
Introduction

Nitrate pollution is a worldwide environmental 
concern [1]. Drastic increases of nitrate concentrations 
in groundwater resources in many countries may be 

attributed to increasing trends in applying nitrogenous 
fertilizers or intensive agricultural practices, high-
density urbanization with unsewered sanitation and 
the use of sewage effluent for irrigation [2]. Nitrate can 
bypass the unsaturated zone and leach into groundwater 
system and thus might be subjected to different 
processes, such as sorption and denitrification [3]. The 
ability of soil to adsorb ions from aqueous solution has 
inevitable concomitant impacts on agricultural issues 
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such as soil fertility and remediation of contaminated 
soil, and health concerns [4]. Therefore, understanding 
nitrate behavior as it travels through the unsaturated 
zone reaching the groundwater is critical for land 
use management, soil and groundwater protection 
and remediation. Nitrate transport processes such as 
retardation and adsorption could be thoroughly assessed.

Several previous studies attempted to investigate 
the nitrate transport from non-point source and its 
concomitant influence. The nitrogen transformation in 
soil involves major processes such as nitrogen fixation, 
ammonification, nitrification, immobilization and 
denitrification. Leaching of nitrate to the deeper layers 
and surface waters can be reduced by nitrate retention, 
either plant/microbial immobilization or by sorption 
onto the hydroxides of iron and aluminium [5].

Nitrate sorption capacity and its retardation in soils 
are affected by high pH [3]. Soil mineralogy and surface 
charge also affect anion sorption [6]. High anions such 
as chloride, phosphate and sulphate content in soil will 
also restrain nitrate sorption due to the competition of 
exchange sites [7]. Nitrate has high water solubility 
and low affinity to be adsorbed on the charged soil 
matrix, therefore it is vulnerable to be washed out 
of the soil system by percolating water. Thus, nitrate 
leaching after fertilization has the potential to pollute 
the underlying groundwater system [8]. The leaching 
rate was much higher in sandy soils and under over-
fertilization conditions [9]. Although several procedures 
are available for treating the nitrate-contaminated 
water, i.e., by reverse osmosis, electro-dialysis, anion-
exchange and biological denitrification, source control 
of nitrate leaching is the most excellent option for better 
environmental protection [10]. 

Different approaches have been applied to 
conceptualize solute transport in the subsurface 
system; these approaches have increased knowledge 
about key transport and transformation processes 
and parameters. Field approaches using stochastic 
modelling of incomprehensive descriptive solute 
transport mechanisms are generally applied where 
estimation of contaminant transport often ends by 
general parameterization [9]. There is an existing 
concern that laboratory-based experiments are not yet 
well enough to be explored especially for contaminants 
such as nitrate. The transport assessment of this anion 
in the subsurface system and into groundwater is 
complicated by a variety of parameters that may affect 
leaching. Therefore, several laboratory methods have 
been developed to estimate transport parameters of 
nitrate in the subsurface system [8]. Batch experiments 
and miscible displacement techniques are probably the 
most common methods to quantify nitrate transport in 
soil and to estimate sorption and retardation parameters. 
Batch techniques or equilibrium methods are applied to 
estimate nitrate transport parameters in soil. Through 
this kind of experiment, the solid is shaken in solute 
solution until the adsorption or desorption equilibrium 
is reached and the remaining solute concentration is 

measured. Adsorption of nitrate in different types of 
soils was measured and it was found to increase with 
depth [11]. Batch experiment on nitrate leaching in 
different soils displayed an increase in sorption with 
both depth and increased nitrate solution concentrations 
[12]. Limitations of batch techniques have been stated 
by Azzam and Lambarki [13]. These limitations 
include no simulation of the actual field conditions of 
the determination of maximum adsorption capacity 
in subsurface soil systems due to the breakdown of 
soil aggregates and solubilisation of soil components 
by sample agitation, differences in pore water solution 
composition and soil solution ratios that are much 
smaller than in natural soil systems. This often results 
in inappropriate assessments of concentration and 
composition of solution change during the equilibrium 
period [14]. Miscible displacement or flow-through 
technique is a continuous flow process in which solute 
solution flows through a soil column in one direction. 
The effluent from the soil column at different time 
intervals is collected and analysed to determine the 
sorption behaviour during time [15]. The results of 
the miscible displacement can be evaluated using 
different methods, where the breakthrough curve is 
the most popular. Parameters such as flow rate and soil 
properties will affect this approach. Advantages offered 
by this technique over the traditional batch method 
include simulating the field conditions considering 
certain soil-solution ratios without altering natural soil 
aggregates [16]. The effect of soil texture on nitrate 
sorption and leaching using miscible displacement 
experiments was investigated by Lee et al. [17]. It was 
concluded that soil texture has an influence on the 
pattern of nitrate removal. Undisturbed soil columns 
were studied to investigate nitrate adsorption using the 
miscible displacement experiments. It was found that 
positive relationships between retardation coefficient 
and the content of amorphous material with depth, and 
between the preferential flow in the soil columns with 
the mobility and velocity of nitrate moving through the 
columns [18]. 

