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ABSTRACT: Nitrate is the main form of nitrogen associated with water contamination; the high 
mobility of this species in soil justifies the concern regarding nitrogen management in agricultural 
soils. Therefore, the objective of this research was to assess the effect of companion cation on 

nitrate displacement, by analyzing nitrate transport parameters through Breakthrough Curves 
(BTCs) and their settings made by numerical model (STANMOD). The experiment was carried out 

in the Soil and Water Quality Laboratory of the Department of Biosystems Engineering, "Luiz de 
Queiroz" College of Agriculture in Piracicaba (SP), Brazil. It was performed using saturated soil 
columns in steady-state flow condition, in which two different sources of inorganic nitrate 

Ca(NO3)2 and NH4NO3 were applied at a concentration of 50 mg L-1 NO3
-. Each column was filled 

with either a Red-Yellow Oxisol (S1) or an Alfisol (S2). Results are indicative that the companion 

ion had no effect on nitrate displacement. However, nitrate transport was influenced by soil texture, 
particle aggregation, solution speed in soil and organic matter presence. Nitrate mobility was higher 
in the Alfisol (S2). 

 
KEYWORDS: breakthrough curves, solute dynamics, leaching 

 
EFEITO DO ÍON ACOMPANHANTE NO DESLOCAMENTO DO ÍON NITRATO 

MEDIANTE ANÁLISE DOS PARÂMETROS DE TRANSPORTE1 

 

RESUMO: O nitrato é a principal forma de nitrogênio associada à contaminação ambiental, e sua 
elevada mobilidade no solo justifica a preocupação em relação ao manejo da adubação nitrogenada 

em solos agrícolas tropicais. Portanto, objetivou-se com este trabalho verificar o efeito do íon 
acompanhante no deslocamento do íon nitrato, mediante a análise dos parâmetros de transporte do 

nitrato, por meio da elaboração de Breakthrough Curves (BTC) e seus respectivos ajustes pelo 
modelo de ajuste numérico STANMOD. O experimento foi conduzido no Laboratório de Solos e 
Qualidade de Água, no Departamento de Engenharia de Biossistemas da Escola Superior de 

Agricultura “Luiz de Queiroz”, Piracicaba - SP, com amostras de solo deformadas, saturadas e em 
regime permanente, via aplicação de nitrato, por duas diferentes fontes inorgânicas, Ca(NO3)2 e 

NH4NO3, na concentração de 50 mg L-1 de NO3
-, e em duas classes de solos tropicais: Latossolo 

Vermelho-Amarelo (S1) e Nitossolo Vermelho (S2). Pelos resultados obtidos, pôde-se verificar que 
não houve influência do íon acompanhante no deslocamento do nitrato, porém verificou-se que 

houve influência da textura do solo, agregação das partículas do solo, velocidade da solução no solo 
e a presença de matéria orgânica, havendo maior mobilidade do nitrato no Nitossolo Vermelho (S2).  

 
PALAVRAS-CHAVE: breakthrough curves, dinâmica de solutos, lixiviação. 
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INTRODUCTION 

Fertilization via irrigation water is commonly known as fertigation, which is a more cost-

effective way to provide fertilizers to plants (FREIRE FILHO et al., 2008). Optimized input use in 
various irrigated crops are possible, keeping water and nutrient availability at ideal levels for a good 
crop yield (ANDRIOLLO et al.,  2011); being considered more effective in drip irrigation systems 

(OLIVEIRA & VILLAS BOAS, 2008).  

Through miscible displacement studies, it is possible to know the characteristic of certain 

chemicals, such as its interaction with environment, mobility and persistence in soil (SOUZA et al., 
2011). Knowing such characteristics and soil hydrodynamics and hidrodispersive, which associated 
with simulation models, provides a better understanding of solute displacement processes in soil. 

Therefore, these concepts are characterized as important tools for contamination risk assessment to 
the environment and its further impacts, besides preventing future damages (CARMO et al., 2010; 

SOUZA et al., 2011). 

