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determined from batch equilibrium experiments, and 
the retardation factor (Rd) for the saturated sandy 
soil was computed. The lowest  NH4

+-N concentra-
tions at the depth range of 10-20 cm suggested the 
strongest  NH4

+-N sorption. The chemical nonequi-
librium model in Hydrus-1D can better simulate the 
breakthrough of  NH4

+-N through the soil column. 
The soil sorption capacity decreases as the irrigation 
flow rate increases. The results provide a scientific 
basis for optimization of fertilizer application in agri-
cultural management under irrigation in desert oasis, 
and those semi-arid areas with similar soil texture and 
vadose zones of small thickness.

Keywords Ammonia fertilization · Groundwater 
contamination · Sorption · Sandy soil · Flow rate · 
Hydrus-1D

1 Introduction

Ammonium  (NH4
+-N) has become a common con-

taminant in groundwater (Liang et al., 2020; Perović 
et  al., 2020). The  NH4

+-N contamination in aqui-
fers under farmland is mainly the result of applying 
manure or of N-bearing fertilizer components, but it 
is also caused by percolation of pretreated wastewa-
ter which is used for aquifer recharge (Li et al., 2020; 
Liang et al., 2020; Perović et al., 2020). Ammonium 
is generally regarded as a key parameter for the 

Abstract Transport of nitrogen compounds to 
groundwater, especially from agricultural fertiliza-
tion, is a main problem in aquifer contamination. 
Ammonium  (NH4

+-N) is one of the most common 
nitrogen fertilizer forms. In order to evaluate the risk 
of agricultural fertilizer pollution to aquifers caused 
by infiltration, a soil column experiment and break-
through modeling simulation were employed to study 
 NH4

+-N retention by a sandy soil profile (10–60 cm 
depth). The soil used was collected from an irrigated 
semi-arid cropland in Bulanghe Town, Yuyang Dis-
trict, Yulin City, Shaanxi Province of China, and 
recombined in a laboratory soil column. Column 
experiments were accomplished using aqueous solu-
tions containing various concentrations of  NH4

+-N 
and the breakthrough curves were determined. The 
linear soil-water partition coefficients (Kd) were 
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evaluation of groundwater contamination risk (Yang 
et al., 2017).

The nitrogen level is a significant indicator of soil 
fertility. In some intensive crop production areas 
in China, excessive N fertilization has caused seri-
ous environmental problems, which are related to 
the enrichment of water and soil, and atmospheric 
enrichment with active forms of  N2O (Yan et  al., 
2014; Zhou et  al., 2018). Therefore, in experiments 
to quantify  NH4

+-N pollution which reaches ground-
water from farmland and determine the efficiency of 
different porous media that reduces the contaminant 
through absorption, it is proved that clay particles in 
soils are a major stock of  NH4

+ (Jellali et al., 2010). 
Thus, conducting a study on the  NH4

+-N sequestra-
tion in sandy soils containing low amount of clay 
minerals is essential, considering that there are only a 
limited number of such studies so far published.

Process-based or deterministic models are used to 
explore the transport processes or spatial distribution 
of solute in groundwater assessment on a regional or 
local scale (Kuntz & Grathwohl, 2009). For simu-
lation of such processes, analytical solution of the 
convection-dispersion equation model (CDEM) can 
adequately describe the movement of solute at least 
in laboratory columns filled with macroscopically 
homogeneous soil. However, for heterogeneous soils, 
the traditional transport model simulation will deviate 
significantly from experimental results (Gaber et al., 
1995). The measured breakthrough curve (BTC) usu-
ally features early arrival and obvious long tailing due 
to the varying scales of the intrinsic heterogeneity of 
soils. The development of chemical nonequilibrium 
models (CNEMs) proved to better simulate solute 
migration in heterogeneous soils. It is presumed that 
adsorption occurs not only instantaneously at easily 
accessible adsorption sites, but also with slow kinet-
ics at less accessible ion exchange sites (Henrichs 
et  al., 2009; Jellali et  al., 2010; Wang et  al., 2013; 
Ngo et al., 2014).

Ammonium transport processes in sandy soils 
in the columns can be better captured by a one-site 
CNEM according to a comparative study of the per-
formance of the CDEM and CNEM carried out 
by Jellali et  al. (2010). Ramos et  al. (2011) studied 
 NH4

+-N migration in soils irrigated with salt water, 
finding that Hydrus-1D is a useful software for ana-
lyzing solute migration of nitrogen species. The 
discrepancy of  NH4

+-N concentrations between 

simulation and measurement is due to the equilibrium 
model rather than the nonequilibrium model used in 
the simulation (Ramos et  al., 2011). However, there 
are few comparative studies conducted to reveal the 
differences of these two models (CDEM, one-site 
CNEM) for simulation of  NH4

+-N transport in semi-
arid soil. Thus, a controlled experiment is necessary 
to compare the performance of these two models.

