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Abstract

Soil parameters in agricultural areas play an important role in the migration of nitrogen compounds
to groundwater. Nitrogen loss from subsoil depends on soil permeability, organic content, and soil saturation.
Our study evaluates the parameters controlling the migration of nitrogen compounds through selected
fine and sandy soils that may affect the quality of groundwater in agricultural areas. The results of this
study indicate that denitrification processes that substantially affect ammonium (NH,") and nitrate (NO,)
concentrations take place in fine soils. These processes decrease the flow of nitrogen into groundwater and
are indicated by the production of a gashouse phase, a decrease in hydraulic conductivity, and a nitrogen
compound concentration in the filtrate that is lower than the maximum concentration. Column tests have
shown that the dominant transport process for silt loam and sand samples was advection, and the dominant
transport process for loam was dispersion. Moreover, the velocities of NH," ion transport were lower
than the velocities of water flow by approximately seven and five times for loam and sand, respectively.
The estimated values of the retardation factor and dynamic sorption capacity for NO,” were lower than
those for NH," ions. Finally, groundwater located below the silt loam and loam soil layers can effectively

be protected against the infiltration of nitrogen compounds from agricultural sources.

Keywords: groundwater contamination, fertilization, fine soils, breakthrough curve

Introduction

To control and manage groundwater quality it is
necessary to recognize pollution and identify the factors
influencing the concentrations of nitrogen compounds
in groundwater — above all nitrates (NO,). Agriculture

*e-mail: joanna_fronczyk@sggw.pl

is commonly considered a branch of economics that
negatively interacts with the environment, especially
due to contamination from nutrients (nitrogen and
phosphorus compounds) and pesticides [1-3]. The most
common forms of inorganic nitrogen in the environment
are ammonium (NH,"), nitrite (NO,’), and NO," ions. The
concentrations of the different forms of nitrogen lost
from agroecosystems via leaching decrease according
to the following order: NO,” and NO, > NH,*> organic
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nitrogen [4]. According to Camargo and Alonso [5],
Moradzadeh et al. [6], and Matysik et al. [7], the
concentrations of these ions in surface and groundwater
increase worldwide, affecting aquatic organisms and
ecosystem quality. Therefore, following the ratification
of the Nitrates Directive [8], the EU member states have
committed themselves to regularly assessing groundwater
and surface water pollution by nitrogen compounds from
agricultural sources. Moreover, the EU Water Directive
implies the application of sustainable development
principles in managing surface and groundwater and has
determined a precise schedule of activities to ensure good
aquatic ecosystem quality throughout Europe in 2015. The
proposed activities include studies aimed at reducing NO,’
concentrations in areas used for agricultural purposes.
The most important goal of sustainable agriculture
is to improve nitrogen use efficiency and decrease
nitrogen leaching into surface waters and underlying
aquifers, in which it contributes to the contamination and
eutrophication of aquatic systems. Inorganic nitrogen
compounds may be removed from soil by plants, runoff,
leaching, erosion, and gaseous loss, or may accumulate
on mineral particles and organic matter surfaces.
Leaching of nitrogen compounds from farmlands takes
place through the gradual movement of NO, ions to
deeper soil layers. Therefore, to assess the impact of
pollution from fertilizers on surface and groundwater
quality, it is necessary to monitor the soil nitrogen cycle
and the migration of nitrogen in the aquifer [9-11]. The
quantity of dissolved inorganic nitrogen transported into
the saturated zone, particularly NO,, is predominately
controlled by denitrification [12] and microbial NO,
reduction to nitric oxide (NO), nitrous oxide (N,O),
or dinitrogen (N,). The transformation of NO," in the
unsaturated zone is well recognized [9]. Additionally,
Bernard-Jannin et al. [13] have indicated that land-use and
aquifer parameters are the primary determinants of NO -
concentrations in subsurface aquifers. Similarly, Poch-
Massegu et al. [14] and Chen et al. [15] have demonstrated
that the hydrogeological characteristics of the substrate,
volume, and frequency of rainfall, soil structure, flow of
groundwater, and accumulation of NO, in the soil profile
influence groundwater NO,  concentrations. The main
parameters that affect the migration of contaminants
include soil particle distribution, hydraulic permeability,
preferential flow paths, and sorption capacity of mineral
and organic particles [16, 17]. Processes responsible for
the movement of pollutants via mass flow in permeable
soils are advection and dispersion, whereas diffusion
processes are dominant in soils with low permeability [ 18].
A lower rate of water flow through fine soils can increase
the retention time of dissolved contaminants in soil pores,
which allows them to participate in biochemical processes
(e.g., denitrification processes) that are insignificant in
highly permeable soils. In the case of pollutants (inter alia
nitrogen compounds) that participate in physicochemical
and biological reactions, the saturation degree of the soil
(oxygen availability), the presence of organic carbon and
nutrients, and microbial activity are also important [ 16, 19].

