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ABSTRACT

Irrigation with wastewater can increase the available water supply and present a feasible alterna-
tive for increasing resources in water-scarce areas. Despite these benefits, some potential negative
environmental effects among which degradation of the hydraulic soil properties and groundwa-
ter contamination may arise in association with the use of wastewater. Because of these concerns,
a randomized complete block design under unsaturated, steady-state flux was performed with
aerobic sand columns treated with synthetic wastewater. Water treatments included four irri-
ation, and different levels of chemical oxygen demand (COD). A time domain reflectometr
(TDR) probe was used to measure water content and electrical conductivity at two depths of 20
and 60 cm from the top of columns. Water samples were taken using Rhizon extractors placed
at 25 cm and 65 cm from the top. At each column two tensiometers for measuring hydraulic
potentials were placed, at two different depths 20 and 60 cm. Four steady-state flux conditions (1
cm h) tracer tests were used to obtain transport parameters such as the dispersion coefficient
and pore-water velocity by analyzed a transfer-function method. Estimating water and solute
transport parameters was simulated by inverse modelling techniques. Statistical analysis shows
that transport parameters under the unsaturated conditions were remained fairly constant in all
treatments during the experiment time. In contrast, after exploring different possible shapes for a
curve the experimental data were fitted in a simple model for evaluating the zero order and first
order form of rate equations to evaluate the kinetics. It was found that first order rate expression
is the best fit for the synthetic wastewater under different concentrations that gives a best fit shape
constant (R? = 0.9714). Overall, the HYDRUS-1D model successfully simulated the water flow and
Pulse-response experiments in the columns. If during primary stages of municipal wastewater
treatment, some elements like solids, the toxics or pathogens be removed, which is essential for
trickle irrigation, then the municipal wastewater can be similar to our artificial wastewater. The
results show that the effluent of our synthetic wastewater without toxic or pathogen elements, was
very clear and its quality exceeded the direct discharge standard, poses little risks for groundwa-
ter pollution. In addition, the experimental results also show that the removal efficiencies of COD
was high, being more than 65% and 95%.
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1. Introduction societies especially in arid and semi-arid areas. Due to the
high evaporation and the lack of rainfall in these areas it is
necessary to irrigate the fields to increase the agricultural
production [1]. Wastewater irrigation is a widely used
practice worldwide, in arid and semiarid regions, to alle-
viate water shortages in agriculture [1-4]. Uses of munic-
*Corresponding author. ipal wastewater in irrigation can mitigate the utilization

Water scarcity, population growth and economic devel-
opment are among the main problems to be faced by many
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of natural water resources and enables the diversion of
nutrients from water bodies by using soil and plants as
natural filters but if mislead, can cause serious environ-
mental and economic harm. Various studies confirm that
treated sewage waste water can be useful as an additional
water resource for irrigation [5,6]. However, degradation
of soil hydraulic properties is one of the expected risks
of wastewater reuse. Chemical clogging includes swell-
ing and dispersion of clay particles that are induced by
sodium concentrations generally higher than those for the
associated fresh water [7,8]. Biological clogging is caused
by soil pore size reduction due to bacterial growth and/or
accumulation of by-products, in aerobic or anaerobic con-
ditions [9,10]. Severe clogging of the surface soil layer may
lead to anoxic soil conditions, reduced infiltration and
redistribution of water in the root zone, and diminished
effectiveness of the wastewater treatment [11,12]. Trans-
formation of a substance into new compounds through
biochemical reactions or the actions of microorganisms in
soils is based on processes that control the transport of sol-
utes through the unsaturated zone [13]. The organic com-
pounds in soil undergoes a lot of change. Biodegradation
is the transformation of a substance by micro-organisms.
Under environmental conditions, biodegradation can be
affected by a number of factors, including the presence
of oxygen (aerobic/anaerobic conditions) and nutrients,
the population size of the required microorganisms, and
the micro-organisms’ adaptation [14]. The organic com-
pounds that dissolve in groundwater move more slowly
than groundwater because of sorption to the soil particles
(Suzanne Lesage). The solubility of a compound and its
sorption in soil are inversely related: i.e. increased solu-
bility results in less sorption. Pesticide solubility is an
important factor in waste disposal. Solubility can indi-
cate the maximum amount of pesticide in solution in any
accidentally contaminated water. Compounds with high
degrees of solubility are expected to leach into ground-
water. Compounds solubility is an important factor in
solute transport in soil. Solubility can indicate the maxi-
mum amount of compounds in solution in any acciden-
tally contaminated water. Compounds with high degrees
of solubility are expected to leach into groundwater. Many
sand filters operate under water-saturated conditions.
This leads to anaerobic conditions amplified by the waste
water’s large oxygen demand. As an alternative to sand
filters, soil filters have been used for treatment of agricul-
tural wastewaters [15] and as a cost effective alternative
to conventional septic tank/soil adsorption systems for
domestic wastewater [16].