Another series of practical miscible displacement 
laboratory setups were consequently applied on 
similar cell bodies with different setups and serious 
modifications. A diffusion cell setup for testing clay 
specimens was developed and the results confirmed 
that the analytical and semi-analytical solutions of 
the advection-dispersion equation can be potentially 
used to determine subsurface-released contamination 
[19]. The results of another miscible displacement 
called transmission cell setup pointed out that mass 
balance can be calculated for every virtual layer until 
the groundwater is reached in addition distributing 
the pollutant in the unsaturated zone and the amount 
of input on the groundwater can be obtained from the 
total mass balance as time-dependent [20]. Then an 
advection-diffusion cell setup was established to assess 
nitrate retardation in different soils and it was observed 
that the amount of nitrate sorbed in soil was dependent 
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on the particle size distribution and the content of 
organic matter ranged from about 10% in sandy soil to 
about 60% in clayey soil. However, unfavourable small 
amounts of nitrate output flux for fine-textured soil 
samples were obtained due to the formation of microbial 
films over the surface layer of many soil samples 
inside the advection-diffusion cell. This difficulty led 
to underestimating the maximum sorption capacity of 
studied soils during certain sorption phases [21].

This study attempts to develop a practical miscible 
displacement laboratory setup called optimized diffusion 
cell (ODC). It is a modified form of the diffusion cell 
setup, utilizing it to meaningfully characterize nitrate 
transport in different soils along with focusing on 
hindering formation of thin layer of microbial film on 
top of soil samples in the former setup. Consequently, 
difficulties in inhibiting reaching the breakthrough point 
for the fine soil texture samples are not faced. Formation 
of the microbial film reduced the observations of output 
nitrate flux, therefore a sequent problem represented 
by hindering reaching the fine soil samples to the 
equilibrium condition was found by Aljazzar [22]. 
Therefore, the former researcher was obliged to assess 
sorption capacity and the retardation parameter of 
the fine texture soil samples using analytical solution 
of the mathematical equation (advective-dispersion 
equation) to investigate nitrate transport in his setup 
(advection diffusion cell setup) [22]. A major advantage 
of the optimized setup is represented by avoiding the 
over-mixing that occurs in the batch experiments. 
Furthermore, it allows an undisturbed soil sample to 
be imbedded within it, conserving most of the original 
physical soil characteristics that makes the sorption 
results of the ODC setup more reliable. The batch 
experiments show overestimation of sorption rate than 
ODC test – especially for samples with higher organic 
matter content [20]. On the other hand, sorption can be 
best fit by the infiltration rate inner and outer of the soil 
specimen within the diffusion cell. Additionally, the 
ODC setup is a general approach that can be applied for 
contaminants having similar characteristics to nitrate 
ions. 

The most significant innovation of the current study’s 
setup is switching off the effect of hydraulic head in 
order to enhance the nitrate sorption property by sandy 
soil. Furthermore, equipment is disinfected with 3% 
hydrogen peroxide, and cylinders of nitrate solutions are 
covered with aluminium foils to hinder microbial growth 
on the top surfaces of soil slices and algal growth. 
Moreover, undisturbed soil samples are collected and 
slices of 1 cm thickness are prepared to preserve the 
natural porosity and various soil properties. The certain 
thickness of the sample is determined to overcome the 
long-time experiment end point. More explanation about 
these modifications is clearly described in the materials 
and methods section.

The main objective of this study is to provide a 
modified laboratory setup to describe nitrate mass 
transport scenario and quantify sorption of various 

soil classes wherein a common procedure for the 
contaminant transport prognosis does not yet exist. 
Such quantification has important implications for the 
interpretation of nitrate mass-balance data and should 
possibly be integrated in nitrate simulation models. 
Subsequently, a major part of the knowledge required 
for groundwater protection against nitrate leaching or to 
evaluate its vulnerability is provided.

