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Abstract

The present trend of disposing treated sewage water by allowing it to
infiltrate the soil brings a new dimension to environmental problems. It
is therefore necessary to identify the chemicals likely to be present in
treated sewage water. A soil column experiment was conducted to
determine the behavior of chemical species in soil columns applied with
secondary treated sewage water. To predict the behavior of chemical
species, a multicomponent solute transport model that includes the bio-
chemical redox process and cation exchange process was developed. The
model computes changes in concentration over time caused by the proces-
ses of advection, dispersion, biochemical reactions and cation exchange
reactions. The solute transport model was able to predict the behavior of
different chemical species in the soil column applied with secondary
treated sewage water. The model reproduced the sequential reduction
reaction. To design the safe depth of plow layer where NQOs is totally
reduced, a numerical study of NOs leach was done and it was found out
that the pore velocity and concentration of CH20 at the inject water was
found to affect NO3 reduction in the mobile pore water phase. It is
revealed that the multicomponent solute transport model is useful to
design the land treatment system for NO; removal from wastewater.

Keywords: Biochemical redox processes, Cation exchange processes,
Microbially mediated redox reactions

Nomenclature

C.Jnos : Concentration of chemical species 7 in the mobile pore water phase (mmol/L)
:]s:0 - Concentration of chemical species 7 in the bio phase (mmol/L)

:Imat : Concentration of chemical species 7 in the matrix phase (mmol/L)

¢l : Concentration of chemical species ¢ in the solid phase (mmol/L)

v”: Pore water velocity (cm/sec)

t : Time (sec)
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z : Distance (cm)

D : Hydrodynamic dispersion coefficient (cm?/sec)

Sl : Exchange reaction term at the concentration difference between the pore water and the
biophase

S2¢ : Exchange reaction term at the concentration difference between pore water and the
soil matrix

S3» @ Cation exchange reaction term between the pore water and the solid phase

N : Correspond to 9 chemical species Nat, K*, Mg®*", Ca*", Mn**, Fe*", 0., NO3z and CH;0
a : Exchange coefficient (1 day™)

B : Exchange coefficient (1 day™)

v : Exchange coefficient (1 day™)

b0 - Water content for bio phase

b» : Water content for mobile phase

Ona: : Water content for matrix phase

S3ree+ : Pore water and solid phase exchange reaction term of Fe®*

Kew,o : Half velocity concentration for CH.O (mmol/L)

Ko, : Half velocity concentration for O, (mmol/L)

Knos- : Half velocity concentration for NO; (mmol/L)

v« : Maximum growth rate of aerobic Bacteria X1 (1 day™)

vhey : Maximum growth rate of anaerobic Bacteria X1 (1 day™?)

Vma? » Maximum growth rate of Bacteria X2 (1 day™?)
VAP - Maximum growth rate of Bacteria X3 (1 day™)
Ux1ee . Constant decay rate of Bacteria X1 (1 day™)
Ux2q0c - Constant decay rate of Bacteria X2 (1 day™)
Uxsaee . Constant decay rate of Bacteria X3 (1 day™)
ICnos- : Inhibition concentration of NO; against O, (mmol/L)
Pre»+ : Production factor for Fe?"

Pune+ : Production factor for Mn**

U, : Growth yield factor for O

Unos- : Growth yield factor for NOs

Uretomy, : Growth yield factor for Fe(OH)s

Unno, : Growth yield factor for MnO:

Y&%.o0 ¢ Yielding coefficient of Q.

Y% : Yielding coefficient of NOs

Y& . Yielding coefficient of Fe(OH)s

Y% : Yielding coefficient of MnQ»

fs: : Slope of switch function

Oznres - Threshold value of O, (mmol/L)

F(Ozsi0) : Switching function of O,

1. Introduction

Wastewater treatment by land application has been in practice in many parts of the
world because it is believed that passage through the soil environment of wastewater will
provide further removal of certain chemical and microbial contaminants. The structure,
chemistry and the biological activity in some soils make them ideal to treat wastewater to
protect ground and surface water. Wastewater disposal on land will be a viable treatment
method only if the protection of groundwater from possible degradation is held as a primary



Solute Transport Model with Cation Exchange under Redox Environment 81

objective (Polprasert, 1996). The present trend of disposing treated sewage water by
allowing it to infiltrate the soil brings a new dimension to environmental problems. Nitrogen
from such treatment systems is currently of concern because of the nitrate contamination of
drinking water supplies and the eutrophication of coastal waters. Therefore it is necessary
to study the governing mechanisms for the transport and fate of nitrogen and other
contaminants from treated sewage water. The development and use of mathematical models
provides a better understanding of the important biological, chemical and hydrological
processes relevant to contaminant transport. In order to predict the effect of nitrate
pollution on the long term water resource quality, models have to be constructed which both
yield a quantitative explanation of the present state and predict future developments. Such
models should be based on a proper understanding both of nitrate transport through aquifers
and of chemical processes within aquifers that may affect nitrate concentrations. Attempts
to model nitrate transport and reduction in aquifers have so far been few (Frind et al, 1990;
Kinzelbach and Schifer, 1989).

