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Abstract: This study investigated the ability of a HYDRUS 1D model for predicting
the vertical distribution of potassium iodine (200 ppm) in soil columns after
amendment with five different common remediation materials (gypsum, lime, fly
ash, charcoal and sawdust) at a rate of 2.5% (w/w), relative to an unamended control
soil. Results shows that relative to the unamended soil, iodine leaching was
decreased by all amendments but that the magnitude of the decreases varied with the
soil amendment applied. Iodine content was highest in the upper layer of the soil
columns and decreased progressively with soil depth. The model was evaluated via
comparison of the model simulated values with measured values from the soil
column studies. The results showed that the HYDRUS 1D model efficiency was near
to 1, indicating that the stimulated results were near to the measured values.
Therefore, this study showed that iodine leaching through a soil could be ascertained
well using a HYDRUS 1D model. The model over predicted iodine leaching, resulting
to a weak correspondence between the simulated and the measured results for iodine
leaching. This suggests that the HYDRUS-1D model does not explain accurately
different organic and inorganic amended soil and the preferential flow that occurs in
these columns. This may be due to the fact that Freundlich isotherm, which is part of
the transport equations, does not sufficiently describe the mechanism of iodine
adsorption onto the soil particles. This study would help to select amendments for an
effective management strategy to reduce exogenous iodine losses from agro-
ecosystems. This would also improve understanding of iodine transport in soil
profile.

Keywords: Iodine; leaching; HYDRUS 1D model; Simulation; Organic and inorganic
amendments

Introduction

Iodine is an essential micronutrient required for the proper functioning
of the human body [1]. Low iodine intake can thus cause serious health
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problems in humans, especially in children [2, 3]. About 655 million people,
14% of world’s population, are suffering from iodine deficiency [4], where
dietary intake from food is dependent upon the iodine content in soil. Thus,
dietary intake via foodstuffs is reliant on good iodine phyto-availability to
major food crops form soil. Since, iodine content in soil is very low, however,
many of the physico-chemical properties of soils (pH, organic content and
redox potential) are responsible for iodine loss; either by leaching or
valorization. In addition, recent climatic changes have also increased surface
runoff, soil erosion and land degradation [5], where iodine is especially
prone to being washed from soils via heavy rainfall or soil leaching. Since
iodine is not an essential nutrient for the plant growth, crops grown in iodine
deficient soils are also iodine deficient and thus animals and humans
consuming those crops also become iodine deficient. Thus, it is necessary to
develop effective management system and to improve our understanding of
iodine transport pathways in soils in order to reduce and mitigate iodine loss
from surface soils. Iodine fate and mobility in soils depend on its chemical
form and soil characteristics, especially soil pH, the dominant redox
processes occurring, and the organic matter content; since the iodine exhibits
high affinity for such positively charged sorption sites [6, 7]. Monitoring
iodine concentrations in soil on a continuing basis is expensive and time
consuming. This has necessitated alternative methods for predicting iodine
movement in the sub zones of soil such as the application of robust
mathematical models [8]. The use of simulation models is desirable because
they provide a cost and time effective approach for the assessment of iodine
leaching via soil. In particular, mathematical models are proven useful tool
for the assessment of water and solute movement in saturated and
unsaturated soils. In this research the HYDRUS 1D model, which has
previously shown good relationships predicting measured water and solute
content, soil physical properties [9], was used to simulate iodide movement
in soil.