The purpose of this paper is to present experimental
results of solute transport thought twelve PVC tube with
a 200-mm inside diameter (ID) and a length (Le,) of 800
mm soil columns. Tracer experiments with a Cacl, solution
were conducted during steady unsaturated water flow into
a sandy column homogeneous. Synthetic wastewater was
used as the source of nitrogen, carbon and phosphorus for
all columns during experiment time. Transport parameters
and degradation were studied in laboratory soil columns.
Effective average pore-water velocities and dispersion coef-
ficients were estimated by a transfer-function of method
to the breakthrough curves observed at regular intervals
along the horizontally placed columns. The Hydrus-1D

software package [17] was used in computation of Rich-
ards’s flow and convection dispersion (CDE) solute trans-
port equations.

2. Theory
2.1. Transport and degradation of dissolved material in a soil

The simple formulation of the one-dimensional convec-
tion-dispersion equation (CDE) under steady-state one-di-
mensional water flow and with degradation is:

ac [(aC) . (aC
R _p[2C | _y(L)-
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with C (M L7) the solute concentration, D (L2T!) the dis-
persion coefficient, and v (L T) the average solute veloc-
ity estimated as, where g is the Darcy flux density (L T™)
and O, is the effective volumetric water content (L° L),
x is distance (L). In general, D, v, and © are functions of
both t and x. The constant p (T) is the rate constant, and
describes first-order degradation. The parameters D and v
were obtained from fitting the analytical solutions of Eq.
[1] to BTCs observed during steady-state flow leaching
experiments using a least-squares optimization procedure.
Hydrodynamic dispersion D (L>T™) incorporates the effect
of both mechanical dispersion and molecular diffusion and
is often estimated as:

Since molecular diffusion cannot be separated from
mechanical dispersion in flowing groundwater, the two are
combined into a parameter called hydrodynamic disper-
sion coefficient, D:

D=\v+D, )

where A (L) is the mechanical dispersity, and D, (L* T™)
the molecular diffusion coefficient. Due to hydrodynamic
dispersion, the concentration of a solute will decrease over
distance.

3. Materials and methods
3.1. Measurement of D, V and m

The transfer function theory can be used to determine
the V and D provided the CDE equation is linear [18]. This
is realized by firstly applying a constant water flux. During
this water flux a pulse of a conservative tracer is injected
and the response is measured at a distance from the pulse.
The transfer function is fitted on the pulse-response experi-
ment by optimizing the D and V.

Having determined D and V we can than determine the
degradation constant p by measuring concentration at dif-
ferent depth in the profile it is possible to fit the degradation
constant.

Under a constant water-flow and top boundary concen-
tration C,, the CDE the solution is:

C(x)=C, exp{‘z/—;(—l h+ 4“/*? } 3)
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Having determined V and D by a pulse-response experi-
ment and with a C, and one C_measured at position x below
the top the degradation constant can be calculated explicitly:

1-mn| & 12214
C, ) Vx
Alternatively, we can fit a concentration profile with
concentrations at several depths in order to determine the
degradation constant. So, either we use Eq. (4) directly

on one measurement at depth x or we fit Eq. (3) by a least
squares fit on the concentrations at two or more depths.