According to Cui et al. [20], vertical and horizontal flow
through the subsoil may be a crucial migration pathway
of land-applied nitrogen. Furthermore, the soil nitrogen
cycle is an integral part of nature that can be affected
by agricultural activity [21, 22]. Burgin and Hamilton
[23] have indicated that NO," leaching from agricultural
areas not only influences surface water eutrophication but
also causes an increase in indirect N,O emissions to the
atmosphere after denitrification.

We undertook this research to obtain a better
understanding of the transport of NO, and NH," in
saturated porous media in three different agricultural soils.
The specific objectives of this study were as follows:

1. To determine nitrogen compounds removal capacities
of three soils with different clay contents.

2. To determine changes in soil hydraulic conductivity
during the permeation of an ammonium nitrate solution.

3. To estimate the soil flow parameters (v, D, R, and S )
for nitrogen compounds by using tracer breakthrough
curves.

Material and Methods

In March and September 2014, two undisturbed soil
samples (diameter 89 mm, length 0.6 m) were collected
in triplicate using a stainless steel tube sampler in the
Imielin experimental site (Central Poland: 52°04.650° N
21°10.767’ E). The conditions at the experimental site and
the depth of the soil sampling are shown schematically in
Fig. 1. To avoid drying, the samples were sealed in plastic
cups and stored in a chamber with a constant humidity of
95% at 10°C. In addition, a Vistula sand sample was used
as the comparative sample. In the laboratory, particle size
distribution, bulk density, and loss on ignition at 550°C of
the collected soil samples were determined.

Batch Tests

The laboratory procedure for batch testing was applied
to obtain reaction kinetics for the three soil samples.
In these tests, 50 mL of an ammonium nitrate solution
(52 mg NH;-L" and 100 mg NO;-L") was mixed with
5 g of a soil sample (air dried, crushed, and sieved through
a 1 mm sieve) at room temperature. Batches were run in
duplicate using a solid-to-liquid ratio of 1:10. Analogously,
a blank and a control test were prepared using the
treatment solution (without a soil sample) and a soil sample
with distilled water, respectively. Shaking at a speed of
14 min' (on a rotary shaker GFL 3040) was carried out
for designated periods of 1, 4, 8, 16, 24, and 48 hours,
which were selected according to the U.S. Environmental
Protection Agency [24]. After the shaking period, the
working solutions were filtered through paper filters and
prepared for chemical analysis. The test results were used
to define the kinetics of the occurring biochemical reaction
and the sorption capacity of the tested soils. The kinetics
of the removal process were analysed using the pseudo-
second order model described by the following equation:
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...where g, is the sorption capacity determined after time
t (mg-g"), K, is the equilibrium rate constant of the pseu-
do second-order model (g'mg"-hr), and g, is the equilib-
rium sorption capacity of the NH," ions (mg-g™).

Batch Incubation

The soil samples for the batch incubation experiment
were prepared in the same way as those for the batch tests.
Each part of a dry soil sample (5 g) was transferred into
250 mL polyethylene bottles and mixed with 5 mL distilled
water to provide saturation conditions. Each bottle was
sealed, and then the mixture was pre-incubated in the dark
at room temperature for seven days to establish microbial
activity. After the pre-incubation period, an ammonium
nitrate solution (with the same concentration as used in
the batch tests) was added to each bottle at a rate of 1:5
(soil-to-solution) and stored in the dark under the same
conditions as those used in the pre-incubation process.
At each desired incubation time (1, 4, 7, 10, 15, 20, and
30 days) the treatment solutions were removed from the
bottles for laboratory testing to track temporal changes
and variations in the selected parameters.

