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ABSTRACT

During a continuous imrigation of simulatcd reclaimed water on an unsaturated soil column. the characteristics
of pore water at different depths, efftuent, initial and final soil indicated the simultaneous occurrence of ni-
trification, denitrification and ammoniun adsorption. Nitrification and adsorplion significantly depleted am-
monium (NH. ) of the influent at the upper soil layers. The nitrate  nitrogen (NO. —N) concentration of
the pore water and effluent increased to a maximum preceding the steady state, Total Nitrogen (T—N) did
not exceed its value in the influent {23 mg/L}, and NO. — N was always less than 2¢ mg/L. The cumulative
loss of T—N due 10 off-gassing to the soil air was 30.0 %. The loss of total organic carbon of influent was
62.9 %. The coupled material balance equations for both NH. N and NO; —N on entirc soil volume were
solved apalytically to simulate the distribution of NO, N concentrations with time along the soil depth.
Fimst-order ratc constants for mitrification (k) and denitrification (k.) were varied within a wide range until
the simulated NO. — N concentrations fit properly with the measured values. The optimum k, and k: ob-
1zined using the measured effluent data were 0.09 d ' and 0.003 d ', respectively. These are the global aver-
ages that represent the percolating water downward.

Keywords: Nitrate, Nitrification, Denitrification, Analytical modeling, Rate constants

INTRODUCTION

Reclaimed water irrigation has become a must in
the presenl world to address the irrigation watcr scarcity.
However, the environmenial issues and heaith nisks al-
ways follow the reclaimed water imrigation. Okinawa
Island in Japan has been suffering from water scarcity
and recently, the reclaimed water has been introduced as
an alternative irrigation water source. A large-scale pro-
ject on the reelaimed water irrigation has already been
designed, and will be implemented during the next few
years. According to that project, there will be no ad-
vanced treatment-unit process for the removal of cxcess
nitrogen in the trcatment train of reclaimed water
(Dayanthi et al.,, 2006). However, according to the same
authors, the targeted secondary ircated wastewater to
produce reclaimed water contains NH, " in high concen-
trations. which is likely 1o contribute to NO:  contamina-
tion in the subsurface water. Hence, NO, tops the list of
likely pollutants due to the irrigation of reclaimed water
production on the island. NO: is usually in the list of
most likely pollutants due to the irrigation of reclaimed
water elsewhere. As staled by El-Sadek ¢ af (2003),
the fate of nitrogen in the soils is of major concern be-
cause of the potential hazard for nitrogen, applied in ex-
cess of the natural decomposing capacity of the soil, to
contaminate shallow and deep aquifers. Hence, the study
of nitrogen dynamics in soil is imperative in achieving
precautionary measures to reduce the nitrate poliution.

Simulation of nitrogen dynamies using a
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mathematical model 1s crucial in investigating nitrogen
dynamics of soll bceause a model can estimate the
NO: —N concentration that may exist in the groundwa-
ter as a result of the reclaimed water itself. Modeling ni-
trogen dynamics has been attempted 10 number of ficlds
with vastly different results. Especially, this issue has
been constantly in the limelight of agricultural based
studies. Much research on nitrogen dynamics can be
found on the plant-soil system. Nitrogen dynamics in soil
are of concemn to the researchers representing different
disciplines. Therefore, studies and modeling of soil nitro-
gen dynamics have so far been considered in wider per-
spective. The atlernpts of analytical modeling of soil
nitrogen dynamics span several decades. In the initial
stage, analytical modcls describing the simultaneous oc-
currence of nitrification. denitrification and nitrogen
movement in 501l water have been presented by McLaren
{1969a, 1969b, 1970, 1971}, Cho (1971) and Misra er
al. (1974). The convective transport of nitrogen com-
pounds has been the basis for these analytical models. in
all of these atiempts, nitrogen dynamics due to either an
ammonium or nitrate salt have been modeled,

At present, the popularity of reclaimed water irriga-
tion has made this issue be reexamined in the context of
the current objectives, i.e. in terms of groundwater pollu-
tion. It has recently become an interest to the researchers
in Environmental Engineering. However, so far, minimal
attempts have been taken to simulate nitrogen dynamics
caused by the reelaimed water. McLaren {1976) stated
that in order to construct predictive mathematical models


















continuous irrigation of reclaimed water than the inter-
mitient imipation, in a soil column experiment conducted
on a low porous soil ohtained from the Okinawa Island;
and Shigematsu ef a/. {2006) verified it using an analy-
sis of nitrogen stable isotopes. The acceleration of
denitrification in the continuous application could also
be attributed to the high retention time owing to the less
percolation rate, and the water saturation conditions that
have created an anoxic cnvironnent,

Evaluation of the Model

The model simulates the measured values quite well
and consistently throughout the column. All simulations
of NO; —N showed a reasonable agreement with the ex-
perimental results. The correlation coefficients between
the measured and simulated concentrations of the pore
water at all depths were more than 0.85, except at 15 cm
depth. The correlation coefficient was 0.99 for the cfflu-
ent. The shapes of the profiles arc captured with the
model  that suggests all the transients are well-
represented with the model. Although, this model has
some limitations, the NO; —N dynamics are satisfacto-
rily described. The measured data verified that the nitri-
fication, denitrification and adsomption of ammonium
processes dominate the nitrogen dynamices in the soil col-
umn. The calibration data of the model also indicate that
the nitrification and denitrification both had a significant
effect on the nitrate dynamics. Therefore, the estimated
rate constants in this paper reflect the nitrogen dynamics
suitable for all practical purposcs.