During the last decade coupled modeling of groundwater transport and chemical reaction
has gone through a strong development. Models range from simple one-dimensional trans-
port models coupled with equilibrium codes (Dance and Reardon, 1983; Appello and Willem-
sen, 1987) to complex two or three-dimensional models (Liu and Nasarimhan, 1989 a,b;
Kinzelbach and Schifer, 1989). Most work has been done on ion exchange processes and
these models are typically validated by laboratory and field tracer experiments (Vallochi et
al, 1981; Appello et al., 1990). Few models consider redox reactions (Liu and Nasarimhan,
1989 a,b) since they present an increasing numerical complexity. Kinetic reactive-transport
models that have some redox capability usually in the form of biodegradation kinetics
include those developed by Mc Nab and Nasarimhan (1994); Lensing et al. (1994); Schifer
and Therrien (1995).

For simulating nitrogen (N) transport and transformations, nitrification and denitrifica-
tion in groundwater must be represented by kinetic expressions, which take the form of
multiple nutrient Monod type equations. Several groups of researchers have recently
simulated heterotrophic denitrification in one- or two- dimensional saturated groundwater
flow systems. Kinzelbach et al. (1991) was able to describe the interactive transport of
oxygen, nitrate, organic substrates and microbial mass in two dimensions, including the
possibility of diffusion-limited exchange between different phases in the aquifer. Three
model phases (mobile pore water, biophase and aquifer material) are taken into account.
Lensing et al. (1994) used a multi-component transport reaction model to bacterially catal-
yzed redox processes. The exchange between the three different phases: pore water phase,
bio phase and aquifer matrix is also considered. The sub-models are coupled with the
equations of the microbially mediated redox reactions. Schifer et al. (1998) developed the
transport, biochemistry and chemistry (TBC) model that numerically solves the equations
for reactive transport in three-dimensional saturated groundwater flow. Solute transport is
coupled with microbially mediated organic carbon degradation. Microbial growth is assumed
to follow Monod type kinetics. Schifer et al. (1998) in his model application to a column
study on organic carbon degradation considered five microbial groups in the model. The
model provides a temporally and spatially resolved quantification of microbial degradation
activity.

Mac Quarie et al. (2001) have presented the theory and numerical solution of a reactive
transport model that is intended to represent the major flow, transport and biogeochemical
processes involved in wastewater migration in a shallow aquifer. A numerical model was
developed for variably saturated flow and reactive transport of multiple species. The model
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suggested that adding labile organic carbon sources to septic drain fields could enhance
heterotrophic denitrification and thus reduce NOs concentration in shallow ground water.
The simulations could help to clarify the effect of the ways of organic matter application on
the process of denitrification.

Land application of treated sewage water in the paddy field has gradually become the
most popular way of reuse. In a paddy field situation, successive chemical transformations
occur like denitrification, oxidation and reduction (redox) reactions and cation exchange
reactions. Oxidation and reduction processes exert an important control on the distribution
of chemical species like Oz, NO3, Mn** and Fe** etc. under natural condition in groundwater.
Stumm and Morgan (1981) pointed out that the most redox processes encountered in natural
aquatic systems need biological mediation. Since redox processes are always catalyzed by
several microorganisms, the chemical reactions are paralleled by an ecological sequence of
microorganisms. The extent and velocity of these redox reactions are strictly correlated
with growth and metabolism of several microorganisms. The treatment of redox reactions
as biological processes delivers the required data for kinetic approaches to model redox
reactions in groundwater systems (Stumm and Morgan, 1981).

The slow rate process of treatment of wastewater is focused in this study. Slow rate
process is the controlled application of wastewater to land at a rate of few centimeters of
liquid per week. The flow path depends on infiltration, and usually on lateral flow within the
treatment site. Treatment occurs by means of physical, chemical and biological processes at
the surface and as the wastewater flow through the plant-soil matrix (Polprasert, 1996).

Nitrate is very prominent among the contaminants entering the groundwater systems
from fertilization and wastewater irrigation. It is highly soluble, mobile and represents a
health hazard to human infants at relatively low concentrations (Burden, R.J., 1982). The
recent recognition of denitrification as an active process for the removal of nitrate from
certain favorable hydrogeologic environments is an important step in the understanding of
nitrate processes. Denitrification is the biologically mediated transformation of nitrate to
nitrogen gas. The bacteria responsible for denitrification are facultative anaerobes that use
nitrate in place of oxygen for their respiratory processes under anaerobic conditions. This
transformation requires an organic carbon food source for the bacteria to metabolize and
CO: is formed as a product of metabolism (Trudell M.R. et al, 1986).

The purpose of this study is to assess and predict the behavior of different chemical
species in soil columns applied with secondary treated sewage water. A solute transport
model that takes into consideration the biochemical reactions and cation exchange reactions
was developed. The results of the soil column experiments were compared with the results
of simulation model. It was found out that the multicomponent solute transport model was
able to predict the behavior of different chemical species in the soil column applied with
secondary treated sewage water, however it is necessary to determine the safe depth of the
plow layer that is safe for nitrate (NO3) leaching.