According to Ishikawa et al. (2003),  NH4
+-N con-

centrations in water percolating paddy fields will 
decrease as the percolation rates decrease, which 
means that a lower percolation rate might increase the 
contact time and as a result enhance the soil’s ability 
to absorb  NH4

+-N. Jellali et al. (2010) reported simi-
lar findings when they studied ammonium adsorption 
by sandy soil in fixed bed columns. To our knowl-
edge, there is no such a research about ammonia 
adsorption effects of irrigation flow rates on sandy 
soil using these models.

The purposes of this study were to (i) study the 
adsorption and migration of  NH4

+-N in the sandy 
soil of semi-arid Yuyang District, Shaanxi Province 
of China, through batch and column experiments, (ii) 
draw a comparison between the performances of the 
CDEM and one-site CNEM for expressing  NH4

+-N 
solute migration process via a soil column, and (iii) 
analyze effect of flow rate on the  NH4

+-N transport. 
Taking into account the fertilizer scheme performed 
in Bulanghe Town of Yuyang District, laboratory col-
umn experiments using sandy soils collected in the 
field were conducted to analyze the migration process 
of  NH4

+-N. The experimental results were analyzed 
with Hydrus-1D to study the effect of flow rate and fit 
the breakthrough curves (BTCs).

2  Materials and Methods

2.1  Experimental Materials

In the “Mu Us Sandy Land” oases, tens of hectares of 
sandy soil (based on the USDA textural soil classifi-
cation system) are utilized for irrigated cropping fed 
from groundwater to support the population in Uxin 
Qi, Inner Mongolia, and Yuyang district, Shaanxi 
Province of China. The total irrigation in the stud-
ied area is as high as 300-570 mm  year-1, primarily 
as the form of the flood irrigation method. Typical 
nitrogen fertilizer application rates are about 350 kgN 
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 ha−1 in this region, exceeding nitrogen fertilizer need 
of 200 kgN  ha−1 (Li et al., 2016) in this China’s dis-
trict. As the local soil texture is lighter, excess irri-
gation and fertilizer applications result in extensive 
water loss and nitrogen leakage through drainage. 
Based on investigation conducted by Li et al. (2014), 
the standard rate excess of ammonium, nitrate, and 
nitrite nitrogen in groundwater is high in the Mu Us 
Sandy Land area. Moreover, the Hailiutu River catch-
ment has a classic monsoonal climate with exceeding 
74% of annual rainfall concentrated in summer (Hou 
et al., 2018). The traditional practice of local farmers 
is to spread N fertilizer on the surface of soil before 
the flood irrigation or heavy rainfall events resulting 
in water and fertilizer flow rate increasing and most 
N leaching in summer in this region, and this can 
add the risk of groundwater nitrate pollution. Physi-
cal properties of the soil at the experimental site are 
given in Table 1. The average porosity was estimated 
at 0.353 ± 0.014, and the pH was 8.20 ± 0.65. The 
cation exchange capacity was 4.89 ± 0.63 cmol  kg−1 
and the mean soil organic matter content was 3.73 ± 
2.99 g  kg-1. The contents of ammonia and total nitrate 
in the soil at the time of sampling were 6.81 ± 2.73 
and 22.57 ± 17.22 mg  kg-1, respectively.

2.2  Batch Equilibrium Experiment

A batch equilibrium experiment was used to establish 
the ammonia absorption coefficients of various layers 
of soils. The initial concentrations of ammonium used 
in the batch sorption study were 10, 50, 100, 150, 
200, and 250 mg  L-1, respectively. The method con-
sidering impact of solute concentration under higher 
rainfall intensity on the solute transport was similar 
to those studies of Pot et al. (2005) and Mastrocicco 

et  al. (2019). An aliquot of 5 g of soil layer mate-
rial was put into a 50-mL test tube with ammonium 
chloride mixtures containing different experimental 
conditions for  NH4

+-N concentrations. In the fol-
lowing steps, those samples were shaken using a 
temperature-controlled oscillator at 175 rpm and 20 
± 1 °C. After 48 h of equilibration, the tubes were 
centrifuged and supernatants were collected. The 
concentration of  NH4

+-N in the supernatant solutions 
was analyzed using a Bioblock Scientific distiller via 
nitrogen distillation analysis method. On the basis 
of batch adsorption study results, the adsorption iso-
therms of  NH4

+-N on the sand soil texture were ana-
lyzed regressively by using three types of adsorption 
models, i.e., Freundlich model, Langmuir model, and 
linear model (data not shown). The sorption behavior 
could be represented by the following linear distribu-
tion model formula:

where  Cs (mg  kg-1) and  Cw (mg  L-1) represent the 
concentration of sorbate on sorbent and the equilib-
rium solution  NH4

+-N concentration, respectively; 
Kd (L  kg-1) denotes the soil-water distribution coeffi-
cient. The linear distribution model fitted well to the 
results of batch adsorption experiment, with r2 in the 
range of 0.98~0.99.

