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ABSTRACT

Empirical stochastic multi-variable models for prediction of treatment efficiency of wetlands
are presented in this article. Wetlands of seven different shapes are visualized using tracer
studies. Two different variants of experiments are carried out. Numerous flow rate varia-
tions are performed keeping surface area of the wetland constant. The experiment is also
carried out with a variation in volume of the wetland which helps to study the effect of
flow height on the hydrodynamics within the wetland. A multi-variable model for treat-
ment efficiency in terms of change in tracer concentration as a function of shape, volumetric
height of water within the wetland, time, and mass flow rate is considered. Further, another
set of experiments is performed studying the treatment efficiency in terms of electro-kinetic
parameters. This involves measuring the pH, turbidity, temperature, electrical conductivity,
total dissolved salts at inlet and outlet and residence time with varying flow rate, and
height of water for the seven different wetland models under study. The electro-kinetic
parameters changes due to difference in concentration of the tracer dye which simulates
impurities. In this case, treatment efficiency is expressed as a function of the above-dis-
cussed electro-kinetic variables, time variation, water height, as well as variation in the mass
flow rate. The stochastic multi-parameter models, thus, empirically derived in the above
two cases have high coefficient of determination. The models thus derived may be used as
a tool for quick analysis of treatment efficiency of any shape and size of a three-dimensional
wetland.
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1. Introduction

Lagoons, ditches, marshes, bogs, and swamps are
fresh water resources or wetlands that play an impor-
tant role in ground water recharge, water treatment,
and sedimentation as well as ecological management
[1]. Constructed ponds of shallow depth ranging from
0.9 to 1.5 m are termed as oxidation ditches or sewage
stabilization ponds or lagoons [2]. This is very low-cost
wastewater treatment device [2]. Developing nations
like India should have sustainable solutions which
serve as a base for future generations and are also
available to them in the long run. Places such as Rajas-
than which are also regions of high-petroleum reserves
can also use wetlands for treatment of produced water
[3]. The wetlands are a low-energy low-cost treatment
with an energy consumption of 0.12 Kwh/m3 and cost
estimates in the range 0.006–12.6 US $/m3, respectively,
for produced water treatment [4,5].

Treatment in wetlands in principles occurs as a
result of time and conditions available for settling of
suspended impurities, oxidation of materials, meta-
bolic microbial growth, chemical breakdown by sun-
light, as well as nutrient uptake by plants species
which may grow within and specific to the wetland
and its geospatial location [6,7]. Wetlands are free sur-
face and sub-surface according to aerobic and anaero-
bic conditions as well as open to atmosphere and
those not open, respectively [7]. The efficiency of treat-
ment is dependent on impurity occurrences, time of
interaction between the pollutants within a specific
volume, and the microbial processes if any [8]. To
maximize treatment, it is pertinent to minimize short
circuiting [9,10]. The existence of preferential flow
paths within the wetland is known as short circuiting
[8]. These allow passage of certain dissolvable materi-
als to pass through the wetland faster than the actual
time for interaction provided by the system [8]. It is to
be kept in mind that the residence time calculation is
volumetric, ignoring constructions within the wetland,
recirculation zones, and flow gradients [8].

Wetland reservoir sub-irrigation systems (WRSIS)
and farmland channel wetland system (FCWS) are
systems which work in tandem with recycling agricul-
tural wastewater; thus, encouraging waste water reuse
[11]. Further work through theoretical approach on
improving the efficiency of the wetland within the
FCWS was performed by Wei et al. [10]. In this, the
shape of the existing wetland was changes keeping
the surface area constant. This work also hinted on
the control of the flow characteristics in order to
improve residence time and in turn treatment [12].
Different shapes of wetland may have variable
influence on the treatment efficiency [12].

Wetlands reduce nutrient content in agricultural
farm effluent in case of WRSIS and FCWS. Industrial
wastewater such as palm oil effluents are treated by
reducing the chemical oxygen demand and well as
total suspended solids using wetlands [13]. In these
studies, shallow wetland topography is considered
which may help in providing the treatment due to the
dominant frictional forces [14]. The major aspect which
decides the type of treatment is also the depth of the
water in the wetland. Therefore, the variation of depth
or height of water is also discussed within this study.

