboxylated 

by-product. Similarly, studies of APE degradation have shown formation of 

recalcitrant carboxylated metabolites with 1-2 EO groups (Bruschweiler, 1983;

Swisher, 1987; and Ball et al., 1989). The acidic intermediates of LAE and APE 

degradation could influence the system pH depending on their residence time. In
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anaerobic systems, the hydrophobe carboxylation via the co-oxidation pathway is 

limited due to the absence of oxygen (Swisher, 1987) which may account for the 

absence of a pH drop in the oxygen limited start-up experiments.

The second mechanism which could cause pH to drop, comes from the 

production of protons associated with most aerobic degradation processes (Grady & 

Lim, 1990). The theoretical quantity of protons produced during aerobic respiration 

can be determined by developing a pseudo-stoichiometric equation which describes 

both cell catabolism and anabolism (Grady & Lim, 1980). By assuming a cell 

composition of C5H70 2N (Grady & Lim, 1980) and a growth yield of 0.4 mg cells/mg 

surfactant, which is within the range of 0.2-0.4 presented by Swisher (1987), the 

following equation was developed to describe complete mineralization of Neodol:

.00714 Neodol (C26H540 9) + .150 G2 + .0308 N H / =>

.0308 C5H70 2N + .207 H2G + .0319 H C03‘ + .0627 H+

Similarly, the reaction for Makon is as follows:

.00481 Makon (C40H74O13)+ .150 0 2 + .0308 N H / =>

.0308 C5H70 2N + .0374 H2G + .0385 HCG3 + .0693 H*

The potential change in pH can be assessed by determining the change in 

alkalinity brought about by each reaction. The change in alkalinity in equivalents per 

liter is determined by:
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A Aik = A[HC03-] + A2[C032 ] + A[OH ] - A[H+]

Thus, for each mole of Neodol consumed 4.31 moles of alkalinity are consumed, and 

for every mole of Makon consumed, 6.40 moles of alkalinity are consumed. Using 

these ratios, the theoretical amount of HCQ3 in mg/L needed to counterbalance the 

consumption of alkalinity can be calculated. For influent surfactant concentrations of 

100 mg/L, 250 mg/L and 500 mg/L the approximate consumption of alkalinity would 

be 51.5 mg/L, 130 mg/L and 258 mg/L respectively. For all experiments, an excess of 

these theoretical values was provided and, therefore, the drop in pH is probably 

attributed to other mechanisms, in addition to this one.

The third mechanism which could lower pH is the conversion of residual 

ammonia/ammonium to nitrate, or a process of nitrification. NH4+ was added to the 

influent at a concentration of 30.4 mg-NH/ZL per 100 mg/L surfactant, a concentration 

which is in excess of that needed for microbial growth.

From the stoichiometric equations developed above, approximately 15 mg- 

N H //L  is required in both the Neodol and the Makon reactor at influent 

concentrations of 100 mg/L surfactant, assuming complete mineralization of the 

surfactant. This would leave a residual of approximately 15 mg-NH4+/L or 60 mg in 

the 4-liters of solution. Based on a psuedo-stoichiometric equation of nitrification 

which assumes negligible cell yield, 8.64 mg H C 03* is consumed for each mg of 

N H / oxidized (Grady & Lim, 1980). Assuming complete nitrification of the residual 

NH4\  up to 518 mg of HCG3 could be consumed in the four-liter influent. This 

contrasts to the only 400 mg of HCG3 (100 mg/L) added to the reactors during the 

first experiments. This large consumption of alkalinity was the most likely 

explanation for the observed drop in pH.
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5.5 Potential for Abiotic Losses

Potential mechanisms of abiotic surfactant removal are adsorption to biomass, 

adsorption to sampling and filtering apparatus, and volatilization. The effects of 

adsorption to biomass were expected to be minimized by the long sludge age 

(essentially no intentional wasting of solids occurred). Surfactant adsorption to solids 

likely achieved equilibrium, with no net increase or decrease of surfactant going into 

or out of solution.