VZ
L=—

=D 4)

3.2. Experimental setup

Solute and tracer experiment was conducted on twelve
soil columns. Fig. 1 shows the experimental setup. A PVC
tube with a 200-mm inside diameter (ID) and a length (Le,)
of 800 mm was placed on a larger PVC tube with ID = 300
mm and (Le,) = 1000 mm.

PVC tube with
D=200mm,L=0.8m
and fine sand filled

The bottom tube had a water table at 95 cm below the
interface between the tubes. In this way the top tube had a
bottom boundary condition with a prescribed suction by a
hanging water table. A small horizontal hole was drilled in
the wall of each bottom column at 50 mm above the closed
base in order to allow drainage of water and to maintain
the shallow water table. All columns were filled uniformly
with sieved natural sand (grain size 0.063-0.125 mm) and
flow was directed from the top to the base of the sample
to represent vertical 1D flow down through the soil. At the
top boundary of the upper soil column steady state water
flux consisting of either demineralized water or synthetic
wastewater was established with a Mariotte bottle. Water
samples were taken using Rhizon extractors placed at 25
cm and 65 cm from the top. A sample is obtained by plac-
ing the sampler under vacuum. The vacuum is obtained
using a vacuum tube or a syringe. A small suction was
applied to all extractors to sample the soil solution period-
ically. In the top columns water potential was monitored
by tensiometers. According to [19], water content and bulk
soil electrical conductivity were measured simultaneously

Mariotte bottle

Standard synthetic
waste water supplier

Aluminum foil

Water sampling
collectors

(by syringe)

Tensiometers __—

Groundwatertable

Aluminum foil

PVC tube with

D=300mm,L=1m
with fine sand filled

\ for water collection

Drainage water
collector

Fig. 1. Sketch of the experimental setup to acquire data on the transport of water and solutes using TDR. All measurements are
situated in the top column with 200 mm ID. The bottom column create natural suction for unsaturated flow in the columns.
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by Time Domain Reflectometry (TDR). Parallel three-wire
TDR probes, 100 mm long, with a wire diameter of 2 mm,
and a spacing of 10 mm, were used. TDR probes inserted
horizontally at depth of 20 and 60 cm were connected via a
SDMX50 multiplexer (Campbell Scientific Ltd., Shepshed,
UK) to the Tektronix cable tester 1502B, with RS232 inter-
face. A computer controlled the settings of the TDR and
also recorded and analyzed the waveforms using Win
TDR software [20]. Measurements of both water content
and bulk soil electrical conductivity were taken every 10
min at the beginning and every 30 min after the fourth
hour. A rainfall simulator was used to apply the water at
a steady rate to each column. At each column two tensi-
ometers for measuring hydraulic potentials were placed,
at two different depths (20 and 60 cm from the top).Three
times during a day, a cycle of consecutive measurements
for the tensiometers was taken at two locations and data
were stored. The unsaturated hydraulic conductivity k
(L T) was estimated by Darcy’s law:

unsat

AH ()
= k —_—
q unsat AX

where AH is the total hydraulic head loss across a length
Le. For all tracer tests, the length (AX) is 40 cm and corre-
sponded to the distance between to TDR probes. The AH
was determined by the tensiometer-readings and adding
the gravitational potential differences. The surface of the
soil in the upper columns and annular surface of soil in the
lower columns were covered with aluminum foil to prevent
evaporation. The steady-state flux condition (1 cm h™') was
applied.

Alternatively the flux was estimated from a CaCl, tracer
test:

A
2o, 6)

where t* is the mean travel time of the tracer, Ax the travel
distance and ©, the measured volumetric water content.

3.3. Synthetic wastewater irrigation

Artificial wastewater was prepared using the following:
glucose, NH,Cl, KHZPOA‘, KZHPOAL MgSO,-7H,0, NaHCO,
and concentrations of trace salt minerals, CaCl, (5 mg 1),
FeCl-6H,0 (0.1 mg 17"). The composition of the synthetic
wastewater was chosen according to (Houtmeyers 1978),
was adjusted according to advise by Rik Deliever (personal
communication 2008) and has been used in pilot-water
treatment experiments. The concentrations of the major
cations chosen for synthetic wastewater are in the range of
typical domestic waste water. These values were compared
with the standards established for wastewater reuse the
Food and Agricultural Organization (FAO) (Pescod 1992)
of the United Nations. The chemical composition synthetic
wastewater is illustrated in (Table 1).

