Assessment and Prediction of the Transformation Kinetics Determining the
Environmental Fate of Contaminants of Concern
Part I. Remediation of 1,2,3-Trichloropropane with Zerovalent Zinc

Part II. Prediction of the Environmental Fate of Novel Munitions Compounds

by

Alexandra ]. Salter-Blanc

A DISSERTATION

presented to the Division of Environmental and Biomolecular Systems
and the Oregon Health & Science University
School of Medicine
in partial fulfillment of

the requirements for the degree of
Doctor of Philosophy

in

Environmental Science and Engineering

May 2014



School of Medicine

Oregon Health & Science University

CERTIFICATE OF APPROVAL

This is to certify that the PhD dissertation of
Alexandra ]. Salter-Blanc

has been approved

Paul G. Tratnyek, Thesis Advisor

Professor, Oregon Health & Science University

Richard L. Johnson, Thesis Committee Member

Professor, Oregon Health & Science University

Joseph A. Needoba, Thesis Committee Member

Assistant Professor, Oregon Health & Science University

Eric J. Bylaska, Thesis Committee Member

Research Scientist, Pacific Northwest National Laboratory



Table of Contents

Table Of CONLENLS ...c..eeueiiiiiiiiieete ettt ettt et sttt st i
LSt OF TADIES ..ottt ettt et sttt vii
LSt OF FIGUIES ..ottt ettt ettt et et esnaeesbeessaeensaesneeenne ix
List Of ADDIEVIAtIONS .....ouieuiiiiiiiiieieiiesieete ettt ettt et st xiii
ACKNOWICAZEIMENLS......c..eiiiiiiiiiiiieie ettt ettt ettt e e be et eenbeeseessseenseesnsaens XX
ADSTIACE ..ottt ettt et b ettt e bttt nae e Xxil

Chapter 1. Introduction: Kinetics of Environmental Organic Contaminant

Transformation ... 1
1.1. Rates of Chemical REACtIONS ........cc.eevuiriiiiiiiiiiiiieiecieseeeeeee e 2
1.1.1. Reaction Rate, DefINition......cccuvveiiiiiiiiiiiiiiiiieee ettt e e 2
1.1.2. Experimental Determination of Reaction Order and Rate Constant............. 3
1.1.3. Experimental Determination of Rate Constants for Complex Reactions ..... 5
1.2. Other Factors Affecting Reaction Rates in Natural Environments.............c.......... 8
L.2.1. TOMPETATULE ...couevieeiiieeiiieeiiteeeiiee et e et e et e st e et eesibeesaaeesabeesnneeesnbeeenanes 8

L 2.2 PH ettt ettt 10
1.2.3. Co-contaminants and Groundwater Solutes............coceeververeenenieneencnnn. 13
1.2.4. Electron Transfer Mediators in Redox Reactions..........ccccceceeveviieniencnnen. 14
1.3. Measuring Rate Constants in the Laboratory............ccoccevevieneiicnieninienicenne. 16
1.3.1. Batch Reactor EXperiments..........c.coeueeiieriieiieniieeieeiie e 16
1.3.2. Column EXPEriments .........ccceeeureriienieeiieniieeieeniee et et esiee e eiee e eneees 17
1.4. Normalizing and Compaing Rate Constants..........c..cceceevevieneerienienennennenieene. 18
1.5. Predicting Rate Constants: Theory and Practice..........coccevvveveeiinieninienieneenne. 20
1.5.1. Activated CompleX TheOrY......ccccuieriieiiieniieiieie et 21
1.5.2. The Marcus Theory of Electron Transfer ...........cccccceeviiiiiienienciienieeeenee. 22
1.5.3. Empirical Predictive Models: LFERs and QSARS ........cccceveeviiieniencnnen. 24
1.5.4. Role of Computational ChemiStry ...........ccccoevuierieeiiienieiieenieeieeee e 26



1.6. DiSSErtation OVETVIEW .......ccueeieriieriiiieniieienitenieete ettt ettt nae s 28
Part I. Remediation of 1,2,3-Trichloropropane with Zerovalent Zinc ...................... 30

Chapter 2. Effects of Solution Chemistry on the Dechlorination of 1,2,3-

Trichloropropane by Zerovalent Zine ................coocoeiviiiieniiiiiiieeieeeeeeeieeeeee e 31
2.1 ADSIIACE ...ttt ettt et et 31
2.2, INEOAUCHION ...ttt ettt ettt 32
2.3 METROAS. ...ttt 34

2.3 1. REAZENES .eeeiiiieeiiieeeiee ettt ettt e sttt e st e st e st e s e e b s 34
2.3.2. Batch EXPEriMENtS ........cecuiiiiiieiieeiieniie ettt ettt 35
2.3.3. ANALYSIS. .ottt et eaae b e 36
2.3.4. Data Fitting and Normalization .............ccceeeueeviieniiiniienieeiieeie e 36
2.3.5. CharacteriZaAtiON .......cc.eeeerieeiieriieieeie ettt sttt sttt sttt sae b seeens 37
2.4. Results and DiSCUSSION ......ccueriiriiiriiiieniieieiie sttt sttt st 37
2.4.1. Use of Industrial-Grade ZVZ.........ccccooueviriiniiniiienieseeieseeeee e 37
2.4.2. Effect of pH in DI Water .......cooiieiiiiiieiieiecieece e 38
2.4.3. Effect of pH in Groundwater ............cceeiieriieniienieeiieeie e 39
2.4.4. Effect of Groundwater SOIUEs..........cccueviriiriiniiiinierienieseeeeeeee e 42
2.4.5. Implications for Groundwater Remediation ...........c..cccceevvevieneniicncenennen, 46
2.5. ACKNOWIEAZEMENTS.......ocuiiiiiieiieiie ettt ettt e s eeees 48