There are numerous dye tracer studies on wetlands
[15]. Tracer impacts the prediction of fluid transport
[16]. Measurements are to be performed throughout
the experiment to maintain the accuracy or authentic-
ity of the tracer studies [16]. Most of the studies have
used Rhodamine as a desired tracer for residence time
experiments due to its low toxicity, background inter-
ferences adsorption rates, and large time range for
degradation [8,17]. In this study, Rhodamine is being
used for the tracer tests.

When a dye is introduced at a specific location to
the water, it simulates point source pollution of the
water. Hence, when a dye is introduced into the wet-
land model in order to uncover its hydrodynamics, it
also plays its role as an impurity which may impact
the chemistry of water. In this way, the specific vol-
ume of water under consideration becomes a dilute
solution with increasing concentration of contaminants
with time. This is also the case in FCWS wetland dis-
cussed by Wei et al. [10], but not discussed or thought
about. The measurement of pH, electrical conductivity,
total dissolved solids, and turbidity will help in ascer-
taining the extent of contamination or contaminant
removal too from these wetlands. It is also true that
variation of pH between the inlet and the outlet will
also help in characterizing the efficiency of the trans-
port within the wetlands.

An experiment conducted in Idaho Springs-Central
City mining district of Colorado looked at metal
removal efficiencies of wetlands from an acid mine
drainage [18]. The experiment showed that with
change in the flow rate there was a reduction in metal
concentration and an increase in pH [18]. This would
mean that variation in pH may be a function of flow
rate and concentration of the contaminant metal.

Other indicators for assessing wetland treatment
efficiency are specific conductance and turbidity [19].
It should be observed that ephemeral wetlands do
show substantial time-based variation in water chem-
istry due to shallow nature and changing water levels
[20]. This may also indicate that indicators of specific
conductance and turbidity may vary with depth of
water.
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Theoretical work by Singh et al. [21], confirms the
results of empirical work performed in this paper.

2. Materials

In this study, wetland models are constructed using
acrylic transparent sheet. These models are constructed
such that height of inlet and outlet can be varied. One
model of 50 cm × 50 cm × 50 cm is constructed with
three levels of inlet and outlet at the height of 15.5, 30,
and 45.5, respectively. The image of the experimental
wetland model is shown in Fig. 1. Dimension of inlet
and outlet at the three different heights is 10 cm × 1.5 cm.
Position of the inlet and outlet kept on the hypotenuse
of 50 cm × 50 cm. This is performed supposing that
water should travel the longest available distance
before it gets discharged at outlet. A small reservoir is
made at the back of the inlet so that any disturbance
caused by the silicon tubing can be minimized.

Another model with same configuration is shown
in Fig. 2 but different base dimension of 64 cm × 64 cm
is used. Two geometrically similar obstructions are
created in model such that base surface area in contact
with water is same with initial model in Fig. 1. The
shape of these obstructions is cylindrical. These are
kept within the 64 cm × 64 cm wetland model at suit-
able positions (Tables 1 and 2).

Controlled inflow of water is maintained in the
wetland models using peristaltic pump (Ravel Hiteks
Pvt Ltd model RH-120LS) having a flow range of 100–
5000 ml/min. The other peristaltic pump (Ravel
Hiteks Pvt Ltd model RH-P100VS-100-PC) with a
smaller flow range of 0–100 ml/min is used for the
injection of the dye. Tetraethylrhodamine (Rhodamine
B) dye having pH in the range 6.5–9.5, molecular
weight 479.01, and chemical formula C28H31ClN2O3 is
used as a tracer during the entire sets of experiments.

Various electro-kinetic parameters are measured using
Multi-parameter Tester (model Eutech PCSTEST35-
01X441506/Oakton 35425-10) and Turbiditimeter
(EUTECH instruments, model Turbidimeter TN-100).

Tracer is pre-processed by mixing the Rhodamine
B dye (1 g) with small volume of concentrated HCl
solution (5 ml) in 1,800 ml of water. pH value of solu-
tion is adjusted so that the stability of Rhodamine can
be maintained. Organic dye like Rhodamine is used in
the experiments because of its nontoxicity and low
density comparing with other dyes [21].