Experiments were conducted to assess potential losses during collection and 

filtering of samples. Only the Makon was selected for testing, but these results should 

be representative of Neodol based on their similar hydrophobic groups (Harwell,

1992). Results of this testing are summarized in Table 15. Comparison of TOC 

measurements of filtered and unfiltered samples of identical aqueous solutions showed 

no statistically significant difference between the two (a  = 0.05).
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Table 15. Comparison of total organic carbon analysis of unfiltered and filtered 

samples of Makon at a range of concentrations.

Estimated Mean TOC Mean TOC

Standard Unfiltered Filtered

Concentration (mg/L) (mg/L)

10 13.7 ± .58 13.0 ± 1.0

50 55.6 ± 3.6 53.6 ± 3.8

100 124.0 ± 6.2 125.0 ± 2.9

250 238.0 ± 4.6 243.0 ± 1 .9

Although no specific experiments were conducted to assess volatilization 

losses, estimates of volatilization can be made based on the physical properties of the 

surfactants. The theoretical partial pressure of a compound in air above an aqueous 

solution can be calculated using Henry's Law as follows:

Pi = Hc • X,

Where P, is the partial pressure of compound i, Hc is its Henry's constant, and Xj is 

the mole fraction of compound i in solution. The Henry's constant for a compound
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can be estimated by the ratio vapor pressure over aqueous solubility (MacKay, 1990). 

Although exact values for vapor pressure and solubility were not available for either 

surfactant, a maximum value for Henry's constant can be calculated which would 

overestimate volatilization. As an example, calculations were performed to estimate 

the Henry's constant and equilibrium partial pressure for Neodol at the highest influent 

concentration, 500 mg/L. The manufacturer's material safety data sheet lists vapor 

pressure as < 0.1 mm Hg. Based on experiments conducted by Josselyn (1993), the 

solubility of Neodol and Makon are at least 50,000 mg/L. Using these estimates, the 

Henry's constant would be at most 1.34 x 10'6 atm-m3/mol. This value is the same 

order of magnitude as the pesticides DDT and Lindane, two compounds not considered 

volatile (EPA, 1986). Based on this Henry's constant the partial pressure of Neodol 

above the solution at equilibrium would be 9.92 x lO-4 mm Hg, or negligible. Values 

for Makon are expected to be similarly low. As a reminder, this is a maximum value, 

the actual partial pressure is likely to be much lower because solubilities of both 

compounds exceed the 50,000 mg/L used in the calculation. In summary, the abiotic 

losses through adsorption to biomass, adsorption to sampling apparatus, and 

volatilization were minimal.

5.6 Implications of Results for Full-scale Treatment

The primary goal of this research was to investigate the biodegradability of two 

surfactants which show promise for enhanced chemical treatment of hydrophobics.

The results obtained in this study have serious implications for the operation of a 

successful post-treatment system for the secondary waste-stream produced by such a 

remediation. Both polyethoxylated surfactants were significantly degraded at the 

lower concentrations of 100 and 250 mg/L within a 24-hour hydraulic residence time.
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The higher concentration of 500 mg/L however, required approximately 10 days to 

achieve similar percent reductions in TOC. This indicates that any reasonably sized 

and, therefore, priced treatment plant would be limited to surfactant concentrations less 

than 500 mg/L. Along with the increased time for treatment at the high concentration, 

solids retention appeared to be difficult, putting into question the long-term stability of 

a system designed to treat these levels. Long-term viability may be increased by 

addition of a co-substrate to increase biomass (Hess, 1990). In addition nitrogen 

concentrations could be decreased which would reduce the pH effect of nitrification 

and competition by nitrifiers.

The alkyl phenol ethoxylate, Makon, consistently produced a higher residual 

TOC, indicating the possible formation of a recalcitrant metabolite. Several 

researchers have observed or noted the formation of a long-lived metabolite in which 

the ethoxylate chain has been degraded leaving an intact phenol-ring (Bruschweiler, 

1983; Swisher, 1987; and Ball et al., 1989). As the toxicity of nonyl-phenol is greater 

than the parent nonylphenol ethoxylate (Giger, et al., 1984) this compound is less 

suitable for environmental remediation.