As a result of the concentration of NH: —N bcing
negligible and lack of a particular pattern, the calibration
of the model was done with NO« —N concentrations. It
is assumed that the process of oxidation of ammonium to
nitrite is very quick and therefore, that process has been
omitted from the transformation terms. NO. —N necver
existed in significant concentrations in either pore water
or effluent samples.

This model represents a simplified version for the
heterogencity of the unsaturated porous media in the col-
umn. Since, the overall material balance equations of
NH: -N and NO; — N were solved using analytical
techniques, it was important to preserve the linearity of
the equations. In addition, analytical solutions arc possi-
ble for these equations because they have relatively sim-
ple initial conditions and boundary conditions. In order
to preserve the linearity of the equations and making the
analytical solutions, a number of simplifying assump-
tions were made such as steady slate water flow was as-
sumed; a uniform hydrogeologie condition were assumed
in the seil column whereas it is different from the reality.
The interstitial pore water velocity was most likely not
uniform in the column because of unsaturated conditions.
As per Lafolic et al. (1991), a better prediction of the
water flow including macropore and soil structure effects
is probably a major challenge in modeling not only water
flow but also the transport of fertilizer and chemical sub-
stances.

Another important assumption was first-order kinet-

ics for the microbial transformation of nitrogen
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compounds. According to Starr et al. (1974), many fac-
tors such as microbial growth Kkinctics, temperalure, pll,
and the supply of oxygen and carbon and a host of other
environmental parameters are implicitly included in the
rate coefficients. Starr et al. (1974) describes that under
steady-state conditions, the transformations are generally
zero or first-order rate reactions for relatively large or
small concentrations, respectively. According to the
same author, for more dilute solutions and/or where oxy-
gen or carbon supplies are limited, the net rate of oxida-
tion of ammonium, oxidation of nitrite and reduction of
nitrate can bc given by first order kinetics. McLaren
(1976) mentioned that the rate constants obtained in the
field or laboratory soil studies are usually arbitrary be-
cause the rate constants depend on both time and
biomass or microhial number. Doner ef al. (1974} indi-
cated that the microbial numbers are as important as are
other parameters including flow rates, organic matter
content, s0il pH and redox potential etc. These facts
show that the estimated rate constants, ki and k., in this
paper are subject to some lirtations. However, these
values may rcpresent the apparent constants into which
the aforementioned various factors have been lumped to-
gether. In addition, the model presented in this paper is
oricnted toward a simple siinuiation using physico-
chemical aspects rather than microbial processes. If mi-
crobial dynamics were taken into account, the model
would be non-linear, and would unable 1o be solved ana-
Iytically. In addition, the model would also require more
input parameters.

[n the developed model, sorption was subject to
several simplified assumptions. It was further assumed
that the ammonium on both solid and solution phases
would undergo nitrification. Krupp ef al. (1972} stated
that the microbial oxidation can involve NH.™ ions on
both phases, together with the existence of both mobile
and immobile soil water. The measured data suppor this
statement. 1t is considered that the adsorbates both on the
adsorbent and in solution are in local equilibrium with
each other. However, in reality, the adsorbate initially
tends to be sorbed irreversibly, only afier some time a re-
versible sorption-desorption cquilibrium is potentially
established.

CONCLUSIONS

The dynamics of ammonium and nitrate due to a
continuous irrigation on a high porous soil in a soil eol-
umn were simulated using a simple analytical moded.
The model was developed using the coupled material
balance equations for NH: —N and NO:” —N on entire
soil volume that incorporate convection, dispersion, ad-
sorption and biological transformation of the solute. The
transformation  processes incorporates mitrification,
denitrification and adsorption of ammonium onto soil as
those were the dominating processes in determining the
fate uf nitrogen in the soil column experiment. In order
to preserve the linearity of equations, several assump-
tions were used to interpret the above processes in the
model. First-order rate constants were determined for
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nitrification and denitrification processes.

The calibration parameters of the modcls were ap-
parcent rate constants of nitrification and denitriifcation.
In this study, a unique approach was followed in order to
estimate the apparent rate constanis in which the optimi-
zation of the rate constants using a large databasc of
simufated NO. —N, was implemented with a computer
program  and  statistics. The nitrification and
denitrification rate constants derived using thc measured
data of the effluent samples, which reprcsent the global
averages, were 0.09d ' and 0.003d ', respectively.
These rate constants indicate that the nitrification and
denitrification both had a significant effect on the nitrate
dynamnics of these soil column experiments,

With the global averages of the rate constants, the
modcl can be used 10 make reasonable predictions of ni-
trate leaching to groundwater systems. The modcl can
also be used to predict the nitrate concentration as a re-
sult of continuous irrigation in a porous soil. Therefore,
the model can be used as means of testing alternatives
and assessing risks.

The developed model, with the global averages of
the rate constants, could give reasonable predictions to
the steady state NO» —N that may exist in the ground-
water of the fields containing high porous soil in
Okinawa, due 1o the continuous drip irrigation under a
green house or field applications,
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