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PARTO1. Introduction




Why PRB is developed?

s Various geogenic and anthropogenic sources have
caused the emergence of numerous toxic contaminants

chlori'nated

. 't
in the groundwater. compounds fo o
. . . . . . H DANGER
¢ The increasing concentration of contamination has = | =
caused adverse effect on humans, animals, and ¢ ¢
environment. g S e C Ny
|
. . ° ° . H
Efficient groundwater remediation technique: hydrocarbons  radionuclides
e v’ Physical, chemical, and/or biological\
R processes to remove contaminants of
concern (COCs)
v’ Cost-effective!
B No requirement of energy and input
Ee r mte a b |Be . resources J
ss=pumsix NEACULIVE Darrier
SRE Contaminant-bearing
Source Area 4

Source: http://www.kaitiangroup.com/business/1803.htm



Multi-PRB remediation system

** Many reactive contaminants would degrade or +DCE
decay to produce daughter products. S

. - . . PCE TCE p c-DCE Chloride  Ethene
—> Coexistence of multiple contaminant species ISR NI S
i ) ] cl Cl Cl H \ H H H H H

—> Existence of daughter species in downstream o

AN

Contaminant Source

Multi-PRB system has higher removal

| efficiency for multi contaminants.

Teeated ® Lee etal. (2010): 2 reactive barriers
® Xuetal (2012): MODFLOW/MT3DMS

water
® Singh et al. (2020): MODFLOW

Contaminated Plume

Rahul Singh et al. (2020)

Ground water flow




Modelling for Multi-PRB system

Modelling of PRB design would aid in analyzing
performance of the PRB system for longer time periods and
simulate behavior under various plausible scenarios.

Contaminant Source

Contaminated Plume :

Ground water flow

Treated
water

Influencing factors include:
e Configuration
* Location
* Thickness (residence time)
* Orientation of barrier
* Contaminant properties
 Material filled in

Rahul Singh et al. (2020)



Mechanisms of contaminant transport

Example :
" Cy(x, t dCq(x, t dCq(x, t o :
D 1(2: )—V 1( ’ )—M1R1C1(X,I)ZR] ]( ’ ) D : dispersion
OX OX ot V : advection
) L : decay rate constant
Dé'l Cf(}; ) _ V@C,-(x, ) _ WRiCi(x, t) + 1 Ri_1Ci_1(x, 1) R : retardation coefficient
8x X i : number of species (multispecies)
0C;i (x,t) .
= R” . 1=2...N. Chen et al. (2020)
|_ | 8t
& equilibrium sorption nonequilibrium sorption
(. N ® ®
| ratio of speed of plume migration O O
| to average groundwater veIOC|ty| ® ® ® PY

|\caused by sorption ,

e — — — — — — — — — — — — — — — — —

dissolved phase

sorption rate — o0 sorption rate: 0.5



Literature review of PRB modelling

a. transport parameters in PRB and aquifer c. decay reaction in degradation pathway

b. effective tool for performance evaluation d. mass transfer between dissolved and
sorbed phases

S b. Analytical | | c. Multispecies O e

Literature i :
domain sorption

Leij et al. (1991) X

Pérez Guerrero et al. (2013)

Cho (1971)
Gureghian and Jansen (1985)
Singh et al. (2020)

Guo et al. (2000)

X
X
X
v
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Objective

** Analytical modeling and performance evaluation
for multi-permeable reactive barrier system for
groundwater remediation

» decay reaction and coexistence of multispecies

» nonequilibrium sorption
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Governing equations

Aquifer 1

PRB 1 Aquifer 2

PRB 2 Aquifer 3
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| A=0 i=1..N 0<x<x,. t=0,
: i-1 ﬁal S('C f) GC('C f)
Aquifer 1 :_*J*’s’l Gty [C (et ==t } > dissolved phase
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Governing equations

Aquifer 2

PRB 2

Aquifer 1 PRB 1 Aquifer 2 PRB 2 Aquifer 3
x =0 X=X X=X, X=Xz X =X,
&°C,(x.1 oC(x.,0) _,
Dﬂ%_“}az (x )—ﬂézﬂ(-‘@f)
i ,ﬂ.fj =0 i=L..N x,<x<x,. t=0
’F’&;?IC 1(,{ f)‘|‘ ﬁ C( f) S, (Y f) 6(:(.1':?)
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oS (x,t S.(x.t
Pa ( )_ r'T' C( )_ (,r' ) 0 .
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=0 i=L..N x,<x<x, t=0
ARG e+ 22 € - S0 | L 20D
6,, pz ot
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G Ove r n i n g e q u a t i O n S Aquifer 1 PRB 1 Aquifer 2 PRB 2 Aquifer 3

x =0 X=X X=X, X=Xz X =X,
Rt
PCn | aCn 5
!Dafs T I _/lafsc.f (JC:, f) |
| A=0 i=1...N x,<x<L. >0
; ; . S.(x,1 oC.(x,r) = T !