Material and Methods

The ODC setup is a general applicable approach for 
contaminants that have similar characteristics to nitrate 
ion. 

Emission-Transmission-Immission 
(ETI) Concept

The ETI concept investigates, under conditions 
similar to natural ones in a laboratory dimension the 
contaminant mass transport starting from applying 
contaminant on the top of soil surface until reaching 
groundwater (Fig. 1). It considers the estimation of 
emission (E) of the contaminant (i.e., nitrate); the time-
dependent amount and concentration expressed in a 
term of ‘flux’ as volume of contaminant solution per 
unit area per unit time. The nitrate input flux J(in) and 
the nitrate output flux J(out) are given in Equations (1) 
and (2), respectively.

J(in) = (C1 x V1 - C2 x V2) / (Δt x A)
= (M1 - M2) / (Δt x A) 
 = M(in) / (Δt x A)                            (1)

…where J(in) is the nitrate input flux, mg/(m2 day); C1 is 
the initial concentration of nitrate solution flowing into 
the cell body, mg/L; V1 is the volume of nitrate solution 
flowing into the cell body, L; M1 is the mass of nitrate 
entering into the cell body, mg; C2 is the concentration 
of redundant nitrate solution flowing out of the cell body, 
mg/L; V2 is the volume of redundant nitrate solution 
flowing out of the cell body, L; M2 is the mass of nitrate 
flowing out of the cell body, mg; M(in) is the mass of 
nitrate input flux; i.e., mass of nitrate entering the cell 
body and equals to M1 minus M2, mg; Δt is the time 
duration starting from the last sampling of solution, day, 
and A means the effective cross sectional area of the soil 
sample, m2.

J(out) = (C4 x V4 - C3 x V3) / (Δt x A)
= M4 / (Δt x A) 

= M(out) / (Δt x A)                       (2)

…where J(out) is the nitrate output flux, mg/(m2 day); 
C4 is the concentration of nitrate in mixed solution 
(nitrate solution and deionized water) flowing out of 
the cell body, mg/L; V4 is the volume of mixed solution 
flowing out of the cell body, L; C3 is the concentration 
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of nitrate in deionized water flowing into the cell body, 
mg/L, and the value of C3 equals to zero; V3 is the 
volume of deionized water entering the lower chamber, 
L; M4 is the mass of nitrate in mixed solution flowing 
out of the cell body mg; and M(out) is the mass of nitrate 
output flux (i.e., mass of nitrate leaving the cell body, 
mg).

The ODC setup is schematically illustrated in  
Fig. 1. This technique was separately used for each 
different soil sample. The sum of differences between 
the M(in) and M(out) results in the mass of sorbed 
nitrate, M(sorb). The M(sorb) was mathematically 
calculated based on the mass balance concept as given 
in Equation (3). Alternatively, the XACT software was 
used to obtain the area enclosed under the curves of 
J(in) and J(out) as another option to calculate the sorbed 
amount of nitrate. Using this software, the retarded 
amounts of nitrate of the soil samples by diffusion and 
simulated advection were calculated by plotting the 
results of analyzed mass balance samples from the ODC 

setup by Spectrophotometer (Model 7315, manufactured 
by Jenway, Germany) and Darcy Law Equation, 
respectively, against time (Fig. 2).

M(sorb) = M(in) – M(out) + ΔM

 = (C(in) x V(in) – C(out) x V(out) + ΔMn)

(3)
…where M(sorb) is the mass of sorbed nitrate, mg; 
M(in) is the mass of nitrate input flux, mg; M(out) is the 
mass of nitrate output flux, mg; ΔM is the difference 
between mass of nitrate input flux M(in) and mass of 
nitrate output flux M(out), mg; C(in) is the concentration 
of nitrate input solution, mg/L; V(in) is the volume of 
nitrate input solution, L; C(out) is the concentration of 
nitrate output solution, mg/L; V(out) is the volume of 
nitrate output solution, L; and t is the time duration of 
starting the experiment from 0 until n, day.