Column Tests
Saturated hydraulic conductivity tests were performed
using the constant head method (i = 10) according to

the ASTM D5084-00 [25] standard in a flexible-wall
permeameter, a scheme of which is shown in Fig. 2. Due

34% ammonium nitrate
NHNO,
80 kg N ha
(30-80 kg N ha™)
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Fig. 1. Schematic diagram of the experimental site conditions
and soil sampling depth.
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Fig. 2. Scheme of a flexible-wall permeameter: 1-control
panel, 2-bladder accumulator, 2a-water, 2b-liquid other than
water, 2c-elastic membrane, 3-chamber, 3a-sample, 3b-latex
membrane, 4-measuring cylinder (acc. to Trautwein Soil Testing
Equipment Co.) [26].

to the aggressive nature of the solutions it was necessary to
use equipment made from stainless steel and the PMMA-
Trautwein system [27]. Before testing, the specimens were
pre-saturated with distilled water until a constant flow was
established through the samples. Moreover, to imitate the
stress conditions in the subsoil a confining pressure of 40
kPa was applied. During the study, the flow of the solution
from the bottom to the top of the sample was used. After
establishing steady state flow conditions a chloride ion
solution (100 mg CI ‘L") and then an ammonium nitrate
solution (100 mg NO, -L"!, 52 mg NH,-L"") were injected
as pulse and step inputs, respectively. Effluent liquid
samples for chemical analysis were collected to a 100 mL
glass cylinder at different time intervals for each sample
tested. Sampling frequency depended mostly on the flow
rate and the volume of the liquid that passed through the
sample during the test: two effluent samples per day were
taken for silt loam, and 12 effluent samples daily for loam
and sand. After the contaminants transport test the soil
samples were analysed for nitrogen compounds.

The hydraulic conductivity test and contaminants
transport test results were presented relative to the pore
volume of the flow as a breakthrough curve (BTC). On
the basis of the results, the parameters of the advection-
dispersion equation of contaminant transport in
groundwater were determined using the CXTFIT software
package [28], which uses a nonlinear, least-square
inverse parameter estimation method from the observed
concentration data:

a’c ocC
RE_Da_zz Vo2 2)
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...where R is the retardation factor, C is the concentration
(mg-L"), ¢ is time (s), z is the distance (m), and D is the
coefficient of hydrodynamic dispersion (m*s).

Simulation of the conservative tracer (Cl) and nitrogen
compounds (NH," and NO,) transport in the porous media
columns was conducted assuming that the samples were
initially homogeneous. During the inverse analysis of the
transport equation parameters for the nonreactive tracer,
the assumed value of the retardation coefficient R was 1.
Calculations were performed to estimate the velocity of
flow (v), the hydrodynamic dispersion coefficient (D), the
retardation factor (R), the longitudinal dispersivity (a,),
and the Péclet number (P) of the soil samples.

Chemical Analysis

The ammonium nitrate solution and the chloride
solution used in laboratory studies were prepared by
dissolving a granular NH,NO, fertilizer (34% N) and
NacCl, respectively, in deionised water. Liquid samples
collected in batch and column tests were analysed for their
chloride (Mohr method), NH, " (Nessler method), and NO -
(cadmium reduction method) contents using a DR 6000
UV-VIS spectrophotometer (Hach Lange, Diisseldorf,
Germany) as well as pH and electrical conductivity (EC)
using a 18.52.01 multimeter (Ejkelkamp, the Netherlands).
The content of nitrogen compounds in the soil samples
(N-NH, and N-NO,) was determined using colorimetric
methods with Nessler’s reagent and phenoldisulfonic acid,
respectively. The pH of the soil samples was measured in
a soil-to-KCl solution mixture (at a ratio of 1:2.5) and the
EC in a soil-to-water mixture (at a ratio of 1:2) using an
18.52.01 multimeter (Eijkelkamp, the Netherlands). All
used reagents were of analytical grade.