Among chemicals, nitrogen is one of major importance for plant growth (RICO-GARCÍA et 
al., 2009); however, it is transformed into nitrate, which is the oxidized form in soil, and may be 

absorbed by plants and/ or leached to groundwater after heavy rain or intense irrigation 
(NAKAGAWA et al., 2012). CERETTA (1997) stated that NO3

- leaching is a physical phenomenon 

favored by its adsorption energy involved to soil particles and high solubility in water, making the 
anion to follow soil wetting profile; thus, nitrate may move downward when under intense rain or 
irrigation or upward by capillarity during dry seasons (MUCHOVEJ & RECHCIGL, 1994). Nitrate 

leaching is strongly related to soil texture and moisture and to its availability (HE et al., 2011).  

Retrieved contents of various chemicals within percolated solution through soil columns have 
been used in some studies to measure their movement (ANAMI et al., 2008; GONÇALVES et al., 

2008; DOLTRA & MUÑOZ, 2010; SILVA et al., 2012). According to van GENUCHTEN & 
WIERENGA (1986), many theoretical models were developed to describe solute transport in soil, 

which come from differential equations of solute transport in soil with regards to advanced interface 
between displacer and displaced liquid, and are based on three components that describe solute 
transport (convection, diffusion and dispersion).  

A trend towards the use of mathematical models was noted to predict water and solute 
transport, being a practical alternative in agricultural and environmental management; however, it 

has to be taken into account the local specificities and management procedures of intensive 
agriculture areas (JADOSKI et al., 2010). On the other hand, these models would succeed if 
transport parameter, which are input values, could be quantified (SOUZA et al., 2011).  

Thus, the present research aimed to, through obtention and analysis of transport parameters 
for the anion nitrate from disturbed soil samples, verify and evaluate the influence of the companion 

ions (calcium and ammonium), applied in two soil types (different textural classes) [Red-Yellow 
Oxisol (S1) and Red Alfisol (S2)], whose numerical adjustment was made through STANMOD 
software. 

 
MATERIAL AND METHODS 

The experiment was carried out in the Soil and Water Quality Laboratory of the Department 
of Biosystems Engineering, "Luiz de Queiroz" College of Agriculture (ESALQ) – USP, in 
Piracicaba (SP), Brazil (22° 43’ 33” S and 47° 38’ 00” W, at 511 m altitude).  

Breakthrough Curves (BTCs) were set by applying various inorganic nitrate sources [calcium 
nitrate – Ca(NO3)2 and ammonium nitrate – NH4NO3] into two different soil classes, from disturbed 

soil samples; whose solutions with 50 mg L-1 nitrate; so, it was prepared 16 BTCs, being 4 calcium 
nitrate columns and 4 ammonium nitrate columns for each soil class.  

Soil sampling materials were collected in Piracicaba – SP, Brazil, from a Red-Yellow Oxisol 

(S1) and a Red Alfisol (S2). Samples were removed from 0.20 to 0.50 m layer.  After being 
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collected, soil samples were dried, crushed and sieved through a 0.002 m screen resulting in an air-
dried fine earth (ADFE). Then, they were submitted to particle size, physical and chemical analysis 

to generate information on soil at initial conditions.  

Soil physical characteristics is presented in Table 1, which are important to understand water 
movement, and also solute movement. S1 is classified as medium texture and S2 as clayey, 

according to classification proposed by EMBRAPA (2006). Moreover, it can be seen a greater 
amount of sand in S1, being superior to S2, while the latter has higher amount of silt.  

 
TABLE 1. Soil physical characterization. 

Characteristics  S1 S2 

Particle size (g kg
-1

)   

Clay (< 0.002 mm) 198 402 

Silt (0.053 – 0.002 mm) 32 138 

Total sand 770 460 

Coarse sand (2.00 – 0.210 mm) 320 210 

Fine sand (0.210 – 0.053 mm) 450 250 

Soil Textural Class* Medium Clayey 

Soil Bulk Density (kg dm
-3

) 1.23 1.23 

Particle Density (kg dm
-3

) 2.60 2.73 

Porosity (%) 52.69 54.94 
* Classification according to EMBRAPA (2006) 

 

Table 2 shows the chemical characterization of the soil samples.  
 

TABLE 2. Soil chemical characterization. 