Although the results of this study indicate that the biodegradability of surfactant 

solutions above 500 mg/L is limited, biological treatment remains a viable alternative 

for wastestreams from surfactant-enhanced remediation. Recovery wells from in-situ 

applications of surfactants will entrain groundwater from adjacent zones, thereby 

diluting the surfactant wastestream. Thus the aqeous stream to be treated may be 

significantly less concentrated than the original injected solution. And because of 

relatively high surfactant costs, current research efforts are aimed at both minimizing 

the amount of surfactant needed to enhance recovery (Aronstein, 1991), and at 

separating the surfactant from the mobilized contaminant for re-use (Harwell & Krebs- 

Yuill, 1992; Ellis, 1985). If these efforts are successful, lower concentration 

wastestreams would be produced which would be amenable to biological treatment.
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5.7 Suggestions for Future Research

Several areas of future research have been suggested by this work. These areas 

would provide additional information useful in assessing the feasibility of biologically 

treating the secondary waste stream from surfactant-enhanced remediations. Additional 

research areas include the following:

1. High Performance Liquid Chromatography (HPLC) analysis. While gross 

parameters such as TOC and COD provide reasonable estimates of biodégradation, 

specific analytical techniques are needed to confirm complete mineralization of the 

parent compounds. These techniques are especially important to determine the nature 

of the residual TOC and COD. HPLC techniques are available which would would 

allow the researcher to track the disappearance of peaks associated with the parent 

surfactant compound and detect non-degradable metabolites (Cross, 1987).

2. Further elucidate reasons for the decrease in reaction rate and loss of solids at 

influent concentrations of 500 mg/L. The two probable causes for the decrease in 

reactor performance at this concentration is the interference of the surfactants with cell 

membranes (Swisher, 1987) and the limited bioavailablity of the surfactant because of 

micelle formation (Laha & Luthy, 1991). Related to this goal would be establishing 

the critical micelle concentration (CMC) range for each surfactant and conducting 

experiments below and above the reported values. Such experiments would provide 

direct information on decrease in performance related to the CMC. In addition, 

careful monitoring of solids production during each reaction and characterization of 

microbial cultures would provide information on microbial effects of increasing 

surfactant concentrations. This information would include effects on floe formation, 

microbial diversity, and long-term solids viability.
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3. Optimize the lower concentration system. While the reactors performed well at 

concentrations of 100 and 250 mg/L, several variables which proved important to the 

rate of degradation could be optimized. These include oxygen, pH and solids 

concentration. As operated in the current research, the reactors were oxygen limited 

during periods of rapid degradation. Investigations should be performed using 

different oxygen transfer mechanisms which increase transfer efficiency. Experiments 

should also be conducted with more precise pH control to determine the optimum 

operating range. Lastly, experiments should be conducted to evaluate the effect of a 

co-substrate which would increase biomass concentration, a parameter which remained 

relatively low during these experiments, but which has a dramatic effect on 

degradation rates. In a study of the degradation of OPE10, Lashen (1966) found that 

addition of glucose to unacclimated microbial cultures significantly increased percent 

removal over unamended samples.
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CHAPTER 6 

CONCLUSIONS

The goal of this research was to investigate the kinetics of nonionic surfactant 

degradation at concentrations between 100 and 500 mg/L. Previous literature had 

primarily focused on degradation of these types of surfactants at the much lower 

concentrations typically encountered at municipal wastewater treatment plants. This 

research is important in light of the increased interest in using surfactants to enhance 

remediation of sites contaminated with hydrophobic organic compounds. Two 

nonionic surfactants, Neodol 91-8 and Makon 12, were selected due to their superior 

performance in experiments on the solubilization of creosote compounds.

