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1. Introduction

* With the development of chemical industries and chemical products,
many synthetic organic compounds have polluted groundwater.

B Japan: 30% wells contaminated by PCE and TCE, 3% wells exceed drinking water
standard

B US: chlorinated solvents are detected at 80% of Superfund sites

s PCE and TCE, like other VOCs, frequently exceeded drinking-water
standards, and were the 2" and 4t most frequently detected VOCs in
samples(Partick et al. 1987; USGS 2006).

Biochemical degradation can effectively remove organic matter
How? from groundwater, and natural attenuation often degrades organic
contaminants to innocuous compounds.



1. Introduction

¢ Bio-augmentation technology has become popular for speeding the rate
and broadening the extent of microbial degradation.

B Cultures proven by bio-augmentation technology grow efficiently and can
dechlorinate efficiently chlorinated solvents(ESTCP 2005).

B |njection of emulsified soybean oil was effective in enhancing reductive
dechlorination in columns study(Borden, 2006).

** The research group carried PCE’s screening tests using 5 reactive
materials in batch reactors:

v Zn : zero-valent zinc

v Fe: zero-valent iron

v' MB : a microbial community

v' ZnMB : zinc and a microbial community
v" FeMB : iron and a microbial community

Pathway for PCE degradation :
PCE— TCE—1,1DCE— ethylene— ethane




1. Introduction

** Groundwater remediation is being augmented at many sites by
innovative techniques including permeable reactive barriers (PRBs)

¢ PRBs are in-situ treatments with reactive materials that can degrade

. . -Z . . =
or immobilize contaminant plumes R P

Treated Groundwater

B mixing iron and bentonite wadiey et al. (2005) T‘f‘a g

B zero-valent iron vaietal (2006) R
B emulsified oil substrate eorden (2007) /‘ | W |
S5 ERYOBRA Permeable Reactive Barrier
SRR Contaminant-bearing

Source Area

Limitation: Losses of reactivity and permeability are common causes
of PRB failure(Henderson and Demond, 2007).



1. Introduction

 Sun et al. (1999;2004) suggest use of simulation as a tool to avoid
potential design flaws.

B [uetal. (2003): 1-D analytic solution for dechlorination reaction network
including PCE and its degradation products

B [aietal (2006): model of transport and transformation of PCE and TCE
using the GMS on the basis of a column test

B NMODFLOW has also been widely used for groundwater flow. RT3D and
MT3D99 can simulate chain kinetic reactions for contaminant transport.

¢ Developing a model without limits on number of species based on
MODFLOW/MT3DMS is very helpful for transport simulation.

Pathway for PCE degradation :
PCE— TCE—1,1DCE— ethylene— ethane



1. Introduction ..

Purpose of the work o e
Cl Cl
** To use FeMB as multi-PRB’s reactive media, o
develop a modified MODFLOW/MT3DMS that /\Cci TE
can simulate a 3-D aquifer contaminated by & l H
PCE and its daughters. i B
\C = C/ 1,1 DCE
Contaminant Source | H/ \CI
H l H
\C=C/ Ethene
H/ \H
Treated l
Contaminated Plume water H H
H\/};—({\H Ethane
H H
: T FeMB = zero-valent iron
Ground water flow + anaerobic microbial communities




2. Mathematical Model

% Using FeMB as PRB'’s reactive media, a contaminated
Assumptions aquifer is composed of PRB zones and non-PRB zones:
(a) effective porosity keeps constant Non-PRB:R,, 2&m = -0 (DU ‘iﬁ;”) — (v{-Cm) m = PCE,TCE, ..., ethane
b) the adsorption follows Langmuir isotherm 3o 3 aChe
(b) . p . 8 . . PCE: Rpcp “SI°E = [}‘i!. (Du‘ Jf}ﬁfE) 31 (viCpce) — ArceCpcE
(c) the biological/chemical reaction follows first-order L}C X o
P e o del TCE:Rrce 5+ = 35 (Du ‘ JIFE) - ﬁ (vi Ctce) + Ypce/TcEAPCE CPCE
. _ _ — AtceCrcE
** Contaminant fate gnd transport in 1. 1-DCE :Ry,1—pcg "2 = & ( jﬂfft;%m) — & (viC1,1-pCE)
groundwater is written as: | PrRE | +YTCE;|,1—DCEE’;[ICECTCE — A1,1-pceC1,1-DCE
Ethylene : Ret?glenew
3 BC a aC 3 — i - -Flhy'lcnu .
R @) = (D,-J-H ) — (v;6C) — A6C 9% (D’f dx; ) ax; (vi Cetnytene)
ot dx; X j x; +Y1,1-DCE/ethyleneA1,1-DCEC1,1-DCE — ieth»]enecetlmene
where Ethane: Regane S = 2 (D,,- f—ﬂfg;?jncc) — 22 (Vi Cethane)
ADS DSP ADV BCR + yethylene,fethanﬁ%thyleneCethy]ene
_ _ _ o P e i e o pdCy  p[ KPSE
C : dissolved contaminant concentration (ML-3) where Ry is a dimensionless factor defined as: g — 1 + Gic = | + 5 {m]
¢ : effective porosity (-) p : bulk density (ML)

Di;: hydrodynamic dispersion tensor (L2T-1) (L2 T1)
vi : average pore velocity (LT?)
/. : first-order reaction rate (T1)
R : retardation factor (-)

C. : adsorbed contaminant concentration (ML3)

K.!: Langmuir constant (L3M1)

S.0: total concentration of sorption sites (MM-?)

