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ABSTRACT
The main objective of this study is the establishment of innovative purification systems through the

conceptualisation of reactive barriers in soil for artificial recharge of groundwater with treated

wastewater. Numerical integration of hydrodynamics and biogeochemical processes controlling the

effectiveness of this engineering system is applied to design soil column experiments. This leads to

the elaboration of a combined aerobic/anaerobic environment to ensure the successive nitrification

of rich ammonium wastewater and the denitrification mechanisms reducing NO3
– according to

heterotrophic denitrification and pyrite oxidation. A MIN3P reactive flow and transport model is used

to reproduce an experimental flow-through column. Calculated concentrations of CH2O and NO3
� are

consistent with experimental results. Agreement between model and experimental results makes it

possible to understand major processes taking place in the column and optimises future treatment

experiments.
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INTRODUCTION
Throughout the world, health risks due to contaminated

water from anthropic activities increase year by year. This

uncontrolled overexploitation of water resources through

industrial, agricultural and mining activities of the 21st

century necessitates investigation of new wastewater treat-

ments. Due to the scarcity and the accessibility of drinking

water, especially in arid and semi-arid environments, reuse

water remediation through optimised soil filter (soil reactive

barrier) technology is being developed to forecast the feasi-

bility of the MAR (Managed Aquifer Recharge) system in a

regional context.

In this context, we are developing and operating succes-

sive pilot tests consisting of percolating wastewater in

multilayer soil columns (natural soil with sand to ensure

sufficiently high permeability) in order to improve effluent

water quality. Impacts of the pilot scheme on the
physicochemical and biogeochemical properties of porous

medium are studied, such as reduced permeability or mobil-

isation of pollutants due to the change of redox conditions,

which could lead to alteration of the treatment capacity

(Greskowiak et al. ; Mayer et al. ; Miller et al. ).

In this paper, we concentrate our efforts on ammonium

attenuation taking into account the nitrification and denitri-

fication processes related to dissolved organic matter (DOM)

degradation mechanisms in optimised natural soil column

filters. First, wastewater ammonium oxidation in the case

of water reclamation is an important process. However, in

the overall cycle of N, nitrate (NO3
�) is also of great impor-

tance because it is commonly found in groundwater due to

agricultural activities and industrial processes (Jørgensen

et al. ). Different techniques are used for NO3
� removal

in the case of wastewater reuse, such as ion exchange,

mailto:m.pettenati@brgm.fr
https://crossmark.crossref.org/dialog/?doi=10.2166/wrd.2012.023&domain=pdf&date_stamp=2012-12-01


186 M. Pettenati et al. | Wastewater treatments through combined geomaterials and natural soil filter Journal of Water Reuse and Desalination | 02.4 | 2012

Downloaded fr
by guest
on 26 April 202
reverse osmosis and biological denitrification (André et al.

). Other than denitrification, biogeochemical processes

are also the key factors controlling inorganic and organic

pollutant mobility, such as pathogens, trace metals, metal-

loids, in natural soil environments. During these processes,

microorganisms synthesise biomass. The microbial activity

ensures the decomposition of bioavailable organic matter

by oxidative breakdown of external organic substrates

which provides the microorganisms with energy, nutrients

and electrons (Hunter et al. ).

In this paper, we propose to use the results of pilot tests

in order to implement reactive-transport code, new key

(hydrological, chemical and biological) parameters. After

2 months of flow-through column experiments, the chemi-

cal data collected at the outlet of the column are used to

calibrate a conceptual biogeochemical reactive-transport

model. On the postulate that succession of unsaturated/

saturated conditions is effective in the laboratory column,

the hydrodynamic part of the MIN3P (Mayer et al. ;

Gérard et al. ; Molins et al. ) is used to calibrate

physical parameters controlling these two distinct hydro-

dynamic conditions on the top and bottom of the
Figure 1 | Hydrodynamic parameter calibration and geochemical composition of laboratory co

om http://iwaponline.com/jwrd/article-pdf/2/4/185/378398/185.pdf
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column. Then, geochemical analysis of the operating pilot

allows us to determine DOM removal throughout the 2-

month experiment. These values are used to consider

organic matter degradation via a kinetically controlled

redox process. Moreover, the geochemical part of the

MIN3P code (Mayer et al. ; Gérard et al. ;

Molins et al. ) is also used to estimate nitrification

rates of ammonium in the wastewater considering the

aerobic environment. Finally, reductive conditions are

tested in order to ensure denitrification of the effluent. In

this model the thermokinetic approach is integrated to

take into account the redox disequilibrium of such organic

systems. This first set of laboratory column experiments has

been used to enrich the back and forth between field lab

experiments and modelling.
EXPERIMENT DESCRIPTION

Depending on the composition of recharge wastewater

enriched in ammonium (Figure 1, Table A) and DOM (no

specific inoculum in injected water), a decision is made to
lumn solutions.
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create a ‘bi-layer’ column in the laboratory. The top layer is

permeable enough to permit a relatively quick flow and a

well-oxygenated environment. The layer underneath is less

permeable and allows the establishment of anoxic con-

ditions under permanent saturated conditions. Therefore,

at a first attempt, we suggest that the first layer is sufficiently

oxygenated to reach oxidising conditions.

