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ABSTRACT 

The biotransformation of hexahydro-l,3,5-trinitro-l,3,5-tria2ine (RDX) has been 

researched in three situations: batch liquid phase, micro soil slurry reactors, and in-situ 

studies. A prospective consortium of bacteria found in horse manure was used as the 

primary source of microorganisms. From this consortium, five major strains were 

isolated. Serratia marcescens, one of the isolates, was found to be the most effective 

microorganism at biotransforming RDX in liquid phase. The growth and the 

biotransformation mechanism of RDX were characterized for both the consortium and 

Serratia marcescens. The biotransformation of RDX from soil matrices was tested in well-

mixed micro soil slurry reactors and in undisturbed in-situ reactors. In the micro soil slurry 

reactors, carbon sources were varied (nutrient broth and com steep liquor) and different 

bacteria were inoculated into the systems which already contained bacteria indigenous to the 

contaminated soil. There were two distinguishable pathways for the biotransformation of 

RDX in the soil slurry reactors. Different carbon sources promoted the biotransformation 

through the pathways differentiy. The addition of inocula to the systems did not provide 

any benefit as to the biotransformation rates. In the in-situ studies, a lag period of about 50 

days was observed before biotransformation of RDX began. This lag period was believed 

to be due to mass transfer limitation and adaptation time for the bacteria. Again, adding 

other inocula to the indigenous bacteria did not provide any beneflt towards the rate of 

biotransformation of RDX. In this study, bacteria indigenous to non-contaminated soil 

was tested as well and found not to biotransform RDX. 
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CHAPTER 1 

INTRODUCriQN 

1.1 RESEARCH OBJECTIVE 

The primary objective of this research was to explore the feasibility of using 

biotechnology to remediate high energy explosives, such as hexahydro-l,3,5-trinitro-

1,3,5-triazine (RDX) and octahydro-l,3,5,7-tetranitro-l,3,5,7-tetraazocine (HMX), that 

have contaminated water streams and soil areas at Los Alamos National Laboratory. This 

investigation was performed by exercising biochemical reaction engineering principles, i.e. 

determining the pathways for the biotransformation of RDX and the reaction rates and 

orders that accompany these degradation processes. This project involved both liquid and 

solid matrices. The growth characteristics of the bacteria employed in this study were also 

determined including inhibition effects. This research was done in conjunction with tiie 

Chemical and Science Technology (CST) Division at Los Alamos National Laboratory. 

The impetus behind this research stems from a mandate by the United States 

Department of Energy (DOE) to attain compliance with the laws, regulations, and 

agreements enacted to protect human and environmental welfare at their nuclear-rielated 

facilities, as well as, other aging facilites by the year 2019 (DOE 1990). To monitor the 

progress of this project,, the DOE created the Office of Environmental Restoration and 

Waste Management (EM). As part of the Environmental Restoration phase of this project, 

Los Alamos National Laboratory is required to remediate those areas that have been 

contaminated by high energy explosives (DOE 1990). Similar areas of contamination of 

DOE facilities can also be found at Sandia National Laboratories (DOE 1990). 

Chapter 1 contains general background information that is relevant to this research. 

Chapter 2 contains materials and methods that were used in all phases of the research. 
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Chapter 3 covers the biotransformation of RDX in liquid phase cultures. Chapter 4 deals 

with the inhibition effects of barium and RDX on the growth of RDX biotransforming 

bacteria. Chapter 5 discusses the biotransformation of RDX in micro soil slurry reactors. 

Chapter 6 deals with an in-situ study to remediate soil contaminated with RDX on a macro 

scale. 

i:i BACKGROUND 

During the manufacturings handlings and. milling of munitions^ significant amounts 

of high energy explosives (HE), such as RDX and HMX, have been generated as waste. 

The disposal of the HE waste has created areas of high contamination including waste 

water streams from machining facilities and contaminated soil from the lagoons that were 

receptacles for these streams. EfRcient and effective treatment methods are needed for 

these contaminated areas. Biological biotransformation of these compounds is an attractive 

candidate because many HE compounds are biotransformable (Kaplan 19%) and the 

process could be made cost effective (Myler and Sisk 1991). Abiotic methods for 

remediation of the HE will also be discussed and compared to biological methods. The 

current method for disposal of soil contaminated with RDX is incineration which costs 

$300 per ton. This method of remediating soil could cost over one billion dollars. 

The following terminology will be used throughout this research with the 

corresponding meanings. Biotransformation is the process by which microorganisms 

change the chemical structure of a compound. Complete biotransformation, will imply total 

conversion of the compound of interest into harmless components, such as biomass, 

carbon dioxide^ molecular nitrogen and. other simple gases. The process of complete 

biotransformation is designated by the term biodegradation. 
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Due to its recalcitrant nature, HMX was found not to be biotransformabie in the 

presence of RDX. with, the microorganisms used in this research- Therefore, the focus of 

tills dissertation examines the feasibility of biotreating RDX in the presence HMX in both 

liquid phases (waste water streams) and. solid, phases (contaminated soil). 

The molecular structure of RDX and HMX are shown in Rgure 1.1. 

N 

C 

NO_ 

/ 
NO^ 

NO, C N 

\c 

/ 
NO, 

N 
M — ^  N C NO, 

Hcxahydro-1.3.5-uinitro-1 J.5-triazine 
RDX 

Figure LI High energy explosives of interest 

Octahydro-1 JiJ-tetranitro-1.3.5 J-tctraazocine 
(HMX) 

1.3 BIOTRANSFORMATION OF RDX 

The biodegradation of RDX has been observed by a number of researchers. Soli 

(1973) reported the complete disappearance of RDX in a mixed culture of photosynthetic 

bacteria. Osmoa and. Klausmeier (1973) reported, that RI3X disappeared in. soil studies. 

McCormick et al. (1981) observed the complete biotransformation of RDX by anaerobic 

sewage sludge. Ibister et al. (1982) found that RDX biotransformation occurred in 

compost experiments using a consortium of bacteria found in horse manure. McCormick et 

al. (1985a,1985b) observed the complete biotransformation of RDX in nutrient broth 
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cultures. Kitts et al. (1994) observed RDX biotransformation by three isolates of the 

Enterobaaeriaceae family in liquid cultures. The isolate most effective at transforming 

RDX was Morganella morganii. In all of these studies, RDX biotransformation only 

occurred under anaerobic conditions; no biotransformation was observed under aerobic 

atmospheres. However, Binks et al. (1995) reported that Stenotrophomonas maltophilia 

transformed RDX aerobically. Also, the biotransformation of RDX is found to occur only 

during stationary growth or (non-growth) phase which is quite different from the 

biotransformation of other HE, such as 2,4,6-trinitrotoluene (TNT) which is 

biotransformed during exponential growth (Archuleta 1996). The differences in growth 

phases will be presented, in Chapter 3. 

L.4 BIOTRANSFORMATTON OFHMX 

Limited research has been performed on the biotransformation on HMX. Jackson 

et al (1976,1978) observed the anaerobic biotransformation of HMX in aqueous systems 

although no intermediates were repotted. They noted that a cometabolic carbon source was 

required for the transformation to occur. McCormick et al. (1985a) observed the 

biotransformation of HMX in anaerobic sewage sludge. They concluded that the 

biotransformation of HMX most likely occurs after the HMX has adsorbed to cellular 

components and that no biotransformation of HMX is observed when RDX is present with 

their culture. Kitts et al. (1994) also noted the biotransformation of HMX by three bacterial 

strains Providencia rettgeri, Morganella morganii, and Citrobacter freundii. Morganella 

morganii was observed to biotransform HMX in the presence of RDX; this is the only 

microorganism that ha& been, reported in the literature that is capable of transforming both 

simultaneously. 
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1.5 RDX BIOTRANSFORMATION PATHWAY 

McCormick et al. (1981) proposed a pathway for the biotransformation of RDX, 

see Rgure 1.2. This pathway began with the stepwise reduction of each of RDX's nitro 

functional groups to form nitroso groups. These mono-, di-, and tri- nitroso intermediates 

of RDX (MNX, DNX, and TNX, respectively) are also environmentally undesirable. 

McCormick et al. (1981) also postulated that these nitroso intermediates could undergo 

further reduction of the nitroso group to form a hydroxylamino group. However, they did 

not see the proposed hydroxylamino intermediates in their studies. They observed carbon 

dioxide and formaldehyde as the final RDX degradation products; the production of these 

compounds clearly requires cleavage of the triazine ring. There is noticeable lack of 

information regarding the mechanism and rates of RDX biotransformation in the current 

literature. 

1.6 OTHER METHODS OF RDX REMEDIATION 

There are other methods of remediating water and soil contaminated with RDX 

other than biological systems including; incineration, thermal decomposition, and advanced 

oxidation processes. 

Incineration is used to remediate soil contaminated with RDX. The contaminated 

soil and fuel are added to the combustion chamber which is operated at a temperature of 

650 °C (Ciarg et al. 1991). The major factors affecting incineration are the heating value of 

the sludge, residence time, moisture content of the soil, and the mixing of air with the soil 

and fiiel mixture. The products of combustion are primarily carbon dioxide (CO2), 

nitrogen/oxygen compounds (NOx), water vapor, and inert ash. Incineration has shown to 

have removal efficiencies in excess of 99% (Garg et al. 1991). However, the 
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disadvantages of this process compared to biological remedation techniques are the large 

capital cost, maintenance costs, and supplementary fuel requirements. In processes that 

involve the excavation of HE, standard excavation techniques caimot be employed due to 

the possiblity of explosion if the soil contains more than 5% (w) HE. 

Thermal decomposition is used to remediate both liquid and solid phases 

contaminated with RDX. In this process, the contaminated phase is mixed with water to 

form a slurry phase and then it is heated and compressed to a final state of 250 and 500 

psig. Then, the slurry is transferred to a reactor where the decomposition occurs. The 

products of decomposition are separated, if possible, and sent to the appropriate holding 

facilities. These products often, require further treatment to remove stable byproducts 

which are environmentally unfavorable. Thermal decomposition does not typically provide 

complete transformation of RDX, and other techniques, such as bioremediation, are 

required to achieve 100% removal. The primaiy advantage of this process is its energy 

efficiency due to recovery and recyde^schemes. 

Rodacy et al. (1996) investigated the use of advanced oxidation processes (AOP) to 

remediatei aqueous streams containing RDX. They researched the feasibility of using 

ultraviolet (UV) light by itself and in combination with photocatalysts, hydrogen peroxide 

(H2Q2), and ozone (O3) to remove the RDX from the water phase. They reported that the 

best transformation of RDX occurred in the presence of 254 nm light using O3 and the 

photocatalysL However, they also reported that complete mineralization of RDX was not 

observed instead stable intermediates were formed. They proposed using a biotreatment 

step to achieve complete degradation. They found that pretreating with AOP, the 

concentration of RDX could be decreased by 70-80%. This method using advanced 

oxidation processes are only suitable for liquid phase remediation and not soil remediation. 



26 

1.7 RESEARCH APPROACH 

This research will explain thei biotransfomiatioa of RDX in terms of classical 

reaction engineering principles. Transformation mechanisms will be proposed to explain 

the observed intermediates and products. Each of these mechanisms will be explained by 

rate equations containing the appropriate biotransformation rate constants and orders. 

These kinetic observations will be linked to equations describing the growth of the 

microorganisms used in this study including the inhibitive effects of barium on the entire 

biotransformation process. 

Some major microbiologicaL issues that were observed experimentally regarding the 

biotransformation of RDX remain unresolved; why does it occur only in stationary growth 

phascL as. opposed to exponential growtL phase; why does it require the presence of a 

complex carbon source, such as yeast extract? This research will not attempt to explain 

these observed microbiological phenomena which are better studied by microbiologists and 

in fact, have been studied with no success by research collaborators. Rather, this research 

will focus on reaction kinetics. 
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CHAPTER2 

MATERIALS AND METHODS 

2.1 mOH ENERGY EXPLQSIVRS 

The high energy explosives (HE) were obtained from Dynamic Experimentation 

Division G^X) at Los Alamos National Laboratory. The HE used in this research were 

hexahydro-L3^-trinitro-L3»5-triazine (RDX) and octaliydro-L34J-tetranitro-L3,5,7-

tetraazocine (HMX). These were used as delivered; no fiuther purification was made on 

the HE. Both the RDX and HMX were stored dry in the same OSHA approved storage 

facility. They are both members of Storage Compatibility Group A. 

2.2 BACTERIAL GROWTH 

2.2.1 Bacteria 

The bacteria used in this experiment were a consortium of microorganisms obtained 

from horse manure. This consortium was obtained from the Chemical and Science 

Technology (CST) IMvision at Los Alamos National Laboratory. In addition to this 

consortium and five major strains isolated from the consortium, Morganilla morganii was 

used in this reseatclu AL morganii was. isolated, from the contaminated soil found at Los 

Alamos National Laboratory (Kitts et al. 1994). 
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2.2.2 Growth media 

A minimal salts media, AM-1, was used for the majority of experiments. The 

composition of AM-1 is given in Table 2.1. 

Table 2.1 The composition of AM-1 media 

Compound Weight per liter (g) 

(NH4)2S04 0.2 

NH4a 1.6 

Na2HP04 3.0 

KH2PO4 2.72 

MgS04 0.098 

CUSO4 0.070 

MnS04 0.035 

ZnQ2 0.024 

Caa2 0.001 

C0CI2 0.01^ 

H3BO4 0.007 

(NH4)6M07024 0.060 

FeS04 0.006 

Citric acid 0-006 

Each one liter of solution is prepared in three separate media bottles. On bottle contains 

100 mLof deionized water and the MgS04. Another bottle contains 100 mL of deionized 
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water and the FeS04 and citric acid. The third bottle contains 800 mL of deionized water 

and the remaining chemicals. These bottles were then autoclaved at 121 oC and 20 atm for 

40 minutes. After autoclaving, the three contents of bottles were mixed into one resulting 

in sterile AM-1 media. 

Frequently, AM-1 media was supplemented with a rich carbon source, such as 

yeast extract (Difco Laboratories), nutrient broth (Difco Laboratories), or com steep liquor 

(Grain Processing Corporation). Concentrations of the carbon source ranged from 0.05 

g/L to 10 g/L depending of the type of experiment The yeast extract was the primary 

carbon source used to promote bacterial growth. 

2.2.3 Freezer stocks and starter cultures 

Freezer stocks were prepared by placing 500 /<L of glycerin into a 2.0 mL freezer 

stock tube. The tube with glycerin was autoclaved for 40 minutes at 121 °C and 20 atm. 

Into the sterile tube, a one milliliter sample of concentrated bacterial suspension was placed 

and preliminarily stored at -70 °C for a period of 48 hours. After which the freezer stock 

was moved into a liquid nitrogen storage dewar where it remained until used. 

The concentrated bacterial suspension mentioned above was prepared in the 

following manner. A freezer stock of the desired culture was placed into a one liter flask 

containing 200 mL of AM-1 supplemented with 5 g/L of yeast extract This culture was 

then grown aerobically overnight (8 to 24 hours). The culture was placed into a sterile 600 

mL centrifuge bottle and centrifuged at 10,000 rpm for 20 minutes. The microorganisms 

collected at the bottom of the botde in a pellet shaped mass. The supernatant was decanted. 

Approximately 200 to 300 mL of 0.85%(w/w) solution of NaCl/H20 was added to 

resuspend the pellet; the culture was centrifuged again at 10,000 rpm for 20 minutes. The 

purpose of this second centrifiiging was to wash the remaining nutrients, in particular the 
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yeast extract, from the bacteria. Again the bacteria formed a pellet at the bottom of the 

centrifuge bottle. The NaCl/H20 solution was also decanted from the pellet Another 20 to 

40 mL of 0.85% (w/w) NaQ/H20 solution was added to resuspend the bacterial pellet 

again. This final resuspension was the concentrated bacterial suspension which was used 

to make freezer stock and initial inoculums. 

2.2.4 UV-VIS spectrophotometry and cell densities 

UV-VIS Spectrophotometry was used to measure the dry weight cell densities in all 

experiments. Measurements were made at 590 nm using a Hewlett-Packard 8452A Diode 

Array Spectrophotometer. One milliliter cuvettes were used to hold the samples. The 

samples were diluted in such a manner to give an absorbance or optical density (OD) that 

was less than 0.7 to ensure a linear relationship between absorbance and cell density. 

2.3 HIGH PRESSURE LIQUID CHROMATOGRAPHY 

High pressure liquid chromatography (HPLC) was used in all experiments to 

monitor the presence of RDX and HMX and the appropriate intermediates in the respective 

samples. Two column configurations were employed in the course of this research: a 5 

micron, reversed phase, 15 cm long, C8 column and a 5 micron, reversed phase, 25 cm 

long CIS column (both from Rainin Instruments). In the C8 column, the mobile phase 

consisted of a 30/70 (v/v) methanol/water mixture flowing at 0.7 mL/min. In the CI8 

colunui, the mobile phase consisted of a 30/70 (v/v) acetonitrile/water mixture. A Knauer 

Variable Wavelength Monitor was used to detect the contaminant levels at 230 nm. The 

detection limit for this HPLC system is approximately 0.1 ppm. The identification of RDX 

and its nitroso intermediates (MNX, DNX, and TNX) by HPLC analysis was done by 
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Kitts et al. (1996). The extinction coefficients for RDX and its nitroso intermediates have 

been found to be identical (Kitts et al. 1996). 

The solvents used for HPLC analysis (methanol water, and acetonitrile) were all 

HPLC grade and obtained from Fisher Scientific. Before using however, the appropriate 

solvent combination was mixed and vacuum filtered through a 0.2 micron filter (Costar 

Scientific Corporation) to remove any possible contaminants and to degas the mixture. 
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CHAPTER 3 

LIQUID PHASE BIOTRANSFORMATION OF RDX 

3.1 INTRODUCTION 

This part of the research focused on detemuning the feasibiliQ' of remediating waste 

water streams containing high energy explosives (HE), in particular hexahydro-1,3,5-

trinitro-M,5-triazine (RDX). The overall goal of the remediatioa. project is to use 

microorganisms in a continuous or semi-continuous process to treat HE contaminated 

waste waters. However, information fundamental to the design o£.this remediation process 

must be determined first growth parameters, biotransformation rates of the RDX, and 

possible biotransfoanatioa pathways. Batch liquid phase experiments provide a^ simple 

method for determining this fundamental information. The microbial consortium found in 

horse manure was chosen to be the focus of this research because of it practicality and 

effectiveness (Ibister et al. 1982). 

A typical growth curve for bacteria is shown in Figure 3.1. 

E C 

Time 

Figure 3.1 A typical growth curve for a bacterial population 
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region A is the lag phase and no growth occurs here, region B is the exponential growth 

phase, re@on C is the stationary phase where growth and decay rates are equal so the total 

number of bacteria remains constant, and region D is the decay phase where the rate of 

decay exceeds the growth rate and the bacterial population declines. 

The microorganisms of the consortium used in this study are facultative which 

simply means they can grow in either an aerobic or anoxic atmosphere. Anoxic 

atmospheres are those in which a slight amount of oxygen may exist 

The biotransformation of RDX with this consortium of bacteria has been observed 

to occur only in anaerobic or anoxic stationary phase (Ogden et al. 1996). Ogden et al. 

(1996) proposed a growth strategy to optimize the biotransformation of RDX. First, they 

suggested the bacteria should be grown in an anoxic atmosphere for six hours, then grown 

five hours in an aerobic atmosphere, and then switched back to an anoxic environment 

The first anoxic growth was used to promote the microorganisms that were more efficient 

growthwise in the anoxic atmosphere. The aerobic growth phase was used to increase the 

cell density of these microorganisms since most bacterial cultures grow more efficiently, 

i.e. have higher cell yields, in aerobic environments than in anaerobic environments. The 

final anoxic phase was used to complete growth and begin stationary phase where the 

biotransformation was known to occur. 

The primary microorganisms of the consortium were isolated and their respective 

abilities to biotransform RDX were compared to the rate of biotransformation achieved by 

the consortium. Then, the growth and biotransformation characteristics of the consortium 

and the most effective isolate were determined to provide fimdamental information to the 

design of the overall remediation process during this phase of the research. 
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3.2 THEORY 

For the liquid phase biotiansfonnation of RDX« both aerobic and anaerobic growth 

must be considered. The growth of the consortium and its isolates will be assumed to 

follow general Monod kinetics. The Monod Equation is a semiempirical unstructured 

model, analagous to simple enzyme kinetics as described by Michealis-Menten. The 

primary assumptions of the Monod Equation is that there is one and only one limiting 

nutrient or substrate, S, and the cell density is low. The growth equations for both 

conditions can be described by Equations 3.1 and 3.2 

" • ! )  
K. SMer + " 

U S 
(3-2) 

K.Sn.an'^ 

where the subscripts aer and an denote aerobic and anaerobic parameters,^ respectively. The 

growth rate of the bacteria is denoted by fi, the maximum specific growth rate is denoted by 

M/nax< the half saturation constant is denoted by and the substrate concentration is 

represented by 5. Equations 3.1 and 3.2 assume that there is only one limiting substrate. 