Mathematical modeling of water and solute movement through soil
matrices can be useful tools for understanding the relationship between
measured water or solute concentrations and soil physical properties. The
HYDRUS model has been used to characterize relatively complex flow and
solute (nutrients and pesticides) transport processes at the experimental and
field scale [10, 11]. Generally, the HYDRUS model predicts water and
chemical transport processes with a reasonable degree of accuracy [12].
However, Phillips [11] investigated the use of the HYDRUS model for
simulating the transport of reactive chemicals in soils. Since, iodine retention
in soil is minimal due to less amount of minerals contained within soil and it
is mobile due to its negative charge. The enhancement of iodine retention in
soils currently a major challenge, therefore, the practical purpose of the
present study was to overcome the problem of iodine leaching from soils.
Research reports on the leaching and movement of iodine in soil
supplemented with amendment materials using the HYDRUS-1D tool are
scanty. The primary objective of this study was to use HYDRUS-1D as a tool
to understand the vertical distribution and transport of iodine in
unstructured soils collected from agricultural field of District Abbottabad
after amendment with different organic and inorganic materials.

Materials and Methods

Composite surface soil samples (0-30 cm) were collected from
agricultural fields from District of Abbottabad, Pakistan, situated between
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34°92'N latitude and 73°13'E longitude at an altitude of 4,120 feet (1260 m).
The physico-chemical properties of the soil including pH, electrical
conductivity (EC), soil moisture, texture, organic matter, Ca, Mg and K were
determined (Table 1). The leaching fraction of soil was calculated by
dividing the drained water by the applied water. Soil texture was
determined using a pipette method [13]. Soil organic matter was determined
by dry combustion [14]. The pH of soil suspension at a soil: water ratio of 1:5
was determined using a pH meter (Model: HANNA HI 8520). Electrical
conductivity (EC) of the same 1:5 soil suspension was measured using an EC
meter (Model: 4320 JENWAY). Calcium, Mg, K, were leached from the soil
using 1 M ammonium acetate (NH4OAc) (pH 7) and determined via atomic
absorption spectrophotometer (AAS) (Model: AAnalyst 700, Perkin Elmer).

Column study

A set of polyvinyl chloride (PVC) columns was mounted vertically on a
pre-made wooden frame (size: height 80 cm and diameter 20 cm). A hole
was drilled at the bottom of each column for leachate collection. A piece of
filter screen was set at the bottom of each column and then washed sand was
packed in the column (depth: 5 cm). Unstructured soil (5 kg) was packed
into each column. Five discrete amendments (gypsum, slaked lime, fly ash,
charcoal and saw dust) were applied to the topsoil (0-20 cm) at the rate of
2.5% (w/w). Unamended soil was used as a control treatment. lodine was
applied in the form of potassium iodide (KI) solution at the rate of 200 ppm
(mg kg') in solution form. Leaching events were conducted using distilled
water at a leaching fraction of 0.3-0.4. Leaching fraction was calculated by
dividing the volume of drained water by the volume of applied water. Every
hour, leachate samples were collected until water was no longer flowing
from soil column and were filtered, centrifuged and stored for further
analysis. Leaching was continued until the column was completely drained.
Data regarding infiltration time, total leachate collected, and initial water
head were recorded. After the collection of leachates, the soil samples from
the PVC column were collected at three depths i.e., 0-20, 20-40, and 40-80.
The samples were command dried, ground and sieved via 2 mm sieve.
Selected soil parameters such as pH, EC and iodine concentration were
determined on the dried soil column samples.

Iodine determination

Iodine was determined as described by Kesari, Rastogi [15]). For
determination of iodine in leachate samples leachate (10 mL) was collected
and filtered using filter paper Whatman grade 42. For soil, dried soil (0.5 g)
was mixed with water (15 mL) and shaken thoroughly for 30 min and then
filtered. Subsequently, soil and leachate filtrates were centrifuged for 10 min
and the supernatant was taken and 5% (w/v) EDTA solution (1 mL) was
added. Bromine water (0.5 mL) was also added to the supernatant and
mixed thoroughly. The method is based on the oxidation of iodide to iodate
with bromine water and liberation of free iodine from iodate by addition of
potassium iodide in acidic medium. The excess bromine water was removed
by the drop wise addition of formic acid.