In this study, the numerical modeling of NO;3 leach was done using the multicomponent
solute transport model to determine the effect of the pore velocity and input CH.O concentra-
tion needed to reduce the NO3 concentration. To design the depth of the plow layer that is
safe for NOs leaching, it is necessary to determine the depth where NO; will be totally
reduced. In the simulation model the input values of pore velocity and input CH,O concentra-
tion was varied to design the safe depth of plow layer in soil columns.
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2. Methodology—Soil Column Experiment

The soil column experiment was conducted using soils collected from actual paddy field
and were packed in two 10 cm diameter PVC cylinder columns of different thickness of plow
layers 10 cm and 20 cm respectively (Fig. 1). Treated sewage water was constantly supplied
up to 5 cm at the top of the two soil columns in order to reproduce the redox condition similar
to paddy field. Table 1 shows the concentration of the injection water. Glass beads were used
to support the plow layer in soil column at 15 ¢cm in both soil columns. The experiment was
conducted for the duration of 49 days and the average temperature was measured at 30°C.
Table 2 shows the soil properties and Table 3 shows the chemical components of the paddy
soil. Soil solution samples collected by porous cups and column outflow were analyzed for

Column & Column B
| @10 | $10
Inject water Inject water
3 - +—
; 0] -

L
J

Glass beads layer
20

15

15

Unit in cm
— Setting points of ORP

—L 1 Setting points of porous cups

Fig. 1 Experimental column equipment.

Table 1 Concentration of injection water.

Na®  10.146 meg/L NH,* 0.432 megq/L
K 0.775 meq/L NO; 0.378 meq/L
Ca™  4.164 meq/L TOC(CH,0)  6.23 meg/L
Mg”™  2.085 meq/L EC 1.55 mS/cm
Fe”*  0.066 meq/L pH 72

Mn™  0.024 meq/L Temperature  30°C

Table 2 Soil properties of paddy soil.

Cation exchange capacity Selectivity coefficients
CEC (mmolc/100g) Keana | Kok | Keanmz | Keare
13.52 0453 | 0.0428 1.2 12
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Table 3 Chemical component of paddy soil.

Chemical species % composition
Fe 03 5.34
MnO, 0.05
AlO3 8.09

Si0, 77.58

CH,O 6.08
C 1.96
H 0.76
N 0.15

Total 100.01

Na*, K*, Mg?*", Ca®**, Mn*", Fe**, NHf-N and NO3-N concentrations. EC (Electrical
Conductivity), pH and ORP (Oxidation Reduction Potential) were also measured.

3. The Multi-component Solute Transport Model Conceptual Model

The biochemical and chemical model (Fig.2) describes the interaction of O, NO;7,
CH.0, bacteria, MnO,, Fe(OH);, Na*, K*, Mg?", Ca®*, Mn®* and Fe?*. This model takes into
account the microbially mediated redox reaction and the cation exchange reaction. It also
takes into consideration the four different model phases: mobile pore water phase, immobile
biophase, solid matrix phase and solid phase. The bacteria are assumed to reside in the
immobile biophase. Exchange processes are considered between the different model phases.
The exchange between two phases is modeled by a linear exchange term. Mass exchange of
dissolved species is governed by the concentration difference of the species in the pore water
phase [ C:lnos, the bio phase [ C:lsw, the matrix phase [ C:]me: and the exchange coefficients

0,, NO;
Pore Water
Bio phase
N

Solid Matrix

Na", K+, Mg2+’ Ca2+
Mn2+, Fe*

CH:0
Solid Phase

Fig. 2 Scheme of biochemical model.
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@ and B. This model belongs to the biofilm models, where microorganisms are assumed to
reside in the immobile biophase. The biofilm model assumes microbes distribute themselves
uniformly over the soil particles creating a film. Internal diffusion limits the transport of
substrate and contaminants to the microbes in the film. In most biofilm models, a direct
exchange between the biophase and the aquifer material is not considered (Schifer et al.,
1998).

4. Theoretical Model Development— Reactive Solute Transport Model

The one-dimensional partial differential equation governing the convective-dispersive
solute transport of chemical species 7/ considering biochemical and chemical reactions in a
sub-aqueous soil can be written as: (Bear, 1972; Lensing, et al., 1994; Hiroshiro et al., 1999)

‘30?‘( 6;0[ Ci]mob) +%< 6w7/,[ Cz']mob) :“a%( ewDi(é%@b—> + 9wSl(i)+ 61052([) + GwSS(i) (1)

where 7 is the chemical species given by i=1, 2, 3, 4, 5, 6, 7, 8, and 9 correspond to Na*, K¥,
Mg?t, Ca*", Mn**, Fe*", O, NO; and CH:0, respectively. C; is the concentration of chemical
species 7 in the pore water (mmol 17!), v’ is pore water velocity (cm sec™), ¢ is time (sec),
x is distance, D is the hydrodynamic dispersion coefficient (cm?® sec™). Sl(), S2¢; and S3)
are the chemical sink/source term representing the exchange with other phases and the
chemical and biochemical reactions (mmol 17'sec™) and formulated as follows:

0510 = (2200([C.)sig—[ Cilon) o)
00520= $25 L8[ C.lnae—[ Cles) 3
5w53(i): —W( Hw[Cz]zm) (4)

where S1(, is the exchange rate at the concentration difference between the pore water and
the biophase, S2(; is the exchange rate at the concentration difference between pore water
and the soil matrix, and S3; is the cation exchange reaction rate between the pore water and
the solid phase. [ C:]nos, [ Cilsio, [ Cilmar and [ C:]in correspond to the concentration of chemical
species (mmol 17!) in the pore water, the biophase, the soil matrix, and the solid phase,
respectively. @ and f8 are the exchange coefficients. In equations (2) and (3) the theory of .
mass transport at the boundary of film interface is applied. The biophase is conceptualized
as an operative means to easily include diffusion limited exchange process between the
mobile pore water and bacteria. The diffusion limitation can be due either to microscale (or
real biofilm) diffusion or to limited macroscale exchange between different zones of the
aquifer. This diffusional transfer can be represented by mass transport exchange coefficients
@ and B (Kinzelbach et al, 1991). The chemical species considered in the model are
summarized in Table 4. Each chemical species requires an equation in the form of equilib-
rium equations. The formulation of equilibrium equations results in a highly non-linear

Table 4 Chemical species considered in the model.