The experiments were a randomized block design with
water at four levels, replicated three times. Treatments were
expressed in chemical oxygen demand (COD) concentra-
tions of applied wastewater. Chemical oxygen demand
(COD) is a measure of the capacity of water to consume

Table 1

Ingredients of artificial sewage for a COD of 300 mg I
(Houtmeyers 1978). Water having a pH in the range of 7 to 8
adjusted by adding /NaHCO, concentration

Constituent mg I Contribution Source of
Glucose 225 500 C Carbon

NH,Cl1 150 40N and 100Cl1 N and Cl
KH,PO, 1 25P P

K,HPO, 14 25P P
MgSO,7H,0 100 40 S0, S

NaHCO, 450 pH75 pH adjustment
CaCl, 5 Some Ca Ca

FeCl, 0.1 Some Fe Fe

oxygen during the decomposition of organic matter and
the oxidation of inorganic chemicals such as ammonia and
nitrite. A steady unsaturated flow flux conditions (1 cm h™)
was established in the columns using Mariotte. We donated
the treatments as T1 (COD 300 mg 17'), T2 (COD 200 mg
1), T3 (COD 100 mg 1) and T4 (COD 0 mg 1! as a control).
Demineralized water was used to completely and instan-
taneously for mixing the synthetic wastewater. Deminer-
alized water was used to completely and instantaneously
for mixing the synthetic wastewater. Fig. 2 shows the deg-
radation in the Mariotte bottles over time. The degrada-
tion appears to be linear, so zero-order degradation can be
accepted. Based on these degradation curves it was decided
to mix every three days a fresh solution in a tank (200 L).

3.4. Pulse-response experiments

Solute transport parameters were estimated by fitting
the convection-dispersion equation to the observed break-
through curves for each solute at various depths in each col-
umn. The data at the upper position was considered as the
input and that at the lower position as the response. Before
starting the displacement experiment, a constant rate of
water flow through the soil columns was established by a
Mariotte bottle. Soil surface was then covered by a polyeth-
ylene plastic for few days to allow the soil column to reach
an equilibrium state. The whole system reaches equilibrium
with the applied and drainage water in one week. The equi-
librium condition was confirmed from the identical rates of
the applied and drainage water for each column and from
constant water content and constant suction head by tensi-
ometers and TDR water content readings. Water was spread
uniformly over the surface of soil column using a paper fil-
ter. Ordinary tap water was used as “tracer-free” but had a
small background EC. The salt tracer pulse was applied by
changing the water source to the Mariotte bottle from tap
water to the Calcium chloride (CaCl,) solution, which was
equivalent to a surface application rate of 10 x 102 g/cm?
The pulse duration was 30 min while maintaining the same
Mariotte bottle inflow rate before, during and after the
pulse application to ensure a constant pore water velocity.
The transport of the solute was characterized by monitoring
the change in EC at 20 and 60 cm from the top of each col-
umn with TDR probe. The measurements of TDR sensors
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Fig. 2. Degradation of the synthetic wastewater in the Mariotte
bottles over time. On the basis of these curves a 3 days interval
for mixing fresh solutions was selected. The COD-time relation-
ship seems to be a zero-order decay process.

were performed with a scanning interval of 10 min until the
applied water was leached, as confirmed by the reaching
a bulk electrical conductivity equal to the background and
initial EC before the tracer application.