To this solution 0.1% of potassium iodide (KI) (1 mL) and leuco crystal
violet (1 mL) were added and the pH of the solution was adjusted to
between 4.5-5.5 with 0.5 M NaOH. The contents were then diluted to 25 mL
with water and left to stand for about 25 min for complete color
development. Extractable iodine was determined colorimetrically using a
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UV spectrophotometer at 591 nm. For the preparation of standards, a 1000
ppm iodine stock solution of was initially prepared by dissolving KI (0.130
g) in in ethanol (30 mL) in 100 mL of volumetric flask and diluted with
deionized water. A 100-ppm working standard solution was prepared by
diluting this stock solution (10 mL) with deionized water to make a volume
of 100 mL. Standards solutions in the concentration range of 10 to 90 ppm,
were prepared by volumetric dilution of appropriate aliquots of the working
stock solution. As with column samples, in each case bromine water (0.5 mL)
was added to each standard solution and mixed thoroughly. The excess
bromine water was removed by the drop wise addition of formic acid and
0.1% KI (1 ml) and leuco crystal violet (1 mL) added, the pH of the solution
adjusted between 4.5-5.5 with 0.5 M NaOH. The contents were diluted to 25
mL with distilled water and kept for about 25 min for color development.
Iodine concentrations were determined colorimetrically using a UV
spectrophotometer at 591 nm.

HYDRUS model setup

The HYDRUS 1 D model was used to simulate the unidirectional
saturated water and solute flow. The HYDRUS model uses the Richard
equation to simulate the water and solute flow assuming that thermal
gradients and air phase are insignificant variables in the flow process [16]. In
the HYDRUS 1 D model, the pressure head was set to zero in order to
simulate saturated conditions. This indicates that the moisture content in the
model was equal to the field capacity [17]. The moisture contents and initial
iodine concentration were specified according to the column experiment.
The pressure head on the top of the column was determined from the
leaching experiments, and the initial iodine concentration on the top of the
node was specified according to the iodine added in solution form (at the
rate of 200 mg kg') during the experiment. During the column experiments,
iodine was added as KI solution on the top of the soil column. Atmospheric
condition was set as the upper boundary conditions; whereas the lower
boundary condition was set as the free drainage due the action of gravity.
Pang, Close [10] suggested for fine textured soils the initial pressure head
was set as 1000 cm. It was assumed that during column experiment,
evaporation was considerably negligible that was why it was set to zero
while calibrating HYDRUS-1D model. There was no need to specify a
precipitation rate. These boundary conditions allowed the HYDRUS model
to run the simulation at different time intervals.

Simulation and calibration of the model

For water and solute transport, the HYDRUS 1 D model was calibrated
using water pressure head and saturated hydraulic conductivity parameters
(Ksat) determined in control columns and validated by the treated column
during the laboratory experiments. During calibration of the HYDRUS
model, the water solute movement was considered as unidirectional finite
difference grid, composed of 80 nodes for a depth of 80 cm. The time
duration used was hours. Calibration of the model was carried out using
Van Genuchten soil hydraulic parameters. In the HYDRUS-1D, the
parameters & and n were estimated using the ““Rosetta-Lite”” module that
uses the ROSETTA pedotransfer functions http:// www.ussl.ars.usda.gov
/models /rosetta/rosetta. HTM. Rosetta-Lite optimizes these parameters using
a bootstrap—neural network optimization method [16] considering the
observed bulk density dataset.
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For the validation and calibration of the HYDRUS models, two separate
columns were used. The data generated from one column was used for
calibration and second column was used for validation. The HYDRUS-1D
model version 4.16.0110 implements a set of hydraulic equations advocated
by Simunek, Jacques [18] by modifying the equations of Van Genuchten [19],
Mualem [20], Vogel and Cislerova [21] and Kosugi [22] to add flexibility in
the description of the hydraulic properties. These equations were used to
determine the soil hydraulic parameters. Effective hydraulic and transport
parameters were estimated in a two-step process: soil water parameters
(from the van Genuchten equation) based on the soil textural percentages
(Table 1), and subsequently, the transport parameters (DL, longitudinal
dispersivity and bulk density) were estimated. Iodine adsorption was
measured to determine the reaction parameters of the HYDRUS model.
Adsorbed iodine was calculated by taking the difference between the
amount of iodine added and amount of iodine measured in solution. The
Freundlich adsorption isotherm was used to describe the iodine adsorption
and iodine concentration in solution. The reaction parameters Ki: and o were
calculated using the following equation.