Pore water | Na'men K'mov Mg7mpw Ca'mw  Mn™mg Fe®po  Otmbp  NO3mp CHoOme
Bio Phase | Oztc NOibio Mo, Fe''ye  CHiOno  MnOnmic  Fe(OH)aio

Solid Phase | Na'n K'm  Mg"m Ca'w Mo’  Fe'in

Soil matrix | CH;One  MnOgpu Fe(OH)spma

Bacteria X1 X2 X3
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partial differential equations.
For the chemical species related to Fe?" the following equations are formulated:
Biophase:

2+ . 0 ) 2 Y Ovio GXQ:' - GbioOuw 247 2+
Fe - L Buuo Fer oo = o] OX3| sl ([ o] — [ Fe* Tncn) (5)
F g . 0 o Bvio 0X3 _ 7Bsio0nat _
e(OH )3 at(&bio[F€<OH)3]bio)_ 1 o W([FdOH)S]bz‘o [Fe(OH )s]nat) (6)
Fe(0H)s grow bi0 mat

Pore water phase:

24 )
Fe?* : S0 FeJuo)+ {0 [P )= a%( a,0F gx]’"“b )+ aiﬂbﬁ@ ([Fe* o[ Fe* Jnos)+ 35 (7)
Solid Phase:
Fe?* :(%( Ouwl Fe® i) = — 6S3reer (8)
Soil Matrix:
Fe(OH)s : -2 Onacl Fe( O )slnat)= J222078 ([ Foe( OH)sloio— [ Fe( OH )slnac) ©)
bio mat
Bacteria:
[ 0X3 [ 0X3 0X3
X3 ’ |: 8t }Total—crowth*L 81,‘ jlgmw+[ at j|decay (10)
.| 0X3 — ., Fe(OH)s 1Cros . [CHzO]bz'o . [FQ(OH)S]bm .
X3: [ ot me Vmax ICwo: +[NOs Ioio Kettyot [ CH2O0lvio Kretomys+ [ Fe{ OH )3l pio X3 (11)
[Q%(ti:] decay: - VXBdeC ) Xg (12>

where @, y are the exchange coefficients, 8y, Ow, and Gna: correspond to water content for
bio phase, mobile phase and matrix phase respectively, Pre+ is the production factor for Fe**,
Ukreomys 1s the growth yield factor for Fe(OH)s, S3r2+ is the pore water and solid phase
exchange reaction term of Fe?", ICyo; is the inhibition concentration of NOs against Oz, Kcuzo
is the half velocity concentration for CH20, vma™® is the maximum growth rate of bacteria

X3 and vxsqec is the constant decay rate of bacteria X3.
5. Bacteria Growth

The modeling of complex redox sequences requires the consideration of different
metabolisms. It also requires the consideration of a variety of substrates, including organic
compounds, Oz, NO3, MnO; and Fe(OH)s. Since each mode of energy metabolism is associat-
ed with a different functional bacterial group, the growth of each group must be considered
in the model (Kindred and Celia, 1989). In this model the three functional bacterial groups,
bacteria X1, X2 and X3 that are assumed to reside in the immobile biophase are considered.
Table 5 shows the sequential redox chemical reaction of bacteria X1, X2 and X3. In the
model, the bacteria group X1 uses under aerobic conditions, molecular oxygen and under
denitrifying conditions, NO3 as electron acceptor. Bacteria X2 uses MnQO. while bacteria X3
uses Fe(OH); as electron acceptor. The microorganisms use dissolved organic carbon
chemically defined as CH:0 and the utilizable portion of dead bacteria of 909 as their
substrate. Bacteria X1, X2 and X3 oxidizes CH:0 to CO: in the model.



Solute Transport Model with Cation Exchange under Redox Environment 87

Table 5 Chemical reactions of bacteria.

Bacteria Reaction -
Aerobic X1 CH,0+0,=C0,+H;0
Denitritying X1 CH,0 +4/5N0O; +4/SH*=C0,+2/5N2+7/SH,0

Manganese reducing X2 CH,0 +2MnO,+4H" =2Mn**+3H,0+CO,

Iron reducing X3 CH,O+4Fe(OH):+8H" =4Fe** +11H,0+CO,

Attached bacteria have an advantage over suspended bacteria and dominate the heter-
otrophic degradation of dissolved organic carbon (Bouwer and Cobb, 1987). Their uptake of
substrate and electron acceptors takes place only via the immobile water phase. Though
existing in real aquifers, mobile bacteria are not considered in the model.

