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Introduction

Quantitative models of coupled microbial-
geochemical processes are required to predict
and interpret the results of in situ biostimulation
procedures designed to promote immobilization of
metal-radionuclide contaminants. Of particular
importance is the development of models which
take into account the influence of microbial
physiological properties as well as
thermodynamic constraints on biological and
abiotic reactions. TEAPREV represents a
comprehensive synthesis of previously-developed
approaches to modeling terminal electron-
accepting processes and associated geochemical
reactions in ethanol-and/or acetate-stimulated
sediments. The choice of ethanol and acetate as
carbon/electron donors for biostimulation is based
on current U.S. DOE-funded research on metal-
radionuclide remediation. The basic structure of
the code, however, is completely general and can
be adapted to any carbon/electron donor addition.
The code is intended for three major uses, the
first two of which are illustrated in this poster:

1. Interpretation/synthesis of laboratory-scale
experimental data

2. Exploratory modeling of hypothetical
laboratory- and/or field-scale reaction systems

3. Incorporation into field-scale reactive transport
models for interpretation/synthesis of in situ
biostimulation experiments

Primary dependent variables

Variable Initial value* Units

1. Ethanol 0.009 (mol/L)
2. Acetate 0.0 (mol/L)
3. 0, 0.0 (mol/L)
4. NOy 0.0012 (mol/L)
5. NO, 0.0 (mol/L)
6. MnO,(s) 0.0 (moliL)
7. FeOOH(s) 0.3 (mol/L)
8. SO,z 0.0011 (mol/L)
9. S%s) 0.0 (mol/L)
10.U(VI) 0.00009 (mol/L)
11.HCO4 0.005 (mol/L)
12.N, 0.0005 (mol/L)
13.NH,* 0.0001 (mol/L)
14.Mn(I1) 0.0 (mol/L)
15. Fe(ll) 0.0 (mol/L)
16.HS" 0.0 (mol/L)
17.CH, 0.0 (mol/L)
18.UO,(s) 0.0 (moliL)
19.TOTH 0.0212 (mol/L)
20.MnCO4(s) 0.0 (mol/L)
21.FeCO4(s) 0.0 (mol/L)
22.FeS(s) 0.0 (mol/L)
23.AM 0.00005 (g/L)
24.DM 0.00005 (g/L)
25.DRM1 0.000005 (g/L)
26.DRM2 0.0000025 (g/L)
27.DRM3 0.0000025 (g/L)
28.SO4RM 0.000005 (g/L)
29.SORM 0.000005 (glL)
30.MGM 0.000005 (L)

* For simulation of batch slurry incubation experiment

Biosynthesis Reactions

Microbial Functional Groups

Description Abbreviation Metabolism(s)

Aerobic Microorganisms AM O, red coupled to ethanol or acetate oxid

Denitrifying Microorganisms DM O, red, NOj; red to N, coupled to ethanol or acetate oxid

Group 1 Dissimilatory Reducing Microorganisms DRM1 NO; red to NH,* coupled to ethanol ferm (to acetate)

Group 2 Dissimilatory Reducing Microorganisms DRM2 NO; red to NH,*, Mn(IV), Fe(lll), U(VI) red coupled to ethanol ferm or acetate oxid

Group 3 Dissimilatory Reducing Microorganisms DRM3 NO; red to aNH,*; Mn(1V), Fe(lll), U(VI), SO,%, S° red coupled to ethanol ferm or acetate oxid
Sulfate Reducing Microorganisms SO4RM S04, U(VI)° red coupled to ethanol ferm or acetate oxid

Elemental Sulfur Reducing Microorganisms SORM SO, U(VI)® red coupled to ethanol ferm or acetate oxid

Methanogenic Microorganisms MGM CH, prod coupled to ethanol ferm or acetate oxid

a2 NO;" red by DRM3 can account for NO; red by SO4RM

b U(VI) red by SO4RM and SORM is optional

Conceptual Overview of Reaction System
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Diagram of substrate metabolism and electron flow in the current

implementation of the TEAPREYV simulation model.

Metabolic energy-generating reactions (TEAPS)

CH;COO- (Acetate)
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End-
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DRM1
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DRM3
SO4RM
SORM
MGM Diagram of substrate partitioning between energy
production and cell biosynthesis during microbial
respiration. Modified from Fig. 2.1 in Rittmann, B.E.
and P.L. McCarty. 2001. Environmental Biotechnology.
CH, McGraw-Hill, Boston.