Parameters S1 S2 Parameters S1 S2 

pH (CaCl2) 6.2 6.2 Al (mmolc dm
-3

) 0 0 

O.M. (g dm
-3

) 13 27 Base sum (mmolc  dm
-3

) 34 60 

P (mg dm
-3

) 3 3 CEC (mmolc dm
-3

) 49 78 

K (mmolc dm
-3

) 2.0 2.8 Base Saturation (V%) 69 77 

Ca (mmolc dm
-3

) 22 34 Al Saturation (m%) 0 0 

Mg (mmolc  dm
-3

) 10 23 S (mg dm
-3

) 14 15 

H+Al (mmolc  dm
-3

) 15 18    

 
It was observed in Table 2 for both soils, pH values higher than 6.0, which is considered by 

RAIJ et al. (1996) a very high value. Base saturation is also within high and very high levels, 

respectively for S1 and S2.  

Table 3 shows results of sulphuric acid attack analysis of soils that aims to determine silicon, 

iron and aluminum. It can be also noted through this table K i and Kr indexes for both soils, such 
relations are determined by calculations based on sulphuric attack results. K i is a weathering index, 
represented by the division of the most mobile element by the least one during weathering. 

Therefore, the lowest values of this index represent higher weathering. In turn, K r represents the 
division of the most mobile element (Si) by the sum of elements of low mobility (Fe and Al), and 

such as Ki, that index is the soil weathering level.  
 
 

 
 

 
 
 

 
 

 
 



Lívia P. da Silva, Jarbas H. de Miranda, Luciano A. Oliveira, et al.  

Eng. Agríc., Jaboticabal, v.35, n.1, p.51-62, jan./fev. 2015 

54 

TABLE 3. Soil sulphuric acid attack analysis.  

Parameters (%) S1 S2 

Fe2O3 11.58 32.18 

Al2O3 4.00 10.40 

SiO2 7.30 13.70 

Indexes S1 S2 

Ki 3.10 2.24 

Kr  1.09 0.75 

 
Columns were uniformly filled with disturbed soil material, and soil has been previously 

measured, using the same soil amount for the columns; then, soil was added in layers, and a wooden 
disc with a smaller diameter than the column lightly compressed each overlay. 

The used columns had on the bottom a synthetic fabric circle over a screen fixed by a screw 

threaded cap. To maintain a constant hydraulic pressure of 0.1 m, a drain was installed at the top of 
the column to remove water excess, since the volume of solution applied was greater than the 

ground water flow; and thus, there was no absence of hydraulic head. The soil column had the 
following dimensions 0.205 m of height and 0.05 m in diameter.  

To start the test, it was first necessary to saturate the soil column with distilled water slowly, 

by capillarity, aiming to expel air out of micropores. The column was placed into a bucket and then 
distilled water was poured by dripping along the bucket sidewalls to cover two thirds of the column 

height. Thereafter, the set was left to stand for 24 hours to complete saturation. After 24 hours 
(saturation period), starts the soil "washing out" with distilled water through the column for a period 
of at least 24 hours, and all ions present in the soil solution and the exchange complex would be 

removed by percolating water.  

After washing, it was observed in each experimental unit whether flow was under steady-state 

flow condition. Once proven this condition, so lutions of different nitrate sources were passed 
through the soil columns at a concentration of 50 mg L-1 NO3

-, using a Mariotte flask so that nitrate 
solution flow was kept constant.  

From that moment on, effluents were collected sequentially in acrylic bo ttles with sequential 
numbering, in volumes of 15 mL, wherein pore volumes are function of column volume and soil 

porosity [eq. (1)]. 

                                (1) 

where, 

   – pore volume (L3); 

  – soil porosity (L3 L-3); 

  – column volume (L3) 
 

After collecting effluents, NO3
- concentrations were obtained by nitrate determination method 

in water through spectrophotometer (YANG et al., 1998).  

With the values of nitrate concentration of each soil column data, nitrate distribution curves 
were developed for each soil type and solute used. It was obtained, by a numerical fitting, nitrate 
transport parameters for each situation, with aid of STANMOD software, which has as input data 

the relative solute concentration and pore volume. Transport parameters determined by the software 
are referred to retardation factor (R) eqs. (2) and (3) and Peclet number (P) [eq. (4)], and from these 

are determined the dispersion coefficient (D) and dispersivity (). Water speed throughout the soil 
was calculated by sampling time and sampled effluent volume.  

 

 
  

  
  

   

   
  

  

  
                                        (2) 
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where, 

  – dispersion coefficient (L2 T-1); 

  – solution speed in soil (L T-1); 

  – retardation factor (non-dimensional). 