Experimentation at three influent concentrations revealed a decreased ability of 

even acclimated microorganisms to degrade both compounds at a concentration of 500 

mg/L. Decreased performance was indicated by a decrease in reaction rate, a decrease 

in relative biomass, and an increase in solids loss in the effluent. Both cultures 

showed signs of stress as evidenced by a strong acrid odor not present at lower 

concentrations, and decreased ability to settle.

At the lowest concentration of 100 mg/L, total organic carbon and chemical 

oxygen demand in both the Neodol and Makon reactors were rapidly removed within 

the first 18-hours of a 48-hour reaction cycle. Likewise at a concentration of 250 

mg/L, both surfactants demonstrated significant TOC and COD removal within 24 

hours of a 72-hour reaction cycle. TOC and COD profiles revealed no distinct 

changes between percent removal of these parameters. Both surfactants showed a
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marked decrease in foaming after only 4-5 hours, indicating primary transformation of 

the parent compound occurred more rapidly than subsequent TOC removal (Swisher, 

1987). Makon consistently produced a higher residual TOC than Neodol, with the 

residual increasing with increasing influent concentration. This residual ranged from a 

mean of 20 mg/L at 100 mg/L influent to 97 mg/L at 500 mg/L influent. Neodol 

generally produced a residual TOC of 10-15 mg/L, only increasing to 35-45 mg/L at 

the 500 mg/L influent concentration. These results support the hypothesis that the 

linear alcohol ethoxylate, Neodol, is more completely mineralized than the alkyl 

phenol ethoxylate, Makon.

Maintenance of a well buffered system was important for good 

performance, as a pH drop below about 5.5 caused a rapid, but reversible, decrease in 

TOC removal. Limiting nitrogen content to stoichiometric amounts would assist in 

keeping pH elevated by limiting nitrification, a process which consumes alkalinity.

TOC removal for both surfactants and at each influent concentration was best 

fit by a modified first order model, with an order of magnitude decrease in the reaction 

rate constant at the highest influent concentration. A standard first order decay model 

was modified to account for the residual TOC in each reactor. Thus, the final form of 

the model was: - dS/dt = K(S-ÇS0), where SG is the initial TOC concentration and, Ç 

is the fractional removal of TOC (Sfinal /S0). Based on a non-linear regression fitting 

program, the mean first order reaction rate constants at the two lower concentrations 

was 0.15 for Makon and 0.10 for Neodol. These values are an order of magnitude 

greater than studies conducted at lower influent concentrations. Reaction rates were 

likely limited by the relatively low reactor biomass.
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Data collected during experiments 1-26 is presented in the following tables. 
Influent surfactant concentration is in parenthesis after the table title.
M = Makon 
N = Neodol
COD = Chemical Oxygen Demand in mg/L 
TOC = Total Organic Carbon in mg/L 
DO = Dissolved Oxygen in mg/L 
SS -  Total Suspended Solids in mg/L 
ALK = Total Alkalinity in mg/L

Table 1: COD DATA FROM 11/19-11/21/91 (0.01%)

TIME MAKON NEODOL MC/C0 NC/CO
(hrs) (mg/L) (mg/L)

0 151 180 1.00 1.00
19.5 12 115 0.08 0.64
45 59 50 0.39 0.28

TABLE 2: COD DATA FROM 11/25- 11/27 (OX

T1ME MAKON NEODOL MC/CO NC/CO
(hrs) (mg/L) (mg/L)

1 109 188 1.00 1.00
19.5 62 121 0,57 0.64
27.5 54 59 0.49 0.32
32.5 36 71 0.33 0.38
43.5 45 48 0.41 0.25

TABLE 3: TOC DATA FROM 2/12 - 2/17 (0.01%)

TIME MAKON NEODOL MC/CO Z §

(hrs) (mg/L) (mg/L)