3. Experimental methodology

Various sets of experiments are performed in
acrylic wetland models manufactured here. They are
performed by varying the height of the position at
inlet and outlet, mass flow rate of water, and changing
the size of wetland model. Hydrodynamic study on
these models is performed by varying the parameters
mentioned above and their effect on electro-kinetic
parameters.

Initially, water is filled up to the particular height
and proper time is given so that water can become
still. Experiments are done at three flow rates of 150,
300, and 500 ml/min so that they cover a wide range
of slow flows through wetlands.

Before starting the experiment, caution was exer-
cised for stagnation of water within the models. Local
turbidity in wetland volume causes the diffusion of
tracer within the wetland leading to error in readings.
Peristaltic pump is used to attain a specific inflow of
water. Once the water gains momentum the dye is
introduced. This is done to simulate the mixing of
point impurity sources in large flowing wetlands at
a very slow speed. Individual experiments are

Fig. 1. An acrylic wetland model with dimension of
50 cm × 50 cm × 50 cm.

Fig. 2. An acrylic wetland model with dimension of
64 cm × 64 cm × 50 cm.
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performed for each of the specific inflow and outflow
levels discussed above.

Water samples are collected at the outlet at regular
time intervals. Initially, a pipette was used to deliver
the dye. But it was observed that the initial flow of
dye from the pipette cannot be maintained with level
of the dye decreasing the pipette. Therefore, peristaltic
pump is again used to introduce the dye into the
inlet.

In this experiment, samples are collected at the
interval of 30 s initially and then time step was
increased as the experiment proceeds. These time
steps were 60 s, 120 s, and 240 s, respectively. The
experiment culminates once the variation of pH at the
outlet is negligible. At each of the interval time steps,
a sample of effluent water is collected throughout the
experiment.

During the experiment, temperature and light are
controlled and kept within the range of 22–25˚C. Dark-
ness or negligible light was used to prevent photolysis
of Rhodamine B. Sample collected from the outlet is
examined within a short period of time at the same
place for various parameters like pH, electrical con-
ductivity, total dissolved solute, and turbidity. Same
set of readings taken for various flow rate, height, and
size.

4. Results and discussion

The experiments are conducted in a 50 cm × 50 cm
wetland acrylic model. Fig. 3 shows a shallow flow
happening at an inlet with a head of 15.5 cm with a
mass flow rate of 100 ml/min. The transport of the
dye at the fifth minute from the start of the inflow is
shown. This also showed that apart from short circuit-
ing that is taking place the flow path was being fol-
lowed by Rhodamine B.

Further development of the flow at 100 ml/min
observed after 15 min showed recirculation near to the

outlet. Further, the recirculation zone was spread over
a large area on the left-hand top corner.

Similar studies for the 64 cm × 64 cm were per-
formed and Rhodamine B tracers at 5 min after initia-
tion of tracer was observed and enumerated as shown
in Fig. 4.

The plots in Figs. 3 and 5 enumerated flow behav-
ior of 50 cm × 50 cm × 50 cm wetland configuration
with a water head of 15.5 cm (Fig. 6). The pH varia-
tion in this configuration at the same head but at dif-
ferent flow rates is enumerated in Fig. 7. There is an
overall decrease in pH with time. In the meanwhile, it
is also observed from Fig. 7 that for inflow rates of
150 and 300 ml, at approximately around 1,000 s after
introduction of the dye the variation pH of the efflu-
ent tends to subside.

It is observed that with increase in volume of
water within the 50 cm × 50 cm × 50 cm configura-
tions it takes lesser time for the pH to stabilize at the
outlet. This can be clearly illustrated by comparing the

Table 1
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 500 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 1.799 −0.06567 −0.02986 0.244 −0.0009 95.29% 0.042

Table 2
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 300 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 1.4812 −0.03514 −0.06328 −0.296 0.000265 95.50% 0.052

Fig. 3. Rhodamine B tracers at the fifth minute in
50 cm × 50 cm × 50 cm model at 15.5 cm level of water.

S. Gupta et al. / Desalination and Water Treatment 55 (2015) 3576–3586 3579



pH variation as a function of time for same inflow
rates but in varying volumetric scenarios as repre-
sented in Figs. 7–9. It is observed that irrespective of
the dye flow rates the stagnation in variation of the
effluent pH occurs at approximately the same time at
a 45.5 cm head.