Chapter 3. Degradation of 1,2,3-Trichloropropane by Zerovalent Zinc:

Laboratory Assessment for Field Application ...................cccoooiiiiiiiiniiinniiee, 49
3L ADSITACE ...ttt ettt st 49
3.2, INrOAUCTION ...ttt sttt et st st 49
3.3 MEROMS. .. et 51

3.3, 1 REAGENLS ..ottt ettt et e e snee e 51
3.3.2. Batch EXPerimMEentS.......cccveriiiiiieiiieiieeie ettt ettt 51
3.3.3. Column EXPeriments ..........ceevuieriieiiieniieiieeieeiee et eiee et see e sne e 52
3304, ANALYSIS.cciiiiiieeiii ettt e eeeas 52
3.4. Results and DISCUSSION .....co.eevuieiiriiniieiieierieeieeee sttt 53
3.4.1. Batch EXPeriments.......cccueviiiiiieiiieiieeie ettt 53

ii



3.4.2. Column EXPeriments .........cc.eevuieriiiiieniieiieeie ettt
3.4.3. Batch/Column COmPATiSON........ccuteruieriieiienieenieesteeieesreeieeseeeaeeseneeseas
3.4.4. Implications for Scale-Up .......cccoecuiriiiriiiiiiiiieieceeece e
3.5, CONCIUSIONS ...ttt et sttt et sttt et s bt et et sae e b enees

3.6. ACKNOWIEAZMENLS......cociiiiiiiiieiiecie ettt st siae e eaaaens

Chapter 4. Evaluation of Zerovalent Zinc for Treatment of 1,2,3-
Trichloropropane-Contaminated Groundwater: Laboratory and Field

ASSESSINICIIE ....oeeiiieneeeee et e ettt e e e e e e e ettt e eaeeeeeeeeaaa i aeeeeeee et aaaareeeeetanaraaas

AT ADSIIACE ...ttt ettt ettt et na e
4.2, INEOAUCTION ...ttt sttt ettt
4.3, METROAS. ...ttt
4.3 1. REAZENES ..eeeiieieeiiieeeite ettt et ettt e ettt e st e e st e e s bt e e saneeenanee s
4.3.2. Batch REACLOTS .....cveeuiiiiiiiiiieiieiececee et
4.3.3. Bench-scale COIUMDS.........coceriiniiiiinienieieeeeesee e
4.3.4. Analysis of Bench-scale EXperiments ...........ccccoeceeevierieenieniieeniienieeieene
4.3.5. Field-scale COIUMNS ........cceeviiiiiiiiiiiiieiceieteeee e
4.3.6. Analysis of Field Samples ........cccocieriiiiiiiiieiieciecee e
4.4. Results: Bench-scale Material Screening and Analysis.........ccccceevveviienienneenen.
4.4.1. Batch Reactor EXperiments. .........cc.coeveeriieniieniienieeiieeie et
4.4.2. Bench-scale COIUMNS .........coceriiiiiiiiiiiiieieietcesee e
4.5. Results: On-site Column TeStING ........cccueeriiiriieiieeieeieeeie et
A.5. 1. DESIZN .ttt ettt ettt ettt ettt e et e bt e s abeebaeeateenseeenes
4.5.2. Phase I Column Operation ............ccceeveeruienieeniienieeiienieeieesieeieesaeeeseeens
4.5.3. Phase I Results and ANalysis ........ccceeveeiiieriieniienieeiieeieeeeeee e
4.5.4. Phase II Column OPeration...........ceeeeeeeueerieenieenieeniiesieesieesneeieesereeseenes
4.5.5. Phase II Results and ANalysis.........cooceerienieeniienieeiiecieeeeee e
4.6. Results: Post-Operation Characterization .............occueeveerieeriienieenieenieenieeseeeees
4.6.1. Material CharacteriStiCs .........eeuerueerieriienierieniienieetesteeste et sieens
4.6.2. COMPOSILION ....eeeuvieniieeiiieiieeiieniteettestteeteeseaeeteessaeeseesaaeenseessseenseesaseenseansns
4.6.3. REACLIVILY ..veeiiieiiieiieeiteeiie ettt ettt ettt e ettt e et eseaeenseesateenbeennns

4.7. Summary and CONCIUSIONS ........cccueeiuiiriieiiieiieeiieeie ettt seeeeeesaeeaeesneeeeees

iii



4.8. ACKNOWIEAZEMENTS......ccutiiiiiiiieiie ettt et et eeees 91
Part II. Prediction of the Environmental Fate of Novel Munitions Compounds...... 92

Chapter 5. Mechanisms and Kinetics of Alkaline Hydrolysis of the Energetic

Nitroaromatic Compounds 2,4,6-Trinitrotoluene (TNT) and 2,4- Dinitroanisole

(DINAN) ettt ettt b e bttt b e st e st et e b e be et e ebeebeest e st et et e benbe et 93
ST ADSITACE ...t ettt et st 93
5.2, INtrOAUCTION ...ttt ettt ettt et 94
5.3 MEROMS. .. et 97

