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Abstract. This paper presents an analysis of multiple species transpsaturated porous
media under multiplicative Monod biodegradation kinetid anon-equilibrium sorption given
by Freundlich isotherm. The problem is modeled with nordimgystem of partial differential
equations coupled through sorption and biodegradationsteThe operator splitting technique
was employed to approximate the problem solution in two sstejpitially the advection-
dispersion transport problem for the contaminant and omygere solved. Then, employing
this first step approximation as initial condition we soltbd ordinary differential equations
for reactions. The finite element method and Crank-Nicoldreme were respectively used in
the spatial and time discretization of the first step. Thi&edehtial equations for the reactions
were approximated by fourth-order Runge-Kutta method. lisppons for 1D problems
were compared with other solutions obtained in the litesnand some 2D results were also
considered. Numerical results obtained in this work are andyagreement with solutions
presented by other authors. These results allow us to virdfythe biodegradation process,
and consequently the biomass growth, is highly affecteddmyequilibrium sorption.
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1 INTRODUCTION

Groundwater has common use for supply several demands atahzioation of this resource
generates large concern related with public health andr@mwiental conservation. When
incidents induce soil and/or aquifer contamination a watege of techniques can be employed
Andrade et al(2010. Although there are efficient techniques for recovery téeted areas the
monitoring and forecasting of contaminants behavior irssutace are needful requirements to
avoid extraction and consumption of contaminated water.

Contaminant motion in porous media obeys, mainly, mechani®f advection and
hydrodynamic dispersiorde Marsily (1989. If one considers the transport of organic
contaminants, their concentration can also vary due tpiochl reaction8Barry et al.(2002.
Besides that, another important phenomenon to be consdideréhe sorption/desorption
(generally called only of sorptiordencrant1991).

Biodegradation is a organic matter transformation proecesdiated by bacteria or other
biological organism that can provide the completely mifieasion of organic contaminants
or even diminish their toxicity and mobility. This usuallg@urs spontaneously, but can be
stimulated to promote a fast contaminant decay. Among retied techniques those based
on biological reactions (bioremediation) are widely usedrémediation of sites contaminated
by organic compoundéAndrade et al(2010. Therefore, biodegradation reactions should be
considered in models for the prevision of contaminant pldisplacement in soils and aquifers
Bear and Chen@010.

The sorption phenomenon, i.e., solute mass exchange imtédaice between phases in
porous media, induces delays during the transBerrano(2001, 2002; Maus et al.(2010.
Although many kinds of sorption/desorption can be distisged in soils and rocks, two
broad categories, adsorption and absorption, are norndfigrentiated. In adsorption,
solute accumulation is generally restricted to a surfadevdxen the solution and the solid
phase. In contrast, absorption is a process in which theaesoiterpenetrates the solid phase
Weber Jr et al(19917).

Some studies using computational modeling have been ctewiuo understand the
behavior of contaminants in porous media. However, many heflseé works did not
consider the simultaneous interactions between differeactions in the system. For
instance, one can find models considering only biodegrawnlati Sun and Clemen1999;
Gallo and Manzini (2001); Curtis (2003; Bell and Binning (2004 or only sorption in
Farthing et al(2006; Frolkovic and Kacu2006. Others studies combine linear sorption and
nonlinear biodegradation kinetics can be seeiGallo and Manzini(1998ab); Cheyns et al.
(2010; Sun et al(1998. Few works treat the coupling among nonlinear sorptionrasrdinear
biodegradation kinetics as it was studied Gguto (2006; Couto and Malta(2008 for the
unidimensional case and bidimensionalN\dgus(20117).

Nonlinear reactions of sorption and biodegradation coxtbiim the transport equation are
addressed here. This problem is modeled as a nonlineansy$feartial differential equations
(PDE’s) coupled through reactions terms. In our model wemnpleyed three species: organic
contaminant (electron donor), oxygen (electron accepo) the aerobic microorganisms
(biomass).

The operator splitting technique was applied to approxemhbé problem solution in two
steps. In the first stage only the advection-dispersionlprolbor contaminant and oxygen are
solved and in a second step we solved the ordinary differkatjuations (ODE’s) system for
the reactions terms. The finite element method and Crankldio scheme were, respectively



used for the spatial and time discretization of the first stpe reactions ODE’s system were
approximated by the fourth-order Runge-Kutta method. Aagions with unidimensional flux
were compared to other solutions obtained in the litera@wato (20069; Couto and Malta
(2008 and some two-dimensional flux problems were also analyzed.

A discussion about multiple species transport at satuadeolus media is presented, based
on numerical solutions achieved for 1D and 2D fluxes. The nssuoe is to understand the
organic contaminant behavior, considering their inteoast with oxygen and the biomass
through the biodegradation reaction and, simultaneouslyergoing sorption reaction.