In general, the growth of the bacteria in a liquid culture can be described by the simple 

differential equation which represents region B on Hgure 3.1. 

dX 
•J-POC (3.3) 

where X represents the cell concentration in g cells/L. 

also be described by a simple first order equation 

The rate of substrate utilization will 



35 

dS -f iX 

dt "  Yxi.  
(3.4) 

where Y^fs leptesents the yield coefficient which is a.ratio of the amount of ceils grown in 

grams to the amount substrate consumed due to this growth also in grams. Unique yields 

exist for the two different growth atmospheres, aerobic and anoxic. 

The biotransformation of RDX to each of the intermediates will be described by the 

where ki- represent the. individual biotransformation rate constants. £ql each- of the 

components. The biotransformation product of TNX has not yet been identified. The 

hydroxylamino intermediates as postulated by McCormick et al. (1981) were not detected 

by HPLC analysis in our biotransformation experiments and thus will not be included in 

this reaction scheme. The biotransformation in liquid phase of each of the four compounds 

can be described by fu^t order differential equations. These equations are not second 

order, as they may appear, because the biotransformation only occurs in the stationary 

growth phase so X in Equations 3.6 - 3.9 and 3.11-3.14- is constant 

senes 3.5. 

RDX *MWL *DNX >TNX >m (3.5) 

d(RDX) 

dt 
= -ki(RDX)X (3.6) 

d(MNX) 

dt 
[it,(/20X') -k2(MNXy]X (3.7) 

„ [k2(MNX) -  k3iDNX)]X 
dt 

(3.8) 
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diTNX) 

dt 
= [ife3(DiVX)-Jk4(77VX')]X (3.9) 

The initiaLconditions are given in Equation 3.10: 

at t  = O(RDX) = (RDX)oand(MNX) = (DNX) = (TNX) = 0 (3.10) 

Two assumptions were made in Equations 3.6 through 3.9. All biotransformatioa of RDX 

occurred during the anoxic stationary growth phase and the biotransformation of RDX and 

its intermediates was first order with respect to cell concentration. Both assumptions were 

later validated by experimentation. The analytical solutions to Equations 3.6 through 3.9 

were used to determine the individual biotransformation rate constants, through k4, from 

experimental data as given below. DeltaGraph™ was used to fit the it; through k4 from 

the non-linear equations below. DeltaGraph^ uses a Levenberg-Marquardt iterative 

schema for convergence, The-details of this scheme are HignigsfiH in rhaprpr 5. 

(RDX) 

(RDX)^ '  
(3.11) 

(3.12) 

(3.13) 
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(77VX") 

(/?OX)o (^ -^1X^-^1X^4-

(^2 -^iX*^-^iX^4-^) '  

k^kik^ 

(^2 

rrT( e ' -e j + 

-e 

(^2-^1X^-^2X^4-^2) 

(3.14) 

3.3 MATERIALS AND METHODS 

This section contains experimental materials and methods that are specific to this 

phase of the research. Materials and methods that are pertinent to all phases of this 

dissertation were given in Chapter 2. 

3.3.1 Bacterial culture and media 

The consortium of bacteria found in horse manure were used (Ibister et al. 1982). 

The primary microorganisms from this consortium were isolated and identified using the 

BiologTM system (Bochner et al. 1977). The bacterial cultures were grown in AM-1 as 

given in Table 2.1. Starter cultures were prepared as stated in 2.2.3. Initial inocula were 

used in a 1/100 (v/v) ratio of inoculum to liquid volume. This volume ratio corresponds to 

an initial inoculum concentration of approximately 0.02 g cells/L. 
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3.3.2 Growth and yield experiments 

Monod growth parameters and yield coefficients were determined under aerobic and 

anoxic conditions. Inoculum (2 mL) was added to one liter shaker flasks containing AM-1 

media (200 mL); the concentration of the yeast extract in the media was varied between 

0.05 and LO g/1. Anoxic atmospheres were attained by purging flasks with nitrogen gas 

bubbling at approximately 50 mL/min for two minutes after every sample was withdrawn. 

The flasks were then stoppered to prevent the addition of oxygen. The stoppers were 

soaked in either pure ethanol or methanol to maintain sterile conditions. Cultures were 

grown at 30°C with a constant agitation of 120 rpm. Samples were withdrawn every 10 

minutes for 90 minutes and monitored for cell growth by measuring absorbance at 590 nm 

using a Hewlett-Packard 8452A Diode Array Spectrophotometer. 

To determine the yield coefficient, cultures again were grown up AM-1 media with 

yeast extract concentrations varying from I.O to 5.0 g/L using 2 mL of initial inocula. Cell 

densities were monitored by measuring absorbance at 590 on the spectrophotometer. 

When absorbance leveled off, growth was considered to be finished. At this point, the 

cultures were filtered thorough a 0.2 micron filter (Costar Scientific Corporation), dried, 

and weighed to determine the dry weight of cell mass. The drying was performed in a 

drying oven set at 90 ^C for two hours. The dry cell mass of the initial inocula was also 

determined by this manner. It was assumed that the limiting nutrient used for cell growth 

was entirely consumed after no increase in cell density was observed. 

All experiments were performed in duplicate or triplicate; ninety-five percent (95%) 

confidence intervals are presented for all experiments. 
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3.3.3 RDX biotransformation experiments 

Hasks were prepared with 200 mL of AM-1 with 0.5% yeast extract and 0.05 mg 

RDX/mL. The flasks were inoculated with 2 mL of re-suspended culture. If the 

consortium was being used, the culture would be grown up for six hours anoxically to 

ensure that the RDX biotransforming consortium of facultative anaerobes was enhanced. 

Next, the culture was grown for five hours in an aerobic atmosphere to promote the growth 

of these microorganisms. Finally, the culture was returned to anoxic conditions for the 

biotransformation of RDX. When an isolate was used, the first anoxic enrichment step 

was omitted and only the aerobic growth and anoxic stationary phases were used. One 

milliliter liquid samples were collected every four to twelve hours for HPLC analysis. At 

the same time, another liquid sample was withdrawn to measure absorbance or cell density. 

The samples used for HPLC analysis were prepared by extracting the 1 mL with 

0.5 mL of ethyl acetate. To aid in the extraction and separation, the two-phase mixtures 

were centrifuged at 500 rpm for two minutes. From these mixtures, 400 (aL were 

withdrawn from the ethyl acetate phase and placed into a separate microcentrifuge tube. 

These tubes were placed into a fume hood and allowed to evaporate leaving the RDX in a 

dried condition. Upon complete evaporation, the RDX was re-suspended in 1 mL of either 

methanol or acetonitrile corresponding to the particular HPLC system that was being used. 

The samples used to measure absorbance or optical density (OD) were diluted with 

deionized water to give a measurement less than 0.7. 
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3.4 RESULTS AND DISaJSSIQN 

3.4.1 Consortium growth characterization 

The initial research focused on the consortium. The initial experiments were to 

determine the consortium's aerobic and anoxic growth parameters: Fx/s> Mnuu. and Ks. 

The aerobic and anoxic yield experiments for the consortium served a dual purpose. 

First, they provided growth parameters for the Monod model and second, they provided a 

correlation between optical density (absorbance at 590 nm) and actual dry cell density. The 

experimental yields were determined according to Equation 3.15 

where LX representis the difference between the dry weight of cell mass after complete 

growth and the dry weight of the initial inoculum and A5 represents the change in substrate 

concentration, yeast extract, through the experiment It was assumed that all of the initial 

yeast extract was consumed in this experiment The aerobic yield of the consortium was 

found to be 0.20 ± 0.06 g cells/g yeast extract The anoxic yield of the consortium was 

found to be 0.033 ± 0.008 g cells/g yeast extract The plus/minus term indicates the 95% 

confidence intervals of the experiment The method to find 95% confidence intervals is 

given in Appendix A. 

The correlation between optical density and cell density of the consortium was 

determined during the course of this experiment and is shown in Hgure 3.2. From this 

figure, the calibration curve between optical density (OD) and cell density for the 

consortium is given by Equation 3.16. 



41 

0.8 

0.7-

0.6-

 ̂0.5 — 

S 0.4-c o "O 
= 0.3-

0.2-

= 0.884 0.1-

1.5 2 2.5 3 3.5 4 4.5 5 0 0.5 1 
Optical density at 590 am 

Hgure 3.2 The calibration curve for relating cell density of the consortium to optical 

density as measured by UV-VIS Spectrophtometry. Symbols represent experimental 

data and the solid line represents the best At 



Cell density (g / L)= 0.1617(OD)-0.0113 (3.16) 

The Monod growth parameters for the consortium used in Equations 3.1 through 

3.4 were determined by batch experiments varying the substrate concentration. Because 

ceil growth can be described by Equation 3.3, ju can be calculated by the method of initial 

rate which is tantamount to the differential method of rate analysis as described Fogler 

(1986). This method requires that only the initial rate of change of the cell concentration is 

used at each substrate concentration. The main benefit of this method is that since there is 

only a small change in cell concentration, that one can assume that the concentration of the 

cells and the concentration of the substrate do not change significantly during the brief 

initial phase, making n a constant By plotting AX versus A/, a linear slope results which 

is equal to fx times Xave, an average cell concentration. The average cell concentration was 

determined using Equation 3.17. 

f c m  

(3.17) 

0 

Under these experimental conditions, fx versus S values were obtained. A typical growth 

experiment is shown in Rgure 3.3 which shows the anoxic growth of the consortium with 

0.9 g/L of yeast extract The integral in the numerator of Equation 3.17 can be easily 

evaluated by using a closed Newton-Cotes formula, Trapezoidal Rule (Press et al. 1986). 

The slope of the curve, was equal to AX/Ar which concunentiy is equal to juX, from 

Equation 3.3. Using this method of growth determination, X can be can be approximated 
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Figure 3.3 A typical growth curve experiment Symbols represent experimental data 

and the solid line represents the best fit 
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by Equation 3.17. In this manner, data was collected relating S (yeast extract 

concentration) to (growth rate). 

Equations 3.1 and 3.2 can be linearized by inversion of the respective equations. 

The general form of the inverted equations are shown below in Equation 3.18. Graphs 

made as I/fi versus 1/S are termed Lineweaver-Burk plots. 

1 A; 1 1 
---^7+ (3.18) 
^ ^ fornix.  

Lineweaver-Burk plots of Equations 3.1 and 3.2 were used to obtain the Monod growth 

parameters, nm and Ks, for both aerobic and anoxic conditions (Figure 3.4). The 

Lineweaver-Burk plots provide good estimates for the Umax parameters but not necessarily 

for the Ks parameters. The Monod growth parameters determined from the slope and 

intercept of this figure are given in Table 3.1. The values are given with their 

corresponding 95% confidence intervals. 
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Figure 3.4 Lineweaver-Burk plots for the aerobic and anoxic growth of the 

consortium. Symbols represent experimental data and the solid lines represent the best 

fits. 
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Table 3.1 Growth parameters for the consortium and one of its isolates Serratia marcescens 

Consortium S. marcescens 

Aerobic Yield (g cells/g yeast extract) 0.20 ± 0.06 0.155 ±0.009 

Anoxic Yield (g cells/g yeast extract) 0.033 ± 0.008 0.015 ± 0.002 

M'tnax^er Ou'O 1.53 ± 0.06 0.66 ± 0.07 

Ks^r (8 yeast extract/L) 0.050 ± 0.007 0.04 ± 0.02 

M'max.an (lu~^) 0.9 ±0.1 0.41 ± 0.04 

Ks.an (g yeast extract/L) 0.15 ± 0.05 0.16 ±0.04 

Ki^r(gRDX/L) not observed 0.0074 ± 0.0072 

Ki^n(gRDX/L) 0.0044 ± 0.0042 0.010 ± 0.007 

Next, the potential inhibition of microbial growth by RDX was explored. Aerobic 

growth of the consortium was not affected by RDX. However, anoxic growth was 

significantly inhibited by RDX, see Bgure 3.5. To characterize this inhibition, the type of 

inhibition must be determined; competitive, noncompetitive, or mixed. Lineweaver-Burie 

plots were compared for the anoxic growth with and without RDX. Figure 3.5 also 

shows that the best-fit lines for growth under these two conditions intersect at the y-axis 

which is consistent with RDX being a simple competitive inhibitor (Bailey and OUis 1986). 

Simple competitive inhibition can be represented by Equation 3.19 

/X 
5+A', .JI + —) 

V K,} 
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Rgure 3.5 Lineweaver-Burk plots for the anoxic growth of the consortium with and 

without the presence of RDX. Symbols represent the experimental data and the lines 

represent the best flts. 
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The inhibition constant, AT/, can be determined from the Lineweaver-Burk plot using the 

fim,an and Ks,an that were obtained in the absence of RDX. The fact that RDX inhibits 

cell growth does not imply that it is being used as a substrate. It has been demonstrated 

that nitmimidaznie antibiotics inhibit anoxic growth of organisms containing nitroreductase 

activity (Kinouchi and Ohnishi 1983). Since these microorganisms have nitroreductase 

activity and because RDX is similar in structure to a nitroimidazole compound, anoxic 

growth inhibition was anticipated. 

Reransft the hartPiria arc! gmwn in a rich meriiiim fhpy most likely dn noLUSe RDX 

for any nutritional purpose. There are two possible reasons why the NC)2 groups on RDX 

ate reduced: (1).RDXis-spnntaneniisly reduced hecausf! the.NC^ groups-are-good-electron 

acceptors and thus, interfere with normal electron transport; and (2) RDX reduction is 

peifotmed-by a HRfnyifying e.nTymft (the nifmniriiirtagft) which Hnas rhis specifically sn that 

the NO2 groups will not interfere with normal electron transport 

\4J1 RDX hintrangfnrmatinn hv the cnnsniti i im 

The biotransformation of RDX and its intermediates was quantified by determining 

the rate.constants, shown in EquationsL3.1 L through •3.14. Recall rhat RDY is degraded 

only during stationary growth phase when using the consortium or any of its primary 

isolates, thus cell concentration is constant in these equations. 

The progressions of RDX and its first intermediate, MNX, over time for the 

Moeansformation. by the- rx)nsortiHm are. shown, in Hgure 3.6. The DNX and TNX 

intermediates were not observed. The values for the rate constants, kj and k2, were 

determined by regression analysis tg be.0.022 and 0.015 Iig_cells hiv. respectively. The 

average cell density in the anoxic stationary phase of this experiment was 0.83 g cell/L. 
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Figure 3.6 The disappearance and formation of ROX and it first nitroso intermeidate 

MNX using the early generations consortium. Symbols represent the experimental 

data and the ;ines represent the best fits. 
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The RDX biotransfonnaoon rate constant, ki, was determined by simple linear regression 

of the plot In (RDX)/(RDX)o versus time. The second rate constant, k2, was determined 

by non-linear regression of Equation 3.12 where k2 was fit using the value of ki just 

determined. This non-linear regression was performed using Delta Graph^M These 

results were.obtained-with the initial cnnsnrtiiiin samples 

The stability of the consortium and its capacity to degrade RDX was monitored 

through several cycles of repeated culturing. The overall growth parameters, fim and 

Ks, of the consortium did not change significantly over months of research as observed by 

repeating the growth experiments. However, the rates of RDX biotransformation 

decreased over time as a function of successive reculturing of the consortium. An 

explanation for this observation is that the isolate(s) responsible for the majority of the 

RDX biotransformation does not grow as fast as other members of the consortium. 

3.4.3 RDX biotransformation bv the isolates of the consortium 

The primary microorganisms of the consortium were isolated to determine the most 

effective isolate at biotransforming RDX. Five microorganisms predominated the 

consortium and were identified as Pseudomonas putida, Serratia marcescens, Klebsiella 

pnuemoniae, Xanthomonas maltophilia, and Escherichia coli. Each of these isolates was 

tested to determine its abili^ to biotransform RDX. In this study, the appearance and 

disappearance of RDX nitroso intermediates was considered of secondary impoitance. 

The biotransformation of RDX for each isolate is shown in Rgure 3.7. The second order 

rate constants for the biotransformation of RDX are given in Table 3.2 
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Figure 3.7 The effectiveness of the primary isolates of the consortium of 

biotransforming RDX. Symbols represent the experimental data and the lines 

represent the best fits. 
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Table 3.2 The values for kj for the primary microorganisms of the consortium 

Microorganisins ki 

(L/ g cells hr) 

Consortium 0.02110.006 

PseudoBumas putida 0i007 

0-.033-± 0.005 

Klebsiella pnuentoniae 0.016 ±0.004 -

Xanthomxmas maltophilia 0.010 ± 0.004 

Escherichia coli 0.012 ± 0.008 

From Table 3.2, it can be seen that the isolate Serratia marcescens transforms RDX 

at least twice as fast as any other of the primary organisms and 50% faster than the 

consortium. Therefore, this isolate was chosea for further study. A m^or benefit of 

working with the isolate at this point is that it is more stable in its characteristics than the 

consortium because it is a pure culture. 

3.4.4 Characterizinp the growth of Serratia marcescens 

As with the consortium, the aerobic and anoxic growth parameters of 5. 

marcescens were determined and are shown in Table 3.1. Again the yield experiments 

provided a mechanism to relate optical densiQr at 590 nm to cell density in g/L.. This 

calibration curve is shown in Hgure 3.8. The correlation to relate the two is given below 
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Rgure 3.8 A calibration curve to relate the cell density of the isolate Serratia 

marcescens to the optical density as measured by UV-VIS Spectrophotometry. 

Symbols represent the experimental data and the solid line represents the best fit 
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Cell density (g /  L)= 0.2514(OD)-0.0045 (3.20) 

The yields and die maximum growth rates for the isolate were consistently lower than those 

for the consortium. These findings indicate that the isolate S. marcescens grows slower 

and in smaller amounts than the consortium given the same amount of substrate. These 

observations are consistent with the previously offered explanation for the declining 

biotransformation rates of RDX by the consortium. 

Similar to the consortium, the growth parameters of S. marcescens were determined 

by the Lineweaver-Burk method including the inhibition effects of RDX. RDX inhibited 

the growth of S. marcescens under both aerobic and anoxic conditions which was unlike 

the consortium whose growth was inhibited only under anoxic conditions. The 

Lineweaver-Burk plots for the growth of S. marcescens are shown in Hgures 3.9 and 

3.10. In both graphs, the growth curves in the presence of EIDX intersect the growth 

curves without the presence of RDX veiy near to the x-axis indicating simple competitive 

inhibition. This. type, of inhibition i& represented, tiy Equation 3 The. inhibition 

constants were determined by using the fjmax snd Kj from the non RDX case and applying 

them to the situation with RDX. The inhibition constants, AT/, are given in Table 3.1. 

From this table, RDX has a factor of two greater inhibiting effect on the growth of Serratia 

marcescens than on the entire consortiunu 

3.4.5 Biotransformation of RDX and its intermediates bv Serratia marcescens 

The biotransformation characteristics of RDX were studied using the isolate Serratia 

marcescens. The progression of RDX and its nitroso intermediates over time during a 

biotransformation study using S. marcescens are shown, in dimensionless form in Hgure 
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Figure 3.9 Lineweaver-Burk plots for the aerobic growth of Serratia marcescens with 

and without the presence of RDX. Symbols represent experimental data and the solid 

lines represent the best Hts. 
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Rgure 3.10 Lineweaver-Burk plots for the anoxic growth of Serratia marcescens with 

and without the presence of RDX. Symbols represent experimental data and the solid 

lines represent the best iits. 
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3.11. The contaminant concentrations were de-dimensionalized with the initial RDX 

concentration. Note that unlike with the consortium, all three of the nitroso intermediates 

of RDX can be readily observed. The rate constants for this nitro reduction pathway can be 

determined using Equations 3.11 through 3.14 and are given in Table 3.3. As before. 

Equation 3.11 readily lends itself to analysis by linear regression for the determination of 

ki as shown in Hgure 3.12. The subsequent rate constants k2., kj, and were determined 

through non-linear regression analysis of Equations 3.12 through 3.14. The resulting 

curve fits and data are compared in Figures 3.13 through 3.15. 