v=K, = LogCH®

Where y is the amount of iodine adsorbed to the soil (mg kg'), Kiis a
constant and c is the equilibrium concentration of the solution (mg L-') and a
is a shape-fitting parameter [23]. The coefficient of determination (R?) was
used as a fitting criterion. Following several iterations, the K1 parameter was
estimated when the best fit was obtained, then the « parameter was
determined when a good shape correspondence was obtained. Triplicate soil
samples were used and therefore three values of Ki and a were obtained for
each column. In HYDRUS 1 D models, the soil column was divided in to
three separate soil materials to characterize the soil core that was being
studied. The total simulation time was 10 hr. In time information, initial
time, final time, initial time step minimum and maximum time steps was
calibrated in order to reduce the mass balance error. The soils columns were
filled with water from top to bottom to achieve the saturation and then left
freely to drain. A constant water head, referred to as the pressured head in
the HYDRUS 1 D model, was maintained (6 — 9 cm).

Assessment of the model performance

The HYDRUS 1 D model was validated by comparing simulated and
measured values of iodine outflow concentrations in control and amended
soil columns. The parameters used for the validation were root mean square
error, deviation, coefficient of determination (R2?), mean error and Nash-
Sutcliffe efficiency (EF). The EF values infer the overall efficiency of the
model so that when EF =1 this is considered the best fit model. Similarly, R2
values indicate model accuracy, RMSE gives the difference between the
measured and predicted values, deviation gives the mean dispersion of
model from the measured values, and ME defines the maximum dispersion
values.
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Where O is the observed value, Pi is the predicted value, O-is the mean
of observed value and P- is mean of predicted values and n is total number of
data points. All values are in the pug kg

R

Results and Discussion
Calibration of HYDRUS 1D model

Mixing of soils with selected amendment can alter the amount of iodine
in the adsorbed and solution phase of iodine. Results obtained from the
experiment were used to calibrate and validate the HYDRUS-1D model. In
the HYDRUS 1D model, calibration was initially performed to obtain results
near to the measured values while maintaining the mass balance error below
1%. Calibration was carried out using the saturated hydraulic conductivity
and adsorption as these parameters were considered most sensitive. These
parameters were manually calibrated and resulted in simulated values near
to the measured values of iodine leached during the experiment. The best
fitted value for hydraulic conductivity and adsorption was selected for the
iodine leaching. lodine adsorption was determined by using Freundlich
isotherm parameters. While the HYDRUS 1D model assumed total column
drainage from top to bottom in 10 hrs, the actual experimental data showed
that drainage time varied between 8 to 10 hrs, before columns were totally
drained.

The listed soil parameters (Table 1) were used in the HYDRUS 1D
model and the remaining unknown parameters were set to the default
values. Reactive parameters of the HYDRUS 1D model were determined via
the Freundlich equation for all soil samples (amended and unamended). The
R? values for all soil samples are given in Table 3. Iodine adsorption was
effectively described by the Freundlich isotherm for all soil samples. The
control soil retained the lowest amount of iodine. In comparison to the
control soil amendments either decreased or increased the residual iodine
concentration depending on the specific amendment added. For example,
residual iodine concentrations increased when soils were amended with
charcoal, fly ash and sawdust, but decreased when soils were amended with
gypsum and lime (Table 2). Furthermore, soils rich in organic matter had
higher affinities for iodide. Therefore, soil organic matter plays an important
role in controlling iodine availability and iodide is easily retained in soil by
the application of organic matter [23].