5.3, 1 REAGENLS ..ottt et ettt e e e et bee e 97
5.3.2. BatCh @XPETIMENLS.....c.eeeiuieiiieiieeieeieeeieeite et eieeste et e sre et esaeebeeseneeneeas 98
5.3.3. Kinetic MOA@ING .........oovuiiiiieiieiiieiieeie ettt 99
5.3.4. Molecular Modeling...........cc.eecuieriiiiiiiiieeiieie et 100
5.4. Results and DISCUSSION .....cc.eeuiriiriieriiniiniieieeiesieee ettt 102
5.4.1. Formulation of Candidate Mechanisms..........c.ccecevvereenenienennienieneenne. 102
5.4.2. Experimental Kinetic Data...........ccoooieviieiiieniiiiieiecieee e 105
5.4.3. Determination of Free Energies from Experimental Kinetics .................. 107
5.4.4. Determination of Free Energies from Molecular Modeling ..................... 113

5.4.5. Reconciling the Computational Results with Experimental Observations 115

5.5. ACKNOWIEAZEMENLS.....c..eiiiieiieeiieiie ettt ettt 118

Chapter 6. Free Energy Relationships for Predicting Reduction Rates of

Energetic Nitroaromatic Compounds Using Calculated One-Electron Reduction

PoOtentialS..........cooooiiiiii e 119
0.1 ADSITACE ...ttt ettt 119
6.2, INTrOAUCTION ....coutieiiiiiieiieiece ettt st ettt st b e 120
6.3. EXPerimental .........c.ccceeiiiiiiiiiiieiieie ettt ettt 123

6.3. 1. REAGENLS ...t ettt st 123
6.3.2. Batch EXPerimentsS.......cccueeviieiieniieiiieiie et 123
6.3.3. Computational Methods............eoovieiiiiniiiiiiiiiieeeeeee e 124
6.4. Results and DISCUSSION .....cc.eeouiriiriiiriiiiinieeieeiieste ettt 124

iv



6.4.1. Use of the Marcus/Eberson FER to describe rate constants for NAC

TEAUCTION ..euiitieieitet ettt ettt sttt ae e 124

6.4.2. Calculation of E'xac and Use in FER Calibration............c..co.cocevvvvennnee, 131

6.4.3. Validation of the FER for Energetic NACS .......cccccceveiieiieeciieniieeieeee 134
ACKNOWIESAZEMENLS.........eiiiiiiiieiieeiiete ettt ettt et ae e e seaeebeesabeens 139
Chapter 7. Summary and Conclusions ...............coocceiviiiiiiiiiiiieieeee e 141
7.1. Part I: Remediation of 1,2,3-Trichloropropane with Zerovalent Zinc............... 141

7.2. Part II: Prediction of the Environmental Fate of Novel Munitions Compounds 143

REFEIICES ...ttt 145
Appendix A: Supporting Information to Chapter 2..................c..ccoooininiinninnn 158
A.1. Properties and Reactivity 0f ZVZ .......cccooouiiriiiiiiiieieceeeeee e 158
A.2. Effect of Ionic Strength..........ccooviiiiiiiiiiiiiee e 159
A.3. Products of TCP Degradation ............cccceeeuieriieniieniieiieeie et 160

A 4. Characterization of ZVZ Exposed to Solution...........ccceeeveerieniienienieenieeniens 161
A4 T MEROMAS. ... 161

ALA.2. RESUILS .o 163

A.5. Effect of Groundwater SOIULES. ........cevueriiriiniiiienieieeeseeeee e 166
A.6. Geochemical Speciation Modeling for Zn*" in Solution ............c..coccoevvrrnnn 167
ALD. 1 MEROAS. ...t e 167

ALD.2 RESUILS ..ottt s 167

A.7. References (AppendiX A ONly)......ccooveriieiiiiiiiiiienieeeeeee et 170
Appendix B: Supporting Information to Chapter S......................coocniininnnnn 171
B.1. Summary of Kinetic Data: TNT .........cccoviiiiiiiiiieieeeeee e 171
B.2. Summary of Kinetic Data: DNAN ........ccccoiiiiiiiiieieieeee e 173
B.3. Summary of Free Energies Determined Using Molecular Modeling ............... 174
B.4. Additional Molecular Modeling of DNAN Reaction..........cccccceeeceeeviienveenennne. 175
Appendix C: Supporting Information to Chapter 6......................ccccooiniinninnnnnn. 176
C.1. Detailed Computational Methods............ccceceeriiiiiieniiiiieieeeeceee e 176
C.2. Data and Calculation Details for Figure 6.2.........cccccceveviieniiniiienieeiieieeieeee. 179



C.3. Comparison of Calculated and Measured £ NAC
C.4. NAC Disappearance Data
C.5. References in Applendix C Only