Table 3.3 The rate constants for the biotransformation of RDX and its nitroso intermediates 

by the isolate Serratia marcescens 

Rate Constant L/g cells hr 

ki 0.033 ± 0.005 

k2 0.015 ± 0.002 

k3 0.014 ± 0.002 

0.0081 ± 0.0005 

Notice that k2 and ks are approximately the same and less than ki.  This suggests that S. 

marcescens reduces the first nitro group to a nitroso group (MNX) much more readily than 

it reduces the second and third nitro groups producing DNX and TNX. Furthermore, the 

second and third nitro groups are reduced at approximately the same rate. Because the 

destruction of TNX requires cleavage of the triazine ring which is very probably catalyzed 

by a distinctly different enzyme, we expected and observed yet a different rate for k4. 



58 

c 
_o 
*w eS b> 
c 
V u e 
0 
U 
c CO 
c 

1 
5 c o 
U 
ca 
CO 

JO 
c 
.2 
"35 c u 
E 

I 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

l a  

i % 
• 

• 
[ 

o 
o 

GD 

O 

o ° o  °  

"^OOO 

Qj aO°° °n 

"-ttOnDp 
^ ••• • 

• RDX 
o MNX 

A DNX 

O TNX 

0 50 100 150 200 
Anaerobic Stationary Time (hours) 

250 

Hgure 3.11 The progression of RDX and its nitroso intermediates over time using the 
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Figure 3.12 Determining kj for the biotransformation of RDX using Serrratia 

marcescens. Symbols represent the experimental data and the solid line represents the 
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Rgure 3.13 Determining for the biotransformation of RDX using Serrratia 

marcescens. Symbols represent the experimental data and the solid line represents the 

best fit 
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Figure 3.14 Determining for the biotransformation of RDX using Serrratia 

marcescens. Symbols represent the experimental data and the solid line represents the 

best fit 
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Figure 3.15 Determining for the biotransformation of RDX using Serrratia 

marcescens. Symbols represent the experimental data and the solid line represents the 

best fit 



63 

A mole balance was determined to examine the stoichiometiy of the conversion of 

RDX to each of the nitroso compounds (MNX, DNX, and TNX). Rgure 3.16 presents 

typical mole balance values for the biotransformation of RDX by S. marcescens over time. 

For the first 75 to 100 hours, a one to one relationship is maintained between moles of 

RDX destroyed and intermediates produced which indicates that S. marcescens 

biotransforms RDX through the entire nitro reduction pathway. After approximately 100 

hours, the sum of the intermediates is less than the moles of RDX destroyed. Also, at 

approximately 100 hours, TNX reaches its maximum concentration which supports the 

proposed kinetic mechanism where the biotransformation of RDX by Serratia marcescens 

is through the stepwise reduction of nitre groups to nitroso groups. No other peaks were 

detected at 230 nm which indicates that no other ring structures were formed during the 

biotransformation process. 

3.4.6 Model validation 

\^/^th the kinetic parameters having been determined for RDX biotransformation, the 

theoretical model can be implemented and validated against experimental observations. 

Another set of experiments were performed with two different initial concentrations of 

yeast extract, 2 and 10 g/L for the purpose of validation. The first part of the validation is 

predicting the appropriate cell growth of Serratia marcescens under aerobic conditions. A 

comparison of the model to experimental observation for the case study using 2 g/L of 

yeast extract is shown in Figure 3,17. As can be seen by this graph, the model correctly 

predicts the growth of the bacteria. 

The second part of the validation is predicting the rates of biotransformation of 

RDX and its intermediates. These comparisons are shown in Figure 3.18 for the 
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Bgtire 3.16 The progression of the dimensionless triazine ring balance over time for 
the biotransformation of RDX by Serratia marcescens 
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Rgure 3.17 A comparison of observed cell growth to predicted cell growth for a 

RDX biotransformation experiment using Serratia marcescens and 2.0 g/L of yeast 

extract Symbols represent the experimental data and the solid line represents the 

model prediction. 
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Figure 3.18 A comparison of the model prediction to experimental observation for the 

formation and disappearance of RDX and its nitroso intermediates during a 

biotransformation experiment using Serratia marcescens. Symbols represent the 

experimental data and the lines represent the model prediction. 
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experiment that started with 10 g/L of yeast extract Extra time was included in the growth 

phase of the experiment to allow the cell growth to reach its final value. As caa be seen in 

this figure, the model accurately describes the physical behavior of the liquid phase 

biotransformation of RDX. This comparison also shows that the model accurately 

describes the kinetics of the ordered step-wise biochemical reduction of RDX. This 

pathway provides for a highly ordered formation and destruction of the intermediates 

(RDX—^MNX *DNX—^TNX—^m) by the isolate. 

3.5. CONCLUSIONS 

Traditional approaches of growth, cell yield, and first order destruction of 

compounds were used to describe kinetics and model biotransformation pathways by both 

the consortium and isolated organisms. Experimental observations of the mole balances 

indicate that the first step of RDX biotransformation is the conversion to MNX by either the 

isolate or the consortium. After that step the biotransformation pathways of the consortium 

and isolate differ significantiy. The isolate proceeds through a sequential reduction of nitro 

groups to nitroso groups before further metabolizing the triazine compound. Little or no 

ring cleavage occurs prior to making TNX. In the consortium, it appears that the highly 

ordered sequential mechanism is not required; it need not pass through all Qf the 

intermediates. The possible mechanism for RDX biotransformation by the consortium 

includes the pathway proposed by McCormick et al. (1981), where MNX and DNX could 

be converted to hydroxyl amino derivatives and these products could be subjected to ring 

cleavage directiy. 

For the purpose of developing a model for the treatment of explosive contaminants, 

the liquid phase biobiotransformation of RDX by both a consortium found in horse manure 

and an isolate from that consortium, S. marcescens, has been quantiiied. The isolate 



68 

studied was the one that most efficiently reduced RDX. However, the isolate grew slower 

and had a lower yield coefficient than the consortium. Based on kinetic analysis, S. 

marcescens destroys RDX via a step-wise reduction pathway. Direct ring cleavage of 

RDX, MNX, and DNX was not observed, oiJy ring cleavage of TNX. This is different 

than the pathway proposed by McCormick et al. (1981) where they postulate that MNX 

and DNX can also be cleaved. Hnally, the theoretical model was developed and validated 

against experimental data. The model correcdy predicts RDX biotransformation for an 

order of magnitude change in initial substrate concentration. 
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CHAPTER 4 

BARIUM INHmmON OF THE RDX BIOTRANSFORMING BACTERIA 

4.1 INTRODUCTION 

In the outfall of Building 260 at Technical Area 16 at Los Alamos National 

Laboratory, there ate significant areas of soil that have been contaminated with high energy 

explosives (HE), such as hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX). These soil areas 

contain high levels of metals, including barium which has an average concentration of 2 

ppm (mg barium/kg soil). In order to design a bioremediation process for these 

contaminated areas, the potential inhibition effects of metals on the growth of the bacteria 

used to biotransform the HE need to be investigated. The focus of this research was to 

characterize the inhibition of barium and RDX on the growth of the bacteria used to 

biotransform RDX. This research was a continuation of the work presented in Chapter 3. 

The bulk of die literature about the growth inhibition of microorganisms by metals 

lies mainly in the field of marine studies. Stokes (1983) presents a review of metal 

inhibition on the growth of freshwater algae. However, there have been only a few studies 

of metal inhibition of bacteria used for degradation or biotransformation processes. 

Ma2derski (1994) studied the inhibition of chromium (Cr^) on denitrifying bacteria. This 

research used the Hunter-Downs method for quantiiying the inhibition kinetics: 

S{l+ql)+K,{l+rl) 

where q and r are non-zero constants and n, ^ the Q^pical Monod The 

inhibitor concentration is denoted by 1. Equation parameters as presented in Equations 3.1 
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and 3.2. Mazierski (1994) found q = 1.18 and r = - 0.745 with units of inverse 

concentration. 

Lewandoski (1985) studied the inhibition of chromium (VI) on the growth of 

denitiiiying bacteria using a variety of alcohols as the carbon sources: methanol, ethanol, n-

propanol, all of the butanols, and n-pentanol. He used a non-competitive inhibition 

approach to determine the inhibition constant, AT,-, 

V ? 
(4.2) 

where V, Vmax, and Km are the typical Michaelis-Menten kinetic parameters. The velocity 

of the growth reaction is denoted by V and the maximum velocity of the growth reaction is 

denoted by V^noc- inhibitor concentration is denoted by /. The inhibition constant, Ki, 

for the Cr^ was found to be nearly independent of the carbon source and on an average 

equal to about 0.084 g Cr+^/L. Lewandoski (1985) also investigated the effect of Cr+6 on 

the rate of denitrification using the various carbon sources. He compared these rates with 

and without the presence of 1 mg/L of Ci^ and found that the rates for denitrification were 

2.5 to 5 times faster when no Cr^ was present 

There are numerous Monod type expressions that describe growth inhibition of 

microorganisms by either the substrate, the product, or some other type of cell toxin. The 

most popular of these are listed in textbooks, such as Bailey and OUis (1986) and Shuler 

and Kargi (1992). Also, Muichandani and Luong (1989) presented an in depth review of 

these Monod type inhibition growth equations. The basic Monod growth equation has the 

following form 
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where represents the growth rate, ixmax represents the maximum growth rate, Ks is called 

the half saturation constant, and 5 represents the substrate concentration. 

Whereas, these Monod type expressions are empirical in nature they have 

Michealis-Menten analogs which are based on true enzyme kinetics. Three of the most 

common Q^s of enzyme inhibition are competitive, uncompetitive, and non-competitive. 

Competitive inhibition can be represented by the reaction mechanism shown in Equation 

4.3. 

E + S * » ES E + P 

E + I —^ e 
(4.4) 

where as stated in Chapter 3 £, 5, /, and P are the concentrations of vacant enzymes, 

substrate, inhibitor, and product. ES and EI are the concentrations of the enzymes 

complexed with the substrate and the inhibitor, respectively. The rate constant, k2, 

describes the reaction that produces the product The inhibitor in this case binds with the 

vacant enzyme site. Assuming a rapid equilibrium approach, the equilibrium constants. 

Km and AT,-, can be described by Equation 4.5. 

K K, iSM. 
°  ( E S ) '  ^  ( E S )  '  '  

The parenthesis represent the concentration of the species. A total enzyme, E q,  balance 

gives 

(£i).(£) + (ES)+(£/) (4.6) 
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With a little nianipulation, the reaction velocity, v, for the competitive inhibition in terms of 

enzyme kinetics can be described by Equation 4.7. 

The analogous equation to describe competitive inhibition for Monod kinetics has 

the similar form of 

Similar analyses and comparisons can be made to derive the equations for 

uncompetitive and non-competitive inhibitions. The corresponding enzyme reaction 

mechanism for uncompetitive inhibition is shown in Equation 4.9 

E + S * > ES > E + P 
(4.9) 

ES + I ESI 

Here, the inhibitor binds with the enzyme-substrate complex instead of the vacant enzyme 

site. The appropriate Monod equation for this type of inhibition is described by Equation 

(4.7) 

(4.8) 

4.10. 

(4.10) 
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The corresponding reaction mechanism for non-competitive inhibition contains both 

competitive and uncompetitive inhibition reaction steps as shown in Equations 4.4 and 4.9. 

E + S ES —^ E + P 

E + I EI + S < > ES (4.11) 

ES + I —^ ESI 

Here, the inhibitor can bind with either the vacant enzyme site or the enzyme-substrate 

complex. Also, the substrate can bind with the enzyme-inhibitor complex adding to the 

total inhibition. The appropriate expression to describe this type of inhibition is 

Bailey and Ollis (19886) presented an inhibition model to describe inhibition effects 

that could not be represented by the other models. They termed this model as mixed 

inhibition: 

(4.13) 

5fl+-i^] + A:5fl+~ 
V k,KJ \  K, 

where Kj and ^/s are inhibition constants and / is the concentration of the inhibitor, 

barium. This model does not assume that the rapid equilibrium steps with the enzyme sites 

have the same equilibrium constant as opposed to the noncompetitive inhibition case 

(Equations 4.11-4.12). Thus, two inhibition constants arise from only one inhibitor. 



74 

42 MATERIALS AND MEmODS 

This section contains experimental materials and methods that are specific to this 

phase of the research. Materials and methods that are pertinent to all phases of this 

dissertation were given in Chapter 2. 

4.2.1 Bacterial culture and media 

The consortium of microorganisms found in horse manure was used. The 

individual microorganisms were isolated from this consortium and were identified by the 

Biolog™ system (Bochner et al. 1977) from which one pure strain, Serratia marcescens, 

was used. The bacterial cultures were grown in a minimal salts medium, AM-1, as given 

in Table 2.1. Starter cultures were prepared as stated in 2.2.3. Initial inocula were used in 

a 1/100 (v/v) ratio of inoculum to liquid volume. This volume ratio corresponds to an 

inoculum concentration of approximately 0.02 g cells/L. 

4.2.2 Growth experiments 

Inhibition rate constants were determined under aerobic and anoxic atmospheres for 

both the consortium and Serratia marcescens. Inoculum (2 mL) was added to flasks 

containing AM-1 media (200 mL); the concentration of the yeast extract in the media was 

varied between 0.05 and 1.0 g/L. For growth experiments with RDX, the RDX was 

included into the AM-1 media before autoclaving in a concentration of 0.05 g/L. For 

growth experiments with barium, the barium was not included in the AM-1 media to 

prevent precipitation of salts. Instead, a solution of lOOx barium nitrate, BaNOs, was 

prepared (200 ppm) and autoclaved. This solution was added directly to the flask at the 
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onset of the particular experiment to provide the desired concentration of barium. Anoxic 

atmospheres were attained by purging flasks with nitrogen gas bubbling at approximately 

50 mL/min for two minutes after every sample was withdrawn. The flasks were then 

stoppered to prevent the addition of oxygen. Cultures were grown at 30°C with constant 

agitation. Samples were withdrawn every 10 minutes and monitored for cell growth by 

measuring absorbance at 590 nm using a Hewlett-Packard 8452A Diode Array 

Spectrophotometer. 

4.2.3 RDX biotransformation experiments 

RDX biotransformation experiments were performed with the consortium and with 

Serratia marcescens. Flasks were prepared with 200 mL of AM-1 with 0.5% yeast extract, 

0.05 g RDX/L, and 2 ppm of barium. The flasks were inoculated with 2 mL of re-

suspended culture. If the consortium was being used, the culture would be grown up for 

six hours anoxically to ensure that the RDX biotransforming consortium of facultative 

anaerobes was enhanced. Next, the culture was grown for Ave hours in an aerobic 

atmosphere to promote the growth of these microorganisms. Hnally, the culture was 

returned to anoxic conditions for the biotransformation of RDX. When S.marcescens was 

used, the first anoxic enrichment step was omitted and only the aerobic growth and anoxic 

stationary phases were used. One milliliter liquid samples were collected every four to 

twelve hours for HPLC analysis. At the same time, another liquid sample was withdrawn 

to measure absorbance or cell density. The samples used for HPLC analysis were prepared 

by extracting the 1 mL with 0.5 mL of ethyl acetate. To aid in the extraction and 

separation, the two-phase mixtures were centrifiiged at 500 rpm for two minutes. From 

these mixtures, 400 fiL were withdrawn firom the ethyl acetate phase and placed into a 

separate microcentrifuge tube. These tubes were placed into a firnie hood and allowed to 
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evaporate leaving the RDX in a dried condition. Upon complete evaporation, the RDX was 

re-suspended in 1 mL of either methanol or acetonitrile corresponding to the particular 

HPLC system that was being used. 

The samples used to measure absorbance or optical density (OD) were diluted with 

deionized water to give a measurement less than 0.7. 

4.3 RESULTS AND DISCUSSION 

This research focused on characterizing the inhibition of barium and RDX on the 

growth of the two cultures used in the liquid phase studies: a consortium of bacteria found 

in horse manure and its most effective RDX biotransforaiing isolate, Serratia marcescens. 

Growth experiments were performed in both aerobic and anoxic atmospheres and growth 

rates, fx, were compiled as a function of substrate concentration, 5. 

The growth of the cultures were assumed to follow Monod kinetics. Equation 4.3. 

The first order equations describing the growth of the bacteria and the consumption of the 

substrate are given below and are used in combination with an expression for fx, such as 

Equation 4.3. 

dt 
(4.14) 

dS _ fjX 

^  ^x/s 
(4.15) 

The method of initial rate was utilized to determine fx versus S data which is 

equivalent to the differential method of analysis as described by Fogler (1986) and 
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discussed in detail in Chapter 3. The main result of the analysis is that with small changes 

in cell concentration, X, Equation 4.14 can be approximated by Equation 4.16, 

where Xa»e is the average cell concentration as determined by Equation 3.17. By plotting 

changes in cell concentration, AX, versus changes in time, tst, for a particular value of 5, 

the growth rate, ju, can be determined. 

In this manner experiments were run to compile n versus S data for the consortium 

and for Serratia marcescens in aerobic and anoxic atmospheres. Four sets of data were 

compiled for each situation; (1) no inhibitor present, (2) RDX present, (3) barium present, 

and (4) both RDX and barium present This compilation of data is given in Appendix B. 

The Monod parameters, fimax and Ks, were determined by graphing the 

experimental data using the lineweaver-Burk method: l/ju versus 1/5 (Equation 4.17). 

Using this method, fXmax ~ 1/intercept and Kg = slope/intercept The aerobic and anoxic 

growth parameters for the consortium and S. marcescens are presented in Table 3.1. The 

inhibition effects of RDX are also presented there. 

4.3.1 Aerobic growth of the consortium 

(4.16) 

1 1 Ks 1 
(4.17) 

First, the aerobic growth of the consortium of bacteria found in horse manure will 

be considered. The aerobic growth of the consortium was found not to be effected by the 
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presence of RDX. The Lineweaver-Burk plot of this case study is shown in Rgure 3.4. 

This was the only situation where RDX did not inhibit growth of the culture under study. 

The aerobic growth of the consortium in the presence of barium was studied using a barium 

concentration of 2 ppm. The Lineweaver-Burk plot of this study is shown in Hgure 4.1. 

The line representing growth in the presence of 2 ppm barium does not intersect the line 

representing growth of the consortium without the presence of an inhibitor near either of 

the axes. The y-intercepts for the inhibition curve and the non-inhibition curve are 1.2 ± 

0.3 and 0.65 ± 0.02, respectively, where the ± indicates the 95% confidence interval. (See 

Appendix A for calculation of confidence intervals.) Mthin the 95% confidence intervals, 

these lines do not intersect at the y-axis. From the graph, it can be seen that the two line do 

not intersect near the x-axis as well. This situation is defined as mixed inhibition kinetics 

by Bailey and Ollis (1986) which can be described by Equation 4.13. The inhibition 

constants, Kj and AT/s, can be detennined by a Lineweaver-Burk analysis, plotting l//z 

versus 1/S, using the slope, m, and intercept, b, obtained from the linear regreession 

analysis. 

K, (4.18) 

IK 
(4.19) 

The values obtained for these inhibition constants aieKi= 2.7 x 10-4 g barium/L or 2.0 x 

10^ moles Ba/L and Kis = 0.45 g yeast extract/L. 

Rgure 4.2 shows the that the inhibition of the aerobic growth of the consortium is 

not affected by the presence of RDX since the inhibition curve for barium alone is within 

experimental error identical to the inhibition curve for barium with RDX. 
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Figure 4.1 Lineweaver-Burk plots for the aerobic growth of the consortium with and 

without the presence of barium. Symbols represent the experimental data and the solid 

lines represent the best fits. 
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Rgure 4.2 Lineweaver-Burk plots for the aerobic growth of the consortium with the 

presence of barium, with the presence of barium and RDX, and without any inhibitor. 

The dotted line rerresents the combination of both RDX and Ba. The solid lines 

represent the other two cases. Symbols represent experimental data. 
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4.3.2 Anoxic growth of the consortium 

Next, the anoxic growth of the consortium of bacteria found in horse manure was 

considered. The Lineweaver-Burk plot of the growth of the consortium in the presence of 

no inhibitor and in the presence of RDX is shown in Hgure 3.5. From this figure, it is 

seen that the two curves neariy intersect at the x-axis which represents competitive 

inhibition. Equation 4.8. By linearizing this equation, the inhibition constant can be 

determined from linear regression where the slope is defined by 

where I equals the concentration of the inhibitor and Ki is the equilibrium constant 

describing the relationship between the concentration of inhibitor and the concentration of 

inhibitor-enzyme complexes. Using the Ks and Umax^ deteraiined from the no inhibition 

growth curve, can be determined from Equation 4.20. The inhibition constant for 

RDX, Ki^rox, was found to equal 0.0044 g RDX/L or 2.0 x lO^^ moles RDX/L. 