Solute movement
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Model performance was evaluated and validated via comparison of
measured and simulated values (Figure 1-2). The outflow experimental
values were used for the validation of the water flow in the HYDRUS 1D
model. In general, the HYDRUS-1D model predicted iodine transport well
with good agreement between simulated and observed results. However,
there were also some overestimation of gross properties. For example, the
HYDRUS 1D model predicted on average 12.9% more iodine in the water
outflow than the iodine concentration measured (Table 2). The simulated
outflows exceeded the measured values. For the control soil column, the
predicted outflow was only 8.9% higher than the observed flow whereas
outflow over estimation in amended soil columns was lime (18.9%) >
charcoal (16.3%) > gypsum (15.6%) > fly ash (10.3%) > sawdust (7.6%). The
differences between simulated and experimental values may result from the
assumption of uniform soil physical properties made by the HYDRUS 1D.
With the addition of amendments, especially charcoal, fly ash and sawdust it
is likely that the physical conditions of the parent soil are altered. Amongst
all soil columns the simulated iodine adsorption was 11.2% less than the
actual adsorption. This was due to the greater observed outflow of iodine in
the leachate, resulting in amended soil columns exhibiting a reduced iodine
adsorption compared to measured values.

Figure 4 compares the observed and simulated residual soil
concentrations of iodine. Calibration was done manually, and these values
were used in the model simulations. As expected, simulated concentrations
tended to decrease with depth, whilst observed values were occasionally
higher at a shallower depth than at a deeper depth (Figure 3). For instance,
iodine adsorption was lower at a depth of 0-20 cm compared to a depth of
20-40 cm. This was probably due to variation in the soil profile and by-pass
preferential flow, which the model did not simulate. Pang, Close [10]
simulated the picloram, atrazine, and simazine leaching through two New
Zealand soils and into groundwater using HYDRUS and reported that
simulated values in some areas of a soil could be 2 times lower than
observed, whereas in other soils 16 times higher results than observed in
field experiments were predicted. Predictions were of the same magnitude as
the field observations at shallow depths and early in the trial, but at greater
depths and later times there were major differences in simulated
concentrations. During the field trials, the highest iodine retention was
found in the surface layers of the sawdust and decreased in the order
sawdust > fly ash > charcoal. The iodine retention in soil could be attributed
to the physico-chemical changes induced by an applied amendment. The
HYDRUS 1D model predicted the alike pattern of iodine retention in soil. A
similar phenomenon was also observed for the retention of chlorotoluron in
the field [24].

Figure 2 and 3 also indicated that there was higher water flow in the
experimental column than predicted value by the model. Higher saturated
hydraulic conductivity lead to a higher pore water velocity, less dispersion
of solutes into the soil matrix and increased chance of preferential flow
occurring [25]. KodeSova, Vignozzi [9] reported that clay accumulation
controls water and solute transport between the macro- pores and pores of
the matrix structure. The highest iodine retention was seen in the column
amended with sawdust, charcoal and fly ash. It means that these
amendments reduced the outflow of the iodine when compared to the lime
and gypsum as these minerals possess low solubility and have neutral
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charge. This could be attributed to the affected pore fraction of the soil after
amendments with sawdust, charcoal and fly ash.

The Hydrus model underpredicted iodine retention in some of the soil
profiles (Table 2). For example, simulated values for the top layer (0-20 cm)
of the control column showed a 4.7% decrease in iodine retention (Figure 3).
Simulated values for iodine retention in the amended columns also showed a
decreasing trend in the order of gypsum (8.6%) > lime (7.6%) > charcoal
(7.2%) > fly ash (6.8%) > saw dust (5.4%). Compared to all soil columns,
simulated values for lower soil profiles (20-40 cm) predicted lower retention
capability than the experimental values (Figure 3). This implied an influence
of heterogeneity and preferential flow in soils of the amended soil than
control. This can also be observed from the solute leaching curves (Fig. 2-3).
Non-equilibrium adsorption model might generate better predictions for a
system with significant heterogeneity and preferential flow [26].