Substrate partitioning is determined by the computed

free energy of a given metabolic reaction, assuming a

fixed energy transfer efficiency (e value) of 0.6, and that
pyruvate is the central carbon compound used in

Reaction Catalyzed By
1. CH,CH,OH + 30, — 2HCOj + H,0 + 2H* AM, DM
2. CH,CH,OH + 2.4NOjy + 0.4H* — 2HCOj + 1.2N, + 2.2H,0 DM
3. CH,CH,OH + 0.5NO;" —> CH;COO" + 0.5NH,* + 0.5H,0 DRML, DRM2, DRM3
4. CH,CH,OH + 2MnO, + 3H* — CH,COO" + 2Mn2* + 3H,0 DRM2, DRM3
5. CH,;CH,OH + 4FeOOH + 7H* — CH3COO" + 4Fe?* + 7H,0 DRM2, DRM3
6. CH,CH,OH +0.550,> — CH,COO" + 0.5HS" + 0.5H* + H,0 DRM3, SO4RM
7. CH,CH,OH +2S° + H,0 — CH,COO" + 2HS" + 3H* DMR3, SORM
8. CH,;CH,0OH + 0.5HCO; — CH,COO" + 0.5CH, + 0.5H* + 0.5H,0 MGM
9. CH,COO" +20, — 2HCO, + H* AM, DM
10.CH,COO" + 1.6NO; + 0.6H* — 2HCOj + 0.8N, + 0.8H,0 DM
11.CHCOO + NOy + H,0O + HY —» 2HCO; + NH,* DRM2, DRM3
12.CH;COO" +4Mn0O, + 7TH* — 2HCO; + 4Mn?* + 4H,0 DRM2, DRM3
13.CH,COO" + 8FeOOH + 15H* — 2HCO, + 8Fe?* + 12H,0 DRM2, DRM3
14.CH,;COO" + SO,# — 2HCO; + HS" DRMS3, SO4RM
15.CH,COO" + 4S0 + 4H,0 — 2HCO; + 4HS" + 5H* DRM3, SORM
16.CH,COO" + H,0 — HCOj + CH, MGM

17.CH,CH,OH + 2U0,(CO,),2 + H,0 — CH3COO" + 4HCO, + 2UO,(s) + H
18.CH,COO" + 4UO,(CO,),% + 4H,0 — 10HCO, + 4UO,(s) + H*

biosynthesis (Rittmann and McCarty, 2001).

* Reduction of U(VI) by SO4RM
and SORM is optional

DRM2, DRM3, [SO4RM, SORM]*
DRM2, DRM3, [SO4RM, SORM]*

Key end-products of equilibrium speciation reactions

Description

Role in Simulation

Name

1. 0.25HCO, + 0.05NH,* + 1.2H* + & — 0.05C;H,0,N + 0.65H,0 Mn2(aq)

2. 0.179HCO; + 0.0357NO; + 1.214H* + & — 0.0357C5H,0,N + 0.571H,0 Mn2*(ads)

3. 0.217HCO; + 0.0217N, + 1.217H* + & — 0.0435C4H,O,N + 0.564H,0 Fe?*(aq)
Fe2*(ads)
{CH,CO0}

Mineral Precipitation Reactions (MPRs) {NO5}
{UO,(CO,),*}
{807}

1. Mn2*(ag) + COz% = MnCO, (m*{}

2. Fe(ag) + CO> = FeCO, (M }2‘

3. Fe?"(aq) + HS' = FeS +H* { nb}

4. Fe?*(ads) + HS = FeS g:z 7}}

5. FeCO; + HS = FeS + HCO, {HCO,3
{CH,(aq)}

Conc of aqueous Mn2*
Conc of adsorbed Mn2*
Conc of aqueous Fez*
Conc of adsorbed Fe?*
Activity of CH,COO-
Activity of NO4

Activity of U(VI)-carbon
Activity of SO,
Activity of NH,*
Activity of H*

Activity of Mn2*(aq)
Activity of Fe?*(aq)
Activity of HS

Activity of HCO,
Activity of CH,(aq)

Participation in SRRs, MPRs
Attenuation of MnO, reduction; SRRs
Participation in SRRs, MPRs