The inhibition of the barium on the growth of the consortium is shown by the 

Lineweaver-Buric plots in Hgure 4.3 which compares the anoxic growth without an 

inhibitor to the anoxic growth in the presence of barium. Qeariy, these intersect at the y-

axis within a 95% confidence interval. The respective intercepts are 1.1 ± 0.2 and 1.1 ± 

0.4. This situation again implies a competitive inhibition effect of the barium. The 

inhibition constant for barium, KijBa, equals 0.00081 g Ba/L or 5.9 x 10^ moles Ba/L. 

The combined inhibition of RDX and barium on the anoxic growth of the 

consortium is shown in Lineweaver-Burk plots in Rgure 4.4 where the comparison of all 

slope (4.20) 
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Figure 4.3 Lineweaver-Burk plots for the anoxic growth of the consortium with and 

without the presence of barium. Symbols represent the experimental data and the lines 

represent the best fits. 
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A RDX+Ba 

Figure 4.4 Lineweaver-Biulc plots for the anoxic growth of the consortium with the 

presence of barium, with the presence of RDX, with the presence of both barium and 

RDX, and without any inhibitor. The dotted line represents the combination of both 

RDX and Ba. The solid lines represent the other three cases. Symbols represent the 

experimental data. 
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three inhibition cases are shown with the non-inhibition cases. It is quite apparent that the 

combined inhibition also is of the competitive sort The question here remains as to how to 

combine these two in a competitive manor. Equation 4.21 was proposed to combine the 

inhibition effects of the barium and the RDX on the anoxic growth of the consortium. 

where Itoml is the sum of the molar concentration of RDX plus the molar concentration of 

barium and Kijotal is the inhibition constant which was found to equal 2.0 x 10-5 moles of 

inhibitor/L. This value is the same as the inhibition constant for RDX, Kj rdx, which is 

also shown by the slopes of the inhibition curves in Figitfe 4.4. This implies that RDX is 

the dominant inhibitor. 

4.3.3 Aerobic growth of Serratia marcescens 

Next, the aerobic growth of Serratia marcescens will be considered. The 

Uneweaver-Burk plot of the growth of S. marcescens in the presence of no inhibitor and in 

the presence of RDX is shown in Hgure 3.9. From this figure, it is seen that the two 

curves intersect near the x-axis which represents competitive inhibition, Equation 4.8. 

Using the Kg and f^max, determined from the no inhibition growth curve, K[ can be 

determined from Equation 4.20. The inhibition constant for RDX, was found to 

equal 0.0074 g RDX/L or 3.3 x 10-^ moles RDX/L. 

The inhibition of the barium on the growth of S. marcescens is shown by the 

Lineweaver-Burk plots in Hgure 4.5 which compares the aerobic growth without an 

(4.21) 
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Figure 4J Lineweaver-Burk plots for the aerobic growth of the Serratia marcescens 

with and without the presence of barium. Symbols represent the experimental data and 

the solid lines represent the best fits. 
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inhibitor to the aerobic growth in the presence of barium. These intersect near the y-axis 

but not exactly on it. The respective intercepts are 1.5 ± 0.2 and 2.1 ± 0.4. Since the 95% 

confidence intervals of the respective y-intercepts border on each other, this situation was 

assumed to follow competitive inhibition growth kinetics. The inhibition constant for 

barium, Kj^, equals 0.00028 g Ba/L or 2.0 x 10^ moles Ba/L. 

The combined inhibition of RDX and barium on the aerobic growth of 5. 

marcescens is shown in Lineweaver-Burk plots in Figure 4.6 where the comparison of all 

three inhibition cases are shown with the non-inhibition cases. The y-intercept for the 

combined inhibition case is 0.9 ± 0.4. Again this is a situation where, the 95% confidence 

intervals for the y-intercepts border on each other and again this case was assumed to 

follow competitive inhibition growth kinetics. Using the relationship described in Equation 

4.20, the inhibition constant, Kijotal^ was found to equal 2.4 x lO^^ raoles of inhibitor/L. 

The combined inhibition constant is larger than both K^rdx and Ki^ which implies that 

both RDX and barium take significant roles in the inhibition effect. This is different than 

what was observed for the combined inhibition effect of the consortium under anoxic 

conditions. 

4.3.4 Anoxic growth of Serratia marcescens 

Rnally, the anoxic growth of Serratia marcescens will be considered. The 

Lineweaver-Burk plot of the growth of S. marcescens in the presence of no inhibitor and in 

the presence of RDX is shown in Rgure 3.10. From this figure, it is seen that the two 

curves intersect near the x-axis which represents competitive inhibition, Equation 4.8. 

Using the Ks and Umax, determined from the no inhibition growth curve, AT/ can be 

determined from Equation 4.20. The inhibition constant for RDX, Ki^rdx, was found to 

equal 0.010 g RDX/L or 4.5 x 10*5 naoles RDX/L. 
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Figure 4.6 Lineweaver-Burk plots for the aerobic growth of the Serratia marcescens 

with the presence of barium, with the presence of RDX, with the presence of both 

barium and RDX, and without any inhibitor. The dotted line represents the 

combination of both RDX and Ba. The solid lines represent the other three cases. 

Symbols represent the experimental data. 
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The inhibition of the barium on the growth of S. marcescens is shown by the 

Lineweaver-Burk plots in Hgure 4.7 which compares the aerobic growth without an 

iniiibitor to the aerobic growth in the presence of barium. These intersect near the y-axis 

which imply competitive inhibition growth kinetics. The inhibition constant for barium, 

equals 0.00030 g Ba/L or 2.2 x 10^ moles Ba/L. 

The combined inhibition of RDX and barium on the aerobic growth of 5. 

marcescens is shown in Lineweaver-Burk plots in Hgure 4.8 where the comparison of all 

three inhibition cases are shown with the non-inhibition cases. Gearly, the combined 

inhibition curve intersect the non-inhibition curve nearly at the y-axis which again implies a 

competitive inhibition relationship. Using the relationship described in Equation 4.21, the 

inhibition constant, KijotaU was found to equal 3.2 x 10*^ moles of inhibitor/L. Similar to 

the aerobic inhibition of 5. marcescens, the combined inhibition constant is larger than both 

f^i.RDX and Ki^ which implies that both RDX and barium both take significant roles in 

the inhibition effect This is different than what was observed for the combined inhibition 

effect of the consortium under anoxic conditions. 

The inhibition effect of the barium in both atmospheres for the growth of Serratia 

marcescens is almost identical. However, the inhibition effect of the RDX is 36% greater 

in the anoxic atmosphere than in the aerobic atmosphere. This difference is noticeable in 

the combined inhibition constant as well where it is 33% greater in anoxic atmospheres than 

in aerobic atmospheres. 

4.3.5 Validation of combined inhibition model 

Further experiments were performed to test the validity of Equation 4.20 to describe 

the growth of a culture when both RDX and barium are present Rgure 4.9 shows the 

comparison of the aerobic growth of Serratia marcescens using 2 g/L of yeast extract 0.05 
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Figure 4.7 Lineweaver-Burk plots for the anoxic growth of Serratia marcescens with 

and without the presence of barium. Symbols represent experimental data and the 

solid lines represent thebest fits. 
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Figure 4.8 Lineweaver-Burk plots for the anoxic growth of Serratia marcescens with 

the presence of barium, with the presence of RDX, with the presence of both barium 

and RDX, and without any inhibitor. The dotted line represents the combination of 

both RDX and Ba. The solid lines represent the other three cases. Symbols represent 

experimental data. 
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g RDX/L, and 0.005 g Ba/L to the values predicted by Equation 4.21 in tandem with 

Equations 4.13 and 4.14. For the first three hours, the model predicts the growth behavior 

quite well; however, after that the model predicts a much faster growth rate than is seen 

experimentally. This experiment was re-performed varying the barium concentration and 

each time the comparison between experimental and predicted resembled Figure 4.9. 

However, these experiments also revealed that aerobic yield was not affected by the 

presence of RDX and barium. A possible explanation is that after a cell density of 

approximately 0.1 g/L is achieved a different constituent of the yeast extract becomes 

limiting, such as an amino acid or a vitamin. This would cause a shift in the maximum 

specific growth rate, fimax, but does not appear to effect the yield. Further research must 

be conducted to determine the behavior at the cellular level. 

Figure 4.10 shows the comparison of the anoxic growth of Serratia marcescens 

using 2 g/L of yeast extract, 0.05 g RDX/L, and 0.005 g Ba/L to the values predicted by 

Equation 4.20 in tandem with Equations 4.13 and 4.14. The predicted values correspond 

to the experimental observations quite well. The difference between the anoxic case and the 

aerobic case is that the final cell density for the anoxic case is about 0.055 g/L which is 

below the value of 0.1 g/L where the aerobic model began to disagree with experimental 

observation 

4.3.6 Inhibition effect of barium on the biotransformation rate 

The final phase of this part of the research was to investigate how the presence of 

barium affected the rate of biotransformation of RDX. These experiments were performed 

on both the consortium and Serratia marcescens with 2 ppm of barium. Bgure 4.11 is a 

semilog plot showing the disappearance of RDX over time for both cultures. For S. 

marcescens, the rate constant, kj, was found to equal 0.023 ± 0.004 L/g cells hr which is 
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Rgure 4.9 A comparisoa of the experimental aerobic growth of Serratia marcescens 

with 2 g/L of yeast extract in the presence of 0.05 g RDX/L and 0.005 g Ba/L wto the 

model predicted by Equation 4.21. Symbols represent the experimental data and the 

line represents the model prediction. 
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figure 4.10 A comparison of the anoxic growth of Serratia marcescens with 2 g/L of 

yeast extract in the presence of 0.05 g RDX/L and 0.005 gBa/L to diat predicted by 

Equation 4.21. Symbols represent the experimental data and the line represents the 

model prediction. 
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Figure 4.11 Comparing the biotransformation rates of RDX by the consortium of bacteria 
found in horse manure and one of its isolates Serratia marcescens. Symbols represent the 
experimental data and the lines represent the best fits. 
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30% less than the value (0.033 L/g cells hr) found in the absence of barium. For the 

consortium, the rate constant, kj, was found to equal 0.013 ± 0.006 L/g cells hr which is 

41 % less than the value (0.023 L/g cells hr) found without the presence of barium. 

4.4 CONCLUSIONS 

The inhibition characteristics of RDX and barium have been found for describing 

the growth of known RDX degrading cultures: a consortium of bacteria found in horse 

manure and an isolate from that consortium, Serratia marcescens (see Table 4.1). RDX 

was not observed to inhibit the aerobic growth of the consortium, however, barium was 

found to inhibit the aerobic growth of the consortium in a mixed kinetics way which 

involves a combination of competitive and non-competitive inhibition. For the anoxic 

growth of the consortium and both aerobic and anaerobic growth of Serratia marcescens, 

RDX and barium both inhibit competitively. The inhibition constants of RDX were all of 

the same order of magnitude, however, they were greater for S.marcescens than for the 

consortium with the anoxic inhibition constant slightly larger than the aerobic inhibition 

constant. The inhibition constants of barium again were all of the same order of 

magnitude, however the anoxic inhibition constant of the consortium was larger than both 

inhibition constants for S. marcescens which were identical for either atmosphere. A 

model was proposed to describe the combined inhibition effects of barium and RDX on the 

growth of the cultures. The model predicted cell growth quite well up to a cell densiQr of 

0.1 g/L after which another constituent of the nutrient mixture became the limiting substrate 

and altered the maximum specific growth rate. Finally, barium was found to inhibit the rate 

of biotransformation of RDX by 30-40% as compared to the liquid phase studies in 

Chapter 3. 
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Table 4.1 A summary of the inhibition constants 

Inhibition* Consortium Serratia marcescens 

Constant Units Aerobic Anoxic Aerobic Anoxic 

Ki.rdx moles RDX/L not observed 2.0 x 10-5 3.3 X 10-5 4.5 X 10-5 

KiBa moles Ba/L 2.0 X 10  ̂ 5.9 X 2.0 X 10-6 2.2 X 10-6 

Ki.toial moles inhib./L 2.0 X 10-5 2.4 X 10-5 3.2 X 10-5 

Kls g yeast extract/L 0.45 

Note: • For the aerobic growth of the consortiimi, mixed kinetics were observed. For the 

other three cases, competitive inhibition was observed. 
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CHAPTERS 

THE BIOTRANSFORMATION OF RDX IN MICRO SOIL SLURRY REACTORS 

5.1 INTRODUCTION 

The manufacturing, handling, testing, and disposal of munitions or high energy 

explosives, such as hexahydro-l,3,5-trinitro-l,3,5-tria2ine (RDX), has generated 

significant amounts of contaminated soil. Efficient and effective treatment methods are 

needed for these areas. Biological biotransformation of these compounds is an attractive 

candidate for treatment because many high energy explosives are biodegradable and the 

process could be made cost effective. The primary goal of this research is to determine the 

feasibility of using soil slurry reactors to remediate soil contaminated with HE by 

investigating micro soil slurry reactors. 

Most of the RDX biotransformation pathway work has been performed on liquid 

wastes. To remediate soils, this work must be extended to slurry reactors, compost 

reactors, and/or in situ situations. Of particular interest for this paper is biotransformation 

of RDX in sluny reactors. A number of researchers have used soil slurry reactors to 

degrade hazardous compounds, such as phenol (Vipulanandan et al. 1995), chlorophenol 

(Kiilerich et al. 1993), naphthalenes (Al-Bashir et al. 1994), chlorinated benzenes 

(Brunsbach and Reineke 1994 and Ramanand et al. 1993), chlorinated toluenes (Ramanand 

et al. 1993), chlorobenzoates (Brunsbach and Reineke 1993a), bis-(2-ethylhexyl) phthalate 

(Irvine et al. 1993), chloroanilines (Brunsbach and Reineke 1993b), atrazine (Rouchaud et 

al. 1994), and lubricating oil (Rittmann and Johnson 1989). Numerical analysis of the 

rates of degradation in these slurry reactors was not normally performed; the major focus 

was demonstrating that biotransformation occurred over a designated time fiame. 
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Questions have risen as to whether biodegradation of compounds, such as RDX, 

can be accomplished when the compound is adsorbed to the soil. Brunsbach and Reineke 

(1993a, 1993b, and 1994) found that bacteria can biotransform, but not biodegrade, sorbed 

contaminants using membrane bound enzymatic reactions. Recall firom Chapter 1 that 

biodegradation implies the total conversion of the compound to simple gases and biomass. 

Since RDX is known to be biotransformed via a nitroreduction pathway, and because some 

bacterial species have membrane-bound (Kinouchi and Ohnishi 1983 and Peterson et al. 

1979) or extracellular nitroreductase enzymes (Rafii et al. 1991) it is plausible that adsorbed 

RDX can be biotransformed to MNX. On the other hand. Smith et al. (1992) have shown 

that bacteria cannot ingest adsorbed compounds and degrade them to CO2; the compound 

must be solubilized in the liquid phase to allow degradation. However, if RDX is degraded 

via a pathway other than the nitroreduction pathway or if the nitroreduction enzyme is 

soluble (Kitts et al. 1994 and Wenzhong et al. 1987) the RDX would not need to be in 

solution. 

There are four specific goals of this part of the research: (1) determine if 

supplementation with nutrients alone is sufRcient for biotransformation or if the addition of 

known RDX degraders is required, (2) determine if adsorbed RDX can be degraded or 

transformed, (3) better understand the pathway for RDX biotransformation, and (4) 

determine the biotransformation reaction rates for RDX and its intermediates in slurry 

reactors. 

RDX biotransformation in micro soil slurry reactors was investigated for three 

cases using nutrient broth as the carbon source: first, with the indigenous bacteria alone, 

second, with the indigenous bacteria supplemented with the consortium found in horse 

manure (Ibister et al. 1982) and third, with the indigenous bacteria supplemented with 

Morganella morganii (Kitts et al. 1994) an efficient soil isolate that produces a soluble 

nitroreductase. Morganella morganii was found to transform HMX in the presence of 
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RDX which is currently the only microorganism with that capability (Kitts et al. 1994). A 

fourth micro soil slurry reactor RDX biotransformation study was made to form a 

comparison of the effect of the carbon source on the biotransformation by using indigenous 

bacteria alone with com steep as the carbon source. Indigenous bacteria refer to the 

microbes that are native to the soil used in the study. This study was performed prior to the 

identiHcation of the microorganisms from the consortiimi of bacteria used in the liquid 

phase research. For this reason, the consortium as a whole was used in this research 

instead of its most effective isolate at transforming RDX in the liquid phase, Serratia 

marcescens. 

Previous work has demonstrated that RDX biotransformation is an anaerobic, 

cometabolic process and that RDX is only degraded when a rich nutrient source, such as 

nutrient broth (Kitts et al. 1994) or yeast extract (Young et al. 1996) is used. Since nutrient 

broth is relatively expensive for large scale in situ projects, a cheaper rich carbon source, 

com steep liquor, was tested as a potential nutrient source with indigenous microcosms. 

5.2 MATERIALS AND MEmODS 

This section contains experimental materials and methods that are specific to this 

phase of the research. Materials and methods that are pertinent to all phases of this 

dissertation were given in Chapter 2. 

5.2.1 Soil 

The contaminated soil used for this experiment was obtained from the outfall of 

Technical Area 16 (S-Site) at Los Alamos National Laboratory, Los Alamos, NM. This 
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soil has been contaminated with HE but predominantly with RDX. The soils was sieved 

through a 1 nmi sieve to remove stones and break up large dirt clumps. 

5.2.2 Micro soil slurry experiment 

Bench scale experiments of soil-slurry biotransformation of RDX were performed 

using a sacrificed parallel microcosm approach. A group of eighty five soil-slurry 

microcosms for each experimental condition to be tested were prepared using 0.4 g of 

contaminated soil, and added to 3.2 ml of nutrient solution in a 15 ml serum vial. Each vial 

was sparged for two minutes with N2 gas and placed on a tissue culture rotator (Lab-Line) 

at ambient temperature (20 to 27° C). At each time point, a set of three vials were analyzed 

for liquid phase viable bacteria as well as liquid and solid phase RDX and 

biotransformation intermediate concentrations. The soil was not autoclaved so that the 

indigenous bacteria would remain in the soil. One group of microcosms was supplemented 

with 0.1 ml of a 10% (w/v) horse manure consortium. Another group had MorganeUa 

morganii cells added to a final concentration of approximately 10^ cells/ml. 

5.2.3 Nutrient amendments 

Two nutrient amendments were tested for the abiliQ' to promote biotransformation: 

nutrient broth (Difco) and com steep liquor (Grain Processing Corporation, 50% protein, 

20 % fat, and 30% other). The initial nutrient concentration in each case was 2.5% by 

weight in a pH 7 buffer of 100 mM sodium phosphate. As a control, a group of vials was 

set up with only buffer added. After 77 days of incubation, three quarters of the remaining 

vials had an additional 2.5% of nutrient added (350 n\ of a 25% solution). 
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5.2.4 Viable bacteria detennination 

At each time point, a set of 3 vials for each condition tested were vortexed and after 

the large soil particles were allowed to settle, a 10 (xl sample of the supernatant was 

removed to determine the viable, liquid phase bacterial count by dilution plating onto 

nutrient agar (Difco). The number of colonies with visibly different morphologies was 

noted. 

Another set of experiments were performed to determine the number of bacteria 

adsorbed to the soil. Into a one liter flask containing 200 mL of AM-1 with 0.5% (w/w) of 

yeast extract, 25.0 g of contaminated soil was added. These proportions of soil and meida 

were identical to the micro soil slurry reactors. An inoculum of the consortium of bacteria 

found in horse manure was added to the flask which was then placed into a shaker (30 "C) 

and grown up aerobically for 4 days. Then, 1 g of soil was withdrawn and washed with a 

0.85 % (w/w) NaCl solution. One mL of this solution was removed, diluted, and stained 

with acridine orange. Then, the samples were plated onto glass slides. From which, the 

number of bacteria were counted under a microscope. Two complete sets of washings 

were performed on each soil sample. 