In aerohic parts of aquifers the microbial population is usually dominated by heterotro-
phic bacteria. This bacteria uses dissolved organic carbon as energy and carbon source and
molecular oxygen as electron acceptor. Further heterotrophic metabolisms using other
electron acceptors are suppressed by the presence of oxygen. Some aerobic bacteria are
capable of nitrate-reducing metabolism. The necessary enzymes are not maintained and are
induced by low oxygen concentrations (Bouwer and Cobb, 1987). The growth and metabo-
lism of different groups of microbial populations in the immobile biophase is based on Monod
kinetics and are formulated as follows:

0X1

| oX1 _[oX1 0X1
Xl ) { 8t :,Totat,crowth_[ at }aembic,condition l: alf ]deniirifying,condition [ all jldecay (13)
0X1 | 00 (] .. [CHOoio . [Oo)oso__.
[ ot J aerobic_condition Vmax {1 F( Ogbzo)} Kemro+ [ CH, O] vio Ko, T [ Oz]bm X1 (14)
0X1 ] — ,,NO3, . [CH:O]lbi0 . [NO; 1o .
[ al‘ _denitrifying-condition = Vmax {F( Oszo)} KCHzO + [CHzo]bio KNOé + [NO?:]bz‘o Xl (15)
| 0X2 ] _, n0s., ICno; . [CH,0]s:0 . [ MnOz)sio . Y0
xes| G TCoos M NG Toio Koo + LCH: 0o Knou + (M O:lis 2 (17)
{ agz ]: T Vxzaect X2 (18)
. GXSJ _[GXB] [8)(3]
X3¢ [ ot lrotar crowsr | Of grow+ | O0f ldecay (19)
.| 0X3 ] __ . Fe(OH)s, 1Cnos [CHZO]biO . [Fe( OH)S]biO .
X I: ot grow P [CN0§+[NOB‘]bz'0 KCH20+[CHZO]bio KFe(OH)3+[F€(OH)3]bi0 X3 (20)
i: aé(l:g :'decay:*VXSdec'XS (21)
F(O2pi0)=05— Lﬂ_tan_l[Ozbz’o* Ostnres) fo1] (22)

where X1, X2 and X3 correspond to the concentration of O, and NOz, MnO; and Fe(OH);
reducing bacteria, veix, vmas, vamd? and vhe"” correspond to the maximum growth rate of O,
NOsz, MnO: and Fe(OH)s reducing bacteria, vxiaee, Vx2dec and vx3sqec correspond to the constant
decay rate of bacteria X1, X2 and X3, I'(Ozs:0) is the switching function parameter, Oaures is
the threshold concentration of O, fs is the slope of switch function, [O:]sie, [NOs s and

[CH:0]s:0 correspond to concentration of Oz, NOs; and CH:O in the bio phase. Ko,, Kwvo; and
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Kcmo correspond to half velocity concentration of O;, NO; and CH-:O in the bio phase.

The bacteria are assumed to consume dissolved oxygen (DO) as long as it is available
and then switch to nitrate as electron acceptor. The switching between aerobic and denitrify-
ing growth conditions is based on the assumption of a non-competitive inhibition and is
realized by a weighting function F(O.»:) dependent on the oxygen concentration, which was
developed and tested by Kinzelbach, et al. (1991). Equation (22) is based on the assumption
that the same microorganisms are capable of either aerobic or denitrifying growth, depending
on the oxygen concentration in their nearby environment. It allows adjustment of two
characteristic features of the microbial switching, the slope fs; and the threshold concentra-
tion of oxygen Oqzumres, according to laboratory or field measurements. It is also assumed that
the functional bacterial group X1 reduces nitrate quantitatively to N, under anaerobic
conditions. This biochemical model is mathematically similar to other models that use
Monod type kinetics to describe microbial activity (e.g. Schifer et al., 1998; Widdowson et
al., 1998; Kinzelbach et al., 1991; Kindred and Celia, 1989).

6. Modelling Methodology

The one-dimensional solute transport equation is solved for each chemical species. The
model couples the flow equation with the solute-transport equation. The flow and transport
equation are discretized using a rectangular, uniformly spaced, block centered, finite differ-
ence grid. Since artificial oscillation and numerical dispersion are encountered in the finite
difference method when applied to advection-dominated problem, the method of characteris-
tics (MOC) was used to eliminate numerical dispersion (Zheng and Bennett, 1995). The
iterative numerical procedure employed for coupling of physical transport and chemical
processes was based on Momii et al. (1997). The multicomponent solute transport model is
applicable for one-dimensional problem involving steady-state flow. The model computes
changes in concentration over time caused by the processes of advection, dispersion, cation
exchange reactions and biochemical reactions.

7. Parameter Estimation

The modelling of multicomponent solute transport with biochemical reaction processes
is complex because it involves specification of many biochemical parameters. Monod kinetic
parameters for heterotrophic processes were selected following a review of several studies
related to wastewater treatment modeling and simulation of denitrification in groundwater
(Kinzelbach et al, 1991; Lensing et al, 1994; Schéfer et al, 1998; Hiroshiro et al, 1999). Table
6 shows the different biochemical parameters used in the solute transport model. In general
these parameters are affected by temperature. The temperature effect on the denitrification
rate is an important feature in the design of denitrification process. Carrerra et al. (2003)
studied the influence of temperature on denitrification of an industrial high-strength nitrogen
wastewater in a two-sludge system and found out that the maximum denitrification rate is
much higher at 25°C. The most favorable temperature for denitrification ranges from 20°C
to 30°C and the average temperature measured in the present experiment is high enough at
30°C. Consequently, the parameters adjusted for this particular simulation may be the case
for the most desirable denitrification. In this study, the maximum growth rate of bacteria
X1, viix and vags was calibrated by trial and error method until the O, and NOs in the
simulation model fit the measured concentration of O. and NOs.
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Table 6 Parameters used for the simulation.