Biographical Sketch

vi



List of Tables

Table 1.1. Summary of information regarding reaction orders............ccccceevveerirerueennennnen. 4
Table 3.1. ZVZ PrOPEITIES. ...oevuieeiiieiieeiieeiie et eite et ettesteeteeseteeseesateesbeessseeseesnseenseennns 53
Table 3.2. Batch and column data and compariSOn.............ccceeeeueeriieriienienieenie e 55
Table 4.1. ZVZ PrOPEITIES. ....oevuieieiieiieeieeiieeiteeiteeteesitesteetteseteeseesaaeeseessseeseesnseenseannns 65
Table 4.2. Reactivity of column media following on-site operation...........c.cccceeeveennennne. 88
Table 5.1. Eyring fit and activation parameters for TNT and DNAN. .........ccccevvenenee. 112
Table 6.1. Calculated one-electron reduction potentials (E'xac) and comparison to a

set Of MEASUIEd VAIUES.. ....ooueiviiiiiiiiieeee e e 132
Table 6.2. FER verification and validation data.............ccoceeveriniininiiniinicnceeeee, 137
Table A.1. Properties of the ZVZ used in this study..........ccccoeviieiiiiniiniieniicieeiees 158
Table A.2. Summary of results from TEM, EDS, and XRD.........c.ccccoeevvieriiniieniennnns 163
Table A.3. Atomic concentrations present on the surface of DI water (DI) and
groundwater (GW) exposed ZVZ as determined by XPS. ........ccoooiiiiiniiiniiiiiiiiee, 165
Table A.4. Summary of conditions and results of batch reactors in the presence of
VATTOUS SOTULES. ...ttt ettt ettt b ettt e bt et eae e bt et saeesbeenees 166
Table B.1. Determination of k; ops and &; for TNT.......cocovviiiiiiiiiieeeeeeeeeee e 171
Table B.2. Summary of rate constants for TNT..........cccoooiieiiiiiiiiiiienieeeeeeeeee e 172
Table B.3. Determination of k; ,ps and &; for DNAN. .......coovviiiiiiiiieeeeceeeeee 173
Table B.4. Summary of rate constants for DNAN. ......c.cccoceeviniiniininiinieieeeeeen 173
Table B.5. Computationally-determined free energy values for the possible initial
(forward) reactions of TNT and DNAN with hydroxide. ..........ccocceeviiniiieniiniieiees 174
Table C.1. Data and calculation details for juglone. ...........ccccoecveeiiiiiiiiiiiniiiiciee, 179
Table C.2. Data and calculation details for lawsone. .........ccccoeevevieniriinienenienieene, 180
Table C.3. Data and calculation details for iron porphyrin...........ccccccveeeiienienieeniennnnns 180
Table C.4. Data and calculation details for Fe(II)/tiron............ccccoeevveeecieeecieccreeeee. 181
Table C.5. Data and calculation details for Fe(II)/DFOB..........ccccccoovvieiiieicieeeieeeee. 182

vii



Table C.6. Determination of largest positive and negative error between calculated

AN TNEASUTEA Z NAC: +oeveeeeeeeee e e e eeees e s s s s s s s s s s s s s s s s s s s s seses s s s s s essaes 184

Table C.7. Concentration vs. time data for the disappearance of NACs at different
[FeP] and the associated kops vs. [FeP] plots used to determine Apep. ...veeveveeveeneveennennee. 185

viii



List of Figures

Figure 1.1. Arrhenius plot for the alkaline hydrolysis of TNT as reported by various

sources with a linear fit to the combined data..............ooooiiiiiiiiiii 9

Figure 1.2. Kinetics of the hydrolysis of fert-butyl formate showing the effect of pH

1L s +eeeeeeeee ettt 11

Figure 1.3. Effect of pH on rate constants for the degradation of carbon tetrachloride

by ZVI measured in buffered soIUtions. .........ccceeevuieriieiiiiniieiieieee e 12

Figure 1.4. (A) Observed reaction rate constants (kobs) versus pH for reduction of
TCP by ZVZ in DI water and deoxygenated DI water (DO/DI water). (B) Solubility

diagram for Zn>" solid species in DI WALET. ............cooevueveeveeeeeeeeeeeeeeeeeseresesseseeseeseeeeae 13

Figure 1.5. log ksa vs. log kv plot for the reduction of 1,2,3-trichloropropane (TCP)
by zerovalent iron (ZVI) and zerovalent Zinc (ZVZ)........ccceeeueerieecienieeiieie e eeiee e 20

Figure 1.6. Basic reaction coordinate diagram. ........c...ccceeueeverieneriiinieneenienieneeieeene 22

Figure 1.7. log(k:.q) for the reduction NACs in the presence of a variety of
environmentally relevant reductants plotted vs. (A) E1°/0.059, and (B) AG'................. 26

Figure 2.1. Observed reaction rate constants (kobs) and corresponding mass-
normalized reaction rate constants (ky) versus pH for reduction of TCP by 250 g/L
Z1n64 in DI and DI/DO WaLET. .......ooueivuiiiiniieieeiesieeieete sttt sttt 39

Figure 2.2. Rate constants (ks and corresponding values of ky) for TCP degradation
by Zn64 in DI water and groundwater (obtained from sites “P”, “Q”, and “M”) at

VarioOUS PH VAIUCS. .....eiiiiiiiieciiee ettt ettt et et e e esaesaaeens 40

Figure 2.3. TEM images of ZVZ exposed to (A) DI water, displaying a type I film;
(B) acidic groundwater, displaying a type I film; and (C) alkaline groundwater,
displaying a type IT fIlm. ......c.oooiiiiiiiiii e e 42

Figure 2.4. Rate constants (k.bs and corresponding ky;) for TCP reduction by Zn64 in
various solutions, including DI water, groundwater (SWQ, SWP, and SWM), and
artificial groundwater prepared at, or above, the reported concentration for Site Water
Pttt bttt ettt e h e bt et st b et ebt et e et e it 43

ix



Figure 2.5. ksa-ky plot showing TCP degradation rates using Zn64 in DI water and
groundwater (as reported in Figure 2.2) superimposed onto previously collected data
using reagent-grade ZVZ in DI water and various ZVI materials in DI water and

artificial GrOUNAWALET.........cccuiiiiiiiiieiiece ettt st e st seaeenee e 47

Figure 3.1. (A) Degradation of TCP by Zn64 and Zn1210 in DO/DI and DI water.
(B) Degradation of TCP by Zn1239 in DO/DI and DI water. .........ccccoceeverieneenieniennnn 54