5.2.5 Sample preparation for HPT.f! analysis 

At each time point, a set of 3 vials for each condition tested were vortexed and then 

centrifiiged at 30(X) rpm for 15 minutes. For each sample, the supernatant was decanted 

and 1.5 ml were stored at -20° C prior to analysis. Ten ml of acetonitrile were added to the 

soil pellet still in the serum vial. The vials were resealed and sonicated for 90 minutes in a 

Branson bath sonicator. The vials were then recentrifuged at 3000 rpm for 15 minutes and 

2 ml of the acetonitrile were decanted off and stored at -20° C prior to analysis. The 
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aqueous fraction of each sample was diluted 1:1 with acetonitrile and the concentration of 

RDX and the nitroso derivatives was determined by HPLC. The acetonitrile soil extract 

was diluted 1:9 with acetonitrile and the concentrations of the RDX biotransformation 

products were again determined by HPLC Previous studies (Kitts et al. 1994) have 

shown that RDX and the nitroso intermediates do not adsorb to the cell surface. The total 

amount of each component in the RDX biotransformation was calculated per vial and 

expressed as milligrams of compound per gram soil (parts per thousand). The initial RDX 

concentration was 18 mg RDX/g soil. Final results were expressed as an average of the 

three vials sacrificed at each time point 

5.3 RESULTS AND DISCUSSION 

One question conmionly asked about bioremediation processes is if indigenous 

bacteria can effectively degrade compounds when supplemented with nutrients or if known 

biodegraders must be added to the soil. To address this question, three sets of soil slurry 

experiments were performed, one with indigenous bacteria supplemented with nutrients, a 

second with a consortium of known RDX degraders and nutrients, and the third with an 

isolate found in the contaminated soil that degrades RDX supplemented with nutrients. A 

control with phosphate buffer and no nutrients was also included. Indigenous bacteria 

were already present in the RDX contaminated soil in an outfall at Los Alamos National 

Laboratory. The consortium used was obtained from horse manure and is the same one 

that was studied in Chapter 3. The isolate studied was MorganeUa morgami. This strain 

was isolated from the contaminated soil that was used in these soil slurry experiments, and 

was shown to degrade RDX in liquid cultures more efficiently than any other bacteria 

isolated from this specific contaminated soil (Kitts et al. 1994). 
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During the first two days of the experiment, the cell count increased from 

approximately 106 to 108 cells/mL. After this initial growth, the total cell concentration 

remained constant throughout the experiment; the average total cell concentration for the 

four experiments (nutrient broth with no inoculum, nutrient broth with horse manure 

consortium, nutrient broth with Morganella morganii, and com steep liquor with no 

inoculum) were 0.26, 0.58, 0.40, and 0.90 g cells/L. Com steep liquor appeared to 

enhance the growth of indigenous organisms more than nutrient broth. From the shaker 

flask experiments, it was determined that approximately 77 % of the bacteria existed in 

liquid phase. Thus, the total cell count was determined by adjusting the liquid phase count 

according to this relationship. 

RDX biotransformation occurred and some nitroreduction intermediates were 

detected, when either inoculum or carbon source were varied, see Hgures 5.1 through 5.4. 

In these figures, RDX-s and RDX-l refer to the RDX found in the either the solid (s) or 

liquid (/) phase. All of the contaminant concentrations were de-dimensionalized with 

respect to the initial total RDX concentration, RDXs + RDXi, for the particular 

experimental conditions. The only intermediate that accumulated during the experiment 

was TNX, the last identified intermediate in the recognized reduction pathway. Neither the 

TNX nor any of the other intermediates, MNX or DNX, adsorbed to the soil; they were 

only observed in the liquid phase analysis. 

5.3.1 Reaction versus mass transfer limitation 

After establishing that RDX biotransforaiation in micro soil slurry reactors occurred 

the next goal was to ascertain if this process was reaction rate or mass transfer limited. To 

determine this, the rate required to attain RDX adsorption/desorption equilibrium (liquid 
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Rgure 5.1 The progression of RDX and its nitroso intermediates over time in a micro 

soil slurry reactor containing nutrient broth with no further inoculum. 
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Figure 5.2 The progression of RDX and its nitroso intermediates over time in a micro 

soil slurry reactor containing nutrient broth supplemented with a consortium of 

bacteria found in horse manure. 
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figure 5.3 The progression of RDX and its nitroso intermediates over time in a micro 

soil slurry reactor containing nutrient broth further inoculated with Morganella 

morganii. 
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Figure 5.4 The progressioa of RDX and its nitroso intermediates over time in a micro 

soil slurry reactor containing com steep liquor with no further inoculum. 
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phase vs. adsorbed RDX concentration) was compared to the rate of RDX 

biotransformation. 

The control experiment with phosphorous buffer and no nutrient source 

demonstrated no biotransformation nor cell growth and provided equilibrium values for 

adsorbed and liquid phase RDX concentrations. The adsorbed and liquid phase RDX 

concentrations remained constant from t - 0 until r = 30 days at which point RDX 

monitoring ceased. The time between mixing the contents of the vials (soil + phosphate) 

and taking the / = 0 measurement was approximately 5 minutes. Thus, equilibrium was 

achieved on a time scale of minutes. On the other hand, RDX biotransformatioa occurred 

over a time scale of days, see Figures 5.1. through 5.4, in these slurry reactors. Thus, this 

system is reaction rate limited. It follows that sieving the soil to 1 mm size granules and 

constant mixing of the small (3.2 ml) reactor microcosms lead to enhanced mass transfer, 

and reaction rate limitation. 

A Langmuir isotherm was used to describe the relationship between adsorbed and 

dissolved RDX: 

where (RDX) represents the amount of RDX in either phase in units of mg/g soil and Cm 

and AT are the constants associated with the Langmuir isotherm. Theoretically, Cm 

represents the maximum monolayer coverage of RDX onto the soil particles, and K 

represents the ratio of the adsorption rate constant to the desorption rate constant The 

subscripts s and / refer to the phase (solid or liquid). The major assumptions implicit in the 

Langmuir isotherm as they apply to this research are: 
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1) the surface of the soil particles is homogenous, i.e. all sites require the 

same amount energy for adsorption to occur, 

2) the adsorbed RDX species do not interact with each other, 

3) there is a monolayer coverage of RDX, and 

4) the change of energy that accompanies adsorption does not change with 

the fraction of surface covered. 

The micro soil slurry reactors were not analyzed to determine if these assumptions 

were strictly followed. The Langmuir isotherm was used to approximate the relationship 

between liquid phase and adsorbed RDX. 

The adsorption parameters Cm and K were determined from a plot of ll(RDXs) 

versus ll(RDXi), see Figure 5.5, using data obtained from all four of the micro soil slurry 

reactor experiments (i.e. varying inoculum and media) plus data from the phosphate control 

experiment It was determined that K is equal to 3 ± 2 g soil/mg RDX and Cm is equal to 

30 ± 10 mg RDX/g soil for RDX in this soil matrix. Using this value of the maximum 

monolayer coverage, it was calculated that the soil particles would be characterized as 

having 30 m^/g of adsorbable surface area. (The details of this calculation are shown in 

Appendix E.) E)ragun (1988) provided typical surface areas for different soil types. He 

stated that sandy soils will have the lowest surface areas ranging firom 10 to 40 m^/g and 

that clay soils will have the highest surface areas ranging from 150 to 250 m^/g. This 

validates the use of the Langmuir isotherm to approximate the equilibrium relationship 

between the adsorbed RDX and the RDX in the liquid phase. 
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Figure 5.5 A linearization of the Langmuir adsorption isoltemi to deteimine the 

parameters of the equilibrium partitioning of RDX between the soil and the liquid 

phases. Symbols represent experimental data and the line represents the best fit 
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5.3.2 Multiple kineticallv distinguishable paths 

Each of our experiments was based upon very complex bacterial populations. Each 

contained the indigenous soil microbes. Two of the experiments were fiuther complicated 

by the addition of an inoculum either grown from horse manure or a pure culture of M. 

morganii. As might be expected in such a complex system, the rate of disappearance of 

the triazine ring was not always constant throughout the experiment, see Hgures 5.6 

through 5.9. Three kinetically distinct regions of triazine ring disappearance were 

frequentiy observed. Two regions were first order with respect to triazine species 

concentration (RDX or TNX); the third was the transition region between the other two. 

Each region had distinctly different rate constants. 

During the first phase, RDX began to disappear but no nitroso group intermediates 

accumulated. This observation could be attributed to at least two possible mechanisms. 

Rrst, the rates of generation and destruction of MNX, DNX, and TNX are sufficienUy fast 

so as to prevent accumulation of these compounds. Second, RDX could be transformed 

via a mechanism that does not involve nitroso group fomiation or release from the cell. 

RDX disappearance without accumulation of nitroreduction intennediates has been 

observed previously (McComiick et al. 1981 and Young et al. 1996). 

During the next phase, the transition phase, the bacterial population in the reactors 

changed as indicated by the cell morphology. Given the nearly ubiquitous nature of 

nitroreductase enzymes, the changing bacterial population almost certainly changed the 

nitroreductases available. The nitroreductase enzymes could have been present either 

intracellularly or extracellularly or both. The presence of extracellular nitroreductase 

enzymes in the culture would allow adsorbed RDX (RDXs) to be transformed. MNX and 

DNX were observed but did not accumulate. The absence of significant amounts of these 

intermediates suggests that the cultures were producing sufficient of excess reductant 
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Figure 3.6 A semilog plot of the total triazine ring balance over time in a micro soil 

slurry reactor containing nutrient broth with no further inoculum. Symbols represent 

experimental data and the line represents the best fit 
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Hgure 5.7 A semilog plot of the total triazine ring balance over time in a micro soil 

slurry reactor containing nutrient broth further inoculated with a consortium of bacteria 

found in horse manure. Symbols represent experimental data and the line represents 

the best fit 
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Figure 5.8 A semilog plot pf the total triazine ring balance over time in a micro soil 

slurry reactor containing nutrient broth further inoculated with Morganella morganii. 

Symbols represent experimental data and the line represents the best flt 
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Hgure 5.9 A semilog plot of the total triazine ring balance over time in a micro soil 

slurry reactor containing com steep liquor with no further inoculum. Symbols 

represent experimental data and the line represents the best fit 
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(NAD(P)H). TNX, however, began to accumulate. Thus, this phase also included the 

development of the TNX transformation mechanisnL This could have involved changes in 

the bacterial population or perhaps induction of gene(s) for this destraction. 

The third phase, which was first order with respect to TNX concentration but 

slower than the first phase, described TNX disappearance. Colonies of differeing 

morphologies appeared in this phase compared to those seen during the first phase of RDX 

transformation. 

5.3.3 Analytical analysis 

Lumped parameter reaction mechanisms can be proposed to explain the three 

kinetically distinct phases. In the first phase, RDX disappearance can be represented by the 

following equation which is first order with respect to both RDX and cell concentrations 

d(RDX +RDX,) 
» -k,iRDX,)X, (5.2) 

at 

where ko represents the biotransformation constant This corresponds to the region in 

which RDX biotransformation occurs primarily through a pathway that results in 

instantaneous disappearance of the triazine ring. All of the concentrations represented in 

this paper have been normalized with respect to the initial total RDX concentration, (RDXs 

+ RDXDo for that particular experiment The solutions for the contaminant species in this 

phase are given by Equations 5.4 and 5.5 using the initial condition given in Equation 5.3 

a t t ~ 0 { R D X , + R D X i ) ' l  M N X  " D N X  ̂ T N X  (5.3) 
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f^ti 
{RDX, + RDXi) ̂ l-koX f (RDXi)dt' 

/-O 
(5.4) 

(MNX) = (DNX) = (TNX) = 0 (5.5) 

where // represents the end of the first phase. Equation 5.2 was written in terms of 

the total RDX concentration in the system in order to eliminate the adsorption/desorption 

effect of the RDX. Recall that this process is reaction rate limited; adsorption/desorption 

occurred over the period of minutes whereas, the biotransformation occurred over the 

period of days and weeks, see Rgures 5.1 through 5.5. Therefore, it is not appropriate to 

write separate mathematical expressions for RDXs and RDXi due to the difference in mass 

transfer rate versus reaction rate time scales. As a result of this, the integral in Equation 5.2 

must be evaluated numerically using experimental data. 

The second or transition phase began when TNX was first detected. The 

biotransformation process and heterogeneous population changed. The reaction described 

by Equation 5.2 occurred, but in addition, the accumulation of TNX was observed as well 

as its destruction. Little or no MNX and DNX were observed. Thus, the reaction 

mechanisms can be represented as; 

where ki represent the biotransformation constants. Equation 5.6 is a simplification of the 

nitroreduction pathway as shown in Equation 3.5 with the following assumptions. First, 

nitroreduction of RDX was performed at the same rate whether the contaminant was in the 

RDX J o r  RDXi — b r e a k a g e  p r o d u c t s  (5.6) 

RDXi—^^Ring breakage products (5.7) 
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liquid phase or was adsorbed to the soil. Second, since only RDX and TNX were present 

in amounts greater than 5 % of the initial RDX concentration and because TNX is only 

formed from the nitroreduction pathway, k2 and ks are much faster than ki and k4. In 

other words, transformation of RDX and TNX are the rate limiting steps. Third, since 

TNX accumulates to such a large degree (up to 60 % of the initial RDX) cleavage of the 

triazine ring through MNX and DNX is negligible. In Equation 5.7, it is assumed that the 

RDX in the liquid phase undergoes Phase I biotransformation. 

The differential equations to describe the reactions presented in Equations 5.6 and 

5.7 are shown below 

d(RDX, + RDX.) , ^ i s 
'•^^-ki{RDX, + RDXi)X-ko{RDXi)X (5.8) 

dt 

- k^{RDX, + RDXi)X- k^{TNX)X (5.9) 
dt 

where the total change in RDX is a function of both Equations 5.6 and 5.7, and TNX is 

formed from the reduction pathway and its biotransformation results in disappearance of 

the triazine ring. Equations 5.8 and 5.9 represent the reactions occurring during the second 

phase, thus the initial conditions for these equations must be equal to the values for RDX 

and TNX and the end of the first phase. The time point at which the first phase stops will 

be designated as t}. Therefore, the initial conditions were at r = //. 

(RDX, + RDXi) - (RDX, + RDXi\ and (TNX)« 0 (5.10) 
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where (RDXs+RDXi\i represents the total RDX concentration at the end of phase 1. 

Equations 5.8 and 5.9 can be solved analytically along with the initial conditions 

presented in Equation 5.10 to give the following solutions; 

{RDX, + RDXI) - {RDX, + RDXI\ -KQX / {RDXI)E'''^''DT' i (5.11) 
L  '  J 

(TTVX-)« — J  

f 1 (5-12) 
ARDXs  + RDXi )  - k o X  f  {RDXI)E'^^''dt', 
[ ' '•'h J 

The end of this phase was denoted as /2-

During phase 3, only TNX transformation occurs; all of the RDX has been 

transformed. TNX transformation is first order with respect to TNX and cell concentration 

and is represented as; 

d(TNX) , 
—^—'^-k^(TNX)X. (5.13) 

the initial condition for this phase is 

at ^ = ^2, (TNX) ~{TNX\^ (5.14) 

The solution to Equations 5.13 and 5.14 is 

( T N X )  -  { T N X \ ^  )  (5.15) 
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5.3.4 Non-linear regression analysis 

To determine the appropriateness of the proposed model. Equations 5.4, 5.5, and 

5.11 through 5.15 were used to interpret the experimental results. For Phase I 

biotransformation, only the RDX data were used to find ko- For Phase II, both the total 

RDX data and the TNX data were used to deteraiine kj and k4. Due to the nature of these 

equations, non-linear regression techniques were required to peifomi this analysis. The 

analysis was peiformed using a simultaneous non-linear regression algorithm following the 

Levenberg-Marquardt method (Press et al. 1986). 

The first part of this algorithm required the definition of the least squared error or 

chi square term, which is an indicator of the accuracy of the fit Since a simultaneous 

analysis was performed, a simple summation of the squared error for each data point for 

both contaminants, RDX and TNX, was made 

where y/ represents the total RDX concentration and yz represents the TNX concentration 

and cfi and represent the standard deviation of the individual measurements. The indices 

M and N represent the number of measurements of RDX and TNX, respectively. The 

summation of the error in RDX was not made over all data points since RDX disappeared 

midway through the experiment The summing of the error in the RDX values were 

stopped after five consecutive zero values were obtained experimentally. This avoided 

obtaining artificially high correlation coefficients, r^. The experimental error on each 

measurement was assumed to be the same since they were measured through the same 



121 

analysis, thus, oi= for all i and j. The idea of any regression analysis is to minimize the 

therefore, the os were simply eliminated from Equation 5.16 resulting in Equation 5.17 

which was used as the minimizing function for the non-linear regression analysis. 

= liyu-yiupreaf + • (5.17) 
1-1 j-l 

Following the method presented by Levenberg and Marquardt (Press et ai. 1986) 

convergence to a minimum was achieved. To begin, the first and second derivatives of 

with respect to each of the fitting parameters (ko, ki, and k4) were determined. These 

derivatives can be expressed as 

d \  ̂ y\.i,pred _ Ji,/ \  ̂ y2,j,pred 

IT," 2 

I \  ̂  yij.pred dy\xpred dy\,i,pred 

d k p d  k g "  d k p d k g  ^  ̂  d k p  d k q  
2 (5.19) 

n —/ yij,pred ^yi,j,pred ^yj.j.pred 
-niy^.ry^jU —— 

where p and q equal (0,1, and 4). As Levenberg and Marquardt point out, the first and 

third terms on the right hand side of Equation 5.19 can be destabilizing especially in the 

presence of outlying data points. Thus, they suggest that these terms be eliminated from 

this equation. For simplicity, two parameters, apq and jSp, were defined as 

1 ^yixpred ^yi,i,pred ^ yi^j.pred ^y2,j,pred 
CXpq-^-r — + (5.20) 

2 d k p d k q  d k p  d k q  d k p  d k q  
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1 \ ^y\j,pred \ ^yi.J.pred 
d k p  (5-21) 

The individual expressions for apq and /3^ are given in Appendix C. An adjustment factor, 

A, was introduced to aid in the convergence. It was implemented by performing the 

following adjustment on the ctpq matrix 

Ct' pq*' apq ( l  + A) forp=q (5.22) 

a' pq» a pq forp^q (5.23) 

The adjustment in each of the rate constants, from one step to the next was determined 

by solving the simultaneous set of equations described by 

2 a 'ndkq-pp (5.24) 
9-oa,4 

The term converged upon a minimum value by following the algorithm given 

below 

(a) compute with initial guesses for kq; 

(b) define A = 1 (arbitrary); 

(c) solve Equation 21 for 6kq\ 

(d) re-evaluate using the adjusted parameters (kq + dkq); 

(e) if x^(kq + ^q) < then update kq and x^ and decrease A by a 

factor of 10. Then proceed to step (c). 

(f) if x^i^q + ^q) ̂  l®ave kq and x^ alone and increase A by a 

factor of 10. Then proceed to step (c). 
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5.3.5 Determination of biotransfonnation rate constants 

To determine the appropriateness of the model, Equations 5.4, 5.5, and 5.11 

through 5.15 were used to interpret the experimental results. To aid in the numerical 

analysis, the liquid phase RDX, RDXi, was approximated by a exponential function , as 

shown in Figures 5.10 to 5.13. This provided solutions that are consistent in their first 

derivatives within the particular phases; however, there is still inconsistencies in the flrst 

derivatives between the particular phases. Table 5.1 shows the fitted rate constants for all 

four experiments with their corresponding correlation coefficients, R2. The units for the 

rate constants are L/g cells days. 

Table 5.1 The biotransformation rate constants for RDX for the micro soil slurry 

experiments 

Carbon 

Source 

Supplemental 

Inoculum 

ko* ki* k4* R2 

(RDX) 

R2 

(TNX) 

Nutrient broth none 0.7 0.54 0.035 0.935 0.700 

Nutrient broth consortium 1.1 0.17 0.022 0.937 0.820 

Nutrient broth M. morganii 0.33 0.059 0.923 0.820 

Com steep none 0.9 0.092 0.0027 0.939 0.767 

* Units for the rate constants are L/(g cells d) 

For the experiments performed with nutrient broth without inoculum (Figure 5.14), 

nutrient broth with horse manure consortium (Rgure 5.15) , and com steep without 
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Figure 5.10; The approximating of the liquid phase RDX, RDX-l, by an exponential 

function in a micro soil slurry reactor containing nutrient broth with no further 

inoculum. Symbols represent experimental data and the line represents the best fit 
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Hgure 5.11: The approximating of the liquid phase RDX, RDX-l, by an exponential 

function in a micro soil slurry reactor containing nutrient broth further inoculated with 

a consortium of bacteria found in horse manure. Symbols represent experimental data 

and the line represents the best fit 
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Figure 5.12: The approximating of die liquid phase RDX, RDX-l, by an exponential 

fimction in a micro soil slurry reactor containing nutrient broth further inoculated with 

Morganella morganii. Symbols represent experimental data and the line represents the 

best fit 
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figure 5.13; The approximating of the liquid phase RDX, RDX-I, by an exponential 

fimction in a micro soil slurry reactor containing com steep liquor with no further 

inoculum. Symbols represent experimental data and the line represents the best fit. 
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Hgure 5.14 A comparison of experimental data to the non-linear regression of the total 

RDX and TNX for the micro soil slurry reactor containing nutrient broth with no 

further inoculum. Symbols represent experimental data and the lines represent the best 

fits. The error bars represent the standard deviation of each measurement 
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Figure S.15 A comparison of experimental data to the non-linear regression analysis of 

the total RDX and TNX for the micro soil slurry reactor containing nutrient broth 

further inoculated with a consortium of bacteria found in horse manure. Symbols 

represent experimental data and the line represents the best fits. The error bars 

represent the standard deviation of each measurement 
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inoculum (Rgurc 5.17), three distinct kinetic regions were observed. The first phase, 

RDX disappearance and no TNX accumulation, was observed for 19, 12, and 7 days, 

respectively. Supplementation with the horse manure consortium increased the rate of 

RDX disappearance, ko, during this phase. Also, ko was greater when com steep was the 

carbon source. This suggests that variations in carbon source lead to variations in cell 

population and thus variations in transformation rates. 