Specific volume of biophase (ni,)
Specific volume of mobile phase (nmos)
Specific volume of matrix phase (041
Exchange coefficient (o)
Exchange coefficient (B)

Exchange coefficient (y)

Switching function parameter F(O )

Threshold concentration of Oy (Oares)

Slope of switch function (fy)
Inhibition Constant IC,,.

Half velocity concentration, K
Half velocity concentration of Oy, k,

Half velocity concentration of NO3, g

Half velocity concentration of MnO,, K,

Half velocity concentration of Fe(OH);, g

Half velocity concentration of CH;0, g

X1 - Oxygen Reducing Bacteria
Yield Coefficient y22

CH20
Maximum growth rate ,,92
max

Constant decay rate |

X1 - Nitrate Reducing Bacteria

Yield Coefficient VAN

Maximum growth rate 0%
Constant decay rate |
dec

X2 - Manganese Reducing Bacteria
Yield Coefficient y 02

CH20
Maximum growth rate 02
max

Constant decay rate vy,

X3 - Iron Reducing Bacteria
Yield Coefficient yZ:(%?

Maximum growth rate ,,72(#)3
max
Constant decay rate .
dec

Soil properties
Porosity

Dispersivity oy,

CEC

Selectivity Coefficients
KCa/Mg

KCa/Mn

KCa/Fe

KCa/N;

Keax

Fe(OH ),

CH 0

0.02

0.48

0.50

50 day™
0.005 day™
0.00005 day™

0.015 mmol/l
40
0.01 mmol/l

0.001 mmol/l
0.001 mmol/1

0.001 mmolA
0.001 mmol/l
0.10 mmol/l

0.1 mmol cell-C/mol OC
5.0 day™
0.75 day™

0.081 mmol cell-C/mol OC
4.05 day™
0.75 day™

0.015 mmol cell-C/mol OC
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1.2 mmol/L.
1.2 mmol/L
0.453 mmol/L
0.0428mmol/L
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8. Results and Discussions

8.1 Flow rate and permeability

Figure 3 shows the flow rate in Column A and Column B are rapidly decreasing during
the first ten days and then after ten days the flow rate in Column A is almost the same with
the flow rate in Column B. The average velocity was obtained by dividing the flow rate by
the surface area of the column. It was assumed that the steady state was attained at the flow
rate of 40 ml/day. Then the pore water velocity was determined by dividing the average
velocity by porosity. In the simulation model the pore water velocity was assumed constant
(VK =7.68x107% cm/sec) since the model considered only the reduced layer that is saturated.
Figure 4 shows the permeability in Column A and Column B are rapidly decreasing during
the first two days and then after ten days the permeability in Column A is almost the same
with the permeability in Column B. The rapid decrease in permeability could be due to
clogging of the soil pores as a result of the growth of bacteria. From the experimental results
of flow rate and permeability, there is no significant difference between Column A and
Column B. Similar results can be expected with the two soil columns.

mL/day Flow Rate

E —— Column-A
120 ~—&— Column-B

0:\\1\||‘|:|t||| PR | SR S '

0 10 20 30 40 50

Time (days)

Fig. 3 Flow rate in Columns A and B.
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Time (days)

Fig. 4 Permeability in Columns A and B.
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8.2 Simulation result of Dissolved Oxygen, NO; and CH,0
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Figure 5 shows the simulation result of DO concentration at the top 5 cm of plow layer
in the mobile phase at the early stage. DO concentration reduced at the top 0.5 cm of the

column where DO concentration decreased to
zero after 30 hours. Figure 6 shows the
simulation result of NO3 concentration in the
mobile phase in the column. Denitrification
occurred immediately at the top 0.5 cm of the
column where NOs concentration was
reduced to zero after 31 hours, following the
reduction of DO. Figure 7 shows the vertical
distribution of CH-O concentration. CH,O
concentration decreased only at the top 2 cm
of the column and then increased near to
original concentration. CH:O concentration
degradation is relatively fast at the top 2 cm
of the column, where Q. concentration is
readily available. On the other hand, CH,O
degradation is very slow at the deeper down-
stream of the column where both O, and NOj;
concentration are very small.
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Fig. 6 Simulation result of NO5 concen-
tration in the column.
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8.3 Comparison of observed and calculated concentration

The multicomponent solute transport model was tested by comparing the simulation
results with the results of the soil column experiment by using the concentration of inject
water from the soil column experiment (Table 1) as the concentration of inject water in the
simulation model. It was found out that the multicomponent solute transport model was able
to predict the behavior of different chemical species in the soil column applied with secondary
treated sewage water. Figure 8 shows the observed cation concentration correlated fairly
well with the calculated cation concentrations. K* concentration showed almost constant
values. Na' concentration decreased while Ca?*and Mg*" concentrations increased at the
depth 17 ¢cm and depth 20 cm of the column due to desorption of Ca** and Mg** by Mn** and
Fe?*. Figure 9 shows the comparison of observed and calculated concentrations of NOs,
Mn?** and Fe?*. NOj concentration rapidly decreased at the depth 17 cm due to denitrifica-
tion while Mn?* and Fe?" concentration increased due to dissolution from MnO, and Fe(OH)s
during infiltration through the plow layer. These changes in concentration indicated that
chemical reactions had occurred in all parts of the column.