2.3  Soil Column Test

2.3.1  Experiment Apparatus

The test device (Fig. 1) for the ammonium migration 
experiment includes a cylindrical plexiglass column 
(70 cm high and 12 cm inner diameter), filled with 

(1)Cs = Cw Kd

Table 1  Soil physical properties

Soil layer 
depth range 
(cm)

Bulk density 
(ρ) (g  cm-3)

Particle size distribution USDA 
soil 
texture

Soil moisture at 
saturation (θsat,  cm3 
 cm-3)

Organic 
matter 
(%)

CEC 
(cmol 
 kg-1)Clay (%) 

10nm-2μm
Silt (%) 2-50μm Sand (%) 

50μm-2mm

0–10 1.39 0.28 12.32 87.41 Sand 0.369 6.97 4.95
10–20 1.41 0.4 13.01 86.59 Sand 0.355 7.83 4.72
20–30 1.57 0.73 17.27 82.00 Sand 0.363 3.67 5.75
30–40 1.56 0.22 10.67 89.11 Sand 0.360 1.39 5.19
40–50 1.58 0.12 8.49 91.39 Sand 0.335 1.19 4.87
50–60 1.60 0.08 5.47 94.45 Sand 0.337 1.36 3.83
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6 layers of soil gathered from the Bulanghe Town 
and compressed homogeneously individually based 
on the actual bulk density of each original soil layer 
(Table 1). The thickness of each layer is about 10 cm. 
Gravel layers of 5-cm thickness were utilized at the 
top and bottom boundaries of the column to insure 
appropriate water drainage. The soil column was first 
rinsed with deionized water until no ammonia con-
centrations were detected as impurities. The inflow 
solution was then applied via a sprinkler continuously 
on the top of the column with a flow rate adjusted to 
2.5 mL  min-1 by means of a peristaltic pump (Baod-
ing Longer Precision Pump Co., China). The pH was 

kept at 8.2 and the temperature was maintained at 20 
± 0.2 °C during the experiments.

The column flow of 2.5 mL  min-1 was determined 
based on the amount of fertilizer rate and irrigation 
depth used by local farmers and precipitation inten-
sity in this area (i.e., 0.22 mm  min-1). The diameter 
of the soil column is 12 cm. The flow rates (mL 
 min-1) were computed according to the irrigation rate 
or precipitation intensity (mm  min-1) and the cross-
sectional area of soil column. The flow rates fixed for 
the experimental and subsequent modeling study are 
shown in Table  2. Teflon-coated Rhizon soil mois-
ture samplers at various depths from the column soil 

1
cm

1
0

 c
m

12cm

Effluent

Ammonium 

solution

Peristaltic pump

Influent

Sampling 
portsSoil

Gravel

5
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m

6
0
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Fig. 1  Experimental device for ammonium transport research
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surface (5, 15, 25, 35, 45, and 55 cm) were submerged 
to collect the soil water at the six side ports. Solution 
samples from side ports of the column were sampled 
to analyze depth-dependent solute concentrations.

2.3.2  Ammonium Migration Experiment

Equivalent ammonium application rate through nitro-
gen fertilization is about 350 kgN  ha-1 in the study 
region, which exceeds N fertilizer requirement of 
200 kgN  ha-1 in its growing period (Li et al., 2016). 
In this column research, we chose 100 kgN  ha-1 fer-
tilizer each time, assuming water input (precipitation 
+ irrigation) during growing season was about 5 mm 
each time. Therefore, the equivalent dissolved  NH4

+ 
application on the column soil surface was chosen 
at  NH4

+-N concentration of 150 mg  L-1. Accord-
ingly, an inflow ammonium with  NH4

+-N concentra-
tion of 50 mg  L-1 was applied for model calibration, 
and with  NH4

+-N concentration of 150 mg  L-1 for 
model validation and for study of flow rate effect. The 
stock solutions were prepared by dissolving ammo-
nium sulfate ((NH4)2SO4) in 1.0 L of distilled water. 
Throughout the experiment, the flow rate was kept at 
2.5 mL  min-1, which corresponded to a column flow 
velocity of 0.22 mm  min-1.