40 G, r)+’j -‘*[C (1)~ ;E; )j —ér ) dissolved phase
Aquifer3 :l:.':.':.':.':.':.'_ﬁ'g’.'_.':.':.':.'_—a%'._.':.':.':.':.':.':.'_—.':.':.':.':.':.':.':.':.'.!
1 a8 (x.1) ; S.(x,1) |
aj a3 CI( )_ i 0 .
| &t . y.=0 i=L. N x,<x<L, t=0

N : total number of species coexisting in the chemical mixture /. first-order degradation rate constant of specie 7 in the
C(x,t) : concentration of speciesi in the dissolved phase dissolved phase _ o

S.(x,t) : concentration of speciesi in the sorbed phase y. : first-order degradation rate constant of specie i in the
v- . average steady-state pore water velocity sorbed phase _ _

x - spatial coordinate v stoichiometric yield factor from species i-1 to species i
D. : dispersion coefficient al, pl, a2, p2 and a3 : aquifer 1, PRB1, aquifer 2, PRB2

and aquifer 3



I n itia I CO n d itio n S Aquifer 1 PRB 1 Aquifer 2 PRB 2 Aquifer 3

x=0 x=x x=x X =x; x=2x,
C(x.t=0)=0 O<x<x, i=L.. N S(x,t=0)=0 0<x<x, i=1.,N
C.(x,t=0)=0 x, <x<x, i=1..,N S(x,t=0)=0 vy <x<x, i=1L.. N
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C(x.t=0)=0 x,<x<x, i=1..,N S(x,t=0)=0 x,<x<x, i=L...N
C(x.t=0)=0 x,<x<o i=L..,N S;(x,t=0)=0 x,<x<o0 i=L..N



Boundary conditions

oC(x=0.t
@002, o

Cx=x.1)=C(x=x,.,t) i=L...N

@ OC.(x=x,.1)

oC.(x =x,".1)
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@ OC.(x=x, ,1) oC.(x=x,",t) .
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Aquifer 1 PRB 1 Aquifer 2 PRB 2 Aquifer 3
x =0 X=X X=X, X=Xz X =X,

Cx=x,.))=C(x=x,.1) i=1..,N

6(:2 Dal

O0C.(x=x; ,1)

ox

C(x=x,.0))=C(x=x,.,t) i=1L...N

0.,D
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e e ax
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1

TR

= 9(:3Da3

*
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ox
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> Satisfy the continuities of species
concentrations and mass flux at interfaces
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i=1..

*

N
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PART 03. Preliminary results




Solution of Species 1

s Aquiferl
Cl,}_’, (x, S):Alealx + Bleﬁlx

v, +\/(v 2+4Dm€1ﬂ](5‘)
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Vo \/(vpl ) 4D plgipl (S )

Z =
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Solution of Species 1

* Aquifer3

C,(x, s)=Le" + K, e"

VYt \/(vﬂ3 )2 +4Da3t91”3 (S)

X, Sx< o0

g 2D,
V- \/(va3 )" +4D,.0° (s)
: 2D .
where
e™'il . pil

s gl—e™hl glg— phl

glr gl
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K —

1

Aquifer 1 PRB 1 Aquifer 2 PRB 2 Aquifer 3

x =0 X=X X=X, X=Xz X =X,

- glr K - pil
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Solution of Species 1

Aquifer 1 PRB 1 Aquifer 2 PRB 2 Aquifer 3
x =0 X=X X=X, X=Xz X =X,
cl —b1A
Kl — : X
al d=0,,D,a.e™
a a cd _ Bx
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Solution of Species 1
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2-layer PRB system

% Species 1

C(g/m3)

~ ~ ~ ~ ~ ~ ~ ~ ~ ~
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~
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0 2 4 6 8
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6
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Parameters considered

Parameters Values
Domain length, 7 [m] 4
velocity in PRB, v, [m day'] 0.2
velocity in aquifer, v, [m day] 0.33
Dispersion coefficient in PRB, Dp [m?day!] 0.01
Dispersion coefficient in PRB, Dﬁ [m? day!] 0.67
Bulk density, p; [kg L] 1.3
Sorption reaction rate constant, /3; [year!]

Species 1 50

Species 2 50
Source concentration, C,, [gm™]

Species 1 0.05

Species 2 0.03
Yield coefficient, y., .. [-]

0.8

y speciesl—»species2

Aquifer
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PART 04. Future works




Future works

Aquifer 1

PRB 1

Aquifer 2

PRB 2

Aquifer 3

X:.Xl

X:xz

X:x3

Solving equations of multi-PRB system (5 layers) analytically

Model verification (numerical mod

Sensitivity analysis

Multi-PRB system design scenarios

el)

x:.X4_




Thanks for your
attention!