0 46 65 1.00 1.00
22 49 42 1.07 0.64
72 47 42 1.02 0.66
117 19 39 0.40 0.61
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TABLE 4: COD DATA FROM 3/3 - 3/S (0.01 %)

i m r - MAKÔN ■RÊÔBÔT MCEo Mss N&r M Aik. N Aik. M pH NpR DOM DON
(hrs) (mg/L) (mg/L) (mg/L) (mgl) (mg/L) (mg/L) (mg/L) (mg/L)

0 127 160 1.00 1.00 120 230 125.7 91.6 7.1 7 5.4 4.8
21 40 120 0.32 0.75 4.6 0.4
45 53 12 0.41 0.07 170 320 117.8 157.1 7.6 7.5 6.7 6.4

TABLE 5: COD DATA FROM 4/7-4/10 (0.01%)

TIME MAKON NEODOL MC/CO NC/CO MSS N SS M Aik. N Aik. MpH N pH DOM DON
(hrs) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/l) (mg/L) (mg/L)

0 150 150 1.00 1.00 170 160 65.5 65.5 6.1 6.6 5.8 5.5
22 135 102 0.90 0.68 3.6 0.4
44 102 121 0.68 0.81 190 170 117.8 157,1 7 7 2 6.4 6.6

TABLE 6: TOC DATA FROM 4/7 -4/10 (0.01 %)

TIME MAKON NEODOL MC/CO NC/CO
(hrs) (mg/l) (mg/l)

0 69 50 1.00 1.00
22 9 34 0.13 0.68
68 4 11 0.06 022

TABLE 7: TOC DATA FROM 5/19-5/22 (0.01%)

TIME MAKON NEODOL M CCÔ n C/cO ■mm. -R 7& . MpH" NpH dOM bdN
(hrs) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l

0 23 56 1.00 1.00 110 52.56 7.05 6.96 4.4 5.0
24 15 29 0.66 0.51 2.4 0.4

70.5 7 4 0.31 0.07 6.4 6.6

TABLE 8: TOC DATA FROM 1/22-1/27 (0.05%)

TIME MAKON NEODOL MC/CO NC/CO DOM DON
(hrs) (mg/l) (mg/l) (mg/l) (mg/L)

0 174 327 1.00 1.00 3 22
47 141 309 0.81 0.94 02 12
118 154 300 0.88 0.92 52 4.6

TABLE 9: TOC DATA FROM 6/5 - 6/8/92 (0.01%)

TIME MAKON NEODOL MC/CO NC/CO M Aik. N Aik. MpH NpH DOM DON
(hrs) (mg/l) (mg/l) (mg/l) (mg/L) (mg/l) (mg/l

0 89 64 1.00 1.00 138.8 110 6.94 6.85 5.6 4.6
24 37 48 0.42 0.74 02 02

70.5 30 19 0.33 029 256.6 175.4 7.40 722 5.7 5.6
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TABLE 10: DATA FROM 9/8 - 9/14/92 (0.01 %)

TIME M TOC N TOC MC/CO

§Z

M COD N COD MpH NpH DOM DON

0 37.00 58.00 1.00 1.00 144 202 6.35 6.31 7.13 6.75
10.25 35.00 51.00 0.95 0.88 6.22 6.30 7.01 6.47
24.25 26.00 45.00 0.70 0.78 89 157 6.27 6.15 7.08 6.68
31.25 33.00 45.00 0.89 0.78 na na 7.07 6.68
47.5 32.00 42.00 0.86 0.72 102 160 6.34 5.98 7.20 7.31
71 41.00 45.00 1.11 0.78 5.08 4.97 7.11 6.84

100.5 38.00 29.00 1.03 0.50 7.64 7.7 6.78 5.94
125.3 17.00 14.00 0.46 0.24 8.08 7.91
143.5 16.00 12.00 0.43 0.21 49 50 7.78 7.74 6.67 7.12

TABLE 11 : DATA FROM 9/15- 9/18/92 (0.01 %)