Although the nitrate and nitrite concentrations of 
samples from column ports were measured, these 
concentrations were still lower than their observation 
limits (0.08 mg N  L-1 and 0.003 mg N  L-1, respec-
tively), which indicated nitrification rates can be neg-
ligible during the experiment. In this study, only the 
sorption of ammonia nitrogen by the soil was con-
sidered, while nitrification was neglected consider-
ing it has little impact at this relatively short contact 
time. Moreover, no experiment replication was done 

owing to the large size of the column but with six 
side observation holes. This was consistent with other 
studies using experimental setups with similar sizes 
(Jellali et al., 2010).

2.4  Model Description

2.4.1  Equilibrium Transport Model

According to Section 2.2, it is assumed that there is a 
linear relation between the solid and solute phase con-
centrations. The equilibrium CDE model is the most 
common and basic mathematical model to describe 
solute transport and retention under steady-state flow 
conditions as follows (Pot et  al., 2005; Zhou et  al., 
2019; Guelfo et al., 2020; Li et al., 2021):

where t (min) and z (cm) represent the time and the 
space coordinates, respectively; θ is the water content 
 (cm3  cm-3); q is the Darcian water flux (cm  min-1); 
D denotes the dispersion coefficient  (cm2  min-1); μw 
represents first-order degradation constant  (min−1), 
which is not considered in the present study; R 
denotes the retardation factor:

where ρ denotes the bulk density (g  cm-3).
The hydrodynamic dispersion coefficient D is as 

follows:

where αL denotes the longitudinal dispersivity (cm).

2.4.2  Nonequilibrium Transport Model

It takes time for the sorbate to reach a concentration 
equilibrium in the sorption process, so the CNEM is 
used on the basis of a kinetic sorption process. This 
nonequilibrium transport-controlled state usually 
occurs when the interaction between the sorbent and 
the solute is slower than the residence time of the sol-
ute in the transport process. The sorption sites on the 
surface of soil particles are divided into instantane-
ous equilibrium sites (adsorption type I, commonly 

(2)�R
�c

�t
= �D

�2c

�Z2
− q

�c

�z
− �w�c

(3)R = 1 +
�Kd

�

(4)D =
q

�
�L

Table 2  The flow rates for the experimental and modeling 
study

Irrigation rate or precipitation 
intensity

Rate of flow 
(mL  min-1)

(mm  min-1) (mm  hour-1)

1 0.13 7.96 1.50
2 0.22 13.20 2.50
3 0.44 26.53 5.00
4 0.88 53.05 10.00
5 1.32 79.58 15.00
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variable surface charge sites) and first-order kinetic 
sorption sites (type II, commonly fixed charge ion 
exchange sites) (van Genuchten & Wagenet, 1989; 
Henrichs et al., 2009; Jellali et al., 2010; Wang et al., 
2013; Zhou et al., 2019).

The nonequilibrium sorption-desorption reaction 
has been considered by this two-site sorption model. 
It is assumed that there are two kinds of sorption sites 
(van Genuchten & Wagenet, 1989):

where ST represents the total adsorption capacity (mg 
 mg−3); sorption site S1 is supposed to be instantane-
ous, whereas S2 is considered to be a kinetically hin-
dered ion exchange site. The first-order kinetic equa-
tion for the type-2 site without degradation is given 
as:

where C denotes the solute concentration (mg  cm-3); 
f represents the ratio of the exchange site to the solute 
concentration in equilibrium (-), which is zero for the 
one-site CNEM; μ denotes the first-order rate coeffi-
cient  (min-1).

If a linear soil-water distribution coefficient was 
applied, the transport equation for the two-site sorp-
tion process is (Šimůnek & Van Genuchten, 2013; 
Zhou et al., 2019)

The Hydrus-1D code (Šimůnek et al., 2013; Wang 
et al., 2015) was selected to solve the transport equa-
tions (Eqs. (2), (6), (7), and (8)) for the  NH4

+-N 
transport process in this experiment.

2.4.3  Boundary Conditions

The model flow domain reached down to 60 cm 
below the column surface, discretized into 60 slices 
with a constant size of 1 cm.

The upper and the lower boundary were defined as 
atmospheric boundary and free drainage conditions 
for water flow, respectively.

(5)ST = S1 + S2

(6)
�S2

�t
= �

[

(1 − f )KdC − S2
]

(7)
�(�C)

�t
+ �

�S1

�t
+ �

�S2

�t
=

�

�z

(

�D
�C

�z

)

−
�(qC)

�z

(8)S1 = fKdC

The  NH4
+-N migration in the soil column was 

simulated under unsaturated flow conditions as con-
sidered by the water content (θ), which is the fraction 
of the total soil filled with liquid water and must be 
less than the total porosity n. The water content is 
very important in vadose zone hydrology, where the 
hydraulic conductivity is a strongly nonlinear func-
tion of water content, but complicates the solution of 
the unsaturated groundwater flow equation.