2 MODELING

Soil and rocks (porous media) are structures with void sp#tat can be filled with fluids
such as water, air and oil among others. For the domainsaenesl in our model there are
two phases: solid matrix and water, and we assume here thaiid$ spaces are filled with
water (saturated). We also admit that only three specigsrasent in the domain: contaminant,
oxygen and biomass. The latter is only present on the sodgfadhered to the solids surface)
while oxygen occurs only in fluid phase (dissolve oxygen)otiner words, the oxygen is not
sorbed by the solid phageouto(2006. The contaminant here is present in both phases and
can have their mass exchanged between solid and fluid pRakasrant1997). In the next
subsections we define the mathematical models used to egprthe mechanisms involved in
this problem.

2.1 Sorption

There is a variety of sorption models applicable in porougdimehowever, the most
commonly used are local equilibrium model and first-ordedei8arry et al.(2002. The main
feature that differentiate these models is the rate at witiehmass distribution equilibrium is
reached. In equilibrium model, mass equilibrium in both g@®is reached instantaneously
while for the first-order model (non-equilibrium model) masquilibrium in both phases is
time dependent, not occurring instantaneoukdWarsily(1986; Weber Jr et al(1991). Non-
equilibrium model, equationl}, is represented as a contaminant mass variation in the soli

phase.
S

5 = K (pF(C) = 5) (1)
whereC' and S are the contaminant concentration in the fluid phase andersttid phase
[M L3, respectively. p, is the density of solidsf/ L~3] and the constank’ is a kinetic
coefficient of mass exchange among phages']. This equation includes the equilibrium
model description expressed by the first term on the right.siédNormally it is accepted
that subsurface systems have constant temperature whatsntia& equilibrium models to
be called of sorption isotherms. A wide range of isothernms loa employed as shown in
van Genuchten and Simun€k996, and among those the line&) @nd FreundlichJ) are the
most used.

- Linear model:

F(C) = kyC 2)

where k,; is a distribution/partition coefficientIP M '], representing the equilibrium
concentration among phas#s Marsily(1986).



- Freundlich model:
F(C) = k;CP! 3)

wherek; is the Freundlich capacity coefficient¥s A/ ~?f] andp; is the Freundlich sorption
energy dimensionless coefficieBarry et al.(2002, generally reported in the literature between
0.7 and1.8 Barry and Bajracharyf1999. Whenp, = 1.0 the coefficient: is equivalent td:,
and the model becomes a linear model.

2.2 Biodegradation

To model biologic reactions we assume here that most of thaglimicroorganisms
are adhered to solids graiarry et al. (2002; Odencrantz(1991); Brusseau et al(1999.
Furthermore under macroscopic viewpoint there is no needotwsider the distribution of
organisms in the grain solids surface. The microorganigegadirect contact with dissolved
substrates. The kinetic of biological reaction is given hytiplicative Monod model equations,

namely @)-(6).

#(C.0,B) = B <HCC+ C) (HOO+O> @
Yo

RQ(C,O,B) = Y—Rl(C,O,B> (5)
o

Rg(C,O,B) :Ych(C,O,B)—m(B—Bo) (6)

In these equation® and B are the oxygen concentration in the fluid phase and biomass
concentration in the solid phasa/[ L~3], respectively, the maximum specific degradation
rate [[~']is .., Ho and Hy are the half-saturation constant for the contaminant arygex

[M L73], Yo and Y, are the biomass yield coefficients (dimensionless) andepresent

the biomass decay coefficiedf'{!]. The initial biomass concentration B, and in this
multiplicative Monod kinetics both substrates (contamirend oxygen) contribute for control
biomass growth noticing that by these equations the biog@ssentration is never lower than
By.

2.3 Reactivetransport in porous media

Coupling the advective-diffusive equations (hydrodynarfiux) with biodegradation and
sorption reactions we can represent the reactive transpanultiple species in porous media
obtaining the following system of equations:

For contaminant:

¢%—C+(1—¢)@+vd-V0—V-(DV0):—qul(C,O,B) (7)
t ot

oS

EZK(PSF(C)—S) (8)

For oxygen:

gb%—? +v4-VO =V - (DVO) = —¢R,y(C, 0, B) 9)



For biomass: 5B

Whereo is the total porosity (dimensionless), is the Darcy velocity [ 7] given by the
average velocity of the fluid in the porous medva {le Marsily(1986, as

Vg = ¢V (11)

Assuming that advective flux is uniform and oriented in thédirection, the hydrodynamic
dispersion tensor is,

D, 0
D:[ g DT} (12)

with longitudinal (D) and transversall};) components given by:

Dy =¢d+ B | va | (13)

DT = ¢d+6T | Va | (14)

whered is a molecular diffusion coefficient’tf 7-']. 3. and sy are known as intrinsic
dispersivity [L] in longitudinal and transversal directions of the fluid flux

2.4 Numerical approximation

The problem we have here is a nonlinear system of partiagréifftial equations coupled
through sorption and biodegradation terms. Due to the réiffee in time scales between
reaction and advection-dispersion problems, an operglittiisg technique was applied to solve
it. In this technique the approximate solution is obtairmetivo steps which can be solved with
different timestep, as illustrated in Figute

Initial condition Intermediate solution

At
I Step 1: Transport I
tn tn+1

[ At |
| I I I Step 2: Reaction

Final solution

Figure 1:Scheme of operator splitting used here (adapted f@uhencrant1991)).