 

Retardation factor is defined as: 

    
   

 
                                                                                                                             (3) 

where, 

  – soil bulk density (M1 L-3) 

  – empirical distribution constant (L3 M-1). 

 

If there is interation between solute and soil, k is zero and R is equal to 1 (one).  
 

Peclet number is defined as: 

  
   

 
                                                                                                                                    (4) 

where, 

  – column length (L). 

 

Results of transport parameters from BTCs, for both soils and solutes, are analyzed and 
interpreted by behavior and BTC slope, evaluating soil adsorption as well as companion ion effects.  

Initially, Shapiro-Wilk (p > 0.05) and Levene statistics were used to check normality and 

homoscedasticity of nitrate transport data, respectively. Based on normality, it was checked the 
need to apply the Box-Cox transformation. Parameter data were analyzed by variance analysis, 

being the qualitative variables analyzed by mean multiple test based on Tukey test (p > 0.05). A 
possible correlation between Peclet number and solution speed in soil was checked through Pearson 
correlation coefficient (r) (p > 0.05). Statistical analysis were performed using R language and 

environment for statistical computing (version 2.2.1).  
 

RESULTS AND DISCUSSION 

 

Figures 1a and 1b represent calcium nitrate distribution curves for S1 and S2 disturbed soil 

samples. By their numerical fitting, it was possible to reach the values of the transport parameters 
Peclet number (P), retarding factor (R), dispersivity (λ), dispersion coefficient (D); as well as 

solution speed ( ) and flow within the soil, soil bulk density and porosity.  

Format and development of effluent distribution curves typify miscible displacement solution; 

therefore, an interaction between soil and solute occurs. Comparing both soils, steep curves are 
observed for S2 samples of all applied solutes; this indicates a greater nitrate mobility in S2. 

According to MUCHOVEJ & RECHCIGL (1994), coarse-textured soil and low content of organic 
matter tend to allow great amount of nitrate loss by leaching. However, nitrate losses are related to 
negative charges repelling them out of soil colloids (PIOVESAN  et al. 2009); thus, as presented in 

Table 1, S2 has 2.03% more clay than S1, what result in less NO3
- adsorption to S2. 
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(a)  

 
(b)  

FIGURE 1. Nitrate Breakthrough Curves for Ca(NO3)2, (a) S1; (b) S2. 
 

ROSSI et al. (2007) evaluated a nitrate distribution curve in disturbed and undisturbed 
samples from two different soil textures (medium-textured and clayey Red-Yellow Oxisol); the 
authors found a lower rate of nitrate adsorption on clayey soil, which may be due to a larger number 

of negative charges. 

Nitrate transport parametric data for calcium nitrate can be observed in Table 4, and P and R 

parameters are within 95% confidence interval.  
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TABLE 4. Nitrate transport parameters for Ca(NO3)2 applied at a concentration of 50 mg L-1 NO3
- 

Soil BTC P ± SD*  R ± SD*  
   

(cm min
-1

) 

 

(cm) 

D 

(cm
2
 min 

-1
) 

q 

(cm min
-1

)  

ρ 

(kg dm
-3

) 

α 

(m
3
 m

-3
) 

S1 

N1 12.97 ± 1.96 1.01 ± 0.02 0.68 1.58 1.08 0.32 1.37 0.4731 

N2 28.40 ± 1.96 0.93 ± 0.01 0.60 0.72 0.43 0.28 1.37 0.4721 

N3 28.87 ± 2.83 0.96 ± 0.01 0.62 0.71 0.44 0.29 1.39 0.4647 

N4 19.92 ± 1.56 0.91 ± 0.01 0.68 1.03 0.70 0.33 1.34 0.4836 

 Mean 16.04 0.95 0.64 1.01 0.66 0.30 1.37 0.4734 

S2 

N1 1.79 ± 0.74 1.19 ± 0.16 0.08 11.44 0.92 0.04 1.37 0.4997 

N2 3.44 ± 1.11 0.90 ± 0.07 0.14 5.96 0.81 0.07 1.34 0.5074 

N3 2.98 ± 0.57 1.06 ± 0.05 0.13 6.88 0.89 0.06 1.39 0.4916 

N4 2.50 ± 0.86 1.09 ± 0.10 0.11 8.21 0.91 0.05 1.39 0.4907 

 Mean 2.68 1.06 0.11 8.12 0.88 0.05 1.37 0.4974 
* SD standard deviation given by STANMOD software in parameters’ estimate.  