Figure 4.1. Comparison of TCP degradation kinetics by industrial-grade ZVZ (this
study) to rate constants obtained with reagent-grade ZVZ and reported previously........ 71

Figure 4.2. TCP degradation rates by Zn64 and Zn1210 in DI water and
deoxygenated DI water (gray circles) and in groundwater (black triangles and gray
filled BIack SQUATES). ....vieeiiiiieiie ettt sttt enee 73

Figure 4.3. Results from Phase I of on-site testing. (A) Percent TCP removal from
[TCP],yand [TCP] 4. (B) Surface area normalized rate of TCP disappearance
determined from /TCP];,rand [TCP].; and normalized to factor out differences
between the mass of metal present in each column, the specific surface area (SSA) of

each material, and the reSIdENCE tIME. .......oovviuveiiiiiiiiieeeceeee et e 79

Figure 4.4. Results from Phase II of on-site testing. (A) Percent TCP removal
determined from /TCP];,rand [TCP] .4 (B) Surface area normalized rate of TCP
disappearance determined from /TCP};,rand [TCP].;and normalized to factor out
differences between the mass of metal present in each column, the specific surface

area (SSA) of each material, and the residence time. ..........ccceeevieiieriiienieniieeieeie e 83

Figure 4.5. TCP degradation kinetics measured in batch reactor experiments
containing raw material, laboratory-scale columns, Phase II on-site columns (at Week
12), and batch reactor experiments containing material from Phase II columns post-

operation (“post-field batch reactors™)........c.eecvieriiiriiieiieiiieiieee e 89

Figure 5.1. A selection of energetic NACs included or considered for use in

MUNITIONS TOIMIULATIONS. «.eevveeieiiiiitieeeeeeeeeee ettt ettt eeeeeeeeeeeeeeeeeeeeeeeseseeeeeeeeeeeaeeenenesesenennnnne 96

Figure 5.2. Alternative initial steps in the mechanism of reaction between TNT and
OH ettt et 104

Figure 5.3. Alternative initial steps in the mechanism of reaction between DNAN and
OH ettt sttt 105



Figure 5.4. (A) TNT disappearance at 11 °C for pH 11.0, 11.7, and 12.0. (B) DNAN

disappearance at 25 °C for pH 11.0, 11.7, and 12.0. ....cccevieiiriiniiniiiinieieeeeeeenen 106
Figure 5.5. Eyring plots for the reaction of TNT with hydroxide..........c.cccoceevenienenne. 110
Figure 5.6. Eyring plot for the reaction of DNAN with hydroxide. ......c...cccceeevienneenee. 111

Figure 5.7. Computationally-determined reaction free energies (4G,) and activation
free energies (4G*) for (A) TNT and (B) DNAN. ......ooovuimeeeeeeeeeeeeeeeeeeeeeeeeeenseeoe. 115

Figure 6.1. Log plots of Equation 3 for various values of 4 (labeled on the curves)..... 122
Figure 6.2. log(k:.q) for various NACs vs. (A) AG®' and (B) E'xac/0.059. ................... 126

Figure 6.3. Marcus plot of log(kreq) for NAC reduction by Fe(II)P (obtained from the
literature) with AG®' determined from E'ac calculated at the B3LYP/6-

311++G(2d,2p) level with an applied linear transformation based on correlation to a
measured dataset (B3LYP* in Table 6.1). A fit of the data to Equation 6.5 is shown

along with the extrapolated FER..........ccccoooiiiiiiiiii e 134

Figure 6.4. Concentration vs. time plots of 2,4-DNT disappearance at various
[Fe(I1)P] with pseudo-first-order fits. Inset: kops from the pseudo-first order fits vs.
nominal [Fe(II)P] with linear fit. .........c.ccoooviiiiiiiiiiie e 135

Figure 6.5. DNAN disappearance at 34.32 uM FeP with an initial portion of the data
fit to a pseudo-first-order Model. ...........coooiiiiiiiiiiiii e 136

Figure 6.6. Comparison of newly collected log(kr.arp) data to the calibration dataset
and FER. Data for non-energetic NACs were used to verify agreement of the new
data with the calibration data (method verification data). Data for energetic NACs

were used to test the validity of the FER to energetic compounds (validation data)...... 138

Figure A.1. Comparison of TCP degradation kinetics by industrial-grade ZVZ (this
study) to rate constants obtained with reagent-grade ZVZ. .........cccovvevciieniencieeniennnnns 158

Figure A.2. Observed rate constants, ks, for TCP disappearance as measured in
batch reactors containing various concentrations of NaSO4 and NaClOy vs. the

corresponding calculated 10nic Strength............cccieiiiiiiiiniiiiieecee e 159

Figure A.3. Disappearance of TCP and appearance of propene using Zn64 in DI
water at (A) pH 6.9 and (B) pH 8.5, ..eeoeiieeeee e 160

Figure A.4. TEM images of Zn64 exposed to DI water and groundwater for ~24 hr
under three different pH coONditions. ...........cocveeiiieiiieiienii e 164

xi



Figure A.5. XPS analysis of Zn64 exposed to DI water and groundwater for ~24 hr

under three different pH regimes; results for unexposed Zn64 also shown. .................. 165
Figure A.6. Solubility of Zn®" solid species in (A) DI water and (B) groundwater. ..... 169