In the first step only the advection-dispersion problemsctamtaminant and oxygen were
solved (equationsl6-16)), using a timestep ofAt. Next, in the second step, the system of
ordinary differential equations (ODE’s) for reactions atjon (L7- 20)) were solved using
the new values obtained by the intermediate solution of tisé $tep (see Figurg). Due to
time scale of the reactions, in this second stage of theisalatmuch more refined timestep,
At,.(= At/N,) is needed. Below are shown the equations solved in each step



Step 1: Transport

¢%+vd~VC‘—V-(DVC’):0 (15)
<Z>%—?+vd~VO—V-(DVO):0 (16)
Step 2: Reactions
oc _ ((1-¢)0S

> =~ ( ot R.(C,0, B)) 17)

a8
5 = K (pF(C) = 5) (18)

20
- = —(C,0,B) (19)
%~ R(C.0.B) (20)

whereR; (C, 0, B), Ry(C, O, B) andR,(C, O, B) are given by multiplicative Monod kinetics,
equations4), (5) and @), respectively.

The finite element method, with bilinear quadrilateral edents, and Crank-Nicolson scheme
are respectively used in the spatial and time discretinaifdhe first step. The ODE’s system
of reactions is approximated by the fourth-order Rungetd&ntethod.

2.5 Simulations

Two scenarios were considered, both with rectangular desr(&igure?). For the first one
we tookz € [0, 6] andy € [0, 1], and on the second we adopted: [0, 20] andy € [0, 6].
Initial conditions and boundary conditions for simulasoare shown in Figur@, except for
the boundary condition at left side of the domain € 0) all other boundary conditions
were the same in each case. These simulation scenarioseaprénitially, a subsurface
environment with an initial aerobic organisms concendratif0.427 mg (~* fully contaminated
with 5.0mg [~ of some organic contaminant. Although, the organisms aceimact with the
contaminant there is no oxygen, thereby, initially, bio@de;tion does not happen.

The same parameters of multiplicative Monod kinetics weseduin both scenarios. They
were: the maximum specific degradation rate= 0.42 day !, half-saturation constanfé. =
0.218 mgl~t andHp = 0.146 mg(~!, biomass yield coefficients, = 0.678 andY, = 0.983
and the biomass decay coefficient= 0.07 day .

Scenario 1. The conditions of the first scenario were adopted to reptesanidimensional
flux in x direction. Thus the components of hydrodynamic dispersasor were simplified to
Dy = ¢d and Dy = 0. Furthermore the vertical component of velocity vector wassidered
to be zero. Four simulations changing the sorption parasetere tested. These and others
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Figure 2:Domains of the scenarios.

parameters are shown in Taklebelow. For this scenario the left side (= 0) boundary
conditions were the following:

C0,y,t)=0, yel0,1], ¢>0 (21)
0(0,y,t) =10, y€l0,1], t>0 (22)
Scenario 2. For the second scenario it was considered a diffusive flyxdimection. Using this

scenario two simulations changing sorption parameteres exaluated (Tabl&). The boundary
conditions in left side{ = 0) were as follows:

C(0,y,t)=0, yel0,6], t>0 (23)
B 10, y €0, 2]
0(0,y,1) = { 0, otherwise ’ £=0 (24)

Table 1: Parameters for simulations.

Simulations for scenario 1 Simulations for scenario 2
Parameter 1 2 3 4 5 6
pr(—) 1.0 1.0 0.75 0.75 1.0 0.75
ki (gg 1)l mg=tyrs 2.0 2.0 2.0 2.0 0.1 0.1
K (day™1) 0.1 10.0 0.1 10.0 1.0 1.0
¢ (—) 0.5 0.5 0.5 0.5 0.1 0.1
ps (g em™3) 1.0 1.0 1.0 1.0 1.0 1.0
vy (m day™!) 0.05 0.05 0.05 0.0% 0.009 0.009
vy (m day™1) 0.0 0.0 0.0 0.0 0.0 0.0
d (m? day™1) 0.0003 0.0003 0.0003 0.00030.0001 0.0001
Br (m) 0.0 0.0 0.0 0.0 0.06 0.06
Br (m) 0.0 0.0 0.0 0.0 0.0005 0.0005
L, (m) 6.0 6.0 6.0 6.0 20.0 20.0
L, (m) 1.0 1.0 1.0 1.0 6.0 6.0
Az (m) 0.06 0.06 0.06 0.06 0.1667 0.1667
Ay (m) 0.25 0.25 0.25 0.2% 0.125 0.125
At (day) 0.01 0.01 0.01 0.01 1.0 1.0
At, (day) 0.0002 0.0002 0.0002 0.0002 0.1 0.1