Results and Discussion
Selected physical properties of undisturbed soil

samples (UDS1 and UDS2) collected at the Imielin
experimental site and the sand sample are summarized

in Table 1. According to U.S. Department of Agriculture
soil survey staff [29], the tested soils were classified as silt
loam, loam, and sand. For laboratory testing, soils with
different clay contents (from 0% for sand to 21% for silt
loam) and silt fractions (from 0% for sand to 66% for silt
loam) were selected to facilitate examination of the impacts
of the grain size distribution and saturated hydraulic
conductivity on the intensity of nitrogen compounds
migration. The grain size distributions are presented in
Fig. 3. The measured range of soil hydraulic conductivity
extended from 2.3-10% m-s™ for silt loam to 4.0-10° m-s™!
for sand. According to Eurocode 7 [30], soils with organic
matter contents (measured by loss on ignition) at 2% to
6% are classified as low organic soils. The soils marked
as UDS1 and UDS2, which were characterized by loss on
ignition at 3.1% and 2.3%, respectively, can be placed in
this class. The pH values for the UDS1 and UDS2 samples
were alkaline (7.35 and 7.54, respectively), and the pH
of the sand was neutral. Moreover, the soils had low EC
values.
Batch Tests

The kinetic rate constants obtained from the pseudo
second-order (PSO) kinetic model with estimated values of
the coefficient of determination R? and the initial sorption
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Fig. 3. Grain size distribution of the tested soils.

Table 1. Physical properties of the undisturbed soil samples and sand sample.

Parameter UDS1 UDS2 Sand
Fraction content (%):
Sand Sa (1.0 — 0.063 mm) 13 43 100
Silt Si (0.063 — 0.002 mm) 66 47 0
Clay C1 (< 0.002 mm) 21 10 0
Soil type silt loam loam sand
Bulk density (Mg'm) 1.63 1.60 1.71
Porosity 0.40 0.40 0.34
Saturated hydraulic conductivity (m-s™) 2.3-10°% 3.9-10° 4.0-10°
pH (1:2.5 KCI) 7.35 7.54 7.15
Electrical conductivity (1:2 water) (uS-cm™) 363 160 154.5
Loss on ignition +550°C (%) 3.1 23 0.1
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Table 2. Kinetic constants of ammonium ions removal.
Pseudo second order kinetic model UDS1 UDS2 sand
Equilibrium rate constant &, (g'mg"' hr') 1.163 1.305 1.007
Calculated equilibrium sorption capacity 9. (mg-g™) 0.121 0.110 0.089
R? 0.931 0.925 0.937
Initial sorption rate constant v (mg-g" hr') 0.017 0.016 0.008

rate constant v, = K, - qzeq (mg-g! hr') are given in Table
2, and the pseudo second-order plots for NH," removal
are presented in Fig. 4. The kinetic tests showed that the
amount of re-moved NH," ions increased for 24 hours
and then did not change significantly. Based on the
coefficients of determination R* of the PSO kinetic model
in the range of 0.925 to 0.937, this model may be applied
to describe the removal processes of NH,". Moreover, a
good correlation between the test data and the PSO model
suggested that pore diffusion was an important element
in the removal process [31] and that the removal process
represented chemisorption rather than physisorption and
that the sorption followed the Langmuir equation [32].
Table 2 shows that the highest NH," sorption capacity
q,, and the initial sorption rate constant v, were observed
for sample UDS1 (0.121 mg-g' and 0.017 mg-g"hr',
respectively), followed by sample UDS2 (0.110 mg-g™' and
0.016 mg-g'hr') and sand sample (0.089 mg-g' and
0.008 mg-g'-hr'). These values were strongly correlated
with the organic matter and clay fraction contents, as
stated by Zhang et al. [33]. In addition, the studies have
reported higher NH,* sorption capacities for natural soils,
specifically for lake alluvial sandy earth 0.658 mg-g"' and
granitic sandy earth 0.098 mg g soils.

Batch Incubation

The incubation test results presented in Fig. 5 have
clearly shown that NO, removal was negligible for
all three soil samples. During the first 20 days the NO
removal rate varied from 0 to 22%. After 30 days of
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Fig. 4. Kinetics of ammonium ion removal by soil samples.

incubation the concentration rapidly increased to values
higher than the initial concentration (128 mg-L' for UDSI,
166 mg-L"' for UDS2, and 116 mg-L"' for sand). This
considerable increase could be ascribed to nitrification
because no adjustment of NO," ions was observed in the
batch incubation system. However, this phenomenon was
not observed by Lee et al. [17].