(Zheng, 2006) Y. : stoichiometric yield factor that describes the fraction of parent
species m transformed into daughter species m - 1 8



3. Parameter Estimation for PRB's Reactive Media

L)

L)

* To obtain adsorption and degradation
characteristics of FeMB as PRB’s reactive media,

the degradation test of PCE in a sand column
with FeMB was executed.

Inlet

30cm

I p——
= Outlet

Stepl.

A tracer test with KCI was performed to obtain
hydrodynamic dispersion coefficient and average
pore velocity estimated by CXTFIT2.1.

Step2.

PCE was continuously injected at a constant
concentration of C, = 65.2mg/L, and degraded
concentration was measured at the outlet with

ChY* =126 mg/L

FeMB = zero-valent iron + anaerobic microbial communities

Table 1 Parameters in the sand column (Ma 2007)

Parameters

Values Parameters

Values

Bulk density (gfcmj]
Effective porosity

Average pore velocity (cm/day)

16.75

1.45  Column length (cm)

0.41 Inlet concentration (mg/L)

30
65.2

Hydrodynamic dispersion coefficient [cmzfday} 2.034 x 102




3. Parameter Estimation for PRB's Reactive Media

Genetic Algorithms (GAs)

e Adaptive search algorithm premised on

evolutionary ideas of natural selection and genetics.
* The basic idea is to mimic natural selection to

optimize model fitting to data.

\/
0’0

The goal of the procedure was to find the values
of K/“F, SFE and ipce, which could minimize the
objective function, the sum of squared residuals

between simulated and observed values.

Table 2 Estimated parameters in the sand column

Parameters K!P':E (L/mg) SE,’CE (mg/g)  ApCE {da}'_] ) Linear correlation  Coefficient of
coefficient efficiency
Values 35x 1070 724x1072  1.365 0.95 0.90

C/Cy

Langmuir constant

PCE
K I

total concentration of sorption sites SgLE

first-order reaction rate ApCg

0.4

0.3

0.1

*

+ Observed(Ma,2007)

—— Simulated

slightly higher, implying reduction of
FeMB’s degradation capacity over time

time(day)



4. Model verification |

EO.B \\ Species 1
¢ Verification of computer codes focuses on EO'E + e s [
transformation from mother to daughter products. £ ** \
¢ A problem of 1-D transport from Zhang and - ™l ]
Woodbury(2002) and Sun et al. (2004) is selected. % 5 10 15 20 25 30 35 40

Distance from soure(m)

4

* The model domain is a rectangular column

L)

. . . G.E
(0.4x0.4x50m3), discretized into 100 hexahedral
elements of 0.4x0.4x0.5m3. = 015 LA Specie2
& —Our model
E 0.1 8 o Zhang(2002),Sun(2004)
o ] \\
&
Table 3 System parameters (Zhang and Woodbury 2002; Sun et al. 2004) ; 0.05 \‘\
Parameters Values Parameters Values \“'1».““
0 hhaax
Average pore velocity (m/day) 0.4 First-order reac]tion 0.1 0 [ 10 15 20 25 30 35 40
rate Ax(day™ ") .
Longitudinal dispersivity (m) 10 Stoichiometric yield factorYy /» 0.5 Distance from source(m)
First-order reaction rate 1 (day~!) 0.2 good agreements between models
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5. Modeling of PCE in Groundwater Subject to Multi-PRB

/ &7 Zero- flow boundary 47557 L /

: . / £ i e //
» Constant head at left and right  PeintSouce  /H=gem /fo5

. C=65.2mg/L i

%5 Observation point /57 H:=80cm//

/ﬁ,

Loz ey //

Doem £ 7 74
»* A point source of PCE (65.2mg/L) 8 oy — W 7
| Y o by i, /

at left boundary (for 20 days)

% 3-stage PRB with reactive FeMB
and thicknesses of 10 cm

Section 1-1

45¢cm

Section 2-2

s* 2 horizontal sections (1-1 and 2-2)

% 1 observation point

Fig. 6 Model schematic

@ rectangular parallelepiped: 80 x 150 x 210 cm?3
© 2,520 elements with dimensions 10 x 10 x 10 cm3
¢ simulation time: 50 days
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Calculation Results and Analysis

¢ To analyze the contribution of each factor
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Fig. 7 Concentration profiles of PCE after 20 days at section 1-1 (mg/L)
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Fig. 8 Breakthrough curves of PCE at observation point

® ADS slows the plume spreading rate.
® peak value of ADV+DSP+ADS+BCR:
65.2 = 0.85 mg/L (98.7%Y)
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Calculation Results and Analysis

¢ To analyze the contribution of each factor
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Fig. 8 Breakthrough curves of PCE at observation point