In a second step, the transmission (T) is evaluated as 
the pollutant transport through the unsaturated zone into 
the groundwater. The transport mechanisms of diffusion 
and retardation potential of the transition zone are 
considered. The immission (I) into the groundwater can 
be estimated by the amount and concentration of nitrate 
input. The amount of nitrate contaminant transported 
by infiltration into the groundwater can be estimated 
for every hydrological year using the hydrological 
parameters. The amount of nitrogen fertilizers applied 
to the soil also plays a significant role in the range of 
intensity and widespread groundwater contamination 
[23]. 

Setup of the Optimized Diffusion Cell

In the ODC setup, undisturbed soil specimens 
of 1 cm thickness with concentration gradient of the 

Fig. 1. Scheme of the diffusion cell setup based on the ETI-concept illustrating the main two driving forces of nitrate transport within the 
soil specimen (diffusion and advection); C1, C2 and C4 are the nitrate concentrations (mg/L).

Fig. 2. Mass balance of soil samples.
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tested contaminant similar to in situ conditions were 
considered. Thickness of 1 cm was installed to reduce 
the time of the experiment. The concentrations of 
applied nitrate solutions in each ODC were 25, 100 and 
250 mg/L. These concentrations were chosen based 
on the amounts of added fertilizers in the research 
area of Nettetal/Schwalmtal in Germany. Furthermore,  
the three nitrate concentrations were chosen in order  
to obtain adequate data to delineate the curves 
of sorption isotherm for soil classes and nitrate 
concentrations. The cell body of the ODC setup, which 
is shown in Fig. 3, was manufactured at the Department 
of Engineering Geology and Hydrogeology at RWTH 
Aachen University, Germany. An explanation of its  
basic principle is given as follows: A soil specimen 
is placed between two chambers, with the top one 
containing a nitrate solution (C1) and a bottom 
chamber containing deionized water (C3 = 0). During 
the experiment, solution samples (C2 and C4) from 
both chambers are collected and analyzed for nitrate 
concentration. The initial concentration (C1) was kept 
constant during the experiment. Deionized water and 
nitrate solution from both feeding reservoirs were lifted 
by a peristaltic pump (IPC-N ISM939D, manufactured 
by ISMATEC, Germany) to feed the two feeding 
cylinders connected to the setup of the ODC; one is 
for receiving the distilled water and the other for the 
nitrate solution. Since in all cylinders the fluid levels 
are kept at the same height, no advective flow occurs 
(hydraulic head is ignored). Both the redundant nitrate 
solution (flowing out of the cell body through the upper 
chamber) and the mixed solution (nitrate solution and 
deionized water flowing out of the cell body through  
the lower chamber) were raised by another peristaltic 
pump. Each of them was pumped to the respective 
collection reservoir (Fig. 3).

Modifications Induced to the Optimized 
Diffusion Cell in Comparison 

to the Advection-Diffusion Cell

In order to modify the structure of the advection-
diffusion cell, the following parameters were considered 
in the ODC (current setup): Biological contamination 
was avoided by disinfecting the equipment with 3% 
hydrogen peroxide. As a result, no microbial growth 
was found on the top surfaces of soil slices. In contrast, 
the growth of microorganisms in soil samples of the 
advection-diffusion cell caused inhibition of nitrate 
input and output fluxes to reach the breakthrough point 
(equilibrium state). This point is compassed when the 
nitrate input flux, J(in), and the nitrate output flux, 
J(out), become equal.

Additionally, all cylinders, reservoirs and PVC 
rings of the ODC, where the soil slice is installed, were 
covered with aluminum foil to prevent algal growth 
[24]. Moreover, the temperature was maintained as 
in situ temperature in order to mimic field conditions. 
In comparison with the advection-diffusion cell the 
location of the second peristaltic pump was changed 
(Fig. 3). This is in order to provide adequate driving 
force to raise liquids through tubes to the collection 
cylinders. Moreover, undisturbed soil samples were 
collected and slices of 1 cm thickness were prepared 
by use of a press-out device. Eight undisturbed soil 
samples were imbedded within the ODCs instead of 
disturbed soil samples. The natural porosity and various 
soil properties were established. Many soil properties 
such as soil class, bulk density, permeability, organic 
matter and total carbon contents, and mass of the soil 
specimens were determined. These properties are 
recommended for interpreting the sorption behavior of 
soil. 