The NH," concentration in the solution after the
desired incubation time decreased relatively to the initial
concentration. The removal ratios fluctuated from 14 to
35% for sample UDS1, from 3 to 30% for sample UDS2,
and from 1 to 18% for the sand sample. The highest
degree to which NH," ions were removed by UDSI could
result from the largest organic matter and clay contents.
Sorption processes could occur with greater intensity
on clay particles than on the sandy materials.
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Fig. 5. Ammonium and nitrate concentrations during batch
incubation.
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Column Tests

Fig. 6 presents the test results for hydraulic
conductivity changes and for the transport of chloride
(non-reactive tracer) and nitrogen compounds (reactive
tracers) through texturally different soil samples. This
figure shows the changes of the average values of the
parameters as a function of the total pore volume of flow
(PVF) while accounting for the two stages of the study:
1) filtration of the non-reactive tracer (chloride ions) and
2) filtration of the reactive traces (NO,” and NH,"). The
hydraulic conductivity & of the soil with low permeability
(UDS 1 silt loam) was 2.3-10® m-s'. This value steadily
decreased during the flow of the reactive tracers to
3.1-10° m/s. After replacing the pore fluid one and a half
times (PVF = 1.5), the changes of k& were insignificant.
The changes observed for highly permeable soil samples
(UDS 2 loam) were different. At the beginning of the
test, the £ value slightly increased (from 3.9-10° m's™ to
4.9-10° m's™') and then remained constant until the PVF
equalled 12.5. In the last stage of the study & decreased to
1.8-:10° ms™". The observed decrease in k for both samples

could be caused by nitrogen volatilization (NH,, N, and
N,0), which depends on the rate of fertilizer application
and soil properties [4, 34].

Fig. 5 illustrates that the transport of chloride ions
and nitrogen compounds (NO, and NH,") through the
undisturbed soil samples and the sand sample at steady-
state saturation conditions was different. We predicted the
flow velocity and coefficient of hydrodynamic dispersion
of the soil samples based on the chloride BTCs, and we
also calculated the longitudinal dispersivity («, ) and Péclet
number (P)) (Table 3). The chloride BTCs were similarly
symmetric, and their analyses showed that the equilibrium
model could be applied to these soil samples. The shape
of the chloride BTC for the sand sample was a typical
Gaussian distribution, and for the undisturbed soil samples
it was a Gaussian distribution with tails. This could be due
to the preferential flow that occurred in the undisturbed
soil samples and may have been caused by unequal flow
velocity. The observations are consistent with the reports
of Cheng et al. [35]. According to Mon et al. [36] there
was no preferential flow through the sand sample, because
the relative concentration of chloride (C/C)) was about
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Fig. 6. Hydraulic conductivity changes, fitted (dotted line) and observed (points) breakthrough curves of the non-reactive tracer
(chlorides), and reactive tracers (nitrate and ammonium): 100 mg CI-L"', 100 mg NO,~L"', and 52 mg NH,"L"".
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Table 3. Transport parameters predicted for soil samples using the CXTFIT model.
UDS 1
Parameter Saturation with Leaching of UDS2 Sand
Cl solution Cl solution
Flow parameters estimated from the breakthrough curve of Cl
Velocity of flow v (ms™) 7.04-107 2.56:107 6.50-10° 2.64-10*
00621};:;13{1};;‘1;232?;‘“1“ 3.78:10° 2.06:10° 3.32:10¢ 1.67:10°
Coefficient of determination R? 0.99 0.99 0.96 0.91
Longitudinal dispersivity o, (m) 0.005 0.008 0.051 0.006
Péclet number P, 11.06 7.39 2.47 15.04
Transport parameters estimated from the breakthrough curve of NH,*
Retardation factor R n.p.? n.p.? 6.994 5.081
Coefficient of determination R? n.p.? n.p.? 0.91 0.81
(?Oyrnérfg.sl"cri’;‘;’: (Crffg"f‘;;ly) nps n.p. 17.31 2.70
Transport parameters estimated from the breakthrough curve of NO,”
Retardation factor R 0.909 0.359 1.468 0.577
Coefficient of determination R? 0.64 0.72 0.58 0.89
(?Oyrné“jg.sl"cri’)“;’: (Crfg‘lfgly) 2.83 5.12 374

“n.p., not predicted.