In the lower part of the column, anaerobic conditions

are established allowing the reduction of nitrate to nitrite

and, ultimately, N2 gas. Figure 1 shows the column exper-

iment and the composition of the injected wastewater and

the average composition of the outlet solution after 2

months (Figure 1, Table B).

After dimensioning tests performed with the hydrodyn-

amic code MARTHE (Thiéry ), two successive

infiltrations of 50 L of wastewater are added every 12 h in

the 1.1 per 1 m cylindrical experimental column. Four

sampling tests have been realised during 2 months for the

outlet solution composition. An average composition is pre-

sented in Figure 1, Table B.
REACTIVE TRANSPORT CONCEPTUAL MODEL

Numerical integration of key factors controlling the estab-

lishment of sensitive microbial communities is used to

design soil column experiments. Recommendations for

developing a powerful column filter for water reclamation

in the laboratory led to the modelling of multiple columns

by using a 1D-reactive transport column utilising MIN3P

(Mayer et al. ; Gérard et al. ).

The following text describes the conceptual model.

Variably saturated flow equation

The MIN3P is a reactive transport code which includes a

range of kinetic and equilibrium geochemical and biogeo-

chemical reactions (Mayer et al. ) with a formulation

for multicomponent gas diffusion and advection (see

Molins & Mayer ).

The nonlinear relationships between water content

θ(m3 m�3), relative permeability kr and pressure head h¼
H� z (with H, the hydraulic head and z being the elevation

with respect to datum) is expressed by the standard soil
://iwaponline.com/jwrd/article-pdf/2/4/185/378398/185.pdf
hydraulic functions given by van Genuchten ()

(Equations (1) and (2)):

θ ¼ θr þ (θs � θr)

1þ (αh)n
� �m (1)

kr ¼ Θþ 1� 1� Θ1=m
� �mh i2

(2)

where θr (m3 m�3) defines the residual saturation of the

aqueous phase, α(m�1) is inversely related to the bubbling

pressure, n and m are soil hydraulic function parameters,

with m¼ 1� 1/n. Θ is the effective saturation of the aqu-

eous phase defined by Equation (3):

Θ ¼ θ � θr
θs � θr

(3)

Figure 2 summarises transport boundary conditions. In

order to simplify the hydrodynamic part of the calculation

and given the uncertainty of hydrodynamic parameters of lab-

oratory experiments, the hydrodynamic soil properties are

considered homogeneous and the physical unsaturated/satu-

rated ‘bilayer-column’ is created by a fixed hydraulic head

boundary condition at the bottom of the column.
Dissolution/precipitation reactions

Kinetics of dissolution/precipitation reactions for minerals

are based on surface controlled rate expression (Table 1).

The reaction rate is expressed by Equation (4):

Rm
i ¼ �km,eff

i 1� IAPm
i

Km
i

� �m� 	n
(4)

where km,eff
i is the rate constant ki (mol m�2 s�1) multiplied

by the surface area (m2 L�1), IAPm
i is the ion activity product

and Km
i is the thermodynamic equilibrium constant for the

reaction (Lasaga ).

For this work, a simplified mineralogy similar to the

actual composition of a natural soil and sand mixture

(quartz, calcite, ferrihydrite and pyrite) is adopted for the

conceptual model. We consider in the model only minerals

that have a significant impact on the water geochemistry.



Table 1 | Dissolution/precipitation kinetic reactions parameters

Minerals Log rate coefficient [log (mol.L�1 s�1)]a Surface area (m2 L�1)

Quartz

SiO2 þ 2H2O ! H4SiO4 logkQuartz ¼�13.40 133

Calcite

CaCO3 þHþ ! Ca2þ þHCO�
3 logkCalcite ¼�5.81 0.75

Ferrihydrite

Fe3þ þ 3H2O ! Fe(OH)3 þ 3Hþ logkFerrihydrite ¼�10.19 3.5 × 103

Pyrite

FeS2 þ 7
2
O2(aq)þH2O ! 2SO2�

4 þ 2Hþ þ Fe2þ Si¼ 1.66 × 10�7; ri
p¼ 7.0 × 10�6m

Dil
m¼ 2.41 × 10�9m² s�1

ri
r¼ 6.93 × 10�6m; νil

m¼ 3.5

aFrom Palandri & Kharaka (2004).