Model efficiency parameters

Table 5 shows the model efficiency parameters. The HYDRUS model
predicted greater outflow than was experimentally observed. This difference
may be due to the model not considering preferential column flow.
Preferential flow was thought to have been considerable by [27] when
studying phosphate movement in PVC columns. A similar situation
occurred in the current experiment where outflow of iodine along the wall of
PVC column may be leached, hence less adsorption of iodine in the soil was
shown by the HYDRUS model. In addition, macropores may develop during
vertical distribution of iodine and hence result in less adsorption of iodine in
the top layers of the column. The EF values of all columns, except the
charcoal amended one, showed good model efficiencies despite the
simulated adsorption being lower for observed in the upper soil layer (0-20
cm) compared to the lower soil profile. This study confirms that the iodine
leaching via soils can be predicted using HYDRUS 1D model.

Iodine retention in soil

Compared to the un-amended control soil; while all amendments
reduced iodine loss via leaching column; iodine leaching varied with the
nature of the amendment material. That was after iodine applied was manly
distributed to the upper soil column layers and decreased progressively with
soil depth. Iodine 1 retention was highest for the amendment with sawdust
(57 ug kg1, followed by the charcoal (42 ug kg') and fly ash (41 ug kg)
amendments. Both lime and gypsum showed the poorest retention capacity
being only 31 and 37 ug kg, respectively in the top layer of the soil columns
(Table 2). The leaching of iodine from lower layers, 20-40 cm and 40-80 cm,
was reduced by application of amendments. Irrespective of the soil layer,
iodine retention amongst the soil amendments studied decreased in the
order sawdust > charcoal > fly ash > gypsum > lime > control.

Iodine retention in soil could be associated with an induced decrease in
the pH of the soil solution. Amendment of the soil with sawdust, charcoal
and fly ash reduced the soil pH and thus increased the retention of soil
iodine. The pH of the lower soil profile also decreased due to the addition of
sawdust, charcoal and fly ash (Table 2). However, in contrast, both lime and
gypsum increased the soil solution pH and hence resulted in poor iodine
retention ability. This reduction in the outflow of iodine was associated with
physico-chemical changes in the soil following application of the soil
amendment. Irshad, Waseem [28] previously reported that the leaching of
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nitrate from sandy soils was reduced after application of soil amendments
and that nitrate retention in the soil varied with amendment material in the
order of manure > charcoal > wood ash > sawdust. Higher pH generally has
a negative effect on the adsorption of iodide in soil and iodide adsorption in
soil increased with the decreasing pH [29]. Positive charge can adsorb anions
including iodide under acidic condition. It has also been reported that soil
properties like cation exchange capacity, organic matter and clay minerals
contents) affected I adsorption and bioavailability [30, 31].

Conclusions

The current research focused on the estimation of retention of iodine by
soil using different amendments. There is a need for technological tools that
are able to predict iodine movement in the amended soil-water system for
the selection of a suitable amendment for the iodine retention in soils. The
performance of the HYDRUS-1D model was tested by simulating iodine
transport and variably saturated water flow in fine-textured soils collected
from agricultural fields. The results obtained from the soil column
infiltration showed that higher iodine was accumulated in the top (0-20 cm)
of the columns. Predictions from the HYDRUS-1D model, for simulating
iodine transport were in good agreement with the observed values, except
toward the end of the experiment where the model under-predicted iodine
sorption and over-predicted iodine transport. The reasons causing the
discrepancies between the simulated and measured results are unclear. It can
be concluded that studying iodine transport via soil columns under
controlled environment would predict iodine behavior in the soil
adequately. This would help to assess the capability of the HYDRUS-1D
model in simulating iodine transport in soil and water.
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Table 1. Selected physicochemical properties of agricultural soil used in this study.