The ammonium inflow rate was calculated accord-
ing to the water flow rate and liquid concentration at 
the upper boundary of the column. The lower initial 
boundary condition was set to zero concentration. It 
was thus supposed that the soil and water in the col-
umn did not contain NH+

4
 ions initially.

2.4.4  Model Input Parameters

The pore connectivity was supposed to be 0.5, while 
the saturated soil-water content (θs = n) was meas-
ured for the same soil, so as to decrease the number 
of soil hydraulic parameters in the model calibration. 
The residual water content (θr), saturated hydraulic 
conductivity (Ksat), and other model parameters (α, n) 
were acquired by the Rosetta method using bulk den-
sity and soil textural distribution as inputs (Table 3).

The initial longitudinal dispersivity (aL) was set at 
0.5 cm as default in the HYDRUS code. The initial Kd 
values were used on the basis of the linear isotherms 
obtained from batch equilibrium experiments (see Sec-
tions 2.2 and 3.1). The CDEM with parameter optimi-
zation module in Hydrus-1D was used to determine the 
values of aL and Kd using column side port  NH4

+-N 
concentration data with an inflow  NH4

+-N concentra-
tion of 50  mg-1 L, similar to the approach used by Hu 
et  al. (2008) and Wang et  al. (2014). By this, the aL 

Table 3  Hydraulic parameters of six soil layers of the test col-
umn in the Hydrus-1D model

Soil depths 
(m)

θr  (m3  m-3) α  (m-1) n ksat (cm 
 min-1)

l

0–10 0.041 0.044 2.301 0.270 0.5
10–20 0.044 0.040 2.705 0.372 0.5
20–30 0.048 0.035 3.531 0.477 0.5
30–40 0.049 0.034 3.699 0.550 0.5
40–50 0.048 0.034 3.687 0.530 0.5
50–60 0.049 0.033 3.866 0.599 0.5
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value for the  NH4
+-N transport simulation at different 

concentrations and flow rates was obtained.

2.4.5  Optimization Algorithm

In soil science and hydrology, parameter optimization 
on the basis of the Levenberg-Marquardt algorithm has 
been widely applied (e.g., Pot et al., 2005; Ngo et al., 
2014). After selecting the initial parameter choice, the 
Levenberg-Marquardt nonlinear minimization was used 
for parameter optimization on the basis of the minimi-
zation of the target function φ (Ngo et al., 2014):

where i and β are the ordinal number of time steps 
and the total number of observations, respectively; 
Oi(ti) and Si(ti,b) are observations at time ti and the 
corresponding simulated space-time values, respec-
tively; σi denotes a weighting factor set to unity in this 
study.

2.5  Model Performance Criteria

The experimental datasets were employed to calibrate 
and validate the model similar as reported by Hao et al. 
(2014) and Wang et al. (2014, 2015). The  NH4

+-N con-
centrations measured in various soil layers were applied 
to calibrate solute transport parameters.

In order to validate the model results, the following 
three criteria were applied to quantify the deviation of 
the modeling results from the observed concentrations:

where Cio and Cie represent the ith observed  NH4
+-N 

concentration and the ith model-guessed  NH4
+-N 

concentration; Cio and Cie are the mean value of Cio 

(9)�(b) =

�
∑

i=1

�i
[

Oi

(

ti
)

− Si
(

ti, b
)]2

(10)r =

∑N

i=1

�

Cie − Cie

��

Cio − Cio

�

�

∑N

i=1

�

Cie − Cie

�2
∑N

i=1

�

Cio − Cio

�2

(11)RMSE =

√

1

N

∑N

i=1

(

Cio − Cie

)2

(12)RE =∣

∑N

i=1
Cie

∑N

i=1
Cio

− 1 ∣

and the average value of Cie; N denotes the number of 
observations at a specific observation site; r denotes 
correlation coefficient; RMSE denotes root mean 
squared error; and RE is the relative error.

2.6  Effect of Flow Rate

Furthermore, the calibrated and validated model 
parameters were used to evaluate the effect of the irri-
gation flow rate on ammonium sorption by the sandy 
soil, based on the fixed inlet  NH4

+-N concentration 
of 150 mg  L-1. Five independent simulation models 
were adopted to evaluate the influence of the bed con-
tact time on its adsorption ability. The flow rates were 
fixed to 1.5, 2.5, 5, 10, and 15 mL  min-1 (Table  2). 
The contact times between dissolved  NH4

+-N and 
the soil matrix were 6334, 3764, 1840, 885, and 569 
min, and Darcy’s velocities were 0.013, 0.022, 0.044, 
0.088, and 0.132 cm  min-1, respectively.