3 RESULTS

Figure3 show the concentrations profiles for simulations 1-4. Whamgared with results
showed byCouto(2006; Couto and Malt§2008; Odencrant1991), these simulations gave
satisfactory results. Looking at the concentration prsfie5 days (Figur8), we notice a high
similarity in the behavior for linear and nonlinear sorpteven when the kinetic coefficienk(
is exchanged. Furthermore the smallest biological agtoan be observed at 5 days.
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Figure 3:Longitudinal profile concentrations for simulations 1-4ay3 from left to right: 5, 15, 25, 35, 45, 55, 65
e75.

By the multiplicative Monod kinetic (equationg-@)) the biomass growth is restricted to
the presence of contaminant (electron donor) and oxygect(eh acceptor) simultaneously.



As the transport model suggest, only the contaminant is uimfl@ence of sorption, this is
transported with lower velocity than oxygen, allowing thaitth substances remain in direct
contact thus allowing biomass growth. We can observe tlediigest biodegradation happens
when the sorption is more intense, thereby the bigger bismamsvth occurs in the simulations
with K = 10 day~!. Simulations 2 and 4 (wher& = 10.0) have shown a distinct behavior in
the curve of 15 days which can be explained by the high biakdion rate near this period,
leading to quick oxygen consumption. Keepifigconstant for different values of; (1.0 and
0.75) we can see that the linear sorption (simulations 1 and 2)ded largest biomass growth
because of the largest contaminant retention in the sobd@lsee Figurd).

For scenario 2 we have simulated only two valuep gfwhere we tested the influence of
linear sorptiong,; = 1.0) and nonlinear sorptiop¢ = 0.75) under the biodegradation, keeping
the kinetic coefficient’ = 0.1 in both cases. The results produced by the simulations 5 and
6 can be viewed in the Figurels 5 and6. Evolution concentration maps for contaminant,
oxygen and biomass with 65 days are illustrated in the Figurgvidently, when the oxygen
is introduced within the contaminated region, the organigtaminant is degraded by aerobic
organisms. Thus, it can observed in the color map that bisrgaswth is stimulated only
in front advancing of oxygen, where this is in contact witmininant. For the time
represented in Figur# (65 days) it was found that biomass growth of simulation 5 higher
than simulation 6, this happens because the simulation Sogsfinear sorption isotherm,

consequently, the contaminant transport delay is highds flesult agrees with the results
discussed above.
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Figure 4: Map of concentrations to 65 days for simulations 5 and 6. Tpdttom: contaminant, oxygen and
biomass.

For a better understanding of results graphics of concgmtrprofile in longitudinal (Figure
5) and transversal (Figur6é) directions are presented. Thus in the Figbré@ongitudinal
profile aty = 1), it can be observed more clearly the difference in biomaeeip, noticing
that the simulation with the linear sorption model presehéslargest biological activity. In
the contaminant concentration profile there is a visiblardgtion in simulation with linear
isotherm to the simulation with nonlinear isotherm. StillRigure5, can be viewed that also



happens a delay on the oxygen transport, but this substano¢ sorbed by solid phase and the
retardation is explained by the organisms respirationaégradation process.

In Figure 6 the transversal profile at = 5 is represented. As proposed by the boundary
conditions (equation2p)-(24)) the oxygen is injected far = 0 aty € [0, 2] which leads to
the rising in oxygen concentration firstly in€ [0, 2] (for all ). This occurs mainly due to
the advective flux in directiom. The transversal profile of contaminant concentratian at5
shows that decontamination takes longer if the linear sothmodel is assumed. Moreover, as
the biodegradation rate is less in simulation 5 the oxygeamcks is faster than simulation 6.
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Figure 5:Longitudinal profile concentrations gt= 1 andx € [0, 20] for simulations 5 and 6. Days from left to
right: 5, 15, 25, 35, 60, 100, 140 e 180.

4 CONCLUSIONS

Solutions here obtained indicate high influence of contamtisorption in the biodegradation
reaction and consequently over the biomass growth. Forasicsnwvhere retardation generated
by sorption is high, microbiological growth also increaggsvirtue of the strong interaction
that exists between simultaneous nonlinear reactionss dé¢turs because the contamination
plume retardation increases the areas where the threeespm@e present, triggering in these
new areas the action of biodegradation by multiplicativenbldkinetics.
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