Parameter Unit Values
Sand % 75.6
Silt % 16.6
Clay % 7.8
Texture - Sandy loam
C gkg! 21.6
Moisture % 18.2
Iodine mg kg! 0.34
Exch. Ca mg kg’! 76.3
Exch. Mg mg kg’! 56.7
Exch. K mg kg’! 156.0
Exch. Na mg kg’! 35.6
CEC mg kg! 324.6
EC (1:5) uS m’! 125

pH (1:5) - 7.6
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Figure 1. Measured, Hydrus 1D and calibrated values of iodine in leachate from control, gypsum
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Figure 2. Measured, Hydrus 1D and calibrated values of iodine in leachate from charcoal,
sawdust and fly ash amended soils
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Table 2. Simulated and measured values of iodine concentrations in soil columns

Column 1 calibration Column 2 validation
Soil Depth Experiment Model value Abso Experimental Model  Absolute pH
amendment (cm) value (ng kg™ lute  Value (pug value difference
(ng kg™ differ kg™ (ng kg
ence D!
(ng
kg
00~20 94.6 79.25 15.35 92.1 87.7 4.3 7.48
Control 20~40 31.5 24.0 7.5 334 29.3 4.0 7.50
40~80 32.4 19.0 13.4 28.7 24.5 4.1 7.51
00~20 1382 118 202 1485 1371 114 775
Lime 20~40 31.5 13.2 182 334 29.2 4.1 7.79
40~80 28.4 11.7 16.6  26.5 23.5 3.0 7.82
00~20 147.5 110.5 37.0 142.6 130.2 12.3 7.89
Gypsum 20~40 37.4 23.5 13.9 348 29.8 4.9 791
40~80 29.8 17.0 12.8 31.5 23.8 7.6 7.92
00~20 186.5 173.5 13.0 184.5 171.0 13.4 7.87
Charcoal 20~40 42.5 33.7 8.8 44.8 384 6.3 7.89
40~80 34.5 25.2 9.3 32.1 29.5 2.6 7.85
00~20 251.2 217 342  258.7 244.6 14.0 7.15
Sawdust 20~40  57.6 44 13.6 543 48.4 5.8 7.19
40~80 484 272 2115 435 395 39 ] 720
00~20 184.2 166.7 17.45 180.2 167.7 12.4 7.15
Fly ash
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40~80 32.8 21.25 11.55 34.8 29.2 5.53 7.21

Table 3. Average value of Freundlich adsorption isotherm parameters*

Soil amendment K, o R?
Control 1.42 1.71 0.91
Lime 1.51 1.82 0.94
Gypsum 1.64 1.98 0.96
Charcoal 1.72 2.08 0.923
Sawdust 1.82 2.20 0.912
Fly ash 1.69 2.04 0.943

*K; is the Freundlich constant, o is a shape-fitting parameter, and R? is the coefficient of

determination

Table 4. Model performance measures

Soil

amendment Parameters of model calibration Parameter of model validation

RMSE D R? ME EF RMSE D R? ME EF

Control 0.57 0.684 0.81 1.82 0.92 0.58 0.67 087 1.79 0.91
Gypsum 0.82 0.261 0.95 2.61 0.94 0.84 0.28 094 256 0.92
Lime 0.92 0.292 0.87 2.92 0.90 0.89 0.31 0.86  2.87 0.90
Charcoal 0.57 0.182 0.95 1.82 0.86 0.62 0.18 094 0.17 0.85

Sawdust 0.29 0.094 0.98 0.94 0.91 0.32 0.08 096  0.89 0.90

Fly ash 0.44 0.141 0.96 1.41 0.94 0.48 0.15 094 145 0.93
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RMSE = Root mean square error, D = Deviation, R? = Coefficient of determination, ME = Mean

error, EF = Nash-Sutcliffe efficiency
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Figure 3. Percentage decrease in iodine retention in soil column using simulated values.
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