Another major observation is that for the geometry
in Figs. 7–9, irrespective of the volume of the configu-
ration 300 ml/min appears as the dye flow rate which
helps in abrupt reduction of the pH with time. This
also means that there exists a specific concentration of
inflow which can be optimally treated at a faster rate
by a specific geometry. This is also confirmed from
the work by Singh et al. [21]. Therefore, it is pertinent
to analyze and model the behavior according to the
specific volume.

The effluent turbidity is measured along with other
electro-kinetic parameters with change in time. It is

found to have no specific linear relationship with pH.
For a water head for 30 and 45.5 cm, the pH is plotted
as a function of turbidity and is illustrated in Figs. 10
and 11. For the benefit of the case study, performed
experiment is also performed for 15.5 cm.

5. Analysis of dye inflow for a wetland head of
15.5 cm

At the event of high flows, the variation in pH is
dependent on how much turbid the wetland is.
Secondly, from the plots illustrated in Figs. 7–9, almost
a linear relation between pH and time is observed.

From the point of view of thermodynamics of
irreversible processes, flux of mass may disturb a

Fig. 4. Rhodamine B tracers at the 15th minute in
50 cm × 50 cm × 50 cm model at 15.5 cm level of water.

Fig. 5. Rhodamine B tracers at the fifth minute in
64 cm × 64 cm × 50 cm model at 15.5 cm level of water.

Fig. 6. Rhodamine B tracers at the 15th minute in
64 cm × 64 cm × 50 cm model at 15.5 cm level of water,
showing recirculation in between the two constructed
island cylinders.

Fig. 7. The variation of effluent pH with time at different
dye flow rates for a wetland configuration 50 cm × 50 cm
× 50 cm with 15.5 cm head.
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statistical equilibrium [23]. There is a linear relation-
ship between the fluxes and corresponding gradients
that may influence each other [24]. The gradients in
this study are related to change in conductivity X1,
change in total dissolved solids X2, and change in tur-
bidity X3 that may affect change in pH, Y, for the total
treatment process and will not lose their inter-depen-
dence with time [25]. This can be expressed as:

DY � aþ b1X1 þ b2X2 þ b3X3 þ b4X4 (1)

In this study, the Eq. (1) can be used as a regression
equation. But for regression is performed with only
independent variables. It is clear that the Xi’s do not
lose their inter-dependence till the process ends. In
order to remove the interdependence, mathematical
correlations between the Xi’s are removed mathemati-
cally [25]. The elaborate procedure for mathematically
removing interdependence is not in the scope of this
paper. Interested researchers are advised to refer else-
where [25]. Once the eigenvalues and eigenvectors
imbibing the correlations between change in conduc-
tivity X1, change in total dissolved solids X2, change
in turbidity X3, and specific time interval X4 are
removed, the remaining matrix contains independent
corresponding variables V1, V2, V3, and V4, respec-
tively. Regression of variation in pH is performed
against these newly derived independent Vi’s.

The variation of pH as a function of independent
variables is expressed as:

DpH ¼ 0:53649þ 0:09459V1 � 0:0438V2 þ 0:1016V3

� 0:0187V4

(2)

Fig. 8. The variation of effluent pH with time at different
dye flow rates for a wetland configuration
50 cm × 50 cm × 50 cm with 30.0 cm head.

Fig. 9. The variation of effluent pH with time at different
dye flow rates for a wetland configuration
50 cm × 50 cm × 50 cm with 45.5 cm head.

Fig. 10. Variation of pH as a function of turbidity at a wetland water head of 30.0 cm.
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It should be noted that high velocities may initiate tur-
bulence and thus increasing the surface area interac-
tion with the bottom topography. This process may
churn out the settling impurities making the wetland
turbid. The individual influence of the turbidity on
the variation of pH is enumerated by Eq. (2). Here,
Eq. (2) has a coefficient of prediction R2 value of
95.29% and an error in the model of 0.042.

Similarly, calculation is performed for an inflow
rate of 300 ml/min. Similar to Eqs. (2) and (3) also
elaborates the positive dependence of pH on the
turbidity within the wetland model.

The variation in effluent pH as a function of new
independent variation in conductivity V1, change in
dissolved solids V2, change in turbidity V3, and time
V4 is predicted with a coefficient of determination R2

of 95.5% and error in the model is 0.052.