Figure A.7. Predominance diagram for Zn>" species in DI water as a function of
S102(aQ) ANA PH. o ettt e ebaeeabaens 169

Figure B.1. Reaction coordinate diagram showing the results of a molecular
modeling simulation of the reaction between DNAN and OH to form 2,4-
dinitrophenolate (DNAN + OH - - 2.4-dinitrophenolate + HOCH3). ...................... 175

Figure C.1. Plot of E'xac calculated at the B3LYP/6-311++G(2d,2p) level of theory

plotted vs. associated measured Values. ..........ccceerireiiiiniieiiecie e 183

Figure C.2. Plot of E'xac calculated at the M06-2X/6-311++G(2d,2p) level of theory

plotted vs. associated measured Values. ..........ccceeriieiiiiniieiiiecie e 183

xii



1,2-DNB
1,3-DNB
1,4-DNB
2-ADNT
2-CH3-NB
2-CHO
2,4-DANT
2,4-DNT
2,6-DNT
3-CH;-NB
3-CI-NB
3-COCH;-NB
4-ADNT
4-CH,0H
4-CH;-NB
4-CHO
4-CI-NB
4-COCHs-NB
4-NH,-NB
A

ds

B3LYP

List of Abbreviations

1,2-dinitrobenzene
1,3-dinitrobenzene
1,4-dinitrobenzene
2-amino-4,6-dinitrotoluene
2-methylnitrobenzene
2-nitrobenzylaldehyde
2,4-diamino-6-nitrotoluene
2,4-dinitrotoluene
2,6-dinitrotoluene
3-methylnitrobenzene
3-chloronitrobenzene
3-acetylnitrobenzene
4-amino-2,6-dinitrotoluene
4-nitrobenzyl alcohol
4-methylnitrobenzene
4-nitrobenzylaldehyde
4-chloronitrobenzene
4-acetylnitrobenzene
4-aminonitrobenzene
Arrhenius pre-exponential factor
specific surface area

an exchange-correlation functional
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B3LYP*
CCL3
CL-14
CL-20
CoC
COSMO
DFOB
DFT

DI

DO
DO/DI

Eas)

1
E5
El
NAC
1
E red
El
NAC,B3LYP*

EDS

Erumo

EPA

a dataset (see text for context)

Contaminant Candidate List 3
5,7-diamino-4,6-dinitro-2,1,3-benzoxadiazol-1-ium-1-olate
hexanitrohexaazaisowurtzitane

contaminant of concern

a solvation model (COnductor-like Screening MOdel)
desferrioxamine B

density functional theory

deionized

dissolved oxygen

deoxygenated/deionized water

absolute potential

standard potential

absolute potential of the standard hydrogen electrode
one-electron reduction potential

E' measured under standard environmental conditions
E' measured at pH 7

E' for nitroaromatic compound

E' for reductant

E'xac determined using the “B3LYP*” method (described in text)
electron-dispersive X-ray spectroscopy

energy of the lowest unoccupied molecular orbital

U.S. Environmental Protection Agency
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Fe(II)P Fe(Il) porphyrin

FER free energy relationship

GC gas chromatography

h height

h Planck’s constant

HPLC high performance liquid chromatography
LD. inner diameter

K equilibrium constant

K pseudo-first-order rate constant

ko neutral hydrolysis rate constant

kg Boltzmann constant

kcowr- rate constant for reduction by Co™W1,040"
k4 diffusion rate constant (Marcus theory)

Kq equilibrium constant for precursor formation (Marcus theory)
kproB rate constant for reduction by DFOB

kreqnyp rate constant for reduction by Fe(II) porphyrin
ke acid hydrolysis rate constant

kiug rate constant for reduction by juglone

kraw rate constant for reduction by lawsone

kem mass normalized rate constant

kms ky measured in batch reactor

kobs experimentally observed rate constant

kobs.c kobs measured in column experiment

XV



kobs c kobs,c predicted from kv

kon alkaline hydrolysis rate constant

Kow octanol-water partitioning coefficient
kired reduction rate constant

ksa surface area normalized rate constant
kitiron rate constant for reduction by tiron
LDA an exchange-correlation functional
LFER linear free-energy relationship
M06-2X an exchange-correlation functional
MO06-2X* a dataset (see text for context)

MAD mean absolute deviation

MC@ Meisenheimer complex formation at...
MCL maximum contaminant level

MP2 Moller-Plessent perturbation theory, second order
M mass dry solid (for determining bulk density)
n number of electrons

n order of the reaction

NAC nitroaromatic compound

NB nitrobenzene

NMR nuclear magnetic resonance

NOM natural organic matter

NTO 3-nitro-1,2,4-triazole-5-one

nZVI nano zerovalent iron
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ORP oxidation-reduction potential

PA@ proton abstraction at...

PAR property activity relationship
PATO 3-picryl amino 1,2,4-triazole
PAX-21 Picatinny Arsenal Explosive 21
PBE an exchange-correlation functional
PHG public health goal

PRB permeable reactive barrier

PVC polyvinyl chloride

0 volumetric flow rate

QSAR quantitative structure-activity relationship
R gas constant

r radius

RMSD root mean square deviation

SAR structure activity relationship

SCE saturated calomel electrode

SHE standard hydrogen electrode

SMD a solvation model—(Solvation Model D, D = density)
SSA specific surface area

Sub@ direct nitro substitution at...