3.5. Analysis of pulse-response data

The EC of the soil solution was calculated from the
TDR-measured bulk soil EC via a physically based model
by Friedman [23]. According to Chou and Wyseure [24] the
background EC was firstly subtracted from the measured
EC responses in order to obtain the increase in EC due to
the tracer. BTCs constructed from the electrical conduc-
tivity (EC) of bulk soil estimated from measurements by
time-domain reflectometry (TDR). BTCs constructed from
the electrical conductivity (EC) of bulk soil estimated from
measurements by time-domain reflectometry (TDR). The
solute-transport parameters including pore water veloc-
ity and dispersion coefficient were determinated through
transfer function analysis [18]. The measuring probe of the
TDR sensor signal was taken as the input (C,) at the top
of every column while the response (C,) was taken at the
bottom of every column. Eq. (4) was fitted to the measured
BTCs normalized EC data. For linear systems with continu-
ous variables, the input and response signals can be related
by a transfer-function. In engineering, a transfer function is
a mathematical representation for fit or to describe inputs
and it is the ratio of the Laplace transform of the output
variable to the Laplace transform of the input variable when
all initial conditions are zero. The column of soil is assumed
to be infinitely long and initially relaxed, that is, the initial
concentration of the solute is zero throughout the column.
The method was implemented in R software, which is free
software environment for statistics and graphics under
General Public License (GPL).

3.6. Parameters estimation

In this study, numerical model HYDRUS-1D version
4.14 was used as a tool to simulate water and solute move-
ment in the soil columns and transport parameters were
then obtained by fitting solutions of the CDE to observed
breakthrough data. The HYDRUS-1D program uses the
Marquardt-Levenberg optimization algorithm [17] for the

inverse estimation of soil hydraulic and solute transport
parameters. The software is based on the least squares
method for the parameters optimization and can deal with
different water flow and solutes transport boundary con-
ditions [17]. To estimate the hydraulic parameters, Hydrus
simulation started using the steady state water flux condi-
tion with a low background concentration.

4. Results and discussion
4.1. Hydraulic properties

Hydraulic properties are important factors controlling
the water transport in soils, and hence the leaching of waste-
water pollution. The results in this section are presented to
have an idea about the water regime in the soil columns.
Comparison between simulated and measured water con-
tent and relationships between water content versus time
are presented in Figs. 3 and 4, respectively. The results show,
although there were somewhat deviations in several values,
but there was a good agreement between the model and
TDR data. At a first glance one could observe that the water
content for pure water was somewhat higher. However,
looking to the period before COD treatments were started
whereby all columns received the same pure water, it is clear
that this is a difference in column characteristic. Looking into
the changes by substracting the pre-treatment water content
from the actual ones indicates by visual inspection that there
was no difference. During experimental period TDR mea-
sured average water content was higher at top of soil due to
continuous dripping of water and bottom has lower water
content due to drainage effect of dune sand. The statistical
criteria of quantitative model evaluation were summarized
as follows, 0.0221, 0.0071, 0.0110 and —-0.0055 (cm® cm),
and root mean square error values of 0.0912, 0.0295, 0.0479
and 0.0341 (cm® ecm?®), for T1, T2, T3 and T4, respectively.
For the treatments (T1, T2 and T3), the model systematically
overestimates the soil water content by 0.014 to 0.025 (cm?
cm?®). Differences between observed and simulated values
can result from inappropriate parameter values or lack of
the model’s ability to simulate processes occurring at a site.

According to the analysis of variance (ANOVA) shown
in Table 2 using the changes as compared to the starting val-
ues in the same columns confirmed that there was no sig-
nificant variation in the (P < 0.05) between the treatments.
Although the water content in soil had some fluctuation
during the experiment time, however it was independent of
the treatment and or interestingly the fluctuation decreased
and reached a balance before the end of experiment period.

Decreased viscosity might be because of temperature
effect during a warmer period in the middle of summer. It
was checked whether the waste water had a different vis-
cosity as compared to the demineralized water. The water
had at a temperature of 20°C a kinematic viscosity of 1.004
centistokes. Our sample with a concentration of 100 mg 1™
and 1500 mg 1" COD had a kinematic viscosity of 1.0057
and 1.0119 centistokes, respectively. Although the increase
in viscosity was measurable in a reliable and reproducible
way, the increase was less than 1% as compared to pure
water for a COD of 1500 mg 17!, which is 5 times more than
300 mg I!, our highest concentration. So, viscosity effects
in function of COD concentration can be excluded. The
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effect of concentration on viscosity is smaller than that of
temperature. In a similar way there was also no significant
difference for changes in unsaturated hydraulic conductiv-
ity during the experiment between the treatments (Table 3).

