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CAH-Modeling
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Modeling in WP5

Batch tests

1 Model for 3 Tasks

\

kinetic data )

\ 4

Column tests

transport data )

Field sites

Dynamical Modeling )
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Two Options of the CAH-Model

F(t)
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Reactive Transport
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Batch Test
(Kinetics only)
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Sediment (Pore Water)
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Batch Reactions — Set-up

Bulk Water
1T Exchange Rate g
AX Sediment T
(Pore Water) <07 UGt
parameter !
‘ area A
Pore Water | V, =¢-V_, =¢&-AAX

Sediment My =Pp * Vi
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Batch Reactions — 3 Phases

Bulk Water
Tl a
Pore Water j>
. JUTT

Sorbed Phase

uonepelbapolg
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Batch Reactions — Mass Transfer

dm;" _ gV, (¢" —c%) Biodegradation
dt P i i l
dm’ dm’
L — gV, (¢ =cY=iAm’ —=a.m’ |+ |
dt q P ( I I ) { — A+ I } ( dt ]bio
S
dg:‘ _{k_mip —A,m’ }

Sorption
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Biodegradation — Part |

d [PCE] . )
dt =—-A PoT
L
dt . d[CAH] ( )
d[DCE]  ue  rm  paer == AVLe + AV
dt — AT—>D - AD—)V - AD—)C dt
d [VC] ana ana aer
— A A A
dt DoV V—-E V—-C )
d ETH ana aer . .
[ it ] = AV e —AE ¢ abbreviations:
A = N+ AT+ AT + AT
i N = NG+ N + AT
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Biodegradation — Part |l

T
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d[C,,]
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Enzyme Kinetics — Rate Equation

_ temperature pH
@ biomass dependence dependence
& \
- v v K
:"UCED) > ATE] = Xanafi—>j (CAH) ) f2 (Corg) f3 (T) f4 (pH) ) I:inh
C aer aer
E| | AT =X"1(CAH)-f,(0,) f,(T)f,(pH) \
/4 A \
F _ Kinh
MICHAELIS-MENTEN ™K. +[0,]
and HALDANE
f,(c)= €] non-competitive
‘ K
o +lel inhibition
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Enzyme Kinetics - Inhibition
+ 5 competitive v [S] ., [H]
inhibition Kl +[S] | - K,
E H

EH
_I_r; If-inhibiti
B 1TE e [ag] v
E 28 ESS f
_l_% +5 7 > nonl—co_mpetitive Vo [S] 1 | _1. 161
— Inhibition Ke+[S] 1, | ° .
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Kinetic Data

K K, K. K, | K

i+1

pmol/ug/d UM UM UM UM

PCE | 124108 | 1.6 0 0 1.8
TCE | 125.10% 1.8 900 1.6 1.8
DCE | 14.103 1.8 750 1.8 62
VC 8-103 62 750 1.8 0
k. X
rate = ——
Kil + ]+ [i]° / Kii
\ - -
\ hz1+ﬂ‘ﬂ+ﬂ+ﬂ
I<i—l |‘<i+1
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CAH-Modeling

EXAMPLE
CALCULATIONS

enne VC
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Zenne VC - Degradation Order ??

“KELLY’s Approach”

In [VC]

9,00
8,00
7,00
6,00
5,00
4,00
3,00
2,00
1,00
0,00

Zenne 06/12/05 post 25 left side bottom sediment NA 1

5 10
time (days)

15

20

y = -0,0956x + 7,9028
R? = 0,9076
O post 25 left side bottom

sediment NA 1
= 52% VC degradation
28% VC degradation

— Linear (52% VC degradation)

— Linear (28% VC degradation)

y = -0,0695x + 7,8277
R? = 0,8804
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Zenne VC - Degradation Order

log-Scale
/

— K = 1,0 mmolL

) N
— E = 1,8 mmolL &
-8 — K =3,0 mmolL \\\ &\\

0 50 100 150 200 250 =00 250 400 450 500
tine [hours]

In WV C [mh]
-1 ba
;/ J
___..-f/ /47
,7

Michaelis-Menten = Kinetic 15t order + Kinetic 0" order
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Zenne VC - Variation of k

0,035

0030 | ° = K=1,8uM

— 0,025 o

=

£ 0020 - \

.5 ’ \\

£ 0015 ~_

g 010 K = 0,008 - ~__

§ 0010 19— k-0006
0,005 | — k=00045 \ xb\‘o\ \\

! — k=0,003 ) -
0,000 | | ‘ ‘ \ 0 0 0 o
0 50 % 100 150 200 250 300 350 400 450 500
t [hours]
kX
rate = —
K+[i]+[1]" /K,
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Zenne VC - Variation of K