0.5 for PVF less than 1. The maximum chloride
concentration in the effluent was measured after PVF
equalled 1 for the UDSI sample, 4 for the UDS2
sample, and 2 for the sand sample. Calculation of the
flow parameters for the entire chloride BTC for sample
UDSI1 was impossible; thus, the results were interpreted
in two steps: 1) saturation of the sample with chloride
solution and 2) leaching of chloride ions. Problems
were potentially caused by the substantial change in the
permeability coefficient of the sample at the stage of
chloride ion leaching (Fig. 6). The shape of the BTC for
UDS2 suggested that the sample was nonhomogeneous
and layered [37].

Steady growth of the effluent concentration was
observed until the effluent concentration reached
0.80 C, (PVF = 1.6). Then the effluent concentration
increased slowly and reached a maximum concentration
of 0.93 C, after the PVF reached 4. The shape of the
chloride ion-leaching curve was similar; first, the effluent
concentration quickly decreased until the PVF reached
7 (0.13 C)) and next the effluent concentration slowly
decreased until PVF = 9 and C = 0 mg-L"'. The tails
could be caused by the interactions of the advective and
diffusive transport of the solutes in the porous material.
The flow parameters were estimated with determination
coefficients of 0.91 to 0.99. The estimated &, was similar
for UDSI and the sand sample. However, the value of
a, for UDS2 was larger by one order of magnitude. This
result may indicate that the sample was not heterogeneous.

Numerous studies indicated that the value of &, depends
on the scale, and for the same materials this value is
several orders of magnitude larger for field-scale than for
lab-scale [38], which commonly ranges between 0.0001
and 0.010 m [39]. The values of P, (from 2.47 for UDS2
to 15.04 for the sand sample) suggested that advection was
the dominant transport process for contaminants through
the UDS1 and sand samples and that dispersion dominated
over advection in the case of UDS2 [37]. The significantly
different P, for UDS2 likely resulted from stratification
and the heterogeneity of the sample.

After the tests with the non-reactive tracer were
completed, the flow of the ammonium nitrate solution
through the samples was started. The NH," and NO,” BTCs
are presented in Fig. 6. The effluent concentration of NH,*
from sample UDS1 was < 0.04 mg-L"' for the duration of
the study; therefore, it was not possible to calculate the
removal parameters. The NH," ion concentration of zero
resulted from the non-exhaustion of the sample sorption
capacity. The added NH," (12.80 mg) was fully retained
on the sample material by using only part of the sample
sorption capacity (0.036 mg-g' of 0.121 mg-g' calculated
from the batch test). Using the BTCs for the UDS2 and
sand samples, the retardation factor R and dynamic
sorption capacity for the breakthrough point (C=0.1C)) S
were calculated. Based on the definition of the retardation
factor [38], the velocity of NH," transport was less than
the velocity of the water flow (6.99 and 5.08 times for
UDS?2 and the sand sample, respectively). The dynamic
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Table 4. Characteristics of the soil samples before and after the column tests.

EC N-NH, o
Sample pH (KCI) (uS-cm) (mgke) N-NO, (mg'kg™")
BCT 7.35 362.95 0.58 0.35
UDS1
ACT® 6.95 220.8 11.98 2.38
BCT* 7.54 159.8 0.3 1.78
UDS2
ACT® 7.56 229.5 73.60 0.28
BCT* 7.15 190.2 <0.1 <0.25
sand
ACT® 6.48 77.4 28.51 0.79

2 BCT — before the column test

sorption capacity of UDS2 calculated for the exhaustion
point (C = C ) was larger (0.149 mg-g") than the sorption
capacity calculated from the batch tests (0.110 mg-g™),
which could indicate an overlap in other NH," ion removal
processes. This result was confirmed by the documented
maximum concentration in the effluent solution of 0.8 C,.
In contrast, the maximum effluent concentration of NH,*
for the sand sample was equal to the influent concentration
(52 mg-'L"), and the dynamic sorption capacity for the
exhaustion point was smaller than the sorption capacity
calculated from the batch test and commonly reported by
other researchers [40, 41].