3  Results and Discussions

3.1  Adsorption Isotherms

The adsorption isotherms are depicted in Fig. 2, and 
the adsorption behavior can in fact be represented by 
formula (1). The linear model fitted well with r2 of 
between 0.98 and 0.99 (CS = 1.707Ce, r2 = 0.984; CS 
= 6.361Ce, r2 = 0.980; CS = 2.029Ce, r2 = 0.982; CS 
= 1.985Ce, r2 = 0.979; CS = 1.976Ce, r2 =0.991; CS 
= 4.687Ce, r2 = 0.984, at the sand soil depth ranges 
of 0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm, 
respectively). It was found that the linear model is 
the most appropriate for fitting the experimental data, 
so it could well describe the adsorption process of 
 NH4

+-N for the Bulanghe soil. The distribution coef-
ficients of 1.71, 6.36, 2.03, 1.98, 1.98, and 4.69 L  kg-1 
were attained at the soil depth ranges of 0-10, 10-20, 
20-30, 30-40, 40-50, and 50-60 cm, respectively, in 
these batch adsorption experiments.

During model alignment, these distribution coef-
ficients were employed as the initial estimates, and 
were calibrated according to the experimental con-
centrations of  NH4

+-N transport in the column.
An average Kd value of 3.13 L  kg-1 was computed 

using Eq.  1 (Fig.  2). These comparatively small Kd 
values obtained from the batch equilibrium test are 
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consistent with the sandy soil of low sorption capac-
ity used in the test, which contains low level of 
organic matter and clay content (Table  1) mainly 
responsible for  NH4

+-N adsorption. Retardation fac-
tor in a saturated soil (Rd), taken as an equilibrium 
retardation factor, was computed by formula 
Rd = 1 +

�Kd

p
 , where p denotes the porosity. Retarda-

tion factors of 7.44, 26.26, 9.79, 9.59, 10.34, and 
23.30 were thus determined for the soil depth ranges 
of 0-10, 10-20, 20-30, 30-40, 40-50, and 50-60 cm, 
respectively. The maximum value of retardation fac-
tor appears in the soil at the medium depth of 10-20 
cm, which shows that this layer has the strongest 
sorption capacity for  NH4

+-N. Ishikawa et al. (2003) 
reported similar finding about  NH4

+-N adsorption 
relating to constant area with the soil particles, when 
they studied the adsorption on  NH4

+-N in paddy soil 
percolation water.

3.2  Breakthrough Curves

At the outset of the column experiment, the  NH4
+-N 

sorption rate was comparatively high, but after reach-
ing the sorption-desorption equilibrium, the sorption 
rate went down to almost zero (Fig. 3). This phenom-
enon is related to the decrease in the utilization of the 

sorption sites and the change of the solute concentra-
tion gradient.

3.3  Model Calibration and Validation for Simulation 
of  NH4

+-N Migration

The experiment results at 10, 20, 30, 40, 50, and 60 
cm soil depths with inlet  NH4

+-N concentration of 
50 mg  L-1 were used for model calibration. The sol-
ute transport parameters (aL, Kd, μ) were calibrated 
as shown in Table  4. Compared with the CDEM, 
the one-site CNEM gives slightly optimal predict-
ing results, as illustrated by the bigger r and smaller 
RMSE values of the one-site CNEM than those of the 
CDEM in simulating the  NH4

+-N transport via the 
soil column (Table 5).

Parameters obtained from the experiment with 
the optimization algorithm were applied to verify 
the model for the alternative experimental data 
(Wang et  al., 2015). To that end, when the model 
was calibrated by matching the column water and 
 NH4

+-N transport data with an inlet  NH4
+-N con-

centration of 50 mg  L-1 (Table  5), it is necessary 
to use the column experiment BTC with the inlet 
 NH4

+-N concentration of 150 mg  L-1 to further ver-
ify the model. In the following steps, the calibrated 

Fig. 2  Ammonium sorption isotherms for sandy soil fitted with linear Kd model
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models, CDEM and one-site CNEM, were used 
to simulate the BTCs of experiments with inlet 
 NH4

+-N concentration of 150 mg  L-1. Results dem-
onstrated that r, RMSE, and RE indices in the veri-
fication simulation were quite near (and in some 
cases better) to alignment values (Table 6). There-
fore, the calibrated model was validated.