0,035
0,030 \C\-ﬁ k =0.,0045
o
5 0,025
5,
5 0,020
i |
£ 0015 %
£ o010 B0 N
—E=138 \h
0,005 H k=30 %
0,000 RN
0 50 100 150 200 250 300 350 400 450 500
T t [hours]
rate = —
K+[i]+[1]" /K,
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CAH-Modeling

EXAMPLE

Mass Balance In
Degradation Chain
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Degradation Pathways

reductive
dechlorination
(anaerobic)

2CO, + 2CI-

2CO, + CI- ETH
aerobic

oxidation 2CO,
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Example A

1,0 -
0,9 1
0.8 - case A
— 0,7 -
S
E,0,6 -
[
2 057 m ETH
£ 04 = AV/e
£ 03 O DCE
(]
02 O TCE
O PCE
0,1 1
0,0 rrrrrrerrrrrorrrerrerrrrrrrrrrrrrrrrrrrrrrrrrrrrr T T T T T T T T T T T T T T T T
0 120 240 360 480 600 720 840 960 1080 1200
t [hours]
1 mM PCE i
1 mM DOC DOC is exhausted
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Example B

0 120 240 360 480 600 720 840 960 1080 1200
t [hours]

1 mM PCE i

3 mM DOC Degradation time too short
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Complete CAH-Degradation [

June 2006

ncentration

C

I ETH
O vce

0O DCE
O TCE
O PCE

120 240 360 480 600 720 840 960 1080 1200

o
w b
I I

concentration

o

case B

concentration [mM]

120 240 360 480 600 720 840 960 1080 1200

120 240 360 480 600 720 840 960 1080 1200
t [hours]
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Example R1 — Three Phases

120 O CAH_ads
110 O ETH_bulk
100 case R1 B VC_bulk
90 - O DCE_bulk
80 - B TCE_bulk
S 70 - O PCE_bulk
S 60 E ETH_pore
o 50 - O VC pore
g 40 - O DCE_pore
30 | O TCE_pore
20 O PCE_pore
10 -
0 2500 5000 7500 10000 12500 15000

t [hours]
The Most General Case
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CAH-Modeling

PROGRAM
CAPABILITIES
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Dynamical Model - Main Processes

Dispersion
Sorption

v Vv v

Transport

T

Enzyme
Kinetics

\/

Population
Dynamics

\

Biodegradation

¥

¥

&
=
88| |8|le
2l gl
2| W=
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Geochemistry

¥

Multi-Layer Model
(Compartment
Model)

reductive
dechlorination

aerobic
oxidation

PhreeqC
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Mass & Charge conservation




SEDBARCAH Computer Program

& new start
@ continue
kCHM
kOUT
kOUX

N cell 40
steps = 400
T [P¥] 10,0

with Dispersion
area [m2] = 0.001385

with Adsorption

with Reaction
Population Dynamics
with lon Exchange

UIT Gk

SEDBARCAH

Input Directory

Graphics

Q@ Chem without PhreeqC
@ Chem with PhreeqC

2006

Time Dependence

‘(PEE {TCE ¢ DCE C WG ETH (‘Sum|

Online Visualization

) i T

r=TTTE O T ||

June 2006

fast C++ code

Incl. PhreeqC

high flexibility

== =
8 =8 =
= 5l

=
&

‘—Cﬁz_solu — C40_solu C32_pore — C40_pore

=
=]
[VBw] -suonatod

Parameter | C40_solu | C40_pore

Space Distribution

temp 0 0 0 0
pH
pE

Hion

@ UMWELTLEISTUNGEN



Dynamical-Model Capabillities

D12 D13 »—— Now used
Population Dynamics X
Anaerobic Pathway X X

Aerobic Pathway

T-Dependence

pH-Dependence

Nutrient Limitation

Enzyme Kinetics

0O2-competition
Advection + Dispersion X .~ Finally used

Time-Dependent Inflow

Multi-Layer

Transport

Heterogeneous Populations

Complete Analyses
Open CO2-System

Phase Equilibrium

PHREEQC

Total Program
Capability

lon-Exchange
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CAH-Modeling

BASIC PRINCIPLES

and
Open Questions
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Microbiology

2400 B.C. | Beer/Bread Fermentation
1670 LEEUWENHOEK’s Microscope since 1970/ 80
A\ 4 \
1870-1890 PASSTEUR, KOCH, Subsurface
WINOGRADSKY, ... Microbiology
J
" astonishing Diversity
4 I _ |
: .. In Situ Rates of Metabolism
Agriculture, Medicine,
Food Industry Groundwater Chemistry
\ )
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Interplay of Different “Sciences”

N
[ Ecological Issues } <:> [ Dynamical Issues

/

Microbial Diversity ? Batch / Column Tests
Degradation Ability ‘ Molde”ng (Enzyme Kinetics)
In Situ Rates
X = X(1) |
Change of Groundwater
c =c(1)
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Population Density ?