Phase n, the transition phase, lasted for about 40 days for all three cases for which 

it was observed. The data were first analyzed assuming that only RDX present in the liquid 

phase, RDXi, was transformed by the pathways given in Equations 5.6 and 5.7. 

However, when this analysis was done the values for k j were between 3.3 and 28 L/g cells 

d which is one to two orders of magnitude greater than rate constants observed for similar 

consortia in liquid cultures (0.72 L/g cells d from Chapter 3). In addition, the liquid culture 

work was performed at higher temperatures, 30°C as compared to 25°C. Thus, like 

Brunsbach and Reineke (1993a, 1993 b, and 1994), it was assumed that organic 

compounds that are adsorbed to soil, RDXs in this case, can be biotransformed but not 

biodegraded. Equations 5.11 and 5.12 were then used to determine the rate constants. 

Values for kj varied independently with inoculum and nutrient source, and were 

always smaller than the ko values. Thus, in these micro soil slurry reactors, nitroreduction 

resulting in the accumulation of TNX was slower than RDX disappearance as observed in 

Phase I. The kj values were the same order of magnitude as those observed in the liquid 

phase work discussed in Chapter 3 (0.72 L/g cells days). This supports the argument that 

mass transfer effects are not significant in this case study. 

Examining I%ase m, one can observe that the rate of TNX disappearance was at 

least an order of magnitude slower than RDX transformation for all cases studied. It is 

interesting to note that while ko was larger when com steep was the nutrient source, k j and 

k4 were smaller. 
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figure 5.16 A comparison of experimental data to the non-linear reagression of the 

total RDX and TNX for the micro soil slurry reactor containing nutrient broth further 

inoculated with Morganella morganii. Symbols represent experimental data and the 

lines represent the best fits. The error bars represent the standard deviation of each 

measurement 
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Hgure 5.17 A comparison of experimental data to the non-linear regression of the total 

RDK and TNX for the micro soil sluny reactor containing com steep liquor with no 

further inoculum. Symbols represent experimental data and the lines represent the best 

fits. The error bars represent the standard deviation of each measurement 
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The results of the soil slurry experiment using nutrient broth further inoculated with 

MorganeUa morganii produced behavior that was not seen in any of the other micro soil 

slurry experiments (Hgure 5.16). No biotransformation of either type was observed for 

the first 16 days. In other words, no change in RDX concentration greater than 

experimental error was observed for the first 16 days of this experiment This lag period 

corresponded to the time in which M. morganii was the dominate microbial species in the 

reaction vials as determined by examining colony morphology on plates. Once the M. 

morganii were no longer present in the slurry reactors, biotransformation by the indigenous 

soil organisms began. It appeared as if the indigenous organisms were inhibited by M. 

morganii and vice versa. 

Aiiter this initial delay, the data were first analyzed by assuming both reaction 

mechanisms occurred throughout the remainder of the experiment Contrary to the three 

previous case studies, the rate constant, ko, was the same order of magnitude as the rate 

constant for the disappearance of TNX, k4. On the other hand, consistent with these other 

e x p e r i m e n t s  k 4  w a s  a n  o r d e r  o f  m a g n i t u d e  l o w e r  t h a n  k j .  

Since k g  was an order of magnitude lower than k j ,  these biotransformation data for 

M .  m o r g a n i i  w e r e  r e - a n a l y z e d  u s i n g  o n l y  E q u a t i o n s  5 . 1 0  a n d  5 . 1 1 .  T h e  r a t e  c o n s t a n t  k j ,  

did not change at all (k} = 0.33 L/g cells d in both analyses) and the rate constant k4, did 

not change significantly from a value of 0.059 L/g cells days. Notice that and are 

similar to the values obtained for the uninoculated case using nutrient broth. 

5.3.6 Model prediction using com steep 

It is worth considering how strictly these results should be interpreted. The 

experimental system demonstrates that com steep liquor, an inexpensive carbon source, can 
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be utilized as a nutrient supplement to promote biotransformation of RDX. For the sieved 

soil used, RDX biotransformation is reaction rate limited and does not occur at the same 

rate throughout the experiment 

Varying the soil type, size of the soil particles, and mixing rates could alter the rate 

at which equilibrium is attained and could shift the equilibrium of the system leading U) a 

situation where mass transfer effects are significant Keeping these limitations in mind, 

regardless of the pathway, a significant amount of time may be required to obtain complete 

biotransformation of the triazine ring. Hgure 5.18 shows a comparison of the time 

required for RDX and TNX biotransformations given three different possible mechanisms: 

Phase I kinetics only (transformation of RDX through a pathway other than nitroreduction, 

Equation 5.4), nitroreduction kinetics only, and Phase II kinetics (Equations 5.11 and 

5.13). These simulations were performed using the data from the nutrient broth with horse 

manure case study. 

These simulations assumed an Langmuir adsorption relationship between the RDX in the 

liquid phase and the RDX adsorbed to the solid using the values calculated from the data. 

If one assumes all of the RDX is transformed via the direct. Phase I route (Equation 5.4), 

the total time needed to reduce the amount of RDX by an order of magnitude can be as 

much as 200 days (dashed line, Figure 5.18). Even though the Phase I route has a faster 

rate constant kg, this path follows second order kinetics and requires that the RDX be 

dissolved in the aqueous phase, which is govemed by the system equilibrium and at most 

(5.23) 

(5.24) 
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Bgure 5.18 A comparison of the different phases using the data from the nutrient broth 

with horse manure case study. The initial conditions for all simulations were at / = 0, 

RDX = 1 and TNX = 0. 
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can be 0.05 g/1, the solubility limit of RDX. On the other hand, if one examines the 

nitroreducdon route. Equation 5.4, the RDX can be present in either the aqueous phase or 

adsorbed to the soil, therefore the overall second order reaction from RDX to TNX occurs 

relatively rapidly (solid line, Rgure 5.18) even though is an order of magnitude less 

than ko. Since RDXs is an order of magnitude greater than RDXi, (17 mg/g soil vs. 0.7 

mg/g soil) the increase in concentration balances the rate constant However, when the 

time needed to transform TNX is also considered (solid. Figure 5.18) the total time 

required to reduce the amount of triazine compounds by an order of magnitude, again can 

be as great as 200 days. If both pathways occur simultaneously as was postulated for the 

transition phase (bold solid lines, Hgure 5.18), again the total time needed for remediation 

can be significant under these conditions. 

One other factor which can be manipulated is the cell density. For the nutrient broth 

case supplemented with the consortium of bacteria found in horse manure, the cell density 

was at 0.58 g/1. However, if the cell density is increased by increasing the amount of com 

steep added, the overall time needed for RDX biotransformation is significantly decreased 

as observed for the Phase I case in Figure 5.19. This tigure shows the effect of cell 

concentration when only Phase I kinetics are considered and there is a Langmuir adsorption 

relationship between the liquid and solid phase RDX. A two order magnitude decrease in 

RDX concentration can occur in about 60 days if the cell density is 5 g/1. Similar results 

would be predicted for the nitroreduction pathway. Note that this figure is plotted as 

dimensionless concentration versus time. This was done for convenience because no 

regulatory limit is specified by the federal or state government agencies for RDX 

remediation; the agencies only require that the reactive or explosive nature must be removed 

and do not give a strict level in terms of ppm. 
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Figure 19; The effect of cell concentration on the disappearance of when only Phase I 

kinetics are considered. Equilibrium kinetics are assumed to exist between adsorbed 

and liquid phase RDX. 
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5.4 CONCLUSIONS 

Biotransformation of RDX in slurry reactors is an anaerobic, cometabolic process 

requiring a rich nutrient source. Both nutrient broth and com steep liquor, an inexpensive 

by-product of production of high fhictose com syrup, can be effectively used as carbon 

and energy soiu-ces. Although augmentation of the soil with a consortium of bacterial cells 

known to biodegrade RDX enhances biotransformation rates compared to supplementation 

of the soil with nutrients only (biotransformation by the indigenous organisms), the slight 

increase in rate may not justify the additional woilc and cost required to grow cells in the 

laboratory and add them to the system 

The slurry reactors were reaction rate liitiited, not mass transfer limited. The vials 

were well mixed and the soil was sieved prior to use, thus equilibrium between the liquid 

phase RDX concentration and the adsorbed RDX concentration was established in minutes, 

whereas biotransformation occurred on the time scale of days. A Langmuir isothemi was 

employed to relate liquid and adsorbed RDX concentrations. As might be expected in such 

a heterogeneous system, the RDX biotransformation rate varied during the course of the 

experiments and was characterized by three distinct regions or phases. 

The addition of Morganella morganii, which is known to degrade RDX, inhibited 

RDX disappearance; and this finding provides some guidance for others who may be 

designing treatability studies for RDX contaminated soil by alerting them to the possibility 

that augmentation of native populations with large inocula of specific members of the 

consortium may be counter productive. The M. morganii used here was isolated from the 

soil used in the test, thus implying that the relative populations of the various indigenous 

microorganisms can really be quite important 

The model demonstrates that RDX biotransformation in slurry reactors can occur 

over reasonable time periods as short as one and a half months if the carbon supply is 
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optimized, tiius optimizing die cell density. Use of a cheap carbon source makes this 

process an attractive alternative to incineration, even though slurry reactors and incineration 

require excavation of the soil and the inherent risks of handling explosives. The lack of 

mass transfer effects may justify the added steps of excavation and grinding of the soil to 

achieve a small particle size when compared to in situ bioremediation. 
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CHAPTERe 

IN-SITU BIOTRANSFORMATION OF RDX AND HMX 

6.1 INTRODUCTION 

The manufacturing, handling, testing, and disposal of munitions or high energy 

explosives (HE), such as hexahydro-l,3,5-trimtro-l,3,5-triazine (RDX) or octahydro-

l,3,5,7-tetranitro-l,3,5,7-tetraazocine (HMX), has generated significant regions of 

contaminated soil. Efficient and effective treatment methods are needed for these areas. 

Biological biotransformations of these compounds is an attractive candidate for treatment 

because many high energy explosives are biodegradable and the process could be made 

cost effective. The primary goal of this research is to investigate the feasibility of 

performing large scale in-situ bioremediation of contaminated soil. This research will be a 

scale-up of the research performed on the micro soil slurry reactors (Chapter 5). Whereas, 

the results from Chapter 5 indicated that remediation of contaminated soil could be achieved 

in soil sluny reactors, this research investigated the possibility of remediating contaminated 

soil in an in-situ system. This in-situ study completed the research on the remediation of 

RDX from both contaminated liquid (Chapter 3) and solid matrices (Chapters 5 and 6) 

where both excavated (slurry reactors) and non-excavated (in-situ reactors) soil remediation 

was considered. 

The research on the biotransformation of RDX has been discussed in detail in the 

previous chapters. However, limited research has been done on the biotransformation on 

HMX. Jackson et al. (1976 and 1978) observed the anaerobic biotransformation of HMX 

in aqueous systems although no intermediates were reported. They noted that a 

cometabolic carbon source was required for the transformation to occur. McCormick et al. 

(1985a) observed the biotransformation of HMX in anaerobic sewage sludge. They 
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concluded that the biotransformation of HMX most likely occurs after the HMX has 

adsorbed to cellular components and that no biotransformation of HMX is observed in the 

presence of RDX with their bacterial strain. On the other hand, Kitts et al. (1994) observed 

the biotransformation of HMX after to the biotransformation of RDX was completed with 

the strain Morganella morganii. These biotransformations were performed under anaerobic 

conditions. 

Another technique for bioremediating HE contaminated soil is composting. This 

area has been the subject of much research (Table 6.1). However, a few problems have 

been associated with this treatment method. Complete mineralization of the HE has not 

been observed. Costs are uncertain due to the handling of the HE and the fate of non-

mineralized products. 
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Table 6.1: Summary of compostiDg studies done on HE 

Authors Method Results/Conclusions 

Kaplan and Kaplan (1982) Laboratory scale Same reduction products as 

the RDX degradation 

studies, no mineralization 

Doyle et al. (1986) 

Ibisteretal. (1982,1984) 

Williams et al. (1988) 

Pilot scale and field studies Same as Kaplan and 

Kaplan34 

Fernando et al. (1990) Laboratory scale 35% l^C-TNT 

mineralization in 18 days by 

P. chrysosporium 

Griest et al. (1990) Laboratory scale Leachates low in toxicity 

Williams and Marks (1991) Pilot scale and field studies No biomineralization 

reported only more cost 

efficient than incineration 

Griest etal. (1991) Pilot scale and field studies TNT disappearance and 

appearance of some 

metabolic intermediates 

Pennington et al. (1995) Laboratory scale No losses of TNT or TNT 

biotransformation products, 

70-95% 14C-TNT remained 

after 20 days 

The objectives of this research were to determine if in-situ bioremediation of HE is 

a feasible technique for cleanup of the outfall of Building 260 at TA-16 at Los Alamos 

National Laboratory. This soil contains primarily RDX and KMX although small amounts 

of TNT were also present Maximum values of the contaminants in the soil are 30,000 

ppm RDX, 55,000 ppm HMX and 5000 ppm TNT with ^ical values of 5,000 ppm 

RDX, 8,000 ppm HMX, and 100 ppm TNT. The specific objectives of this research 

included I) determining if the bacteria indigenous to the contaminated soil could be used to 
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biotransform the HE or if supplementation with other known RDX degraders was 

necessary ; 2) determining if bacteria native to non-contaminated soil could perform the HE 

biotransformation; and 3).determining if the bacteria needed to be supplemented with 

nutrients or if the system simply needed water to enhance the mass transfer. Two phases 

of in-situ type experiments were performed to address these issues. The first phase 

consisted of monitoring the RDX biotransformation by bacteria indigenous to non-

contaminated soil. In this situation, clean soil was spiked with HE, 3%(w) of each RDX 

and HMX. Three units were prepared to test the effectiveness of making amendments to 

the system, such as supplementation with carbon sources and extra bacterial additions. The 

second phase was similar to the first except that bacteria indigenous to the contaminated soil 

were used where there was approximately 0.5%(w) RDX and 3%(w) HMX. These in-situ 

systems were modeled after the soil slurry reactors used by Kitts et al. (1994) except that 

no agitation was provided. 

6.2 MATERIALS AND METHODS 

This section contains materials and methods that are specific to 

research. Materials and methods that are pertinent to all phases of this 

given in Chapter 2. 

6.2.1 Soils 

The soil for the first phase of the experiment was obtained from the base of the ski 

hill in Los Alamos about fiffy feet from the first parking area on the way up the hill. This 

site was chosen because it had similar physical properties to the soil from the outfall behind 

this phase of the 

dissertation were 



144 

Building 260 at TA-16 which is known to be contaminated with both RDX and HMX as 

discussed in Chapter 5. 

The soil for the second phase of the experiment was obtained from the outfall 

behind Building 260 at TA-16. The soil was excavated from an area approximately 300 

feet from the beginning of the outfall. 

Neither of the two soil sources were sieved to a uniform size. This decision was 

made in order that comparisons to future larger scale, in-situ bioremediation projects could 

be made. However, rocks that were greater than approximately four inches in diameter 

were removed to provide a certain level of consistency between the individual samples. 

Three units of 13 kg each were weighed out for each phase of the experiment (Table 6.2). 

6.2.2 High energv explosives (HE) 

The high energy explosives (HE), hexahydro-l,3,5-trinitro-l,3,5-triazine (RDX) 

and octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazine (HMX), were obtained from DX 

EHvision. Both RDX and HMX came in a frne powdered form and were used as delivered 

with no further pretreatment In the frrst phase of the experiment where uncontamlnated 

soil was spiked with HE, approximately 390 g of each RDX and HMX were added to the 

individual test units in order to mimic the most severe soil contamination observed in the 

outfall (Table 6.2). 



145 

6.2.3 Aqueous phases 

Three different aqueous systems were used with each phase of the experiment 

Each phase consisted of three test units: a control unit, a unit in which only media was 

added, and a unit in which media plus a consortium of known RDX biotransformers were 

added. 

The control unit consisted of adding only tap water with no other nutrient source or 

bacterial source. The pH of the tap water was measured at 7.5. 

A minimal salts media, AM-1, was used for the last two units of each phase of the 

experiment The composition of AM-1 was given in Table 2.1. Com steep liquor was 

used as the carbon source for the media only reactor unit The com steep was obtained 

from Grain Processing Corporation (Muscatine, lA), The pH of the media was measured 

at 6.8. 

A consortium of bacteria found in horse manure was used in the last unit of both 

phases of the experiment This was prepared by adding dried horse manure to six liters of 

AM-1 without com steep and letting the mixture ferment over a period of 72 hours. A 

supplemental carbon source, such as com steep liquor, was not added since the dried horse 

manure provided its own carbon source. The liquid was then separated from the solid 

matter in the mixture. This liquid was used in the media plus consortium units of the 

experiments. 

6.2.4 Mixing of components 

The individual test units were contained in cardboard boxes that were lined with 

heavy plastic to prevent leakage. Each test unit in the first phase of the experiment 

consisted of three parts; the soil, the HE, and the aqueous phase. The units were prepared 
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by thoroughly saturating the soil with the aqueous phase and then slowly adding the HE, 

stirring continuously forming a slurry mixture. The slurry conditions were used to enhance 

the mass transfer of the HE and of the nutrients and to enhance the mobili^ of the bacteria 

in the system which, in turn, increases the rate of interactions between bacteria and 

nutrients. The mixing portions of each component for all of the test units are shown in 

Table 6.2. 
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Table 6.2: The experimental setup for the in-situ bioremediation of RDX and HMX 

Unit Soil Type Explosives Liquid Bacteria 

Phase I Control Uncontam. 

(13 kg) 

390 g RDX 

390 g HMX 

Water (4 L) indigenous 

Media Only UncontanL 

(12.5 kg) 

375 g RDX 

375 g HMX 

AM-1 w/0.5% 

(w) com steep 

(3.9 L) 

indigenous 

Media + 

Consortium 

Uncontam. 

(13 kg) 

390 g RDX 

390 g HMX 

AM-1 (3.8 L) indigenous + 

inoculum of 

horse manure 

consortium 

Phase n Control Contam. 

(13 kg) 

Water (3 L) indigenous 

Media Only Contam. 

(13 kg) 

AM-1 w/0.5% 

(w) com steep 

(3L) 

indigenous 

Mediae-

Consortium 

Contam. 

(13 kg) 

AM-1 (3 L) indigenous + 

inoculum of 

horse manure 

consortium 

Each test unit in the second phase of the experiment consisted of two parts: 

contaminated soil and the aqueous phase. These units were simply combined together to 

form a slurry mixture. After this mixing process, there was a minimal amount of standing 

water in each of the test units in either experimental phase. 
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6.2.5 Aerobic and anaerobic conditions 

At the onset of each phase of the experiment the units were kept saturated but not 

over saturated to provide an aerobic atmosphere. Saturation represents the situation where 

the soil is entirely wet but there is no standing water in the unit Aiiter an initial time of 

aerobic growth, the amount of water in each unit was increased to the point of having 

oversaturation where there was approximately I inch of standing water in the unit This 

situation of oversaturation was assumed to provide an anaerobic atmosphere in the soil 

slurry. The aerobic growth phase lasted 10 and 23 days for the repsective phases of the 

experiment 

6.2.6 Sampling procedure 

Before sampling, the unit was thoroughly mixed and about 10 to 15 mL of the soil 

slurry were placed into a 50 mL centrifuge tube. Samples were collected twice a week for 

the beginning of the experiment Each test unit was sampled in triplicate. Thus, for each 

phase of the experiment 18 samples were collected weekly. After 150 days of the first 

phase and 60 days of second phase, the sampUng was reduced to once a week or once 

every two weeks. 