Fig. 3. Scheme of one single optimized diffusion cell setup.
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Furthermore, the soil sample in each of the eight 
ODCs was continuously used after reaching the 
breakthrough point for all nitrate concentrations. Thus, 
the measured sorbed amount of nitrate at 25 mg/L was 
added to the sorbed amount of nitrate at 100 mg/L.  
Similarly, the sorbed amount of nitrate at 25 mg/L  
and 100 mg/L were added to the sorbed amount  
of nitrate at the concentration of 250 mg/L. This  
concept corresponds to the main concept of sorption 
isotherm. It states that the higher the concentration, t 
he more the sorbed amount of nitrate by dry unit mass 
of soil. 

The most significant amendment in the current 
 setup was switching off the effect of hydraulic head 
in order to enhance the nitrate sorption property by  
sandy soil. By switching off the advective flow as an 
effect of the hydraulic head, nitrate solution was better 
allowed to react with the soil matrix. In other words, no 
advective flow was applied in the ODC setup in order 
to prevent the occurrence of turbulent flow instead  
of laminar, thus causing underestimation of the sorbed 
amount of retarded nitrate – especially in the case  
of sandy silt soil samples. However, in order to 
compensate for the effect of advection in the nitrate 
sorption process, the advection parameter, which is soil 
class dependent, was determined based on performing 
soil permeability tests by triaxial cell or falling  
head in a standing pipe (Table 1). The simulated 
advection parameter is discussed in the next section.

Advection

The driven force to move the contaminant mass 
flux due to flow movement is advective transport [25]. 
However, the advection configuration while composing 
the ODC was neglected according to Equation 4:

J = v x C x ne                      (4)

…where J refers to the one-dimensional flow of a unit 
cross-sectional area of the porous media per unit time 
(Mass flux), mg/(m2 day). It depends on the average 
linear velocity (v, m/day), concentration of solution 
(C, mg/L) and the effective porosity of media (ne, 
dimensionless fraction between 0 and 1 [26].

In our work, the influence of advection was 
compensated for through performing hydraulic 
conductivity tests and considering the concentration 
parameters of the ODC as given in Equations (5) and 
(6). The value of hydraulic gradient (i) is assumed to 
be 1, and the hydraulic conductivity (K) is determined 
from the hydraulic conductivity tests for different 
soil samples either by triaxial cell or falling head in a 
standing pipe (Table 1). 

J(in advection) = K x i x (C1 – C2)   (5)

J(out advection) = K x i x (C4)       (6)

…where J(in advection) and J(out advection): Nitrate 
input and output fluxes by advection, mg/(m2 day, 
respectively, K: Saturated hydraulic conductivity, m/s, 
and i: Hydraulic gradient, dimensionless.

Results and Discussion

The mass of analyzed soil specimens according to the 
value of bulk density and the volume of each soil sample 
was calculated (Table 2). Determining masses of soil 
specimens leads to estimating sorbed ratios of different 
soil samples. The visual inspection of S7 indicated the 
presence of organic matter content, which interpreted 
the lower value of bulk density [27]. Kumar and Philip 
[16] confirmed similar trends while conducting studies 
of soil adsorption. Moreover, the total carbon content of 
S7 and of other analyzed soil samples was examined. 
S7 had the highest total carbon content, which directly 
proves the amount of nitrate sorbed [28, 29]. Carbon 
content of organic origin represents a forthright index 
to the organic matter content in soils. Subsequently, the 
nitrate sorption behavior of soil samples is positively 
related to the carbon content. The majority of total 
carbon content in the soil samples is composed only 
from organic carbon. These basic findings are consistent 
with studies, i.e., Ndala et al. [3], Remya and Azzam 
[10] and Rama Krishana and Philip [30], showing that 
the mobility of nitrate is often related to the active 
components of organic fraction. Organic carbon refers to 
organic sources producing carbon as an approximation 
of the level of once-living or decomposed matter [31].

A common negatively charged ion such as nitrate 
can be effectively retarded, and as long as nitrate has 
greater affinity to the soil surface than for existing 
adsorbed ions, sorption will [32, 33]. Mathematically, 

Table 1. Soil classes and saturated hydraulic conductivity values.