Figure 2 | Conceptual MIN3P reactive-transport model.
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The kinetic parameters selected for these minerals are given

in Table 1. MIN3P allows the use of the shrinking core

model (Nicholson et al. ) to describe mineral dissol-

ution reactions. Due to the accumulation of alteration

products on the mineral surface, the oxidation of pyrite by

dissolved oxygen may be described using this model. A

rate expression based on the shrinking core model can be

expressed as Equation (5):

Rm
i ¼ �103Si

rpi
rpi � rri
� �

rri

Dm
il

υmil
O2(aq)½ � (5)

In this rate expression 103 is a conversion factor [L m�3],

Si is scaling factor including the tortuosity of the surface

coating or altered rim on the mineral surface, rpi is the

radius of the particle, rri is the radius of the unreacted
om http://iwaponline.com/jwrd/article-pdf/2/4/185/378398/185.pdf
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portion of the particle, Dm
il is the free phase diffusion coeffi-

cient of the primary reactant in water (in this case O2(aq)

and υmil is the stoichiometric coefficient of oxygen in the

reaction equation (Table 1). In the literature, many authors

report that a pyrite-bearing rock can contribute with signifi-

cant high-rate reaction to nitrate reduction (Pauwels et al.

; Torrento et al. ; Pauwels et al. ; André et al.

), mediated by the autotrophic bacteria. However,

pyrite oxidation is most likely dominated by the reaction

with oxygen in a well-aerated porous media.
Kinetic modelling of redox processes

Heterotrophic denitrification involving organic matter

(Table 2) is a process reported on by Pauwels et al. ()



Table 2 | Monod kinetic reaction parameters

Monod parameters (mol L�1)a Rate
coefficient

(KCH2O) (Kj) (Kinhib) (mol L�1 s�1)b

NH4
þþ 2O2→NO3

�þH2Oþ 2Hþ – KNHþ
4
¼ 1.7 × 10�5

KO2 ¼ 1.9 × 10�4
– 1 × 10�8

CH2OþO2→CO3
2�þ 2Hþ 1.6 × 10�4 KO2 ¼ 5.0 × 10�5 – 2.5 × 10�9

CH2Oþ 4/5NO3
�→ 2/5N2þCO3

2�þ 6/5Hþþ 2/5H2O 1 × 10�5 KNO�
3
¼ 2.3 × 10�5 Kinhib¼1.6 × 10�5 1.5 × 10�8

aValues are from range reported in the literature (see Miller et al. 2008).
bUsed to fit experimental results.
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and Pauwels & Talbo (). This approach needs to con-

sider kinetics of intra-aqueous redox reactions.

Kinetic modelling of redox processes included in the

MIN3P code is used in order to kinetically control the

redox transformation for the principal electron acceptor

(EA).

In this study, DOM (CH2O) is considered to be the ulti-

mate source of chemical energy for microbial and inorganic

redox reaction. The biodegradation of organic substrates is

represented by a series of reactions (Table 2) and degra-

dation kinetic is assumed to be Monod () type: for

example, the equation to determine the rate of aerobic res-

piration is described by Equation (6):

Rmax(CH2O) ¼ k
[CH2O]

[CH2O]þKCH2O
×

[EA]O2

[EA]O2
þ KO2

(6)

where Rmax(CH2O) is the maximum rate of organic matter

degradation for EAj, k is the maximum specific rate of sub-

strate utilisation (mol L�1 s�1), KCH2O is the half-saturation
Figure 3 | (a) Water content Sea versus depth after 36 h (permanent hydrological state); (b) no

://iwaponline.com/jwrd/article-pdf/2/4/185/378398/185.pdf
constant for the substrate DOM (mol L�1), Kj is the half-

saturation constant for the electron acceptor EAj (mol L�1)

and [EA]j indicates concentration (mol L�1). For specific

denitrification reaction, an additional inhibition term is

added to the Monod equation, such as:

Rmax(NO�
3 ) ¼ k

[CH2O]
[CH2O]þ KCH2O

×
[EA]NO�

3

[EA]NO�
3
þKNO�

3

×
Kinhib:

[Hþ]þ Kinhib:
(7)
RESULTS AND DISCUSSION

Figure 3(a) shows the saturated state of the lower part of

the column and the unsaturated state of the top of the

column. The saturation state of the upper part of the

column varies between two 12-hourly injections and

reaches hydrodynamic steady state after two injections.
n-reactive Cl� versus depth after 3 days.
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The global residence time of the solution in the column is

up to 3 days as shown by the Cl� concentration versus

depth (Figure 3(b)).