4.2. Solute breakthrough curves

We analysed breakthrough curves of CaCl, in 120
experiments to determine the transport parameters in nat-
ural sand by the transfer-function method (Table 4). The
transport parameters obtained were compared with those
determined by the widely used a one-dimensional unsatu-
rated transport model of the Hydrus-1D. First, D and v were
estimated assuming that R =1, then longitudinal dispersion
(M) values have been estimated for each of the 120 tracer,
through the interpretation of the corresponding break-
through curve. The pore water velocities determined by the
transfer function method using the CaCl, pulse-response
were in good agreement with the pore water velocities esti-
mated by combining the column cross-sectional area, volu-
metric flow rates, and water contents. The fluxes estimated
from the CaCl, mean arrival times and water contents were
in good agreement as compared to the imposed fluxes. The
measured pore water velocity also varied along the soil col-
umn due to non-uniform water content that indicate our
soils have preferential flow in their porous medium. Floury
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Fig. 3. Comparison of simulated and measured soil water con-
tent for the soil columns during experiment time.
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et al., (1994) mentioned that fine textured soil has the pref-
erential flow, like this condition also occur in unsaturated
sandy soils due to textural variations and water repellency.
This type of flows may also arise from fluid instability or
due to variation of water and solute input at the soil and
such flow is unpredictable (Kamara et al., 2001). However
we used average water content and assumed constant
velocity over the observation length of column. De Smedt
and Wierega (1978) found that despite non-uniform water
content distributions, BTCs of solutes moving through

Table 2
Analysis of variance for water content

Source D, Sum of Mean F Sig.
squares  square

Between treatments

Treatment 3 0.014 0.005 0.948 0.419m

Block 11 0.018 0.002 0.325 0.980 ™

Residual 189 0933 0.005

Between weeks

Week 12 0.063 0.005 1.072 0.386 ™

Block 11 0.014 0.001 0.264 0.991 s

Residual 180  0.884 0.005

"s=Non significant

Table 3
Analysis of variance for unsaturated hydraulic conductivity

Source Df Sum of Mean F Sig.
squares square

Between treatments

Treatment 3 0.839 0.280 0.341 0.796"

Block 11 7.202 0.655 0.799 0.641~

Residual 189 154.968 0.820

Between weeks

Week 12 13.459 1.122 1418 0161

Block 11 7.836 0.712 0901 0.541

Residual 180 142.348 0.791

"s=Non significant
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Fig. 4. The relationship between the volumetric water content (8) rate over time for different treatments in soil columns.
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unsaturated porous medium under steady state water flux
conditions can be predicted using average water content.
The measured and estimated solute breakthrough data
for the transport experiment in the all sand columns (Fig. 5)
show relatively regular and symmetrical distributions at
most measuring points with a good fit. Coefficients of deter-
mination R? are very high for almost all columns calculations
(majority shows from 0.94 to 0.99). The measured break-
through curves by the displacement experiment and simu-
lated curves with Hydrus-1D are shown in Fig. 4 for different
treatments. The correlation between measured and estimated
response is poorly correlated in laboratory BTCs data, due to
the unavoidable non-uniform spreading solute pulse water
steam over the surface of the soil. Mojid et al. [18] mentioned,
that the variability of non-uniformity might have caused by
variable concentration of solute in water across the cross sec-
tion of the soil plane and TDR sensors can be detected a cylin-
drical volume with the diameter approximately 1.4 times of
the spacing on the outer sensor (Backer and Lascano, 1989).
The diameter of cylindrical volume measured by TDR was
approximately 7 cm, while column diameter was 19.2 cm. As
a result, about more than half of the column cross-sectional
area was not monitored by sensors. However non-unifor-
mity in the horizontal distribution of soil water between the
detected and undetected area might have resulted in different
BTCs curve in both column. But HYDRUS simulated BTCs
curve has higher correlation between measured and response

0.16 [(T1) T

.