3.4  Comparison of Fitting Results by the Two 
Models

The experimental C/C0 with inlet  NH4
+-N concen-

tration of 150 mg  L-1, with values guessed by the 
CDEM (Eq.  2) and CNEM (Eqs.  6, 7, and 8), are 
shown in Fig. 4 (a and b). All BTCs evaluated by the 
CDEM showed to be earlier than the experimental 

Fig. 3  Observed and fitted BTCs at various soil column depths of the ammonium migration experiment at a flow rate of 2.5 mL 
 min-1 with inlet  NH4

+-N concentration of 150 mg  L-1
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Table 4  Solute transport 
parameter (Kd) of the 
CDEM, along with Kd 
and μ values for the one-
site CNEM (e, estimated 
parameters)

Soil depth range 
(cm)

Parameter estimates

CDEM 1-site CNEM

aL
e (cm) Kd

e (L  kg-1) aL
e Kd

e (L  kg-1) Μe  (min-1)

0–10 0.258 3.049 0.258 3.055 0.180
10–20 0.411 0.537 0.411 0.884 0.202
20–30 0.140 1.150 0.140 1.080 0.099
30–40 0.638 1.394 0.638 1.367 0.078
40–50 0.204 0.065 0.204 0.157 0.284
50–60 0.157 1.967 0.157 1.711 0.045

Table 5  Values of 
r, RMSE, and RE as 
indicators of simulation 
accuracy for the CDEM and 
one-site CNEM (calibration 
approach)

a Represents the minimum 
value
b Represents the maximum 
value
c Represents the standard 
deviation

Depth in soil (m) Simulation model

CDEM 1-site CNEM

r RMSE RE r RMSE RE

0.05 0.994 0.042 0.008 0.989 0.055 0.015
0.15 0.993 0.043 -0.014 0.979 0.098 -0.069
0.25 0.989 0.075 0.050 0.992 0.065 -0.044
0.35 0.773 0.250 -0.196 0.968 0.133 -0.153
0.45 0.988 0.065 0.123 0.997 0.040 -0.047
0.55 0.996 0.043 -0.070 0.990 0.112 -0.260
mean 0.956 0.086 -0.017 0.986 0.084 -0.093
Mina 0.773 0.042 -0.196 0.968 0.040 -0.260
Maxb 0.996 0.250 0.123 0.997 0.133 0.015
Stdc 0.089 0.081 0.109 0.011 0.036 0.098

Table 6  Values of r, 
RMSE, and RE for 
simulated results of 
 NH4

+-N concentration 
(verification approach)

a Represents the minimum 
value
b Represents the maximum 
value
c Represents the standard 
deviation

Depth in soil (m) Simulation model

CDEM 1-site CNEM

r RMSE RE r RMSE RE

0.05 0.994 0.050 0.022 0.994 0.042 0.012
0.15 0.987 0.065 -0.024 0.991 0.055 -0.010
0.25 0.993 0.044 -0.021 0.995 0.036 -0.015
0.35 0.987 0.064 -0.011 0.988 0.062 -0.010
0.45 0.997 0.036 -0.051 0.999 0.022 -0.016
0.55 0.998 0.034 -0.082 0.996 0.027 -0.027
mean 0.992 0.049 -0.028 0.994 0.041 -0.011
Mina 0.987 0.034 -0.082 0.988 0.022 -0.027
Maxb 0.998 0.065 0.022 0.999 0.062 0.012
Stdc 0.005 0.013 0.036 0.004 0.016 0.013
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column transport data at their initial stages. There-
fore, the CDEM cannot well simulate the sorption 
process of  NH4

+-N, indicating that the migration of 
 NH4

+-N in the model is faster than that in the column 
experiments. Compared with the migration veloc-
ity of  NH4

+-N solute, the CDEM cannot adequately 
simulate the slowness of  NH4

+-N sorption reaction, 
which is similar to the study of Ramos et al. (2011). 
This slow adsorption rate might be caused by the 

diffusion process of colloidal clay particles during the 
formation of aggregate.

The BTCs simulated by the one-site CNEM (f = 
0) are pretty reasonable with the  NH4

+-N adsorption 
experimental values (Fig.  3), demonstrating that the 
one-site CNEM simulates the experimental results 
quite well. In comparison with the CDEM, the CNEM 
demands an extra parameter, μ, which features the 
sorption kinetics (Tables 5 and 6). High μ values indi-
cate faster equilibria of  NH4

+ between the liquid and 

Fig. 4  Fitted breakthrough curves (one-site CNEM) of ammonium for various irrigation flow rates (C0,  NH4
+-N = 150 mg  L-1) (a), 

and various concentration of ammonium (flow rate 2.5mL  min-1) (b)

Water Air Soil Pollut (2021) 232: 468 Page 11 of 14 468



 

1 3

solid phases, while lower μ values show slower equi-
libration (Šimůnek & Van Genuchten, 2008). At the 
depth ranges of 0-10, 10-20, 20-30, 30-40, 40-50, and 
50-60 cm, the μ values of the one-site CNEM were 
0.180, 0.202, 0.099, 0.078, 0.284, and 0.045  min-1, 
respectively. These values were similar to (or slightly 
lower than) the values of Jellali et al. (2010), where 
μ values range from 0.0596 to 0.1110  min-1. A lower 
μ means less adsorption of ammonium caused by the 
slowed down equilibration of the solute between the 
liquid and solid phases, and resulted in earlier solute 
arrivals (Simunek & Van Genuchten, 2008). There-
fore, the ammonium migration from aqueous solution 
to soil matrix is also limited in this study.