Soil
 sample

Soil class*
DIN 18123 and
DIN 14688-2

Saturated hydraulic 
conductivity (K), m/s

DIN 18130-1** or 
DIN 18130***

S1 Sandy silt, slight clay 1.89 x 10-8  **

S2 Sandy silt, slight clay 7.83 x 10-8  **

S3 Silty sand 4.48x 10-6  ***

S4 Silty sand, slight gravel 6.65 x 10-6  ***

S5 Silty sand 5.06 x 10-6  ***

S6 Silty sand 2.67 x 10-6   ***

S7 Silty sand 6.66 x 10-6   ***

S8 Silty sand 1.42 x 10-5   ***

*Applied as a combination between sieving and Hydrometer 
analyses, DIN: German industry standard; the standard 
applied test, **Triaxial cell experiment, 
and ***Falling head in a standing pipe experiment



2559Mass Transport of Nitrate in Soil...

the sorption behavior of nitrate anion within the soil 
sample is illustrated by plotting graphs of nitrate fluxes 
with respect to time as shown in Fig. 2, or it can be 
calculated using the mass balance concept according to 
equation (3). As an example, the sorption behavior of 
S7 is explained. The difference between the two types 
of fluxes; the nitrate input and output fluxes, of S7 at 
the concentration of 100 mg/L was very high at the 
beginning of the experiment. The curve of nitrate input 
flux (the curve where its coordinates refer to values of 
nitrate flux entering the upper chamber of the ODC 
versus time) flattened out, reaching the breakthrough 
point at the 65th day, where it crossed the curve of nitrate 
output flux (the curve where its coordinates refer to 
values of nitrate flux flowing out of the lower chamber 
of the ODC versus time). This curve began to ascend 
starting from the 1st day until the 53rd day, then flattened 
out reaching to the 65th day where the breakthrough 
point happened, similar to results obtained by [34].

Interpreting such a pattern of nitrate input and 
output fluxes versus time can be similarly explained for 
all the analyzed soil samples, but with a difference in 
the sorbed amount of nitrate through time. Moreover, 
at the equilibrium point the soil specimen cannot sorb 
more nitrate because it is saturated with nitrate in 
dependence of the running nitrate concentration [34, 35]. 
This means that at this point the nitrate input flux will 
penetrate within the soil specimen without retardation. 
The reason behind the rapid soaring of nitrate output 
flux curve is imputed to the high difference of 
concentration gradients – especially at the starting time 
of the experiment. Subsequently, retaining nitrate at this 
time is very high. Once the exchangeable sites on soil 
surface are filled, nitrate will pass out the setup without 
retardation. A similar pattern of results was reached by 
AlJazzar and Al-Qinna [21], showing that the nitrate 
outflux in different initial concentrations (50, 75 and  
100 mg/l) increased with time.

For all samples, equilibrium was reached in varied 
interval times as illustrated in Table 3. Subsequently, 
the difference between the sorption capacities for 

the respective soil classes at the different nitrate 
concentrations was recognizable (Table 4). The required 
time for S1 to reach its breakthrough points was similar 
to that of S2. A similarity in sorption behavior of the 
two samples can be imputed to similar soil textures 
(‘sandy silt, slight clay’). S3, S4, S5, S6 and S8 showed 
approaching behavior to reach the equilibrium state 
at the three concentrations. It is noteworthy from the 
former sample behaviors that the equilibrium conditions 
occurred much earlier than in the other investigated soil 
samples. S3, S5, S6 and S8 have the same soil texture 
(silty sand). Although S4 is classified as ‘silty sand, 
slight gravel,’ the percentage of gravel in the soil sample 
is too small and reaches up to 6%. The former mentioned 
samples (S3, S4, S5, S6 and S8) have relatively the same 
content of clay and organic matter in addition to almost 
similar soil texture, which attributes similar sorption 
behavior to reach the equilibrium point [17, 36].

The silty sand sample (S7) has the highest content 
of organic matter and is classified as peat, fine humus, 
which apparently caused the relatively long time to 
reach the breakthrough point. The higher the content 

Table 2. Major properties of soil samples.

Soil 
sample

Bulk density, 
g/cm3

Volume of sample 
(volume of chamber), cm3

Mass of soil 
sample, kg

Total carbon content
Inorganic carbon, 

mg/kg soil
Organic carbon, 

mg/kg soil

S1 1.70 76.94 0.1312 8500 3760

S2 1.52 76.94 0.1169 0 10750

S3 1.76 76.94 0.1359 0 10390

S4 1.78 76.94 0.1368 0 10770

S5 1.63 76.94 0.1265 0 12170

S6 1.60 76.94 0.1230 0 6940

S7 0.90 76.94 0.0694 0 31490

S8 1.47 76.94 0.1131 0 7400

Table 3. Time required by various soil specimens to reach the 
breakthrough point for the three nitrate concentrations.