Relative EC (t,x)

150000
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due to the uniformity of water content. The comparison of the
measured relative EC (open circles) and the simulated results
from inverse modelling (full line) is given in Fig. 6. Analysis
of variance (ANOVA) shows that transport parameters under
the unsaturated conditions were remained fairly constant
in all treatments during the experiment time (Tables 5 and
6). The observed variances were all attributed to the exper-
imental error. No treatment effect was significant. The vari-
ation between the columns was much larger than between
the treatments, so effect could be detected. However, these
variations in velocity between the columns might be due to
some preferential flows of water in the soil columns through
regions undetected by the TDR sensor that occurred from
non-uniform distribution of soil water in the horizontal plane
of the column. Non-homogeneous bulk density of the soils
might have caused this variation in hydraulic conductivity
and water flow. The results show that the longitudinal disper-
sivity increased with increasing transport distant. Moreover,
the variation of dispersivity respect to the scale of measure-
ment seems to be related to the total porosity of porous media.

4.3. COD degradation

The degradation of synthetic wastewater in the soils
may follow either a first-order reaction model or zero-order
reaction model. Since it is one of the most important fac-
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Fig. 5. Example of fitting between the measured and estimated response curves for impulse input of calcium chloride in the flux of
1 cm hr? for all COD-treatments in the soil columns(A, input 1; ®, input 2; B, input 3; A, response 1; O, response 2; [J, response 3).
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Table 4
Summary of estimated transport parameters from laboratory and HYDRUS simulated BTCs data — Analysis by transfer function
method
Treatments o(v) Vv D I R? RMSE
cm h?! cm?ht cm - -
Before treatment 0.118 4.27 0.17 0.039 0.9088 0.2817
During irrigation with T1 0.136 298 0.18 0.060 0.9603 0.1853
wastewater T2 0.127 2.35 0.50 0.212 0.9781 0.1329
T3 0.117 3.00 0.73 0.243 0.9859 0.1096
T4 0.134 5.17 1.76 0.340 09117 0.2764
After irrigation with T1 0.131 2.00 2.52 1.26 0.9819 0.1128
wastewater T2 0.128 6.77 1.74 0.257 0.9466 0.2177
T3 0.137 272 097 0.356 0.7724 0.3473
T4 0.129 2.75 0.85 0.309 0.9013 0.2763
Hydrus-1D 0.136 6.83 1.89 0.276 09724 0.1569
005 - . . Table 5
— Simulated by inverse modeling Analysis variance for pore water velocity
004 = « Mezsured Source D, Sum of Mean F Sig.
i squares  square
Between treatments
el beEe Treatment 3 32.090 10697 0935 04250
o Block 11 80.900 7.355 0.643  0.790"¢
-Té 002 = : Residual 189 2161430  11.436
= r Between weeks
= . Week 12 188.866 15.739 1413 0.163™
001 Block 11 68.289 6.208 0.557  0.861™
M ] Residual 180 2004.654  11.137
s =Non significant

Time (day)

Fig. 6. Comparison of the measured relative EC (open circles)
with the simulated results from inverse modelling (full line) (r*
=0.89) in flux of 1.0 cm hr™.

tors controlling the fate and transport of pollution in soils,
the leaching potentials under both types of reaction were
evaluated. A simple kinetic model to represent the biodeg-
radation behavior obtained in the laboratory was used to
understand the reaction rate. It was revealed that the effi-
cacy of synthetic waste water degradation decreased in the
course of time which is (was) shown as decreasing degrada-
tion kinetic constant y. Additionally, in all COD treatments,
this decrease seems to be the same.