Attenuation of Fe(lll) reduction; SRRs, MPRs

Free energy of TEAPs

Free energy of TEAPs, SRRs

Free energy of TEAPs, SRRs

Free energy of TEAPs, SRRs

Free energy of TEAPs, SRRs

Free energy of TEAPs, SRRs

Free energy of TEAPs, SRRs, MPRs
Free energy of TEAPs, SRRs, MPRs
Free energy of TEAPs, SRRs, MPRs
Free energy of TEAPs, SRRs, MPRs
Free energy of TEAPs, SRRs, MPRs

ate

* pH was fixed at 6.9 for all simulations



Secondary Redox Reactions (SRRs) Model Calibration: Simulation of FRC Area 2 Sediment Slurry Experiment

1. 0.5Mn2*(aq) + 0.250, + 0.5H,0 — 0.5MnO, + H* % Ethanol (mb)
2. 0.5=Mn* +0.250, + 0.25H,0 — 0.5MnO, + 0.5H* g Acetate (mM) -
3. 0.5MnCO; + 0.250, + 0.5H,0 — 0.5MnO, + 0.5HCO; + 0.5H* € 107 v DIC(MmW) ri5 %, 005 —NOy SN,
4. Fe?*(aq) +0.250, + 1.5H,0 — FeOOH + 2H* < 8 < 0.04 —NO5 - NH,*
5. =Fe* +0.250, + 1.0H,0 — FeOOH + H* = 9 - —Fe(lll) Red
6. FeCO, +0.250, + 1.5H,0 — FeOOH + HCO, + H* o 6 o v 0.03 — 50,2 Red
7. HS +20, - SO, +H* <, S S <0 Red
8. S0+ 150, +H,0 — SO + 2H* = z EY —CH, Prod
9. FeS+20, - Fe? + S0,z 2 2 © 0.01
10.CH24(+ 2)02 - HCOj + H* + H,0 g o 0 & 0.00
11.Fe?*(aq) + 0.2NOy + 1.4H,0 — FEOOH + 0.1N, + 1.8H* i D0 =
12.=Fe* + 0.2NOy + 1.4H,0 — FeOOH + 0.1N, + 0.8H* 0 10 20 30 40 50 0 10 20 30 40 50 60
13.FeCO, + 0.2NO; + 1.4H,0 — FeOOH + HCO, + 0.1N, + 0.8H* Time (d) Time (d)
14.HS" + 1.6NOy + 0.6H* — SO, + 0.8N, + 0.8H,0 . O
15.89 + 1.2NOy + 0.4H,0 — SO, + 0.6N, + 0.8H* x Ton Felh
16.FeS + 1.6NO; + 1.6H* — Fe2* + SO, + 0.8N, + 0.8H,0 . e o~
17.Fe?*(ag) + 0.5MnO, + H,0 —> FeOOH + 0.5Mn2* + H* g 15 750 N r20 2 7, 60, —DOm
18.=Fe* + 0.5Mn0O, + 0.5H,0 — FeOOH + 0.5Mn2* + H* = 4 B = » 501 ——DRML
19.FeCO; + 0.5MNnO, + H,0 — FeOOH + 0.5Mn2* + HCO, =10 o T 401 —DRM2+DRM3
20.0.5HS" + 0.5MnO, + 1.5H* — 0.5S° + 0.5Mn2* + H,0 e z ; ——SO4RM
21.FeS + 1.5MnO, + 3H* — FeOOH + S0+ 1.5Mn?* + H,0 9 3 < 301 SORM
22.0.5HS" + FeOOH + 3H* — 0.5S° + Fe?* + 2H,0 - 05 ] @ 201 —MGM
23.450 + 4H,0 — 3HS + SO, + 5H* 1o = £ 10l
24.0.125NH,* + 0.250, — 0.125NO; + 0.125H,0 + 0.25H* Z 00 o £ ~
25.U0,(s) + 0.50, + 2HCO; — UO,(COy),? + H,0 - N e
26.U0,(s) + 0.4NO + 2HCO; + 0.4H* —> UO,(COZ),% + 0.2N, + 1.2H,0 0 10 20 30 40 50 60 0 10 20 30 40 S0 60
27.U0,(s) + MNO, + 2HCO; + 2H* > UO,(CO5),% + Mn2* + 2H,0 Time (d) Time (d)
~, 0.10 20 £ Q 200
] " B‘?‘aj ﬁJ(\Q)U | g 9 O'F NOw 5N
. . . A Il Vel . = ™ — d
Key Kinetic Equations £ o W T o200 oo
= 0.05 . . r10 c 5 -4004 :Fe(ll;) Red
TEAPs: Soluble electron acceptors % T s S E 600 zg)é{e:ed
. . . . ) . . ) s i . = < 800 —CH,Prod
RTEAP(i,j) = Vmax(i,j)*FED(i,j)*FEA(i,j)*FTTEAP(i)*FIED(i,j)*FIEA(i,j)*BM(i) (mol e-/L/d) ‘é 0.00 o s Lo 5 O -1000 i i i i i :
- - - 0 10 20 30 40 50 60 < 0 10 20 30 40 50 60
Vmax(i,j) = pmax(i,j)/Y Cells(i,j) )
umax = maximum specific growth rate for cells catalyzing RTEAP(i,j) (1/d) Time (d) Time (d)
YCells(i,j) = Yield coefficient for RTEAP(i,j) (mol cells/electron)
= fs0(i,j)*gmwecells/biomasscoefdenom(i,j)) Results of simulation of the ORNL Area 2 sediment slurry experiment. Data points show