® ADS slows the plume spreading rate.
® peak value of ADV+DSP+ADS+BCR:
65.2 = 0.85 mg/L (98.7%Y)

® The peak arrives faster, which is led by
higher permeability in BCR zone.
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Calculation Results and Analysis

Breakthrough curves of PCE

s* Compare model results for single-, two-, and ;:; 20r e 270,
three stage PRBs to remove PCE and its daughters E § 7
14 — p—1 14 | F-:[pre 2 I -] I | I é |
- S R B e 5 ol PRB 2 \ ‘36%
10 - / / 16— 104 / ”‘ /~---"'“”"____ g PRB 3
[ \_ (_ =] ﬁ\ A S \
- 6] BN
41 \> T 4 TR - 0.0 '
N 1, — 0 10 30 50
B B R - R TlﬂlE[(]d}'}
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 Fig. 10 Breakthrough curves of PCE at observation point
14 i PRB 3
2 ) oA x}\ | ® The concentrations of PCE in treated water are: three-stage<two-
10 S e stage<single-stage.
8 - 2/ ki _ ) . . .
n ".\ SN ® Multi-PRB can degrade more noxious species to innocuous species.
n T B ® The issue of optimal cost and effectiveness should be taken into
24 3 account during designing PRBs.
,Il .4 () 8 1[-). 1I2 1I4 Ilﬁ “18 EIO

Fig. 9 Concentration profiles of PCE after 30 days at section 1-1 (mg/L)
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Calculation Results and Analysis

%* During restoring a contaminated aquifer T .
using biochemical degradation, clogging Hl—rosorzon | 7N
1.2 NO loss o '

due to and precipitation may cause a loss
of hydraulic conductivity (Long and Borden,

Concentration(mg/L)

2006). 0.8
% The reactivity of material could have a vor
decline over time. 04r
0.2F
[].D | | | |
0 10 20 30 40 50
time(day)

Fig. 18 Breakthrough curves of PCE for sensitivity analyses at observation point

® First-order reaction rate and hydraulic conductivity in PRB
zones are assumed to decrease by 30 or 50%.

® The losses could cause a decline of remediation effect.
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6. Conclusions

** The multi-species transport model of a multi-PRB has been built and

applied to a 3-D model to analyze the treatment efficiency of multi-PRBs.

 FeMB is a potential reactive media for PCE-contaminated groundwater.

* When contamination causes secondary pollution during remediation process,
multi-PRB could be a technology of preferred option.

* The modified MODFLOW/MT3DMS can effectively simulate multispecies chain
kinetic reactions with arbitrary number of species.

* Losses of reactivity and permeability have a significant effect on remediation’s
success.

17
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Schematic diagram of the two-site sorption model. C is the concentration in the solution, S1 is the amount of solute
sorbed on equilibrium sites, S2 is the amount of solute sorbed on kinetic sites, k1 and k2 are the rates of reactions
(Zhang and Selim 20095)
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2.2. Coefficient of Efficiency E

The coefficient of efficiency E has been widely used to eval-
uate the performance of hydrologic models [e.g., Leavesley et
al., 1983; Wilcox et al., 1990]. Nash and Sutcliffe [1970] defined
the coefficient of efficiency which ranges from minus infinity to
1.0, with higher values indicating better agreement, as

E=1.0- . ()

Physically, E is the ratio of the mean square error,

N
MSE=N"'> (0,—P)?

=1

to the variance in the observed data, subtracted from unity. For
example, if the square of the differences between the model
simulations and the observations is as large as the variability in
the observed data, then E = 0.0, and if it exceeds it, then E <
0.0 (i.e., the observed mean is a better predictor than P;).
Thus a value of zero for the coefficient of efficiency indicates
that the observed mean O is as good a predictor as the model,
while negative values indicate that the observed mean is a
better predictor than the model [Wilcox et al., 1990].

The coefficient of efficiency represents an improvement aver
the coefficient of determination for model evaluation purposes
in that it is sensitive to differences in the observed and model-
simulated means and variances; that is, if P, = (AQ; + B),
then £ decreases as A and B vary from 1.0 and 0.0, respec-
tively. Because of the squared differences, however, E is overly
sensitive to extreme values, as is R>.
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Abstract d -

Background a | @
“* Permeable reactive barrier (PRB) as a typical in-situ remediation BE we
technology is successful at many sites, which are contaminated by E e N

organic chemicals .
» PCE can be dechlorinated by FeMB, and the degradation pathway is:
PCE - TCE - 1, 1-DCE —>ethylene - ethane

Purpose Tal
% Use FeMB as multi-PRB’s reactive media, and develop a modified
MODFLOW/MT3DMS that can simulate a 3-dimensional aquifer H\ /H
contaminated by PCE and its daughters. bR, Eeoe
* Adsorption and degradation parameters were estimated by means of genetic algorithm. H H
Results HY 4
** FeMB is potential for PCE-contaminated groundwater. Multi-PRB is a H\};_C/\ Ethane
preferred option for secondly pollution caused by application of one- TN
stage PRB.

** Losses of reactivity and permeability have a significant effect on
remediation’s success.