Table 1:

Reactive Materials

Geochemical Process

Activated carbon Adsorption
Amorphous Ferric Oxyhydroxide Adsorption
Basic Oxygen Furnace Slag (BOFS) Sorption

lon exchange resins Adsorption

Zero-Valent Iron

Reduction and precipitation

Limestone

Precipitation

Apatite

Precipitation

Sodium Dithionite

Reduction & precipitation

Sulfate Reducing Bacteria

Microbial degradation

Zeolites

Adsorption

Sand/Gravel beds + nutrients + oxygen

Promotes microbial degradation

3Fe® —» 2Fe?* + 4e~
3H,0 —» 3H*+ 30H"

2H*+ 2e~—> H,

Reactive materials used in Permeable Reactive Barriers. (Bronstein, 2005)

R-Cl+H*+2e">R-H+Cl™
3Fe’ + 3H,0 + R-Cl - 2Fe’*+ 30H + H, + R-H + CI~

Figure 3b: Abiotic reduction of a chlorinated organic compound (Vogan, 1999)



Solution of Species 1

** The current problem..
[ |

' LAPLACE inverse
PR E RN NNl PR RN RTINS SRR REINNY

ALPHA=0.DO
RELERR=1.D-7]
KMAX=100000

call DINLAP (Fun, NT, T, ALPHA, RELERR, KMAX, FINU)
Wwrite(»=,») "RESULT=",x,FINU

Aquifer 1

PRB 1

Aquifer 2

PRB 2

Aquifer 3

X:.Xl X:xz

#E% FATAL EEROR | nym DINLAF. The accuracy requested cannot be achiewed

EEE within EMLE = 10000 function evaluationz for gomne TEI].
Press any kev to continne

X:x3 x:.X4_
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Parameters considered

Parameters Values
Domain length, 7 [m] 4
velocity in PRB, v, [m day'] 0.2
velocity in aquifer, v, [m day] 0.33
Dispersion coefficient in PRB, Dp [m?day!] 0.01
Dispersion coefficient in PRB, Dﬁ [m? day!] 0.67
Bulk density, p; [kg L] 1.3
Sorption reaction rate constant, /3; [year!]

Species 1 50

Species 2 50
Source concentration, C,, [gm™]

Species 1 0.05

Species 2 0.03
Yield coefficient, y., .. [-]

0.8

y speciesl—»species2

Aquifer

X:OO
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COMMON /PARTE/theta_al,theta_p1,theta_aZ,theta_pZ.the

T=1.do

POTERRIE

c10:=10.d0
x=0.4d0

val=0.2do

up1=0.33d0
vaz=0.33do
up2:0.33de
ua3=0.33do

Da1:=0.01d0
Dp1:=0.67d0
Da2=0.670

Dp2=0.67d0
Da3=0.67d0

tttdecay

Dlambda_al=1.2d0
Dlambda_pl1=0.2d0
Dlambda_a2=0.2d0
Dlambda_p2:0.2d0
Dlambda_a3=0.2d0
tttsorption rate

beta_al=50.d0

beta_p1=50.d0

beta_a2:=50.d0

beta_p2:=50.d0

beta_a3=50.d0

t1thulk density

rho_al=1.3d0

rho_p1=1.3d0@

rho_a2=1.3d@

rho_p2=1.3de

rho_a3=1.3d0

tttdistribution Coefficient

DIS_Kal=1.89d@

DIS_Kp1=1.89de

DIS_Kaz2=1.89de

DIS_Kp2=1.89d0

DIS_Ka3=1.89d@

ttiporosity

theta_al=0.5d@

theta_p1:-0.3de

theta_a2=0.3d0

theta_p2=0.3de

theta_a3=0.3de

O

1 LAPLACE inverse
R PP TITINY PR PRRRN LT IY pRRRRIILIIILILIOYY

ALPHA=0.DG|
RELERR=1.D-7
KMAX= 100000

call DINLAP (Fun, NT, T, ALPHA, RELERR, KHMAX, FINKUV)
write(=,») "RESULT=",x,FINU
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Credential=ASIAQ3PHCVTY745XELDJ%2F20230922%2Fus-east-1%2Fs3%2Faws4 _request&X-Amz-
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24ee5064718a6b4fd9292828291e7&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S01697722120
00538&tid=spdf-64a674b1-6d49-4350-a0ac-
340782fda802&sid=ce4a27293894b440009bf8d25617aec10bebgxrga&type=client&tsoh=d3d3LnNjaWVuY2VkaXJIY3QuY29t&ua=0e115853
05560659065753&rr=80a8a7c01bd66b69&cc=tw
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N : total number of species coexisting in the chemical mixture i: . first-order degradation rate constant of specie i in the

C,(x,t) : concentration of species i in the dissolved phase dissolved phase

Si(x,t) : concentration of species I in the sorbed phase y! - first-order degradation rate constant of specie i in the
V.. . average steady-state pore water velocity sorbed phase

x : spatial coordinate yi : stoichiometric yield factor from species i-1 to species i
D.. : dispersion coefficient al, pl, a2, p2 and a3 : aquifer 1, PRB1, aquifer 2, PRB2

and aquifer 3

Al first-order degradation rate constant of specie i in the
dissolved phase

v, - first-order degradation rate constant of specie i in the
dissolved phase

A . retardation factor

y': stoichiometric yield factor from species i-1 to species i
al, pl, a2, p2 and a3 : aquifer 1, PRB1, aquifer 2, PRB2
and aquifer 3
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