Soil 
sample

Time required to reach the equilibrium
point according to nitrate concentration, day
25 mg/L 100 mg/L 250 mg/L

S1 40 49 62

S2 42 51 65

S3 27 46 61

S4 26 41 58

S5 22 34 45

S6 21 34 47

S7 47 65 85

S8 17 27 38
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of organic matter, the higher the soil ability to sorb 
nitrate [37]. Organic matters have large specific surface 
and high porosity with various chemically reactive 
functional groups in the pore fluid [38]. Hence they pose 
high sorption capacity. In this case, the time to reach the 
breakthrough point (equilibrium state) is relatively long 
(Table 3).

In a real field situation, the sorption duration would 
be longer if there is any redox reaction [39]. As this 
would diminish the nitrate concentration allowing 
for longer time of sorption until nitrate reaches the 
groundwater table [40-42]. In the current research, 
the reduced species of nitrogen were checked and we 
found no evidence for nitrate reduction. This could 
be attributed to the disinfection process that has 
been performed on the equipment used. This result is 
consistent with what was found in a previous study [21] 
that reported that if no biological inhibitor was added, 
then the nitrate flux decreased after a short time of test 
and that refers to the phenomenon of the formation of  
a microbial film that consumes nitrate as a growth 
media and causes some biological reduction.

The total measured amount of sorbed nitrate by 
advection and diffusion at the three concentrations 
relative to the total mass input of nitrate (total mass of 
nitrate entered the ODC ranged between 20.5-47.5%; 
Table 4). The results indicate that the silty sand soil 
sample (S8) had the lowest value of the sorption capacity 
for the three different nitrate concentrations, whereas 
the silty sand sample (S7) showed the highest sorption 
capacity at the same concentrations. This outcome 
agrees with the literature in that the more sandy the soil, 
the lower the retardation factor and the sorption capacity 
[43].

Moreover, the corresponding amounts of sorbed 
nitrate vary depending on the selected nitrate 
concentration [44]. With increasing concentrations of 
nitrate solution, the ability of sorption of soil increases. 
This can be assigned for the sorption isotherm 
theory, which states that the higher the adsorbate 

(nitrate) concentration, the more the adsorbent’s (soil 
specimen) sorption capacity [45]. The available sites 
for sorption on soil surface vary from the easiest sites 
for utilizing adsorbate to react and combine with it at 
low concentrations to all sites at higher concentrations, 
and also the less easy ones [46]. Furthermore, a higher 
concentration of nitrate solution entering the soil 
specimen in the ODC does not necessarily mean that 
soil specimens will spend less time to reach equilibrium 
state [34, 47], hence the sorbed amount of nitrate is 
higher; the enclosed area between the two curves 
is bigger. This finding is directly in line with what is 
stated by Aljazzar and Al-Qinna [21], who named the 
plotted area between the two nitrate fluxes as a confined 
area representing the amount of nitrate adsorbed within 
the soil sample and thus indicating nitrate retardation in 
each sample.

Substantially, the results indicate that the ODC 
proved to have a premium ability to obtain the amount of 
sorbed nitrate by various soil samples at different nitrate 
concentrations determined regarding the inspected 
contamination levels in situ. The results also point out 
that diffusion had more effect than simulated advection 
to retard the greatest amount of nitrate that passed 
through the soil samples. However, the contribution of 
nitrate sorption in the advective transport mechanism 
was much lower than that by diffusion. The sorbed 
amounts of nitrate by advection for all soil samples did 
not exceed 1% of the total sorbed amount of nitrate. This 
finding might be due to: (1) larger distance to surface of 
soil particle that can act on nitrate, (2) less contact time 
with soil particles due to high flow velocity and (3) the 
flow by advection occurs mainly in the big pores [48], 
while diffusion in all pores also the very small ones [17]. 

Furthermore, the results of the current research 
reveal that advection would not have a severe action 
in moving nitrate in a sharp concentration (Table 4) as 
it was not the only parameter influencing the process 
of nitrate transport. Overall, these findings are in 
agreement to stated assumptions by Sperelakis [46].  