TIME M TOC N tÔ C M c/Co N C/CÔ M c ô d N COD M pH NpH DOM DON

2 34.00 49.00 1.00 1.00 81 116 7.96 8.05
20.5 16 10 0.47 0.20 30 9 8.33 7.47 5.19 3.64
44.5 15.00 9.00 0.44 0.18 28 16 8.37 8.42
68.5 15.00 11.00 0.44 0.22 28 19 8.52 8.74

TABLE 12: DATA FROM 9/21- 9/22/92 (0.01 %)

TIME M TOC NTÔC MC/Ô0

§z

M pH NpH Do m bôrs

0 48.00 58.00 1.00 1.00 6.85 6.85
18 19.00 19.00 0.40 0.33 6.88 6.99 4.51 0.12
23 20.00 13.00 0.42 0.22 7.18 7.26 4.43 2.82

TABLE 13: DATA FROM 9/29-9/30/92 (0.01 %)

TIME M TOC N TOC MC/CO NC/CO MpH NpH DOM DON

0 71.00 56.00 1.00 1.00 7.63 7.68
4.25 55.00 44.00 0.77 0.79 7.77 7.93

8 33.00 28.00 0.46 0.50 7.94 7.90 0.21 0.21
12 31.00 14.00 0.44 0.25 8.16 8.14 5.15 5.24

22.5 25.00 8.00 0.35 0.14 8.21 8.45 4.45 5.15
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TABLE 14: DATA FROM 10/1-10/02/92 (0.01%)

TIME M TOC —N M C/CO- KICTO" MpH NpH DOM DON ALKM ” ALk N MSS N 35”

0 64.00 51.00 1.00 1.00 728 7.22 246 136 310+/-30 390+/-62.5
24 27.00 7.00 0.42 0.14 728 7.17 5.86 624 105 160 277+/-18.9 393+/-3S

TABLE 15: KINETIC STUDY DATA FROM 10/5 -10/6/92 (0.01%)

TIME "M TOC NTÛC MC/CO Nti/CÔ MOOD KlcoD M pH NpH DOM DOT] ------MsS N SS

0 58.00 58.00 1.00 1.00 131 140 7.62 7.70 300+/-36.1 390W-75.5
1 45.00 55.00 0.78 0.95 0.17 0.23
2 45.00 49.00 0.78 0.84 99 117 7.70 7.65 025 2.28
3 38.00 43.00 0.66 0.74 027 1.69
4 36.00 35.00 0.62 0.60 1.81 2.14
6 26.00 25.00 0.45 0.43 7.71 7.62 4.64 3.47
8 22.00 19.00 0.38 033 42 35 1.69 5.53
10 23.00 19.00 0.40 033 1.99 4.28
12 22.00 12.00 0.38 021 2.41 5.99
14 21.00 10.00 0.36 0.17 21 23 2.52 6.54

15.5 15.00 10.00 026 0.17
20 18.00 8.00 021 0.14 30 12 7.51 829
24 23.00 7.00 0.40 0.12 7.98 8.30 363+/-25.1 426+/-30.6

effluent 114+A74.9 66+/-50.5

TABLE 16: DATA FROM 10/7 -10/8/92 (0.01%)

"1TME™ MTÔÔ n T K T MC/Co "FTTO).. DOM DON ALKM ALK MSS N SS

0 51 49 i 1 113 136 303+/-55.1 290+/36.0
8 23 15 0.451 0.30612 325 2.02
24 14 5 02745 0.10204 143 120 513+7-448 497+/-135
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TABLE 17: DATA FROM 10/26 -11/01/92 (0.025%)

TIME M TOC N TOC MC/CO NC/CO MpH NpH DOM DON

0 153 140 1.00 1.00 8.21 8.21 1.46 1.47
24.5 82 54 0.54 0.39 8.00 8.09
48.5 55 29 0.36 0.21 8.48 8.63 3.85 3.72
77.25 51 20 0.33 0.14 3.60 4.68
97.5 62 29 0.41 0.21 8.22 8.59
148.5 49 10 0.32 0.07 8.42 8.94

TABLE 18: DATA FROM 11/1 -11/06/92 (0.025%)