Sw aqueous solubility

SWM Site Water “M”

SWP Site Water “P”

xvii



SWQ

TCE
TCP
[TCP]o
[TCP]ese
[TCPJing
TEM

TNT

XPS
XRD

VA
Znl1210
Znl1239

/n64

Site Water “Q”

temperature

time

trichloroethylene

1,2,3-trichloropropane

TCP concentration at =0

TCP concentration of column effluent

TCP concentration of column influent
transmission electron microscopy
2,4,6-trinitrotoluene

residence time

reaction rate

volume of column

volatile organic compound

volume occupied by solid (for determining bulk density)
volume of water in column

electrostatic term in the Marcus equation
X-ray photoelectron spectroscopy

X-ray diffraction

universal frequency factor (Marcus theory)
Zinc Powder 1210 (Horsehead Corporation)
Zinc Powder 1239 (Horsehead Corporation)

Zinc Dust 64 (Horsehead Corporation)
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ZV1

ZVM

ZNZ

Y

AG° or AG®n

AGOU
AG°*
AGO’B3LYP*
AH*

ASH

Pa
pd
PM
PMm.C

ps

zerovalent iron

zerovalent metal

zerovalent zinc

tangent (to the Marcus curve)

standard molar free energy of the reaction
corrected standard molar free energy of the reaction
standard molar free energy of activation
AG®" determined using £ lNAc,BgLyp*
molar enthalpy of activation

molar entropy of activation

porosity

reorganization energy

surface area concentration

bulk density

mass concentration

pM in column

specific density

Hammett parameter
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The environmental fate of contaminants of concern (CoCs) is controlled—in
part—by chemical degradation reactions. Often these reactions are not well understood,
hindering efforts to limit associated risks to human health and the environment. In this
study, the kinetics of CoC degradation are studied with respect to addressing two aspects
of contamination mitigation: remediation and prevention. Part I concerns the legacy and
emerging contaminant 1,2,3-trichloropopane (TCP) and the prospects for remediating
contaminated groundwater by reduction (i.e., dechlorination) with zerovalent zinc (ZVZ).
Part II concerns the development of kinetic models to evaluate the environmental
persistence of novel energetic compounds under consideration for use in munitions

formulations.

xxii



Part [—The kinetics of TCP reduction by ZVZ were studied in both bench-top
and pilot-scale experiments in order to evaluate the prospects for treating TCP-
contaminated groundwater with ZVZ. The kinetics of the reaction were found to be
highly dependent on solution chemistry, especially pH and the presence of certain
groundwater constituents. The results indicated that this influence is related to
morphological and solubility-related changes to a ZnO shell on the surface of the ZVZ.
The kinetics of TCP reduction using commercially-available, industrial-grade ZVZ were
measured in batch-reactor and column experiments and, in most cases, found to be on the
order of those produced by more expensive reagent-grade materials. The results of
material testing were used to design and execute large, pilot-scale column experiments
comparing the use of two ZVZ formulations at a TCP-contaminated site. Analysis of TCP
removal kinetics during column operation, and assessment of the column fill material
post-operation, support the viability of ZVZ for treating TCP-contaminated groundwater
in an engineered treatment system such as a permeable reactive barrier.

Part [I—Progress was made toward developing models to predict the
environmental degradation kinetics of energetic nitroaromatic compounds (NACs) by
two fate processes, alkaline hydrolysis and reduction. For alkaline hydrolysis, it was
determined that model development is hindered by lack of understanding regarding
reaction mechanisms. To address this, potential mechanisms for 2,4,6-trinitrotoluene
(TNT) and 2,4-dinitroanisole (DNAN) were evaluated using coordinated experimental
kinetic measurements and molecular modeling calculations. The results suggest that the
initial step in alkaline hydrolysis is Meisenheimer complex formation or abstraction of a

methyl proton for TNT and Meisenheimer complex formation for DNAN.

xxiii



For the reduction pathway, a predictive model in the form of a free energy
relationship (FER) based on the Marcus theory of outer-sphere electron transfer was
developed. The FER relates the rate constant for NAC reduction to the free energy of the
reaction, which was calculated from one-electron reduction potentials (£ " determined
using molecular modeling. The FER accurately describes NAC reduction kinetics for
non-energetic compounds. The model was found to accurately predict newly measured
rate constants for TNT and 2,4-dinitrotoluene, but not for DNAN. The inconstancy of the

DNAN results was proposed to be related to the calculation of £'.
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Chapter 1. Introduction: Kinetics of Environmental Organic

Contaminant Transformation

Organic contaminants are present in the environment, often as a result of
anthropogenic activities. In some cases, these contaminants pose known or potential
threats to ecosystems and/or to human health, in which case they are termed
“contaminants of concern” (CoCs). CoCs in the environment are subject to a number of
physical and chemical processes that determine their fate. These processes control the
transport of CoCs within and between different media and the transformation of CoCs in
chemical reactions.

Information regarding CoC fate can be gained by studying the kinetics of
reactions affecting CoCs in the environment. The study of kinetics involves
understanding the rate at which chemical reactions take place and the factors affecting
these rates. It also often involves examination of the mechanisms and products of the
reactions. Understanding the kinetics of relevant reactions gives information about the
persistence of CoCs in the environment that is useful, for instance, in developing
strategies to remediate existing contamination and informing decisions aimed at avoiding
future contamination.