500 DOO Q==
© 09 E,, 0=

0 0 o0e U 000

©,

(o)

O strain a

e enzyme A () stranb

° enzyme B (D strain ¢

X, # X
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Bacterial Growth

y
Individual Cell Populations of Cells
(Cell Crowth) Increase in
Increase in Total Number of Cells
Cellular Mass
and Size 2( @
Difficult | \
to Measure .

/

/

__ | | | | | | t

Lag Exp Stationary Death
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Electron Transfer

e-Acceptor

e-Donor

DCE VC + CI- O, 2H,0
N v
Microbe 12e' Microbe 14e'
Y5 CH,O Y5 CO, > DCE CO,+ CI

reductive aerobic oxidation

dechlorination
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Complete Degradation Chain (Symbiosis)

DOC
[ Fermentation } CAH
} - ) R _
” Dechlorination
Acetat L ) CO,
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Impact on Groundwater Chemistry

Chemistry Changes

| |

Microbial Abiotic

Source of CO, ? T T

Laws of Thermodynamics
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Equilibrium or Non-Equilibrium ?

Thermodynamics <:> Kinetics

Energy , Entropy ...

Rates / Velocities

PhreeqC
Redox-Reactions
C(-4) (= C(0) (= C(4)
CH, CH,O CO,
Temperature T Time t

(e—kT) (e—ikt)



CAH-Modeling

LINK TO
GEOCHEMISTRY

(PHREEQC)

H. Kalka, UIT GmbH Dresden, German y / June 2006



Water is more than H,O

Dissolved lons / Complexes:

H*OH-H,O AISO, AlI(SO,)? ABR*AI(OH)?* AIHSO,2* AIOH?* AIOH,; AI(OH),
CO, HCO,~MgHCO,;* FeHCO, CaNCO,;* MnHCO,* NIHCO,* ZnHCO,*
NaHCO, UO,CO,; NiCO, PbHCO,* FeCO,; MnCO, MgCO, ZnCO, CO,*
CaCO,; PbCO,; NaCO, UO,(CO,),%> Pb(CO,),* (UO,),(CO,)5 Ca?* CaSO,
CaHSO, CaOH* CI- FeCI* MnCI* NiCl* ZnClI* FeCl,* UO,CI* NiCl, MnCl, PbCI*
ZnCl, ZnOHCI FeCl, PbCI, UO,CI, MnCl;- ZnCl;- PbCl;- ZnCl,?- PbCI,?- Fe2*
FeSO, FeHSO,* FeOH* Fe(OH), Fe(OH),~ FeSO,* FeOH?* Fe3* Fe,(OH),*
Fe(OH),* FeHSO 2" Fe,;(OH),>* Fe(OH), Fe(OH),” H,K* KSO,” Mg?* MgSO,,
Mg(OH)* Mn2* MnSO, MNOH* Mn(OH),;- Mn3* MnO,2- Na* NaSO,- Ni* NiSO,,
Ni(SO,),2- NiOH* Ni(OH), Ni(OH),- O, PbSO, Pb?* Pb(SO,),2- PbOH* Pb(OH),
Pb,OH3* Pb(OH),- Pb(OH),> Pb,(OH),** SO,?- HSO,  ZnSO, Zn(SO,),*
uo,SO, UO,(SO,),> UO,2* UO,0OH* (UO,),OH3* (UO,),(OH),%2* UO,(OH),
(UO,)4(OH),2* (UO,)4(OH)s* (UO,),(OH)," UO,(OH),> (UO,);(OH),” Zn**
ZnOH*Zn(OH), Zn(OH),-Zn(OH),%- ... and so on
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Complete Hydrochemistry

e Speciation (Debey-Huckel) ||
e Complexation Iirgezoemggrg
< Acid-Base (H-Transfer) 1L
e Redox Processes (e-Transfer)
« Homogeneous Reactions (Mixing) P
e Heterogeneous Reactions

(Phases, Gas) tr[‘gtrgggg’e”'

e OF-Adsorption
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More Info: SEDBARCAH project
Deliverable D12

www.aquac.de/model.html

End of
presentation.
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