TIME M TOC NTOC MC/CO NC/CO MpH NpH DOM DON

0 180 134 1.00 1.00 7.67 7.81
23.5 69 25 0.38 0.19 7.66 7.60 1.30 1.20
48 57 11 0.32 0.08 7.72 7.31 5.05 5.00

71.5 57 10 0.32 0.07 7.53 6.41 5.45 6.47
96 47 10 0.26 0.07 7.24 6.09

TABLE 19: DATA FROM 11/6-11/08/92 (0.025%)

TIME M TOC NTOC MC/CO NC/CO MpH NpH

0 180 120 1.00 1.00 7.37 7.3
18.25 49 30 0.27 0.25 6.92 6.84
47.45 42 13 0.23 0.11 6.21 5.64
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TABLE 20: DATA FROM 11^-11/11^2 (0.025%)

TIME MTOC NTOC MC/CO N C/CO MpH NpH DOM DON M SS N SS

0 147 147 1.00 1.00 7.73 7.69 553+/-15 413+/-38
17 80 84 0.54 0.57 7.61 7.78 1.55 0.12
24 77 54 0.52 0.37 7.85 7.74 < 55 0.16

49.5 60 23 0.41 0.16 7.98 7.69 5.05 4.69 543W-45 537+/-S5

TABLE 21 : DATA FROM 11/16 -11/18/92 (0.025%)

MTOC NTOC MC/CO NC/CO MpH NpH N SS ALKM ALKN

0 180 141 1.00 1.00 7.50 7.40 575»/- 460*/- 275 340
48 56 35 0.32 0.25 7.30 6.05 650 610 262 n e

TABLE 2 2  hONETIC STUDY DATA FROM 11/20-11/21/92 (0.025%)

TIME M TOC NTOC MC/CO klÔAiX) -R ticS r slôôo ■MpRT NpH DOM DON M SS N SS ALKM ALKN

0 148 158 1.00 1.00 515 442 7.95 8.00 4.07 3.17 666*/-91 44O+/-20 1217 1079
1 132 146 0.89 0.92 346 404 6.05 8.00 3.00 1.32
2 145 140 0.97 0.89 323 394 0.26 1.21
3 162 150 1.09 0.95 258 336 8.02 7.91 1.84 0.96
4 134 115 0.90 0.73 170 328
5 113 101 0.76 0.64 119 274 8.03 8.02 2.81 0.26
7 100 90 0.67 0.57 8.10 8.05 1.42 0.20

a s 96 61 0.64 0.51 1.89 0.20
i i 86 52 0.58 0.33 186 110 8.40 8.04 6.24 0.57
13 81 42 0.54 0.27 5.45 1.35
15 84 30 0.56 0.19 8.49 8.05 4.98 2.48

18.45 76 25 0.51 0.16 163 54 8.45 8.18 4.04 5.24
21.5 71 21 0.48 0.13 8.40 8.06 4.24 3.03
26 74 18 0.50 0.11 8.45 8.56 4.56 5.67 733+A67 527*/-5.8 1052 794
30 67 18 0.45 0.11 142 53 8.53 8.60 6.06 5.26 35*A17 82+/-19



T-4373 97

TABLE 23: DATA FROM 12/7 -12/18/92 (0.05%)

TIME MTOC NTOC MC/CÔ -NG CB - "MpH NpH DOM DON

0 295.5 290 1.00 1.00 5.87 5.73
18 291 300 0.98 1.03 6.09 5.96 6.66 6.13
42 343 297 1.16 1.02 6.11 5.86 7.02 4.58

69.5 234 153 0.79 0.53 723 7.19 0.56 0.19
90 190 119 0.64 0.41 7.58 7.61 5.84 525
162 132 70 0.45 024 7.18 7.40
186.5 132 56 0.45 0.19 6.83 7.13
212 115 49 0.39 0.17 6.08 6.62
259 92 44 0.31 0.15 5.87 5.62

TABLE 24: DATA FROM 12/18 -12/28/92 (0.05%)