3.5  Impact of Irrigation Flow Rate

The flow condition at the top boundary in the model 
was changed to simulate ammonium sorption under 
different irrigation flow conditions. The validated 
parameters as mentioned above were used. The BTCs 
of  NH4

+-N acquired for the five irrigation flow rates 
(1.5, 2.5, 5, 10, and 15 mL  min-1) are shown in Fig. 4a 
demonstrating a decrease of  NH4

+-N adsorption onto 
the soil matrix with an increase in irrigation flow rate 
and, consequently, a decrease in the bed contact time. 
As a matter of fact, the adsorption decreased from 
138, 137, 134, to 129, and finally to 124 mg  kg-1 for 
an irrigation flow rate increase from 1.5, 2.5, 5, to 
10, and finally to 15 mL  min-1, and thus a bed con-
tact time decrease from 6334, 3764, 1840, to 885, and 
finally to 569 min. Sprynskyy et al. (2005), Sarioglu 
(2005), Khorsha and Davis (2017), and Fronczyk 
and Markowska-Lech (2021) reported similar find-
ings when they studied the sorption of ammonium 
by local Ukrainian, Turkish zeolites, aluminosilicate 
aggregates and low-cost mineral materials as zeolite, 
limestone sand, and halloysite. For instance, Sarioglu 
(2005) found a reduction in the sorption ability of 
approximately 40% when the flow rate increases from 
0.5 to 4 mL  min-1. Therefore, the sorption efficiency 
decreases when the flow rate increases related to fer-
tilizer apply before flood irrigation or big rainfall. Fit-
ted breakthrough curves (one-site CNEM) of various 
concentrations of ammonium are shown in Fig.  4b. 
A comparison of the results from Fig. 4a and Fig. 4b 
indicates that the influence of the various irrigation 

flow rates on breakthrough curve was greater than 
that of the concentration of ammonium.

Booker et  al. (1996) showed that reducing the 
velocity could enhance the performance of the col-
umn bed media up to a certain limit, and noted that 
 NH4

+-N removal by clinoptilolite is mostly due to ion 
exchange, and allowing longer contact times facili-
tated the cations to reach the interlayer exchange sites 
within the clinoptilolite structure, thereby enhancing 
ammonium removal. Khorsha and Davis (2017) also 
found that columns operating at higher velocities of 
42 cm  h-1 had relatively low removal efficiency com-
pared to those at 8.3 cm  h-1 due to facilitating sorp-
tion in their column.

4  Conclusions

Transport of ammonium  (NH4
+-N), one of the most 

common nitrogen fertilizer forms, to groundwater 
from agricultural fertilization, is a main problem in 
aquifer contamination. In this study, the Hydrus-1D 
code was employed to simulate the  NH4

+-N transport 
and breakthrough curves in columns filled with sandy 
soil taken from a farmland site (Bulanghe Town) of a 
desert oasis.

(1) According to the batch adsorption experimental 
data, the linear Kd relationship can well represent 
the  NH4

+-N sorption process by the sandy soil. 
For the  NH4

+-N column laboratory tests, the sig-
moidal BTCs have certain asymmetry. The col-
umn test results show that nonequilibrium sorp-
tion occurring during the migration is responsible 
for this asymmetry.

(2) In the column experiment, the one-site CNEM 
presented better simulation results than the 
CDEM for the  NH4

+-N breakthrough curves. 
The low first-order kinetic sorption rate resulted 
in the rapid NH4+-N leaching in the soil.

(3) The adsorption capacity of  NH4
+-N on the 

sandy soil increases as the irrigation flow rate 
decreases.

The present experimental and simulation results 
help to optimize the fertilizer application in agricul-
tural management under irrigation in desert oasis, 
and those semi-arid areas with similar soil texture 
and vadose zones of small thickness. However, given 
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the low possibility of natural ammonium attenuation 
in the studied sandy soil, further study combining the 
mathematical model with field experiment would be 
helpful to illuminate the impact of rainfall/irrigation 
intensity on the leaching of ammonium to groundwa-
ter and to determine the maximum fertilization rate so 
that the soil will retain ammonium under normal soil-
water content.
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