z';‘eq/ L Column B meq/L Column B
25
Porous cup - Depth 17 cm Depth 20 cm = Na oeas)
20 L " Na (meas) * K (meas)
H + K (meas) 20 - ¥ Mg (meas)
r ¥ Mg (meas) ® Ca (meas)
® Ca (meas) N ~—-=="Na (calc)
15 - - Na (calc) 151 —K (calo)
—— K (calc) e Mg (cake)
oo e - Mg (calc) L e o) (calc)
-~ Ca (calc) 1>

Time (days)

Time (days)

Fig. 8 Comparison of observed and calculated cation concentration in the mobile phase.
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. v v
§ .} L nl
30 40 50
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Fig. 9 Comparison of observed and calculated NOs, Mn** and Fe** concentration.




Solute Transport Model with Cation Exchange under Redox Environment 93

8.4 Simulation result of CH:0, MnO: and Fe(OIl); concentration in the biophase

Figure 10 shows the simulation results of the temporal variation of CH.O, MnO; and
Fe(OH); in the biophase. CH:O concentration decreased during the first 5 days while MnO,
and Fe(OH); decreased after 5 days due to consumption of bacteria. Figure 11 shows the
simulation results of the temporal variation of X1, X2 and X3 bacteria concentration at
different depths in the biophase. The maximum growth of bacteria X1 occurred at the depth
5 cm of the column, where high concentrations of O, NOs and CH:O are present. Bacteria
X1 increases rapidly during the first 5 days due to presence of O., NO3 and CH-O concentra-
tion at the top 5 cm of the column then decreases rapidly due to decreased O, and NOs.
Bacteria X2 and X3 increase after 5 days and then decrease gradually. Bacteria X3 increases
higher than bacteria X2 due to higher concentration of Fe(OH)s; than MnQO: in the matrix
phase and consequently in the biophase.

The result of the soil column experiment and the solute transport model produced
interesting observations on the behavior of chemical species present in the secondary treated
sewage water. The result of the numerical simulation approximately agreed with the
experimental results.

CH20 Column B CH20 Column B
&r 0.5 12 0.5

Depth 5cm Depth 20 cm

Ho.4 0.4
sf —o— CH20 sk —o— CH20
; —¥=Mn0O2 | o4 A B Y
& Fe(OH)3 . —E- Fe(OH)3

"" 0 """""':‘”""""""""'{'II:T!.’:?ZI!{.’!
Time (days) Time (days)

Fig. 10 Temporal variation of CH,0, MnO; and Fe(OH); at different depths in the biophase.
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Fig. 11 Temporal variation of bacteria concentration at different depths in the biophase.
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9. Design of Infiltration Treatment

In order to design the thickness of plow layer that is safe for nitrate leaching, it is
necessary to determine the depth where denitrification occurs. Denitrification has been
inferred from the observation of decreasing NOs concentration and corresponding decline in
dissolved oxygen concentration. Reduction of NOs to N. by organic matter under anoxic
conditions as a result of denitrification in soils is well documented. A number of studies
(Trudell et al., 1986; Mac Quarrie et al., 2001) have shown that reduction of NOz by organic
matter oxidation can be important in aquifers. Accordingly Kinzelbach and Schifer (1989)
model NOj reduction by organic matter in a sandy aquifer using the kinetic approach and
found that the field data are well described by reaction of NO; with degradable organic
matter in sediments.

The design of infiltration treatment is also primarily affected by the application rate. In
rapid infiltration systems, the required treatment performance is of primary importance in
determining the application rate. Lance and Gerba (1977) showed that decreasing the
application rate from the hydraulic limit could result in increased removals of constituents,
especially NO3. Since the chief mechanism of NO3 removal in rapid infiltration systems is
denitrification and denitrification requires adequate detention time, anoxic conditions and
adequate organic carbon to drive the reaction. The reduction in application rate increases
detention time and increases the potential for denitrification.

In this chapter the design of infiltration treatment considered both the effect of pore
velocity and input CH.O concentration. The design of the thickness of plow layer is
important in land treatment system design and operation, so as to maximize land treatment
efficiency and minimize operation and maintenance costs.

9.1 Effect of pore velocity VK on NO; leaching

Figure 12 shows the concentration of O,, NO; and CH:O at different depths of the
column when VK =7.68X107% cm/sec and the input CH.O was 6.23 mmol/L in the simulation
model. NOs concentration was totally reduced after 2 days at all depths of the column. O,
and NOs concentration were reduced due to consumption of bacteria X1. Figure 13 shows
the concentration of O., NO; and CH:0 at different depths of the column when VK =3.84 X
107° cm/sec and the input CH.O at 6.23 mmol/L in the simulation model. When pore velocity
VK =3.84x10"° cm/sec, NO3 concentration decreased after 2 days then increased after 4
days at depths 5 cm and 10 cm of the column. NOj concentration infiltrated deeper down to
depth 10 cm due to high velocity and lack of CH>O concentration to reduce NOsz. Since CH.0
induces heterotrophic denitrification, in which bacteria in anaerobic environment uses NOz
as electron acceptor to oxidize dissolved CH20. Low concentration of CH.O will result to
NO; infiltration.