The resulting biodegradation and growth kinetics were
best described by the sum kinetics with interaction param-
eters model. We expected less degradation in the column.
Least squares fitting of the degradation constant p in equa-
tion 3 were possible for all 200 and 300 concentration and for
most 100 mg 1. The direct estimation of p by Eq. (4) on the
measured COD at 25 cm depth was possible for all measure-
ments. Comparing the available 2-point fits with direct top

fits showed that the direct estimation with concentration at
25 cm depth were in very good agreement. As a result the
direct estimations based on the 25 cm deep concentration
were used. After exploring different possible shapes for a
curve the following equation was able to fit and was selected:

Kt ) %
1+ Kt

w(t) =p, _Md(

whereby 11, is the starting value for time 0; p, the reduction
in degradation after a long time ¢ and K a shape constant. As
shown in Fig. 7 the general fit on all data and the fit on the
separate treatments coincide.

For the general fit 1 and p, was 1.22E-04 s and 9.19E-
05 s7, respectively. Therefore, a final degradation constant
around 3E-05 s (or 2.6 d™) could be expected if the trend
continues. The K fitted on all data was 10.0 while for 300,
200 and 100 COD we found 20.0, 6.3 and 12.0, respectively.
The final degradation constant appeared to be the same for
all treatments. However one could expect a faster decline
(or lower K) of the degradation constant for higher concen-
trations. Especially if there would be some effect of filtering
present in an apparent p the decline should be faster with
the larger concentration. Filtering effects are unlikely how-
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Table 6
Analysis variance for hydrodynamic dispersion

Source D, Sum of Mean F Sig.
squares square

Between treatments
Treatment 3 93.242 31.081 1969  0.120™
Block 11 248.671 22.606 1432  0.161m
Residual 189 2983.558 15.786
Between weeks
Week 12 226.153 18.846 1190  0.293"s
Block 11 263.034 23912 1.510 0131~
Residual 180 2850.647 15.837
s = Non significant

2.00E-04 < T ==mf O mfl A mf2 & mf3

1.50E-04
1.00E-04

5.01E-05

Degradation constant 1 (1/days)

1.00E-07
0 20 40 60 S0

Time of waste water treatment ( days)

Fig. 7. Degradation constant of the synthetic wastewater in the
soil columns over time. The “mT” are the degradation con-
stants 1 estimated in individual column by Eq. (4) with the
concentration at the top 25 cm. The “mf” are the degradation
constants p simultaneously fitted on all COD-treatments. The
“mfl”, “mf2” and “mf3” are the degradation constants p fitted
at the 300, the 200 and 100 mg 1* COD, respectively (average
for 3 replication).

ever as our synthetic wastewater is composed by highly sol-
uble components without any solids.

The degradation kinetics of synthetic wastewater
under different concentration followed first-order kinet-
ics. However with time, the efficiency of the degrada-
tion of synthetic wastewater dropped, as observed by the
decreased degradation constant. It was expected that the
degradation constant would increase as an adapted micro-
biological community would adapt and become more
adjusted to the wastewater as a nutrient. As the synthetic
wastewater does not contain any toxic or more difficult
to digest constituents it could be that bacteria grow very
fast and do not need a lag-time more than a few days. The
reduction of the constant could be caused by a built-up of
some element in the soil solution. This could be salinity,
caused by the tracer, although the salinity always returned
quickly to the background level and CaCl, should not be

harmful. Other possibility could be some intermediate
product or a change in pH.

5. Conclusions

Comprehensive understanding of agricultural irriga-
tion with reclaimed wastewater is essential. The present
study aimed at performing sand columns system and
evaluating the changes of unsaturated flow for waste-
water treatment from simulated synthetic wastewater.
HURDUS-1D model was used to simulate and inversely
estimate the unsaturated soil hydraulic and solute trans-
port parameters with same laboratory model with lower
boundary as free drainage and seepage face. On the basis
of the following conclusions can be drawn. Research
results showed that under unsaturated conditions of syn-
thetic wastewater containing different concentrations no
significant differences were observed between the treat-
ments. A first-order kinetic model was a good representa-
tion of biodegradation of synthetic wastewater in the soil
columns. However, the degradation constant decreased
with time and this decrease was independent of the con-
centration of the wastewater. In spite of the considerable
input data demands, HYDRUS-1D successfully simulated
the water regime, as well as the effects of different irriga-
tion waters on the soil hydraulic parameters. The model
evaluation results provided some guidance for the design
of future experiments.
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