means of duplicate slurries; solid lines show simulation results.
TEAPs: Solid-phase electron acceptors

RTEAP(i,j) = Vmax(i,j)*FED(i,j)*FEA(i,j)*FTTEAP(i)*FIED(i,j)*FIEA(i,j)*BM(i) /((KmDRM(i)+BM(i)") Exploratory Simulation: Effect of Electron Donor Loading on

Vmax(i,j) = VmaxEA(i) x EAfss o ) In Situ Redox Barrier Performance
VmaxEA(i,j) = maximum reduction rate constant at high biomass (mol/mol sites/d)

EAfss = concentration of free surface sites (mol/L) Groundwater inflow

KmDRM(i) = half-saturation constant for the biomass-dependent rate of e- transfer to free [U(VI),] = 10 M CH,O + Fe(lll)

surface sites (g cells/mol free surface sites)
FED(i,j) = ED(i)/(KmED(i,j) + ED(i))
ED(i) = concentration of e- donor for TEAP(i) (mol/L)

For simplicity, treat

Groundwater outflow redox barrier as a single

Fe(ll) + DMRB*

KmED(i,j) = half-saturation constant for uptake of ED(i) via RTEAP(i,j) (mol/L) i (VD] <02 M REV with a fluid
FEA(,j) = EA()/(KmED(i,j) + EA()) i i
EA(i) = concentration of e- acceptor TEAP(i) (mol/L) U(vl) + DMRB residence time of 10 d.

KmEA(i,j) = half-saturation constant for uptake of EA(i) via RTEAP(i,j) (mol/L)
FTTEAP(i) = max(0, (1-exp(dGrxnTEAP(i) x nelecTEAP(i)-dGmin(i))/0.008314/(273 +Temp)))) UOZ(S)

dGrxnTEAP(i) = free energy for TEAP(i) (kJ/electron)

nelecTEAP(i) = number of e- transferred in TEAP(i)

I —

Redox Barrier Zone * Dissimilatory Metal

dGmin(i) = minimum free energy for biological energy conservation (-20 kJ/rxn) Reducing Bacteria
Temp = temperature (K)
FIED(i, j) = [TKmIED(, j, K)/(KmIED(i, j, k) + EDI(i, j, k) Simulation conditions:
k Initial concentrations: O, = 200 pM; NO;” = 1 mM; FeOOH = 50 mmol/L; SO, = 1mM
KmIED(i,j,k) = half-saturation concentration of e- donor k inhibiting RTEAP(i,j) Input concentrations: 02 =200 uM; NO3' =1mM; 3042- =1 mM, Ethanol = 0.1-10 mM

EDI(i,j,k) = concentration of e- donor k inhibiting RTEAP(i,j)
FIEA(, j) = [TKMIEA(, j, KY/(KMIEA(, j, K) + EAI(, j, K))
k

Stop ethanol input after 300 days and allow system to reoxidize

KmIEA(i,j,k) = half-saturation concentration of e- acceptor k inhibiting RTEAP(i,j) 0.1 mM Ethanol Input 1 mM Ethanol Input 10 mM Ethanol Input
EAI(i,j,k) = concentration of e- acceptor k inhibiting RTEAP(,j)
BM(i) = Biomass of microorganisms catalyzing TEAP(j) (g/cells L)