This chapter gives an overview of the study of CoC transformation kinetics, with
particular emphasis on processes relevant to organic contaminants in groundwater
systems. It gives background on (7) the description of reaction kinetics, (if) environmental
factors influencing CoC reaction rates, (iif) measurement of reaction rates in the

laboratory, (iv) normalization of rate constants to facilitate comparison, and (v) the theory



and practice of predicting reaction rates. Aspects particularly relevant to this dissertation

are highlighted throughout.

1.1 Rates of Chemical Reactions

1.1.1. Reaction Rate, Definition
For the reaction,

aA+bB— cC+dD (1.1)

where capital letters represent reactant and product species and lower-case letters
represent stoichiometric coefficients, the rate of the reaction (v(¢)) is defined as

W)= LdAl__1dIB]_1dIC]_1dID]
a dt b dt c dt d dt (12)

where molar concentrations are denoted as capital letters in brackets (/, 2). At constant
temperature, v(¢) is proportional to the concentrations of the chemical species present at

time ¢. This relationship is represented as a rate law, which generally takes the form

V(1) =k[A]“[B] -+ (1.3)
where £ is the rate constant for the reaction and a, f, *** are the order of the reaction with
respect to each species (i.e., the reaction is ath order in A, St order in B, etc.) (2). The
overall order of the reaction, n, is equal to a + 8 + ***. k has units of (concentration)'”
(time)'. Under most circumstances # and k£ must be determined experimentally (7). In

practice, n and k are usually determined by analyzing plots of the change of concentration

of a chemical of interest (e.g., “A”) over time.



1.1.2. Experimental Determination of Reaction Order and Rate Constant

While n can be any integer or fraction, in most processes, elementary reactions
are described as zero-, first-, or second-order. Zero-order reactions depend only on £, and
are independent of the concentration of the reactant. First-order and second-order
reactions depend on k and the concentration the reactant(s). Table 1.1 summarizes rate
laws for each of these reaction orders along with other details. Included in Table 1.1 are:

* Rate laws for zero-, first-, and second-order reactions.

* Integrated rate laws for use in fitting concentration vs. time data to obtain .

* Diagnostic plots on which data can be fit to a straight line, if the reaction is of the
specified order.

*  Units of £.

* Equations for determining the time required for half of the initial concentrations
to be consumed (the half-life, 7).

As seen in Table 1.1, the equations describing v(¢) become increasingly complex
with increasing order, especially for second order reactions involving two different
reactants (i.e., A+B—%—C, where k is the second-order rate constant). In some cases,
this complexity can be overcome with the pseudo-first-order approximation. If [B]y can
be considered to be at steady-state (e.g, if it is sufficiently in excess of [A]y) consumption
of B will be negligible and [B] will not change significantly over the course of the
reaction. [B] can therefore be treated as a constant and factored into k& (3, 4). The
resulting rate constant, k', is defined as

k' = k[B] (1.4)
and the rate law for the reaction can be written as

dAl
g - FIA] (15)



where &' is the pseudo-first-order rate constant. k can then be calculated from &' using
Equation 1.4 and assuming [B] = [B]o. Additionally, if &' is determined at multiple [B]o, a

plot of &' vs. [B]p can be fit to a straight line having a slope of £ and an intercept of 0 (i.e.,

K =0 at [B]o = 0).

Table 1.1. Summary of information regarding reaction orders. [A], and [B], are the
concentrations of [A] and [B] att =0 (1, 4, 5).

Zero order First order Second order
A+A—L->P
Reaction A—L—>P A—L—P
A+B—t—P
dEiA] _ —k[A]2
t
Rate law % =-k % =—-k[A]
dlA
AAT_ _kaym)
dt
1+k[A],¢
:ntegrated rate [A]=[A], -kt [A]=[A], ok
aw
1n(@) = ([A], —[B], )z + ln([A—]O)
[B] [Bl,
Experimental 1/[A] vs. t
straight line [A] vs. ¢ In[A] vs. ¢°
plot In([A)/[B]) vs. t°
Units of k Ms! gt Mgt
P 1
127 5 A9
k[A]
Half life _[A], _In(2) 0
determination /2 2k /2 k ) 1 (B,
tya (A)= In
k([A]o _[B]o) 2[B]0 _[A]()

a)orlog[A] vs. t
b) or log([A]/[B]) vs. t




1.1.3. Experimental Determination of Rate Constants for Complex Reactions

In some cases, the kinetics of the disappearance of a CoC are not well described
by zero-, (pseudo-)first-, or second-order models. This is often due to the disappearance
of the CoC being affected by multiple elementary reactions. Three examples are given
below although others have been detailed previously (e.g., ref. (7)).

Reactions in series. A simple case of reactions in series is the overall reaction

A—4—»B—L—-C

in which each elementary reaction is first-order. In this reaction the rate of change, or
disappearance, of A depends on [A] and k; according to Equation 1.6.

AL k1Al

dt (1.6)
The rate of change of B, however, is affected by both the formation of B (which is the
product of the disappearance of A) and the disappearance of B to form C. The rate of

change for B is described as follows,

d[B]
—— =k [A]-k,[B]
dt 2 (L.7)

In order to determine k; and k, from a plot of [B] vs. ¢, the data can be fit to the following
analytical solution to Equations 1.6 and 1.7 (6)

kLAl (ke _ -k
[B]= 1 0™ _e 2f)
kz—kl( (1.8)

Alternatively, concentration vs. time data can be fit with the differential equations
defining [A] and [B] directly using numerical methods(7