 

The smaller values of solution flow in soil column 2 (N2) and 3 (N3) of S1, 1 (N1) of S2 for 
Ca(NO3)2 (Table 4); and the greater values from soil column 1 (N1) and 2 (N2) of S1 and 2 (N2) of 

S2 for NH4NO3 comparing to the remaining columns, both smaller and greater can be attributed to 
column fulfilling process. 

Figures 2a and 2b represent the ammonium nitrate distribution curves. In S1 BTCs, 

ammonium nitrate application (Figure 2a) has reached relative concentration faster than S1, near 1.5 
PV. With respect to S2 (Figures 2b), it was close to 2.0 PV to reach the applied concentration. For 

calcium nitrate, it was needed more than 2.0 PV for S1 (Figure 1a); while S2 (Figure 1b), in some 
cases, even after long application, collected effluent has not reached the applied concentration. A 
possible explanation for that is the NH4

+ transformation into NO3
- in the ammonium nitrate 

solution. The lower solution volume required by S1 to reach the concentration is rela ted to lower 
solution speed in S1 for both cases compared to S2.  

Nitrate retardation factor (R) values for Ca(NO3)2 (Table 4) and NH4NO3 (Table 5), in both 

soil types, were below 1, indicating a high mobility of this anion. According to van GENUCHTEN 
& WIERENGA (1986), when R is lower than the unit value indicates that solely a fraction of the 

liquid phase works in the transport process, what may be the case in which the chemical substance 
is subjected to anionic exclusion or when there is relative stationary water regions that do not take 
part in the convective transport. Anionic exclusion comes from anion repelling from negative 

charged surfaces, which is associated with clay and ionizable organic compounds (JAMES & 
RUBIN, 1986). NAKAGAWA et al. (2012) concluded that NO3

- was repelled electrostatically due 

to the amount of negative charges.  

Nitrate transport parameters for ammonium nitrate can be seen in Table 5, and P and R 
parameters are within 95% confidence interval.  
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(a) 

 
(b) 

FIGURE 2. Nitrate Breakthrough Curves for NH4NO3, (a) S1; (b) S2. 
 

TABLE 5. Nitrate transport parameters for NH4NO3 applied at a concentration of 50 mg L-1 NO3
- 

Soil BTC P ± SD*  R ± SD*  
   

(cm min
-1

) 

 

(cm) 

D 

(cm
2
 min 

-1
) 

q 

(cm min
-1

) 

ρ 

(kg dm
-3

) 

α 

(m
3
 m

-3
) 

S1 

N1 18.30 ± 3.35 0.87 ± 0.02 0.85 1.12 0.95 0.41 1.33 0.4969 

N2 21.98 ± 2.70 0.96 ± 0.01 0.76 0.93 0.71 0.37 1.33 0.4973 

N3 22.22 ± 2.40 0.97 ± 0.01 0.66 0.92 0.61 0.31 1.36 0.4847 

N4 17.13 ± 1.81 0.91 ± 0.01 0.64 1.20 0.77 0.31 1.35 0.4908 

 Mean 19.91 0.93 0.73 1.04 0.76 0.35 1.34 0.4924 

S2 

N1 9.25 ± 1.20 0.80 ± 0.02 0.16 2.22 0.35 0.08 1.37 0.4834 

N2 4.14 ± 0.52 0.98 ± 0.03 0.42 4.95 2.06 0.21 1.34 0.4957 

N3 12.22 ± 0.92 0.81 ± 0.01 0.15 1.68 0.26 0.08 1.37 0.4841 

N4 2.24 ± 0.74 0.93 ± 0.08 0.11 9.14 1.00 0.05 1.37 0.4836 

 Mean 6.96 0.88 0.21 4.49 0.92 0.11 1.36 0.4867 
* SD standard deviation given by STANMOD software in parameters’ estimate. 