9.2 Effect of inject CH:0 concentration

Figure 14 shows the concentration of O., NOz and CH:0 at different depths of the
column when the input CH.O is 0.623 mmol/L and pore velocity VK=7.68x107° c¢cm/sec.
Again NOs concentration decrease after 2 days then increase after 4 days at depths 5 cm and
10 cm of the column. NO; concentration infiltrated deeper down to depth 10 cm due to lack
of CH»O concentration to reduce NO3. Since CH.O induces denitrification, low concentration
of CH:0 will result to NOs infiltration. Figure 15 shows the concentration of O, NO3 and
CH.O at different depths of the column when input CH-O is 62.3 mmol/L and pore velocity
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Fig. 12 Mobile redox concentration at
different depths when pore veloc-
ity VK=7.68x10"°* cm/sec and
input CH,0=6.23 mmol/L.
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13 Mobile redox concentration at
different depths when pore veloc-
ity VK=384%X10"° cm/sec and
input CH,0=6.23 mmol/L.

NOs5 concentration was totally reduced at all depths of the

column due to sufficient CH2O concentration. CH:0 enhanced heterotrophic denitrification,
in which bacteria in anaerobic environment uses NOs; as electron acceptor to oxidize
dissolved CH,0O. CH,O concentration then increases at depth 20 cm due to lack of Q.. This
effect is also dependent on the consumption of bacteria since there is too much CH.O

concentration in excess at this depth.
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different depths with input CH20
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107¢ cm/sec.

different depths with input CH.O
of 62.3 mmol/L and VK=7.68X
107% cm/sec.

When the input CH.O in the simulation model is 0.623 mmol/L, NOs concentration
infiltrated deeper down to the depths 5 cm and 10 cm of the column. The safe depth of the
plow layer in the column, where NOs concentration is totally reduced, can be designed by
taking into consideration the input CH.O concentration at the inject water and velocity of the
solute.

Table 7 shows the NOs leach at 10 cm depth in relation to input CH2O concentration and
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VK /Input CH;0O CH;0 =0.623 mmol/L. | CH,0 = 6.23 mmol/L | CH,0 = 62.3 mmol/L
VK=7.68x10"° cm/sec | No leach No leach No leach
VK=1.92x10" cm/sec | No leach No leach No leach
VK=3.84x10" cm/sec | NO;' LEACH NO; LEACH No leach

97

Table 7 NOs leach at 10 cm depth in relation to input CH2O concentration and pore velocity VK.

pore velocity VK. When VK is 7.68x107% cm/sec and 1.92Xx107° cm/sec, the plow layer
depth at 10 cm is safe for NOs leach. When VK =3.84x10"° cm/sec and the input CH20
concentration is 0.623 mmol/L and 6.23 mmol/L, the plow layer depth at 10 cm is not safe as
NOs leach occurred after 4 days. When pore velocity VK =3.84 X10~° cm/sec, higher input
CH.0 concentration at inject water is needed so that NOs leach can be prevented.

CH.O is a significant quantity because the growth of bacteria depends on the presence
of CH.0O concentration. The distribution of CH:O in the soil column and its availability to
microorganisms as dissolved organic carbon proved to be a good means to control the
distribution of bacteria in the model. In addition, CH:O also enhances heterotrophic
denitrification in which bacteria in anaerobic environment uses NOs as electron acceptor to
oxidize dissolved CH20. High concentration of CH20O will result to NO; reduction.

10. Conclusions

The development and use of mathematical models provides a better understanding of the
important biological, chemical and hydrological processes relevant to contaminant transport.
The multicomponent solute transport model was able to predict the behavior of chemical
species present in secondary treated sewage water under redox environment. The observed
concentrations correlated fairly well with the simulated concentrations. The model re-
produced the sequential reduction reaction. O was reduced first after 30 hours then followed
by NOs after 31 hours.

Implementation of wastewater reuse promotes preservation of limited water resources.
In designing a wastewater reuse system, it is indispensable to develop an effective treatment
scheme that is capable of removing NO; and other contaminants. It is revealed that the
multicomponent solute transport model is useful to design the land treatment system for NOs
removal from wastewater. CH-O is a significant quantity because the reduction of NOs and
growth of bacteria depend on the presence of CH:0 concentration. When pore velocity VA
=7.68%10"° cm/sec and VK=1.92%x10"° cm/sec and input CH-O concentration are 0.623
mml/L and 6.23 mmol/, the plow layer at depth 10 cm is still safe as NOs concentration was
totally reduced. With pore velocity VK =3.84 X107° cm/sec and input CH-0 concentration at
0.623 mml/L and 6.23 mmol/L, the plow layer at depth 10 cm is unsafe due to NOs concentra-
tion increased after 4 days. Since CH:0 can enhance denitrification, lack of CH:O will cause
the NOs to increase again. When the pore velocity is high, higher CH20O concentration at
inject water is needed so that the 10 cm plow layer will be safe. The results show that the
multicomponent solute transport model is useful for the description of the biological chemical
processes and transport phenomena. Future expansion to two or three dimensions of the
model is necessary to address reactive transport at the various scales. Moreover the
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influence of the change in hydraulic conductivity due to bacterial growth can be very
interesting focus of study in the future.
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