Soil 
sample

Sorbed nitrate by advection at three 
concentrations, mg

Sorbed nitrate by diffusion at 
three concentrations, mg

Total sorbed 
nitrate by 

advection and 
diffusion, mg

Total sorbed nitrate 
by advection and 
diffusion/ total 

nitrate mass input, %25 mg/L 100 mg/L 250 mg/L 25 mg/L 100 mg/L 250 mg/L

S1 0.00002 0.00014 0.0006 19.69 140.63 635.890 796.210 36.97

S2 0.00001 0.00008 0.0003 20.57 139.76 621.480 781.810 32.86

S3 0.00050 0.00300 0.0098 13.11 80.460 433.120 526.700 26.12

S4 0.00070 0.00450 0.0144 13.56 81.230 375.810 470.620 23.90

S5 0.00040 0.00310 0.0110 10.27 72.160 314.850 397.290 24.96

S6 0.00020 0.00200 0.0054 10.51 80.990 316.430 407.940 24.32

S7 0.00090 0.00700 0.0250 22.48 170.60 1063.31 1256.42 47.50

S8 0.00088 0.00640 0.0220 8.370 55.440 201.140 264.980 20.51

Table 4. Sorbed amount of nitrate for each simulated advection, diffusion and total sorbed amount of nitrate by advection and diffusion.
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The first one ‘solute can move with slower velocity 
than the average linear water velocity (responsible for 
advective solute transport) if sorption is involved,’ The 
second one ‘if advection is the only process affecting the 
transport of a solute in a homogeneous porous medium, 
the result would be that the solute would move in the 
form of distinct, sharp concentration front through the 
groundwater medium’ [46]. These two assumptions 
assert the low effect of advective transport to sorb 
nitrate compared to that by diffusion.

A high, environmental and practical significance of 
the results of mass balance analyses of the ODC is found, 
as these results can be utilized in further research to test 
the sorption behavior and the sorption isotherm types 
of soil samples. Consequently, determining the capacity 
of a specific soil to diminish contaminant transport is 
possible. This can be accomplished by recognizing the 
sorption behavior of soil by applying the ETI concept 
using the ODC. Furthermore, soil sorption capacity 
can be timely and quantitatively determined through 
realizing experimentally the amount of contaminant 
flux required for the soil sample to be completely 
saturated. Practically, this is the case at which the soil 
sample cannot retain more contaminant flux but acts 
just as a transport media within the unsaturated zone 
into groundwater [49]. Subsequently, quantification 
of groundwater or soil vulnerability maps indices of a 
contaminant (specific vulnerability), using the mass 
balance analysis restricted by time, are also now being 
possible. Moreover, ODC examines sorption capacity 
to other specific contaminants such as nickel (Ni), 
copper (Cu), zinc (Zn) and lead (Pb) because they can 
be washed off the root zone very easily and end up in 
the groundwater together with the percolation water [50, 
51]. The results confirm that the ODC is a successful 
and promising scientifically based methodology and 
practical procedure for prognosis of contamination input 
into groundwater quantitatively during time. It can act 
affectively to inspect the sorption behavior of a specific 
parameter such as nitrate, and consequently assess the 
impact of its sources as agriculture, irrigation or even 
possible influence of human and animal waste, estimate 
the specific vulnerability caused by nitrate transport 
into groundwater and consequently control sources 
of contamination. The only limitation of this study, 
however, is the long duration of the test. Therefore, 
it was decided that soil sample thickness should be 
conducted small of 1 cm to keep the test duration as 
short as possible.

Conclusions

The new experimental technique in this research 
of ODC was developed to mimic contaminant 
mass transport into groundwater based on the 
concept of complementary diffusion capacity. This 
concept represents continuous permeation of higher 
concentration of nitrate solution within the soil specimen 

even after reaching the breakthrough point at the lower 
concentration of nitrate solution. Subsequently, the mass 
of fluid diffusion was proportional to the concentration 
gradient, and the ability of soil sorption increased with 
increasing concentration of nitrate solution according 
to the sorption isotherm theory. Moreover, determining 
the influence of hydraulic head has been successfully 
compensated by applying triaxial cell and falling head in 
a standing pipe test instead of embedding it in the ODC 
setup. Consequently, underestimating values of sorbed 
amount of nitrates especially in case of silty sand and 
sandy silt soil samples, attributed to short detention time 
spent within the sandy soil medium of high percentage 
of interconnected pore space, was prevented. 
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