 

It was observed a satisfactory model adjustment related to obtained data and the estimate of 
transport parameters for NO3

-  in S1 and S2; and also by Ca(NO3)2 and NH4NO3 applications. 
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Analyzing the Tables 4 and 5, it was verified for both Ca(NO3)2 and NH4NO3, P values of S1 
superior to S2. This fact attests a greater convection speed for S1 on the account of the 

predominance of macrospores, which are directly responsible for water transport in infiltration 
process. Furthermore, dispersivity (λ) and dispersion coefficient (D) were greater for S2.  

Figure 3 shows the correlation (p > 0.05 and r > 0) between P and  , corroborating that Peclet 

number depends on solution speed in the soil.  
 

 

FIGURE 3. Relationship between Peclet number (P) and solution speed ( ) in the soil and linear     
                     correlation parameters. 

 
Variance analysis summary among treatments can be seen in Table 6. It is observed that only 

dispersion coefficient of the main nitrate transport parameters did not differ at 5 % probability.  
 

TABLE 6. Variance analysis summary (mean square) of the nitrate transport parameters in soil.  

Sources of variation D.F. P R  λ D 

Treatment 3 375.64* 0.02*  0.38*  2.29*  0.10
ns

 

Residue 12 21.45 0.01 0.01 0.11 0.29 

General mean - 13.02 0.96 0.42 3.67 0.81 

C.V. (%) - 35.57 8.51 21.04 53.02 162.09 
*Significant (p < 0.05) and ns – non-significant (p > 0.05), by F-test. (D.F.) Degrees of Freedom; (C.V.) Coefficient of 

Variation. 

 

Table 7 shows the Tukey test at 5% probability for P, R,  and λ. By these results, it was 
checked that P had no significant difference for S1 among solutes, what has also occurred for S2; 

nevertheless, there was a difference between soil types, which has also been observed in  and λ 
parameters. In addition, a significant difference was not found in R for different solutes in S1, what 

has differed in S2 among them. Therefore, it can be stated that nitrate transport parameters depend 
on soil characteristics and that the cations calcium and ammonium did not influence nitrate mobility 
throughout soil profile.  
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TABLE 7. Mean test comparing the main nitrate transport parameters in soil.  

Treatment P Treatment R Treatment  Treatment λ 

S1 Ca(NO3)2 22.54  a  S2 Ca(NO3)2 1.06  a  S1 NH4NO3  0.73  a  S2 Ca(NO3)2 8.12  a  

S1 NH4NO3  19.91  a  S1 Ca(NO3)2 0.95  ab  S1 Ca(NO3)2 0.65  a  S2 NH4NO3  4.50  a  

S2 NH4NO3  6.96  b  S1 NH4NO3  0.93  ab  S2 NH4NO3  0.21  b  S1 NH4NO3  1.04  b  

S2 Ca(NO3)2 2.68  b  S2 NH4NO3  0.88  b  S2 Ca(NO3)2 0.12  b  S1 Ca(NO3)2 1.01  b  
Means followed by same lowercase letters in the columns do not differ from each other by Tukey test at 5% probability. 

 

Nitrate high mobility in soils justifies researches on the application of different sources of 
nitrate; thus, evaluating their behavior. SAMPAIO et al. (2010) evaluated the ion leaching dynamics 

along soil columns of disturbed and undisturbed dystroferric Red Oxisol samples, which is typical 
for drip fertigation with swine wastewater, and found greater mobility of nitrate. SANTOS et al. 
(2009) analyzed the nitrate distribution within soil columns of Arenosol and Red Oxisol fertigated 

with calcium nitrate using TDR and observed the influence of soil physical and chemical 
characteristics on nitrate adsorption. ANDRADE et al. (2009) found that in irrigated crops, nitrate 

leaching was enhanced by soil physical properties, intensive agricultural practices and high water 
amount for irrigation. 

As suggested by JADOSKI et al. (2010), some studies demonstrate nitrate- leaching problems 

in high production lands. With this respect, BECERRA & BRAVO (2010) reported that research 
play an important role to generate knowledge on agricultural management to reduce impacts of 

intensive cropping such as water contamination by nitrate.  
 

CONCLUSIONS 

Facing the outcomes, it was noted that mainly, regarding the low interactions between clay 
surface and solute, a greater nitrate mobility was observed, highlighting the Alfisol (S2).  

In addition, it can be stated through the analysis of nitrate transport parameters, from 

STANMOD numerical model adjustment, that calcium and ammonium did not have influence on 
nitrate mobility along the soil profile.  
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