6.2.7 Sample preparation 

Samples were prepared for HPLC analysis in the following manner. Rrst the soil 

slurry samples were allowed to dry in a fume hood. The dried samples were sieved 

through 0.1 mm screen. Approximately 1 g of the soil sample was placed into a 50 mL 
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centrifuge tube. Ten milliliters of acetonitrile was added to the 1 g samples and then they 

were sonicated for two hours. Then 1 mL of the sonicated sample were withdrawn and 

placed into a microcentrifuge tube and centrifiiged at 14,000 rpm for 5 minutes. From the 

supernatant, either 250 |jiL or 100 were withdrawn depending on the amount of dilution 

to be performed. For the first phase of the experiment, a 1 to 100 dilution was made on all 

HPLC samples for which 100 jxL were withdrawn. For the second phase of the 

experiment, a 1 to 4 dilution was made on all HPLC samples for which 250 jiL were 

withdrawn. Different dilutions were made to account for the differences in RDX 

concentrations in the two phases of the experiment Samples were diluted with a mixture 

that was comprised of 70:30 (v/v) mixture of wateracetonitrile. An assumption of ideal 

mixing between the pure acetonitrile sample and the water/acetonitrile mixture introduced 

no more than 1% error into the analysis, see Appendix D for validation. 

6.2.8 Cell concentration determination 

Cell concentrations were determined by dilution plating. Approximately 1 g of soil, 

from the sampling tubes, was placed in a test tube to which 10 mL of 0.85%(w) Naa/H20 

solution were added. From this, the appropriate dilutions were made, and 25 ^L aliquots 

were placed onto the nutrient plates. The plates contained the following nutrients: 18.25 g 

R2A agar, 0.25 g peptone, 0.25 g tryptone, 0.5 g yeast extract, 0.5 g anhydrous glucose, 

0.6 g anhydrous MgS04, 50 mL, 4 mg FeS04, and 60 mg CaQ2 per liter of deionized 

water. The agar, peptone, tiyptone, and yeast extract were all obtained from Difco 

Laboratories. No preparation was performed on the soil for this analysis. The soil was 

weighed directiy from slurry sample. 
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6.3 RESTR.TS AND DISCUSSION 

The goal of this research project was to simulate in-situ bioremediation conditions 

and to determine the feasibili^ of using this technology to decontaminate the high energy 

explosives (HE), such as RDX and HMX, from the soil in the outfall area behind Building 

260 at TA-16, S-Site. During the course of this experiment, other objectives were 

addressed which focused in two areas; bacterial growth and HE biotransformation. 

Indigenous and non-indigenous soil bacteria were tested to determine how they grew and 

survived in an HE laden environment and how effective they were at biotransforming the 

HE. 

This research project was performed in two phases. The first phase of this 

experiment consisted of mixing HE into uncontaminated soil and adding an aqueous phase 

to produce slurry conditions. The second phase of this experiment consisted of using 

already contaminated soil and adding an aqueous phase to produce slurry conditions. Each 

phase employed three different aqueous situations. The first situation or unit was created 

by supplementing the contaminated soil with water. The second unit was created by adding 

AM-1 media containing 0.5%(w) com steep liquor. The third unit was created by adding 

AM-1 media that was pre-inoculated with a consortium of bacteria found in horse manure. 

These three units were termed "control", "media only", and "media plus consortium", 

respectively. The consortium of bacteria found in horse manure was added because it has 

been found to be effective at biotransforming RDX (Young et al. 1996). 

In each phase of the experiment, the individual units underwent a preliminary 

aerobic growth period followed by a stationary anaerobic period. In this scenario, the 

bacteria rapidly increased their concentration in the aerobic growth period and then, they 

biotransformed the HE in the anaerobic stationary phase. Recall RDX biotransformation is 

primarily seen only in an anaerobic stationary situation (Kaplan 1996). Following this 
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procedure, the first phase of the experiment was conducted with the initial starting 

ingredients shown in Table 6.2. The units were kept saturated for the first 10 days in order 

to provide the aerobic environment for increasing cell concentration. Saturated conditions 

imply that there was no standing water in the slurry units. Then excess water was added to 

each of the units to provide an anaerobic atmosphere for the biotransfomiation of the HE. 

The progression of bacterial concentration over time for each of the units in the first phase 

is shown in Figure 6.1. 

The cell concentration increased dramatically in the initial aerobic growth period for 

all of the test units. The units that were supplemented with AM-1 media increased to cell 

densities of 10^ to lO^O cfu/mL (colony forming units/milliliter). (Note, to convert from 

cfii/mL to cfii/g multiply by a factor of 10. This conversion comes from the sample 

preparation procedure.) The unit to which only water was added increased its cell 

densityfrom lO^ to about 10^ cfu/mL. Having the cell density increase that drastically m 

the unit to which only water was added indicates that the soil was nutrient rich to begin 

with. The units were switched to an anaerobic atmosphere and the cell populations 

remained constant imtil day 60. After which, the cell density of the media plus consoitium 

unit decreased severly to a value of 10^ cfu/mL, and the cell density of the media only unit 

dropped even more dramatically to a value of 10^ cfii/mL. From day 60 until day 150, the 

ceil densities of the media plus consoitium unit remained constant; then it began to slowly 

increase to a value of 10^ cfii/mL at the end of the experiment From day 60 until the end 

of the experiment, the cell density of the media only unit remained constant at about 10^ 

cfuJmL. The cell density of the control unit fluctuated from 10^ to 10^ cfu/mL throughout 

the remainder of the experiment 

These results showed that indeed the indigenous bacteria of non-contaminated soil 

can grow and survive when introduced into an HE laden environment The use of known 

consortium of bacteria did not seem to affect the cell density. In the first 60 days of the 
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Rgure 6.1 The progression of cell density over time in Phase I using bacteria non-

indigienous to the contaminated soil for all 3 units; a "control" unit to which only 

water was added, a "media only" unit to which AM-1 media w/0.5% com steep was 

added, and a "media + consortium" unit to which AM-1 and a consortium of bacteria 

from horse manure was added. 
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experiment, the use of the AM-1 media produced a four order magnitude increase in the ceil 

density when compared to the control unit which had only water added. 

The progression of bacterial concentration over time for each unit in the second 

phase is shown in Figure 6.2. The soil for this phase of the experiment came from an area 

contaminated with HE. Thus, the indigenous soil bacteria should have been acclimated to 

the contaminants. The cell density for the units that had AM-1 media added both increased 

to a value between 10^ and 10^ cfu/mL. After 51 days, there was another increase in cell 

density to about lO^ cfu/mL for both of the units that were supplemented with media. 

However, the cell density for the control unit gradually increased to a value of 1(P to 10^ 

cfii/mL after the first 51 days and remained constant through the remainder of the 

experiment 

These results showed that only adding water to a test unit was not sufHcient to 

increase the cell concentration when dealing with bacteria that were indigenous to HE 

contaminated soil. The cell densities for the units in Phase I reached levels that were three 

orders of magnitude greater than those seen in the units of Phase D. However, the cell 

densities for the units in Phase I decreased after 60 days to the same levels that were 

observed in Phase n. A possible explanation for this observation is that the indigenous soil 

bacteria used in phase I required approximately 60 days to fully acclimate to the HE 

contaminated environment A similar acclimation period was observed in soil slurry 

experiments with TNT (Archuleta 1996). The indigenous bacteria used in phase n were 

already acclimated and therefore, did not go through the rapid growth and rapid death 

experiences that occurred to the bacteria from Phase I. Towards the end of the experiment 

the cell densities in the units that had media added to them in Phase II were at least an order 

of magnitude larger than the cell densities of the similar units of Phase I. The control unit 

in Hiase I had a cell density that was two orders of magnitude greater than the cell density 

of the control unit of Phase 0. This again implies that the soil used in the first phase of the 



154 

-J 
E 

e o 

S c o u c 
o 
U 
"o 
U 

12 

lE+8-

1E+7-? 

1E46 

lE+5 

1E+4-; 

lE+3-1 

lE+l-t 

lE+1 

lE+0 

A 

O 

• 
• 

• 

A ® 2 
oo 

O 

• 

• 
Qj • • 

o 

• • • 

A 

O 

• 

• Control 

O Media Only 

A Media + Consortium 

t • I I 

0 20 
I I I I I 

40 
I ' I ' I 

60 80 
Time (days) 

1  ' 1  1 '  

100 120 

• 

Rgure 6.2 The progression of cell density over time in Phase II using bacteria non-

indigienous to the contaminated soil for all 3 units: a "control" unit to which only 

water was added, a "media only" unit to which AM-1 media w/0.5% com steep was 

added, and a "media + consortium" unit to which AM-1 and a consortium of bacteria 

from horse manure was added. 
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experiment was nutrient rich. This would also explain the high cell densities that were 

achieved in the initial portion of the Phase I experiment Following this explanation, the 

dramatic decrease in cell densities could be attributed to the toxic nature of the HE on 

bacteria that were not acclimated to this contaminated environment 

As shown by Young et al. (1996), the rate of biotransformation of RDX is first 

order with respect to cell density. Therefore, a high cell density is needed to accomplish 

the biotransformation of this contaminant in a reasonable amount of time. In Chapter 5 it 

was found that cell densities of the order of 10^ cfii/mL (0.2 g cells/L) were needed to 

accomplish the biotransformation of RDX in less than 40 days in well-mixed soil slurry 

reactors. The high cell densities were only found in the units where AM-1 and either com 

steep liquor or a consortium of bacteria was added. 

The progressions of RDX over time for the two phases of the experiment are 

shown in Figure 6.3 and 6.4, respectively. For phase I, both of the HPLC systems were 

employed. A C18 column was used for data points through Day 84 and a C8 column was 

used for the data points after that The gap in the RDX data for phase I was due to a 

malfunction in one of the HPLC systems. Since, no biotransformation was observed after 

that there was no need to redo the missing data points. For phase 11, only the C8 colunm 

was employed for the HPLC analysis. 

For the first phase of the experiment there was no RDX biotransformation 

observed for the control unit Within experimental error, at most a minor amount of 

biotransformation of RDX may have occurred in the units to which media was added. 

For the second phase of the experiment no biotransformation of any unit occurred 

for the first 50 days. After which gradual decreases in RDX concentration were noticed for 

the both the control unit and the unit which had media plus the consortium added. The unit 

which had media only added to it completely biotransformed the RDX by day 1(X). None 

of the nitroso intermediates were observed by HPLC analysis which indicates that either the 
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Figure 6.3 The progression of RDX over time in Phase I using bacteria non-

indigienous to the contaminated soil for all 3 units; a "control" unit to which only 

water was added, a "media only" unit to which AM-1 media w/0.5% com steep was 

added, and a "media + consortium" unit to which AM-1 and a consortium of bacteria 

from horse manure was added. 
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Figure 6.4 The progression of RDX over time in Phase II using bacteria indigienous to 

the contaminated soil for all 3 units: a "control" unit to which only water was added, a 

"media only" unit to which AM-1 media w/0.5% com steep was added, and a "media + 

consortium" unit to which AM-1 and a consortium of bacteria from horse manure was 

added. The error bars represent the standard deviation of each measurement 
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RDX underwent direct ring breakage or that the other transformation steps are much faster 

than the one for RDX. 

Complete biotransformation of RDX has been also observed in similar systems 

using indigenous soil bacteria where the test units where smaller and continuously mixed. 

Possible explanations for the delay in the biotransformation of RDX in Phase II of this 

experiment are mass transfer limitation of the RDX and/or acclimation period of the 

bacteria. This mass transfer limitation could be alleviated by constantiy mixing or by 

addmg a chemical or surfactant that would extract the RDX into a the liquid phase where it 

would become much more accessible to the bacteria. There are other possible explanations 

for not observing any substantial biotransformation of RDX in the units of Phase I: the 

indigenous soil bacteria do not have that capabili^, or the indigenous soil bacteria overtook 

the known RDX biotransformers and forced that population to disappear. 

Even though the kinetic data is not very precise, a rough rate constant can be 

estimated by looking at the data for the media only unit of the second phase, Figure 6.5. 

Assuming that there is no biotransformation for the first 50 days and that the 

biotransformation follows first order kinetics with respect to both cell concentration and 

RDX concentration as shown in previous research. Equation 6.1; 

= (6.1) 
at 

The rate constant, k j ,  was found to equal 0.71 L/g cells day which is the same order of 

magnitude as the kjs found in the micro soil slurry reactor. It is difficult to directiy 

compare the rate constant values between this study and the micro soil slurry study, since 

there was enough data to distinguish between two mechanistic pathways in the micro soil 

slurry experiments but not enough data in these simulated in-situ experiments. Also, the 
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Figure 6.5: Comparing the rate of biotransformation of RDX in the "media only" unit 

of the second phase of the in-situ experiment to the rate of biotransformation of RDX 

that would have been seen if the kinetics from the com steep liquor unit of the micro 

soil slurry reactor had been used. 
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micro soil slurry reactors were well mixed and were reaction rate limited, here however, 

mass transfer limitations may play a significant role. Considering these arguments, a 

rudimentary comparison of these two experiments are shown in Rgure 6.5. The dotted 

line represents the rate of biotransformation of RDX that would have been seen if the 

kinetics of the com steep liquor unit of the soil slurry experiments had been used. In this 

comparison, only the value for ki from the com steep experiment was considered. 

No HMX biotransformation was seen in either phase of the experiment However, 

this is to be expected since HMX transformation is not seen in the presence of RDX and the 

disappearance of RDX was only noticed at the end of the experiment As shown by Kitts 

et al. (1994), there is a lag period between the end of RDX transformation and the 

beginning of HMX transformation. Continued sampling of this experiment could lead to 

the observation of HMX transformation. 

6.4 CONCLUSIONS 

Experiments were performed to test the feasibility of utilizing in-situ bioremediation 

techniques to clean-up HE contaminated soil, fh)m the outfall behind Building 260 at TA-

16. No significant biotransformation of RDX was observed in the first phase of this 

experiment which used bacteria indigenous to non-contaminated soil. On the other hand, 

complete biotransformation of RDX was observed for Phase n of this experiment which 

used bacteria native to the contaminated soil. This transformation of RDX began after a 

period of SO days. These results imply that bacteria indigenous to the non-contaminated 

soil do not have the necessary capability to perform the biotransformation over a period of 

2S0 days. The delay of biotranformation seen when using the bacteria indigenous to the 

contaminated soil can be explained by a combination of a mass transfer limitation and/or an 

acclimation period for the bacteria to adjust to the slurry conditions. The mass transfer 



161 

limitatioa implies that the RDX was attached to or contained by the soil particles and the 

bacteria could not get to it. The time for the biotransformation of RDX possible could be 

shortened by including a mechanism for facilitating transport of the contaminant 
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CHAPTER? 

CONCLUSIONS 

The biotransformatioti of hexahydro-l,33-triiiitro-l,33-triazine (RDX) in liquid 

and solid matrices using a prospective consortium of bacteria found in horse manure has 

been investigated through a biochemical reaction engineering approach. The conclusions 

for the liquid phase studies can be summarized as follows. 

• The biotransformation of RDX by the consortium of bacteria found in horse manure is 

quite feasible, i.e. the complete removal of RDX and its nitroso intermediates in a batch 

reactor can be accomplished within one to two weeks (depending on cell concentration) 

when starting with RDX at its solubility limit in water. Five major strains from the 

consortium were isolated. Of these, Serratia marcescens was found to be the most 

effective isolate at biotransforming RDX. 

• The proposed pathway for the biotransformation of RDX followed a stepwise reduction 

of the nitro groups to nitroso groups and then ring cleavage. RDX and its three nitroso 

intermediates (MNX, DNX, and TNX) were the only ringed compounds observed in 

this study. The pathway for the biotransformation of RDX was found to be dependent 

on the microorganism(s) used. For the consortium, only the first nitroso intermediate 

was observed (MNX); the second and third nitroso intermediates, DNX and TNX 

respectively, were not observed. This implies that another pathway for the 

biotransformation of RDX exists where direct ring breakage of RDX and/or MNX is 

favorable. This is conceivable since the consortium consists of different organisms that 

could each have unique mechanisms (enzymes) for destroying RDX and its nitroso 

intermediates. However, when using S. marcescens the biotransformation of RDX 
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proceeded through the entire nitro reduction pathway, i.e. all three nitroso intermediates 

were observed which implies that this organism favors the nitro reduction pathway over 

the direct ring breakage pathway observed with the consortium. 

• The biotransformations of RDX and its nitroso intermediates were found to be first 

order with respect to the contaminant concentration and first order with respect to the 

cell concentration. Also, these biotransformations were found to only occur in the 

presence of a rich carbon source and in the anoxic stationary growth phase. These 

findings have been observed by other researchers as well but have yet to be explained. 

The rate constants for the nitroreduction steps and the triazine ring breakage steps were 

found for both cultures. The nitroreduction rate constants were all about the same value 

ranging from 0.015 to 0.031 L/g cells hr, this includes the ring breakage of RDX and 

MNX observed using the consortium. However, the rate constant for the ring breakage 

of TNX using S. marcescens was an order of magnitude greater than the nitroreduction 

rate constants indicating that this step is performed by a different enzymatic process 

which is much faster than the nitroreduction process. It was also observed that S. 

marcescens only performed the ring breakage on the TNX molecule and not the other 

ringed compounds which indicates that the nitroreduction pathway is more favorable 

than the ring breakage process in this system. The rate constants found in this study 

were validated against further experiments and shown to be accurate at predicting the 

correct trends in the overall biotransformation of RDX using S. marcescens and thus, 

can be used to design a batch treatment process for RDX. 

• The growth characteristics of both the consortium and S. marcescens were found to 

follow Monod growth kinetics at low cell concentration assuming yeast extract to be the 

limiting substrate. The aerobic growth of the consortium was found to be inhibited by 
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only barium and not RDX. This inhibition was described by mixed inhibition kinetics. 

On the other hand, the anoxic growth of the consortium and both the aerobic and anoxic 

growths of S. marcescens were found to be inhibited by both RDX and barium. This 

indicates that 5. marcescens does not constitute a large sector of the consortium's 

microbial population. These inhibitions were found to be described by competitive 

inhibition kinetics. A dual inhibition kinetic model, Equation 4.21, was proposed to 

describe the growth of the microbes in the presence of both RDX and barium. The 

model adequately describes the growth of microorganisms over small changes in cell 

concentration, such as those achieved in anoxic atmospheres or initial phases of aerobic 

growth. However, the model was inadequate at describing growth for larger changes 

in cell concentration. An improvement of this model needs to be proposed but is 

beyond the scope of this work. An outline of this proposed work is presented in 

Chapter 8. 

The conclusions for the solid phase studies can be summarized as follows. 

• Two types of soil remediation systems were researched; micro soil slurry reactors (0.4 

g of contaminated soil) and simulated in-situ reactors (13 kg of contaminated soil). The 

biotransformation of RDX from contaminated soil is quite feasible with the provision 

that the reactor is well mixed, i.e. the micro soil slurry reactors. In reactors where the 

system was not mixed, i.e. in-situ type reactors, there was a time lag of 50 days before 

any biotransformation was observed. This time lag was believed to be the result of 

both mass transfer limitations and microorganism adaptation time. 

• In the soil slurry reactors, four systems were studied; (1) nutrient broth with only 

bacteria indigenous to the contaminated soil, (2) nutrient broth with the indigenous 
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bacteria further inoculated with a consortium of bacteria found in horse manure, (3) 

nutrient broth with the indigenous bacteria further inoculated with Morganella morganii, 

and (4) com steep liquor with the indigenous bacteria. Overall, the most effective 

situation was simply the case where nutrient broth and only the indigenous bacteria 

were used. The addition of further inocula did not provide any significant benefit and 

would not be recommended in treatment systems of this nature. 

• In the soil slurry reactors, a three phase mechanism for the biotransformation of RDX 

was proposed to support experimental observation. In the first phase, only direct ring 

breakage of the RDX molecules in the liquid phase occurred. In this phase RDX was 

the only ringed compound observed in the reactor. During the second phase, TNX 

accumulated and RDX in both phases diminished. In this phase, the complete 

nitroreduction of RDX, in both phases, to TNX occurred as well as the direct ring 

breakage of the liquid phase RDX and the TNX molecules. In the third phase, RDX 

has completely disappeared and TNX is the sole contaminant in the reactor; thus, only 

the ring breakage of the TNX molecules occurred. In this study, MNX and DNX did 

not accumulate to any significant values and therefore, they were omitted from the 

kinetic analysis. It was assumed that the nitroreduction reactions to form MNX and 

DNX were much faster than the other reactions in the system. Again, the 

biotransformations were found to occur only in stationary growth phase and were 

found to be first order with respect to cell concentrations and contaminant 

concentrations. The rate constant for the nitroreduction of RDX in either phase was the 

same order of magnitude but lower than the liquid phase RDX nitroreduction rate 

constants observed for either the consortium or Serratia tnarcescens. 
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• In the soil slurry reactors, the time for adsorption to reach an equilibrium was less than 

five minutes. Since, the time for biotransformation was of the order of magnitude of 

days, it can be said that this system was not mass transfer limited. RDX was found to 

be the only species adsorbed to the soil matrix. Typically, soil slurry reactors are mass 

transfer limited and not reaction rate limited; however, in this system the time scale for 

reaction is orders of magnimde larger than the Qrpical reaction time scale which, in 

essence, validates the experimental observations for these soil slurry reactors. 