TIME MTOC NTOC MC/Co N c e o

0 282 301 1.00 1.00
230 94 36 0.33 0.12

TABLE 25: DATA FROM 1/8 -1/18/92 (0.05%)

TIME" MTOC NTOC MC/CO NCkSZT "M p H ' NpH DCM CAN MSS N SS ALKM ALKN

0 288 248 1.00 1.00 6.62 6.39 7.00 7.18 537+/-21 260+/-17 118 212
74 141 218 0.49 0.88 5.89 5.68
96 144 221 0.50 0.89 5.98 5.88 6.86 6.58
146 134 208 0.47 0.84 5.80 5.79

241.5 95 143 0.33 0.58 521 5.42 720 7.41 710+/-20 3T7+/-8 73 84
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FIRST ORDER MODEL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

IT #  SUM OF S Q 'S Ko So Z e ta

0 2 7 .9 2 2 4 E + 0 1
1 8 2 . 1698E +00
2 8 1 .1 4 1 1 E + 0 0
3 8 1 . 1379E +00
4 8 1 . 1379E +00

0 . 2000E +00 
0 .2 3 3 4 E + 0 0  
0 . 2407E +00 
0 . 2400E +00 
0 .2 4 0 1 E + 0 0

6 0 .0 0 0 0 E + 0 0  
5 7 . 1818E+00 
5 7 .1 1 5 1 E + 0 0  
5 7 • 0863E+00 
5 7 . 0894E +00

0 .2 0 0 0 E + 0 0  
0 . 3273E+00 
0 .3 2 8 1 E + 0 0  
0 . 3278E+00 
0 . 3278E +00

X Y F R
TIME DATA PT CURVE F IT ERROR

0 .0 0 5 8 .0 0 0 0 5 7 .0 8 9 4 0 .9 1 0 6
1 .0 0 4 5 .0 0 0 0 4 8 .8 9 9 1 - 3 .8 9 9 1
2 .0 0 4 5 .0 0 0 0 4 2 .4 5 6 9 2 .5 4 3 1
3 .0 0 3 8 .0 0 0 0 3 7 .3 8 9 7 0 .6 1 0 3
4 .0 0 3 6 .0 0 0 0 3 3 .4 0 4 0 2 .5 9 6 0
6 .0 0 2 6 .0 0 0 0 2 7 .8 0 3 1 - 1 .8 0 3 1
8 .0 0 2 2 .0 0 0 0 2 4 .3 3 7 9 - 2 .3 3 7 9

1 0 .0 0 2 3 .0 0 0 0 2 2 .1 9 4 0 0 .8 0 6 0
1 2 .0 0 2 2 .0 0 0 0 2 0 .8 6 7 6 1 .1 3 2 4
1 4 .0 0 2 1 .0 0 0 0 2 0 .0 4 7 0 0 .9 5 3 0
1 5 .5 0 1 5 .0 0 0 0 1 9 .6 4 4 3 - 4 .6 4 4 3
2 0 .0 0 1 8 .0 0 0 0 1 9 .0 3 0 8 - 1 .0 3 0 8
2 4 .0 0 2 3 .0 0 0 0 1 8 .8 3 6 2 4 .1 6 3 8

* * * * * * * * * * * * * * * * *  CORRELATION MATRIX * * * * * * * * * * * * * * * * *
1
.5 9 7 0 6 3 7 1 9 3 8 0 6 5 1 9  1
.4 1 5 4 0 0 7 3 7 8 1 7 2 0 9  - .2 5 4 2 9 2 5 2 6 8 9 9 1 0 9 8  1

* * * * * * * * * * * * * * * *  PARAMETER ESTIMATES * * * * * * * * * * * * * * * * * * *

PARAMETER 
PARAMETER UNCERTAINTIES

Ko 0 .2 4 0 1  0 .0 3 9 6
So 5 7 .0 8 9 4  2 .3 8 2 1
Z e ta  0 . 3 2 7 8  0 . 0 2 7 2