) » b «: 1.3x10% 1.2x102 ﬁ: 1.3x10°% 1.2x102 ﬁj 1.5%10- 1.2x102
BM(i)” = BM(i)/ESfss (g cells/mol free surface sites) 3 10x10% 10x102 Q 3 Lox10% 10x102 Q 3 10x102 @
. - . .E 75x104) 75x10% 5 N% 7.5x10 75x10% 5 E 1.0x10 75x10° 5
TEAPs: Microbial Biosynthesis e 50400 2 G 50x0 soa00 2 G (oo 5.0x10% 2
. - . . ‘6 25x10 25x10° & 5 2.5x10% 25x10% & o 25x10%
RBM(i) = X s0(i, j) x RTEAP(i*, j*) x ProdcoefBS(i, j1) x gmwcells 2 o o e o o e o Lo
i*,j* 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
RBM(i) = Total rate of BM(i) biosynthesis (g cells/L/d) Time(d) Time(e) Time(d)
s0(i,j) = Fraction of e- donor used to produce biomass in RTEAP(i* j*) 3 o , -
RTEAP(i*,j*) = Rate of electron transfer coupled to RTEAP(i* j*) (mol e-/L/d) = 3.0-10 2:5x10 L2~ 30x0? 2.5x103 3 T 40710 2:5x10 s 2
i*, j* refer to RTEAPS that involve BM(i) 3 20x102 20a07 = , 20:0° S 3 30x102 20a0 2
ProdcoefBS(i,j,1) = mol cells produced per e- in biosynthesis coupled to RTEAP(i*,j*) S e 15310 Lo E 20-10 1510 § 5 2.0%102 15x10 X b
ProdcoefBS(i,j,1)=FNNHA4(i,j)*0.05+FNNO3(i,j)*0.0357+FNN2(i,j)*0.0435 3 1.0x10%) AdueousFe() 1.0-10 '3 F ioaon 104000 3 5, 10102 5
biomasscoefdenom(i,j)=FNNH4(i,j)*20.0+FNNO3(i,j)*28.0+FNN2(ij)*23.0 @ So-0% = 9 50104 2 @ 50104
- 0 0 0 0 < < 0 +0 -~
gmweells = molecular weight of cell biomass (g/mol) 0 100 200 300 400 500 0 100 200 300 450 560 0 100 200 300 400 500
Time(d) Time(d) Time(d)
Secondary Redox Reactions ~ ~ ~
“ » L > L 2
i . . - 5 2. -4, —Total U(VI) ' s 2 3 50x104 y s 2 S 5.0x10 0x10% 2
RSRR(j) = kRedOxid x Red x Oxid x FTSRR(i,]) g 2oa0% e U LOa0® 5 g 500 10<10% 5 g 50x10 Lox0® &
z 2.0x104{ —UO2(s) 1.0x10+4 4 @ 4.0x104 1.0x104 S @ 4.0x104 1.0x10+4 14
kRedOxid = second-order reaction rate coefficient 1/(mol/L)/d § 1‘5X10:7“=}> 1'0“0: 'g\ § 3'Ox10: 1'0xw: % § 3'0“0: 1.0x10: E
Red = Concentration of reducing reactant = 10x10 . 10x10 .3 = 2'0“04 10<10 .3 = 20410 . 1.0x10 =
Oxid = Concentration of oxidizing reactant < 5'0“00 i-gxig 12 E 1-0>‘100 i-gxig - 1-0x100 1.2?2 e
FTSRR(i) = max(0, (1-exp(dGrxnSRR({))/0.008314/(273 + Temp)))) ] 0 100 200 300 400 500" s g 0 100 200 300 400 500" < E 0 100 200 300 400 500° =
dGrxnSRR(i) = free energy for SRR(i) (kJ/electron) = Time(d) = Time(d) = Time(d)
Temp = temperature (K)
Mineral Precipitation Reactions In sufficient electron donor Igadlng Moderatg electron donor loading ‘I‘Excesswe“electron donor loading
=>no Fe(lll) or U(VI) reduction => sustained Fe(Il1)/U(VI) burns out” Fe(lll) pool => U(VI)
RMPR(i) = kprecip(i) x (OMEGA(i) - 1.0), OMEGA(i) > 1 reduction throughout reduction scavenging failure after ca. 150
RMPR(i) = kdiss(i)x Min(i) x (OMEGA(i) - 1.0), OMEGA(i) < 1 phase d; extra FeS produced does not

really retard UO2(s) oxidation
kprecip(i) = mineral i precipitation rate constant (mol/L/d)
kdiss(i) = mineral i dissolution rate constant (1/d)
Min(i) = concentration of mineral i (mol/L) TOO LITTLE JUST RIGHT TOO MUCH
OMEGA(i) = exp(dGrxnMPR(i)/0.008314/(273 + Temp))
dGrxnMPR(i) = free energy for RMPR(i) (kJ/mol)
Temp = temperature (K)