• In-situ reactors were prepared to determine if the results of the smaller scale, micro soil 

slurry reactors could be translated to an in-situ remediation system. As stated before, 

the in-situ reactors were mass transfer limited resulting in significant differences in the 

experimental observations between the two soil reactor types. 

• Two in-situ systems were studied: (1) using bacteria indigenous to the contaminated 

soil and (2) using bacteria indigenous to non-contaminated soil. Each system used 

three different liquid phases: (1) water only, (2) AM-1 media with com steep liquor, 

and (3) AM-1 media spiked with horse manure. The cases studied using bacteria 

indigenous to non-contaminated soil did not biotransform RDX after 250 days. Similar 

to the soil slurry studies, the most effective biotransformation of RDX in soil occurs 

when media only was added to the indigenous bacteria. The addition of the consortium 

of bacteria found in horse manure did not beneflt the system. The morphology of the 

organisms in the in-situ systems was not known. However, some possible 

explanations are, one, the consortium of bacteria found in the horse manure did not 

survive the inoculation into the soil systems, two, the consortium of bacteria were not 

compatible with the microorganisms that were indigenous to the soil and caused a 
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counterproductive effect in the system, and three, the consortium of bacteria is not as 

effective as the indigenous bacteria at biotransforming RDX in soil systems. 

• Large quantities of soil could be treated using in-situ type systems given that mass 

transfer properties of the systems were improved. This could be accomplished by 

increasing the amount of liquid in these systems. Also, the rate of biotransformation 

could be increased by maintaining a higher cell density in the systems. These in-situ 

type systems designed to remediate RDX would be most effective when operated in 

warm climates, for instance, where the temperature of the soil was greater than 20 

for majority of the year, e.g. at least nine months. The humidity of the climate would 

improve the systems ability to maintain the liquid phase. Given these criteria, Los 

Alamos is not a good candidate for in-situ remediation. The climate is not warm 

enough due to its high altitude (7300 feet) and is very dry (highland desert region). 

• In-situ remediation systems present one major benefit over all other soil remediation 

techniques, lack of excavation. Due to the explosive nature of the contaminated soil at 

Los Alamos, excavation cannot be performed with typical equipment, such as a 

backhoe, because there is a possibility that the metal of the equipment could cause 

sparks when in contact with rocks in the soil. These sparks could conceivably lead to 

an explosion. Thus, excavation of sites contaminated with RDX or other HE, such as 

found in Los Alamos, need to be performed with plastic or polymeric materials which 

could increase the cost and time of the excavation process. 

• The results of the soil studies, both slurry and in-situ, can be applied to other DOE 

facilities, such as Sandia National Laboratories, which also have HE contaminated soil 

that must be remediated. 
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• The application of classical reaction engineering principles can be used to solve 

environmental problems that have historically eschewed this t5rpe of analysis. The 

approach used in this research (identify intermediates and products, determine 

mechanisms, and define rate laws to explain observations) could be used in any 

environmental problem where bioremediating a contaminant is the concern. 
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CHAPTERS 

FUTURE WORK 

The ring cleavage intermediates of the liquid phase biotransfonnation of RDX need to 

be detennined. This would aid in the understanding of the process of RDX 

biotransfonnation by providing insight into the exact mechanism of the transformation. 

By identifying the complete mechanism of RDX biotransformation, the enzymes 

required for this process can be identified. Then, the process of RDX 

biotransformation can begin to be optimized by selecting the most appropriate 

microorganism(s). These experiments could be done with C^"^-RDX and possibly use 

gas chromatography/mass spectrometry techniques to identify and monitor the non-

ringed intermediates in addition to the observed €^"^-€02. 

Determine the component(s) of the rich carbon sources that are required for the 

biotransformation of RDX to occur. This would require the isolation of the 

components of a rich carbon source, e.g. yeast extract, and systematically determine 

those components that are needed for biotransformation to occur. Since the 

biotransformation of RDX is a cometabolic process, this research would provide 

fiuther information as to the enzymes required for this process. Again, this would 
* 

contribute to optimizing the RDX biotransformation process. 

The isolation of the enzymes that perform the biotransformation of RDX needs to be 

done. This would allow for experiments to be done to determine whether the 

enzyme(s) responsible for biotransformation of RDX are secreted or internal. If both 

enzyme types can perform the biotransformation, then determine which is faster and 
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what are the products of RDX transfonnation. This study will also aid in selecting the 

most appropriate microorganism(s) for a RDX bioremediation process. 

• In conjunction with the previous enzyme isolation studies, the induction of the 

enzyme(s) responsible for the biotransformation of RDX needs to be investigated. That 

is, the determining what activates the appropriate enzyme in anaerobic (anoxic) 

stationary growth phase. 

Liquid phase studies need to be done to better understand the combined inhibition effect 

of RDX and barium. Since, growth in the presence of RDX requires a rich carbon 

source, these dual inhibition studies might need to be performed with a substance other 

than RDX, such as another metal possibly lead. This would allow for the study to be 

done with a simple carbon source, such as glucose. Given a dual inhibition effect 

where both inhibitors affect the growth competitively. Equation 8.1 represents the most 

probable form of the equation. 

f 7^ (8.1) 
h S + K, 

where Ij and I2 represent the concentrations of the two inhibitors Ki, and Kj2 aic their 

respective inhibition constants. This method of combining inhibition terms is 

analogous to either heat transfer or electrical circuit problems where resistances in series 

are combined by adding their inverses. 



The biotransformation of RDX in charcoal needs to be done to better understand the 

biotransformation of RDX in solid phases. Liquid phase studies are limited by the 

solubility of RDX in water, approximately 0.05 g/L. These charcoal studies would 

allow for larger amounts of RDX to be used in the biotransformation experiments. 

The biotransformation of RDX in charcoal would also provide material for 

understanding the three part mechanism observed in the soil slurry studies. This would 

accomplished by observing the transformation products found by using the isolate 

Serraaa marcescens and comparing those results to the detailed results from the liquid 

phase studies. This study could help explain if the solid matrix promotes one 

mechanism over another which is suggested from the results of soil slurry studies. 

Once the above two studies are completed, the design of a continuous or semi-

continuous process to remediate liquid and/or soil could be accomplished. This study 

would include optimizing the design of the bioreactor taking into consideration the 

biotransformation process, the adsorption/desorption process of the RDX onto/from the 

charcoal, the convection of the contaminated liquid phase, and the growth and 

maintenance of the biomass in the system. 

In-situ soil studies need to be extended to determine if HMX can be transformed as well 

as RDX since HMX is an unavoidable byproduct of RDX production and they are 

found together in contaminated soil areas. If HMX can be transformed after RDX has 

been removed, then a entirely new phase of research involving the biotransformation of 

HMX can be initiated. HMX is diificult to remediate and neady impossible to 

bioremediate in the presence of RDX (only one researcher has found evidence of the 

concurrent removal of HMX and RDX). 
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• Also, C^'^^-RDX soil studies need to be done to better understand the fate of the RDX in 

the soil matrices. This would provide insight into the mechanism of RDX 

transformation in soil systems which again would lead to the identification of the active 

enzjmies. It would then be interesting to compare the enzymes required for liquid 

phase biotransformation of RDX to the enzymes required for solid phase 

biotransformation of RDX. If different enzymes are required, then investigate the 

reasons for such. 
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APPENDIX A 

CONFIDENCE INTERVALS 

A.1 LINEAR REGRESSION 

The general form of a linear regression equation is given hy y = mx + b. The 

standard error, 5v/x. of the regression is given by 

— (A.1) 
I n-2 

where y,- represents the ith measurement of the dependent variable, n represents the number 

of measurements, and y represents the prediction of the model. The 95% confidence 

intervals for the slope, Am, and for the intercept, AZ>, are given by the following equations 

(Box et al. 1978). 

Am- (A.2) 

2{xi - xf 
l /=l 

II 
A6 = r„_2Sy/;c (A.3) 

I" 
1=1 

where x represents the average value of the independent variable, /„-2 represents the t-

value or Student's t-distribution, and n-2 represents the number of degrees of freedom. A 
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partial list of t-values used for calculating 95% confidence intervals are shown in Table A. 1 

(Box et al. 1978). 

Table A.1 Selected t-values used for calculating 95% confidence intervals 

Degrees of Freedom (n-2) t-value 

6 2.447 

7 2.365 

8 2.306 

9 2.262 

10 2.228 

A.2 MQNOD EQUATION 

The Lineweaver-Burk method was used to determine Monod growth parameters, 

fjmax and Ks. The general form of the Monod equation describing the growth rate, fx, is 

The Lineweaver-Burk method linearizes Equation A.1 by inversion to give 

- = (A.5) 
f^nm.  ̂ f^wax. 

By plotting l/ f i  versus I / S ,  the slope, m, and intercept, can be used to determine fXmax 

and Ks-
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m = • 
f^nex. 

b = 
f^vaax. 

(A.6) 

(A.7) 

Reananging 

f^Toax. ~ (A.8) 

m 
Ks - ^ (A.9) 

Using the Am and AZ> that were calculated from Equations A.3 and A.4, the 95% 

confidence intervals for Umax and Ks were calculated by taking the total derivatives of 

Equations A.8 and A.9. 

Afi max 
Ab 

(A.10) 

mAb Am 

b^ 
+ 

b 
(A.1I) 
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APPENDIX B 

GROWTH DATA 

B.l INTRODUCTION 

These are the results of the individual growth rate experiments used to determine the 

growth characteristics of both the consortium of bacteria found in horse manure and one of 

its primary isolates, Serratia marcescens. 

Table B. 1 The aerobic growth rate experiments for the consortium 

s (g/L) H (hrl) 

Inhibitor 

None Barium RDX + Barium 

0.05 0.775 

0.1 1.006 

0.15 

0.2 1.195 0.377 0.484 

0.3 1.285 0.511 0.515 

0.4 1.292 0.543 0.557 

0.5 0.669 0.591 

0.6 1.452 0.568 0.643 

0.7 1.474 0.624 0.683 

0.8 1.497 0.626 0.722 

0.9 1.492 0.578 0.722 

1.0 0.794 0.775 
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Table B.2 The anoxic growth rate experiments for the consortium of bacteria found in 

horse manure 

s (g/L) \i (hr I) 

Inhibitor 

None RDX Barium RDX + Barium 

0.05 0.227 

0.1 0.330 

0.15 

0.2 0.086 0.260 0.093 

0.3 0.186 0.295 

0.4 0.565 0.154 0.373 

0.5 0.723 0.212 0.443 0.336 

0.6 0.643 0.306 0.413 

0.7 0.837 0.510 

0.8 0.736 0.308 0.493 0.555 

0.9 0.959 0.646 

1.0 0.728 0.343 0.769 0.567 
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Table B.3 The aerobic growth rate experiments for Serratia marcescens 

S izTL) \i (hrl) 

Inhibitor 

None RDX Barium RDX + Barium 

0.05 0.349 

0.1 0.514 

0.15 0.217 

0.2 0.521 0.217 0.219 

0.3 0.277 0.261 

0.4 0.539 0.299 0.270 0.459 

0.5 0.645 0.360 

0.6 0.582 0.424 0.298 0.465 

0.7 0.457 0.363 0.543 

0.8 0.637 0.521 0.367 0.504 

0.9 0.520 0.383 0.561 

1.0 0.694 0.512 0.414 0.623 
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Table B.4 The anoxic growth rate experiments for Serratia marcescens 

s (g/L) |A(hri) 

Inhibitor 

None RDX Barium RDX + Barium 

O.I 0.159 0.040 0.027 

0.15 0.040 

0.2 0.083 0.061 0.063 

0.3 0.276 0.118 0.074 

0.4 0.294 0.164 0.127 0.074 

0.5 0.305 0.178 0.186 0.079 

0.6 0.314 0-245 0.091 

0.7 0.305 0.129 

0.8 0.329 0.176 

0.9 0.373 0.213 

1.0 0.417 0.183 0.238 0.238 
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APPENDIX C 

DERIVATIVES FOR NON-LINEAR REGRESSION 

C.l INTRODUCTION 

In Chapter 5, a non-linear regression technique was used to deteimine the rate 

constants. As a part of that procedure, certain derivatives were employed in the 

convergence scheme (Equations CI and C.2). Those derivatives are presented in this 

Appendix separated into the three unique biotransformation phases of that research. 

Recall, y I represents the total RDX concentration, yz represents the TNX concentration, 

and ki represents the rate constant where i = 0, I, or 4. 

C.2 PHASE I 

a _ ^ _ ^U,pred ^y\,i,pred ^ ^y2J,pred ^y2,j,pred 

2 dkpk^ dkp dkq dkp dkq 
(C.l) 

« 1 ^ \ ^4,pred . 
yU,pred) 

(C.2) 

X ; (RDXi)dt' (C3) 
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where the end of Phase I is represented by t j .  

C.3 PHASE n 

{RDXi)e^'^^di' (C.5) 
i  » f ,  

^^-te-'^^'\{RDX,+RDXi) -koX 'f^RDXi^'^''dt] 
^ r'=«i J 

r* *^2 
- f ' ( R D X i ) f  d t '  

f't. 

-e-'^^')/iQX /(RDXiye''i-^''dt' 
^4-^1 ' J 'sfj  

(C.6) 

if /^ {RDXi)e'''^''dt'] (C.8) 
dkQ k4-ki^ j 

r '""^2 1 
i(RDX^ + RDXi\ -koX f (RDXije^^^'dt'i 
1 ' /--fi J 

r ^ 1 
-•r-^te-'''^'l(RDX, + RDXi) -k^X s\RDXi)e^^^^dt\ (C.9) 

«4 *1 [ ' t•̂ t̂  J 

f-rz,  
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^J ARDX,^ RDXi) - kQx'l^' (RDXy^^^dt' ^ 
t ^"='1 

r 
[  (^4-^1) 

_ -k^Xt ) + -̂  / t^-kx 

(CIO) 

C.4 PHASE m 

r r i n  
dk^ dki'dki^ dkQ^ dk^' ^ ^ ^ 

-{TNX\Xie-''*^' (C12) 

where (TNX)t2 represents the concentration of TNX at the end of Phase H. 
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APPENDIX D 

EXCESS VOLUME CALCULATIONS 

D.l INTRODUCTION 

During the course of this research, an assumption of ideal mixing was made during 

sample preparation for HPLC analysis. In particular, the mixing of a water/acetonitrile 

mixture with pure acetonitrile was assumed to be ideal. Here, the calculations that prove 

that this assumption introduced no more than a 1% error into the results which is much less 

than the total error of the HPLC analysis. 

D.2 SAMPLE PREPARATION 

Rrst, a solution of water (70 mL) and acetonitrile (30 mL) were prepared at room 

temperature for dilution purposes. The density of water at 25 oC is 997.047 kg/m^ and the 

density of acetonitrile at 25 oC is 776.322 kg/m^ (de Visser et al. 1978). The molecular 

weights for water and acetonitrile are 18.015 g/mol and 41.053 g/mol, respectively. Using 

the above data. 

' (70 mL){ 1 —] f997.047f ^ 1 0 0 0 — f  i a 0 1 5  
\ mL)\ ^AlOOcmM kg)\ g / (D.l) 

- 3.8742 moles of water 

41.053 
mol\ 

g J (D.2) 

- 0.56731 moles of acetonitrile 
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^total * "wa/"acn *" 4.4415 moles (D.3) 

The mole fractions in the mixture are then 

0.87227 (D.4) 
^total 

^ocn = — =0.12773 (D.5) 
^otal 

Recall, the difference between actual volume, V, and ideal volume, of a 

mixture is given by the excess volume, V^, property. 

V ^ ^ V - V ^  ( D . 6 )  

The excess volume properties of this system has been studied thoroughly by de Visser et 

al. (1978). They found a polynomial expression for the excess volume of this mixture of 

water (1) and acetonitrile (2). 

= xiX2 2ai{xi -X2)' (D.7) 

where and Oi are given in m^/mol. The constants were found experimentally (de Visser 

et al. 1978) to be 

00 = 

ai = 

-2031.0 X 10-9 m3/mol 

-1072.1 X 10-9ra3/mol 
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02 = -989.0 X 10*9 m^/mol 

as = -1672.6 X 10-9 m^/mol 

Letting X 2  =  1  -  x j .  Equation D.7 can be re written in tenns o f  x j .  

= AiXi + A2XI^ + /^xi^ + AiX{^ + A^xi^ (D.8) 

where 

Ai « flo -«! + ^2 -^3 = -275.3 j: 10  ̂ n? I mol (D.9) 

Ai = -ijfo + 3^1 -5fl2 + 7^3 = -7948.5 x 10"^ / mol (D. 10) 

= -2ai +802 -1803 = 24,339 jc 10"^ n? I mol (D.ll) 

A  ̂ = -402 + 20£^ - -29,496 x 10"^ n? / mol (D.12) 

/i5 =-803 = 13,380.8 X 10~^ / mo/ 0^.13) 

The individual excess molar volumes, Vj , can be calculated by the relationships; 

fT£ .tE dV^ 
Fj +^2-T— (D.14) 

axi 

V^=.V^-xi^ (D.15) 
dxi 
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Using Equation D.8 with Equations D.14 and D.15, the following relationships for the 

excess molar volumes were derived. 

Vi = Ai + 2A2X1 +(3A3 - A2)X^ + (4A4 - '2.Ai)xi^ 
. , (D.16) 

+ (5A5-3A4K 

vi " -A2XI^ - lA^xi^ - 3A4XI'^ - AA^xi^ (D. 17) 

The excess volume of the system can be written as 

V^^xiVf + X2Vi (D.18) 

Figure D.l shows the excess volumes for the individual components as well as the total 

excess volume in the system Using these excess volumes, the total molar volume of the 

system was calculated and its comparison to the ideal volume of the mixture is shown in 

Figure D.2. It can be seen that there is very little error in assuming that the mixture is ideal. 

The maximum error from this assumption is 2% at jc/ equal to approximately 0.65. 



187 

-I-

= -3-

C/3 A 
0) -4-

-5-

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Figure D.l For the water (l)/acetonitrile (2) system, a comparison of the predicted excess 

molar volumes for (A) water, (B) acetonitrile, and (C) mixture. 
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Figure D.2 For the water (lyacetonitrile (2) system, a comparison of the predicted molar 

volume of the mixture using excess volume to the molar volume predicted by the 

assumption of ideal mixing. Solid line represents the molar volume predicted using excess 

volume. Dotted line represents the molar volume assuming ideal mixing. 
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APPENDIX E 

SOIL SURFACE AREA CALCULATION 

E.1 INTRQDUCnON 

The surface area of the soils used in the micro soil slurry experiment (Chapter 5) 

were determined from the RDX adsorption data collected in that study. The surface area, 

a, of the soil was determined from the following equation. 

where Cm represents the maximum surface coverage of the adsorbate on the adsorbent, Na 

is Avogadro's number, and A represents the surface area occupied by a single adsorbate 

molecule. A Langmuir isotherm was used to describe the equilibrium relationship between 

the adsorbed RDX to the RDX present in the liquid phase. From this analysis, the 

maximum coverage, C«, of RDX onto the soil was estimated to be 30 mg RDX/g soil. 

E.2 AREA OF RDX MOLECULE 

The area. A, occupied by RDX on the soil surface was determined from its specific 

volume, V, with the assumption that the RDX molecule can be approximated by a sphere. 

The specific volume, v, of RDX is 0.5559 cm^/g (Gibbs and Popolato 1980). Using this 

value, the molecular weight (M) of RDX (222 g/mole), and Avogadro's number, the 

volume (V) of a single RDX molecule was determined to be 2.049 x 10-22 cm^. 

o»C„NaA (E.1) 

V ^ v N ^ M  (E.2) 
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From which the diameter, d, of RDX molecule was calculated to be 7.314 x 10^ cm. 

finally, the area occupied by a single RDX molecule was determined using the following 

equation to be 4.201 x 10*^9 m^. 

Recall, the desired quantity is the amount of area an RDX molecule occupies on the soil 

surface not the surface area of the RDX molecule. 

E.3 SOIL SURFACE AREA 

Using Equation E.1, the surface area of the soil was determined to be 34 m^/g. 

30mg Ig \mole 6.023x10^^molecules 4.201xl0~^^m^ 
a r —X X X (E.4) 

gsoil lOOOmg 222g mole molecule 
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