The estimated values of retardation factor R and
dynamic sorption capacity S for NO,” were smaller than
those for the NH," ions. Due to its negative charge, NO,’
is known to be more mobile in the soil-water environment
than the positively charged NH," ions [16, 18, 34]. For
NOj,, an equal concentration in the effluent solution from
the sand sample to the influent solution was achieved after
PVF = 1.3. Further provision of the ammonium nitrate
solution resulted in NO,  leaching, with NO, effluent
concentrations 0f 0.94 C to 1.16 C,. The shape of the NO -
BTCs for the undisturbed soil samples (particularly for
UDST1) strongly suggested the occurrence of denitrification
processes. The maximum effluent concentration (0.34 C))
was reached after PVF = 0.5. Next, the concentration
decreased to 0.1 mg-L"'. Simultaneously, the formation of
gas bubbles was observed in the effluent pipes along with
a significant decrease in hydraulic conductivity, which
could indicate nitrogen volatilization (NH,, N,, and N,O)
[10].

Gas production in UDS2 was far less intense, but
a decrease in hydraulic conductivity and an effluent
concentration lower than the initial concentration (0.80 C)
were observed. The obtained results were consistent with
the results reported by Lee et al. [17] and confirmed that
the mechanism of NO,” removal depended on soil texture
and that denitrification was a dominant removal process
for NO; in fine-grained soils. Although a sufficiently
large population of denitrifying bacteria, electron
donor compounds (organic compounds), and restricted
availability of oxygen were required for the denitrification
in the soil [42], the intensity of gas production was higher
in the soil samples with higher organic matter contents,

> ACT — after the column test

and lower permeability increased the solution resistant
time in soil pores, facilitating the denitrification processes.
Table 4 summarizes the physical and chemical
properties of the soil samples before and after the column
test. The set of test results shows that the contents of N-NH,
and N-NO, in the sample increased after percolation of
the ammonium nitrate solution, although only NH," was
adsorbed onto the soil particles due to its positive charge.
The only exception was UDS2, for which a decrease in the
N-NO, concentration was observed, which indicates that
ions were eluted from the sample. Moreover, it was clear
that NH," ions were retained by soil particles with greater
intensity than the NO, ions. The largest mass of NH,"
was immobilized on the surface of UDS2, but notably the
absorptive capacity of UDSI was not exhausted.

Conclusions

The loss of nitrogen compounds from agricultural areas
through leaching may become a significant environmental
problem; therefore, identification of the factors influencing
the concentration of nitrates (NO,) in the groundwater is
a crucial issue. Batch test results have shown that NO,
sorption was negligible for all tested soils, whereas NH,"
ions were removed by chemisorption processes. The results
of column studies of the transport of chloride ions and
nitrogen compounds through three different soil samples
have indicated that a significant reduction in the NO,” and
ammonium (NH,") concentrations in flowing groundwater
has resulted from processes other than sorption and
chemical precipitation, which could be indicated by gas
production and a non-maximum concentration of NO,’
(100 mg-L'") and NH," (52 mg-L") in the effluent liquid.
Moreover, the values for the hydraulic coefficient of
cohesive soils (UDS1 and UDS2) decreased as a result of
the formation of gas bubbles in the soil pores.

Analysis of the results using CXTFIT software has
allowed us to estimate the advection-dispersion equation
parameters for contaminant transport for the analysed soil
samples and calculation of the Péclet numbers, which
indicated that advection was the dominating transport
process for UDS1 and for the sand sample, and that
dispersion dominated advection in the case of UDS2.
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Based on the retardation factor, the velocity of NH,*
transport was lower than the velocity of water flow by
approximately seven and five times for the UDS2 and sand
sample samples, respectively; moreover, the estimated
values of the retardation factor and dynamic sorption
capacity S for NO,” were lower than for NH," ions
(because of the negative charge). Groundwater located
beneath the soil layers composed of silt loam and loam
is effectively protected against infiltration by nitrogen
compounds from agricultural lands.
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