DpH ¼ 0:58395� 0:12148V1 � 0:07804V2 þ 0:0493V3

� 0:0259V4

(3)

With decrease in flow rate, the proposed regression
equation is found to lose its prediction capability. This
is clear from Table 3. One major aspect that becomes
clear is that with slow transport the pH variation is
very much dependent on the local conductivity of the
water as well as large amount of time; the water and
dye have time to interact with each other.

The variation in pH is predicted with an R2 value
of 77.55% and error S of 0.109, as:

DpH ¼ 0:5991þ 0:1197V1 � 0:0051V2 � 0:0049V3

þ 0:0401V4 (4)

6. Analysis of dye inflow for a wetland head of
30.0 cm

From the above analysis, it is found that Eq. (1) is
a good predictor of the chemical transport happening
within the wetland. This would mean that Eq. (1) can
be a good predictor of similar case studies. With
decrease in height, the predictability of the model is
weak for flow of 500 and 300 ml/min flow rates. This
is clear from Tables 4 and 5. The pH variation as a
function of turbidity is provided in Fig. 11 for use in
statistical calculations to arrive at regression equations
in Table 4.

It is found that the independent influence of the
time is positive while conductivity, amount of dis-
solved salts, and turbidity negatively influence the pH
change.

DpH ¼ 0:5991� 0:1213V1 � 0:0051V2 � 0:0086V3

þ 0:0073V4 (5)

Table 5 provides a very feeble relationship between
the variation of pH and other parameters with a low
R2 value of 35.68%. Hence, Eq. (1) may not work effec-
tively of 300 ml/min inflow rate through an inlet at
30 cm above the assumed bottom topography of the
wetland.

DpH ¼ 0:9654þ 0:0828V1 þ 0:0737V2 þ 0:076V3

þ 0:165V4 (6)

This is not the case with low inflow rates at this
height of 30 cm of water head. Since the flow is rela-
tively slow, the conductivity and total dissolved solids

Fig. 11. Variation of pH as a function of turbidity at a wetland water head of 45.5 cm.
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will play a big role in influencing the pH existing
within the wetland. This is illustrated from Table 6.

Reaffirmation of the prediction capacity of the
model for wetlands handling low flows at 30 cm is
observed from Eq. (7) which predicts the change in
pH with great accuracy as illustrated in Table 6.

DpH ¼ 0:4131þ 0:1863V1 þ 0:0172V2 � 0:0762V3

� 0:1056V4 (7)

From the above discussions, it is clear that Eq. (1) can
be a good candidate for the prediction of variation of
wetland assessment parameters. This can be tested
performing the analysis of dye inflow for a wetland
head of 15.5 cm. Here, two cases of 500 ml/min as
well as 300 ml/min are tested and elaborated in
Table 7, Eq. (8), Table 8, and Eq. (9). It should be
noted that experimental turbidity values for the two
cases are provided in Fig. 12.

For 500 ml/min dye flow rate, Eq. (1) was able to
assess the variation of pH as a positive influence from
conductivity and turbidity.

DpH ¼ 0:5182þ 0:1707V1 � 0:0529V2 þ 0:0048V3

� 0:0355V4 (8)

The variation of pH was supported by a coefficient of
determination of only 59.20% in case of 30 cm head of
water.

DpH ¼ 0:563� 0:1142V1 � 0:1281V2 � 0:0939V3

� 0:698V4 (9)

7. Variation of pH as a function of total process time
within 50 cm × 50 cm × 50 cm wetland with 45.5 cm
water

The linearity that exists between the pH and cumu-
lative time that is very much clear from Figs. 7–9.
Using this linearity as a regression equation, it is possi-
ble to derive constant “p” for each of the flow rates
which may help to calculate the process constant for a
specific head of water. The generalized equation for
ΔpH (YpH) can be written as:

Table 3
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 100 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 1.050 −0.0347 −0.020 −0.0088 0.002292 77.55% 0.109

Table 4
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 500 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 1.143 −0.0269 −0.0397 0.009 0.1028 79.02% 0.105

Table 5
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 300 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 −1.89 0.0389 −0.0331 0.249 0.00157 35.68% 0.234

Table 6
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 100 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 0.5211 −0.0182 −0.0730 −0.0025 0.000711 93.87% 0.084
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YpH � pþm1Xt (10)

Tables 9–11 represent the model fit by applying the
Eq. (10) on the data enumerated in Figs. 7–9.