Figure 4 confirms that O2 is consumed during the infil-

tration, especially in the saturated part of the column.

More than 30 numerical tests have been performed in

order to determine kinetic rates of redox processes
Figure 4 | O2 concentration versus depth after 62 days.

Figure 5 | CH2O, NH4
þ, NO3

�, O2(aq) and N2(aq), concentration in the last cell of the column (z¼

om http://iwaponline.com/jwrd/article-pdf/2/4/185/378398/185.pdf
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(Table 2). The implementation of CH2O degradation by

aerobic respiration and heterotrophic denitrification allows

reproduction of the CH2O decrease at the outlet of the

column (Figure 5(a)). Concentration oscillations observed

in the solution at the outlet of the column after 3 days of per-

colation are due to the 12-hourly wastewater injections. The

model is in good accordance with nitrification processes and

reproduces NO3
� concentration at the outlet of the column

(Figure 5(b)): only part of injected NH4
þ is transformed

into NO3
�. NH4

þ sorption on exchangeable fraction of clays

is not included in the model. This process is of great impor-

tance for NH4
þ immobilisation in soils (Vogeler et al. );

this is why NH4
þ model concentration is too high compared

to the concentration measured at the outlet of the laboratory

column (Figure 5(c)). The strong decrease of O2 followed

immediately by the production of N2 illustrates the part of

denitrification due to the degradation of CH2O. To be con-

sistent with CH2O measurements (see Table 1), rate

constants for aerobic respiration and heterotrophic denitrifi-

cation had to be minimised.
0). Wastewater and average laboratory column compositions are also reported.
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As SO4
2� concentration is greater at the column outlet

(Table 1), pyrite oxidation is assumed to take place in the

column.

Calculated concentration of SO4
2� is only close to the

final measured concentration at the outlet of the column

(Figure 6(a)). The kinetic of pyrite oxidation strongly

depends on O2 gas diffusion in the unsaturated/saturated

conditions (Xu et al. ). The difficulty is to reproduce rea-

listic O2 diffusion in the heterogeneous and complex porous
Figure 6 | SO4
2�, Fe2þ, precipitation of ferrihydrite, logpCO2 (calculated with PHREEQC, Parkhu

average laboratory column compositions are also reported.

://iwaponline.com/jwrd/article-pdf/2/4/185/378398/185.pdf
media with a conceptual simplified model. The difference

between measured and simulated SO4
2� concentrations can

be imputed to this mechanism. Fe2þ produced by pyrite oxi-

dation precipitates as ferrihydrite (Figure 6(b)) resulting in

iron concentration values under the detection limit at the

outlet of the column (Figure 1, Table B).

The differences between measured values for pH and

HCO3
� and calculated ones (Figure 6(c), (d)) are due to

the high pCO2 calculated in the model and produced by
rst & Appelo (1999)), HCO3
� and pH in the last cell of the column (z¼ 0). Wastewater and
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bacteria activity (Figure 6(e)). In the laboratory, solutions

at the outlet of the column are sampled without consider-

ing pressure (disconnection between the column and the

sampling bottle). The difference in pCO2 between model

and sampling can be explained by a degasing phenom-

enon before the sampling. The pCO2 is expected to be

higher and pH value more acidic in the environment of

soil pore solution at the bottom of the experimental

column.
CONCLUSION AND OUTLOOK

Through successive pilot experiments, we have attempted to

distinguish the effective natural capacity of soil to buffer

organic and inorganic pollutants (pathogens, heavy metals,

nitrogen compounds, etc.) in order to optimise the main pro-

cesses controlling the drop of pollutants with eventually the

addition of geomaterials in the system. The reactive-trans-

port modelling allows us to identify these processes to

predict the future geochemical behaviour of the optimised

soil filter. First geochemical model results demonstrate the

possibility of aerobic respiration, nitrification, heterotrophic

denitrification and pyrite oxidation. The model shows the

possible precipitation of ferrihydrite. Future simulations

have to be performed, including iron hydroxide surface com-

plexation mechanisms, in order to test trace element

mobility. The hydrodynamic model allows us to determine

the physical parameters controlling the saturation state of

experimental columns. Future laboratory experiments will

be dedicated to the monitoring and adjustment of hydrodyn-

amic parameters to ensure the succession of non-saturated/

saturated conditions in the natural soil filter column.
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