In summary, for the wetland of 45.4 cm height, the
pH change can be predicted as a function of the
cumulative time Xt and processing constant Xc. Here,
the new variable processing constant Xc is derived
from the individual constants “p” derived from Tables
9–11, respectively, and arranged in a column along the
other variables of time and flow rate [25]. Then, from
Eq. (10), ΔpH (YpH) can be expressed as:

YpH � pþm1Xt þm2Xc (11)

As per the assumptions, the change in flux will be
influenced by interdependent parameters. The same
framework as discussed earlier is used to remove the
correlation if any between cumulative time Xt and
processing constant Xc. The new independent vari-
ables are V1t and V2c which correspond to Xt and Xc,
respectively.

DpH ¼ 0:5745þ 0:04009V1t � 0:1906V2c (12)

Thus, it is found that pH change is positively influ-
enced by time. This is true since addition of dye is
performed, simulating point source impurity addition
in wetlands. From Table 12, it shows that Eq. (11) can
predict the variation in pH with high coefficient of
prediction. Hence, it is implied that this model can
predict similar case studies with high accuracy.

In order to test the predictability of this model as
illustrated in Eqs. (11) and (12), it is applied in a case

Table 7
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 500 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 3.31 −0.02249 −0.0669 0.127 0.004494 86.24% 0.097

Table 8
Variation of pH across the 50 cm × 50 cm × 50 cm geometry as a function of change in conductivity X1, change in total
dissolved solids X2, and change in turbidity X3 at specific time intervals X4 at an inflow rate of 300 ml/min

Predictor variables a b1 b2 b3 b4 R2 S

X1, X2, X3, X4 0.4828 0.02112 −0.0365 0.454 0.002714 59.90% 0.206

Fig. 12. Variation of pH as a function of turbidity at a wet-
land water head of 15.5 cm.

Table 9
The variation in effluent pH as a function of the cumulative
process time Xt at a flow rate of 500 ml/min

Predictor variable p m1 R2 S

Xt 0.2744 0.000404 91.27% 0.055

Table 10
The variation in effluent pH as a function of the cumulative
process time Xt at a flow rate of 300 ml/min

Predictor variable p m1 R2 S

Xt 0.2783 0.000451 88.78% 0.076

Table 11
The variation in effluent pH as a function of the cumulative
process time Xt at a flow rate of 150 ml/min

Predictor variable p m1 R2 S

Xt 0.3356 0.000313 83.09% 0.090
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study of variation of pH as a function of total process
time within 50 cm × 50 cm × 50 with 30.0 cm water.

First, the simple model using Eq. (10) is elaborated.
Table 13 provides linear relationship between cumula-
tive process time and pH change in the effluent pH at
a high flow of 500 ml/min with the high predictability
R2 of 83.49% and low related error of modeling
S = 0.09.

Similar prediction of variation in pH is derived as
a function of cumulative time within the wetland with
a dye inflow at 300 ml/min (Table 14). The predict-
ability is quite optimal with Eq. (10).

Further, Eq. (11) is now applied for the prediction
of variation of pH at a specific flow head irrespective
of the flow rates 500 ml/min or 300 ml/min. Table 15
illustrates the high capability of the model.

Similar to Eq. (12), removal of interdependence
between Xt and Xc is performed following the frame-
work discussed above. Eq. (13) provides the indepen-
dent influence of Xt and Xc for the effective prediction
in dip in the pH that occurs with time.

DpH ¼ 4:3763þ 2:6179V1 � 2:8843V2 (13)

8. Conclusions

New models for prediction of change in electro-
kinetic transport parameters within the wetland are
shown.

(a) Irrespective of the flow rates the variation in
pH can be measured. pH change is repre-
sented as a function of cumulative time spent
by the dye within the wetland and new
process constant.

(b) Irrespective of the shape and flow rate, pH
change is a linear function of change in water
conductivity, change in the dissolved solids,
change in turbidity within the wetland, and
time at each change.

Another major aspect is that there exists a specific
concentration of dye inflow which can be optimally
treated at a faster rate by a specific constructed wet-
land geometry.
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