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Effects of zeolite application on nitrate and ammonium retention
of a loamy soil under saturated conditions
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Abstract. Nitrogen (N) loss from irrigated cropland, especially in rice paddies, results in low N-use efficiency and
groundwater contamination. Soil conditions that increase ammonium and nitrate ion retention alleviate these problems.
Clinoptilolite, a naturally occurring zeolite with high-exchange capacity, may be used to absorb ammonium and retard
excess leaching of nitrate. The objectives of this research were to determine the effects of different rates of Ca—K-zeolite
application (0, 2, 4, and 8 g/kg soil) on pore water velocity and leaching of ammonium and nitrate applied as ammonium
nitrate fertiliser to a loam soil at a rate of 350 kg N/ha under saturated conditions similar to that of a rice paddy. The results
indicate that Ca—K-zeolite applications of 4 and 8 g/kg soil increase the pore water velocity by 35% and 74%, respectively.
The maximum relative concentration (c/c,) for the nitrate breakthrough curve occurring at pore volume of about 0.5 was
reduced by 15% with a zeolite application rate of 8 g/kg soil. When applying 40 ¢cm of leaching water, leached nitrate was
75% and 63% of total applied nitrate at the soil surface with zeolite applications of 4 and 8 g/kg soil, respectively. Due
to the high ion exchange capacity of zeolite, the application of zeolite at 2 g/kg soil is enough to increase the exchange
sites in the soil in order to absorb the applied ammonium and prevent its leaching by the inflow water. The maximum
ammonium concentration in the breakthrough curve for the zeolite application rate of 2 g/kg soil was reduced by 43%
compared with the control treatment. The relationship between the hydrodynamic dispersion coefficient (D) for nitrate
and pore water velocity (v) was not linear and it was correlated with squared pore water velocity. The coefficient of the
relationship between D and v* was dependent on the zeolite application rate and linearly increased with this rate.
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Introduction

Nitrogen (N) loss from irrigated cropland, particularly sandy
soils, due to net repulsion of nitrate (NO;~) from negatively
charged soil particle surfaces, contributes significantly to nitrate
contamination in surface and groundwater and increases N
application requirements to crops. Therefore, N-use efficiency
is low in crop production (Vlek and Byrnes 1986; Pirmoradian
et al. 2004). Farmers try to mitigate this problem in several
ways, i.e. split nitrogen application, utilisation of slow release
fertilisers, and incorporation of soil amendments that increase
ammonium and nitrate ion retention. Because of its high
exchange capacity, clinoptilolite, a naturally occurring zeolite,
has often been used as an inexpensive cation exchanger to
control ammonium (NH4™") release (Allen et al. 1993, 1996).
Even so, nitrification of NH4* still contributes to groundwater
NO;~ contamination.

To retard the movement of anionic species, minerals with high
affinity for anions are needed. It has been found that surfactant-
modified zeolite (SMZ), an inexpensive anion exchanger used
as a fertiliser carrier to control nitrate release, can fulfill this
requirement (Li and Bowman 2002). The surfactant molecules
form bi-layers on zeolite surfaces and the zeolite reverses
its surface charge, resulting in a higher affinity for negative
charged anions. When a mixture of soluble NO; ™ and zeolite is
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leached, the effluent NO3;~ concentration is quickly decreased
to <0.2mM with <2 pore volume of water used. In contrast,
the effluent NO; ™~ concentration remains >0.3 mM when NO; ™~
loaded SMZ is flushed with =50 pore volumes of water (Li and
Bowman 2002).

Zeolite tuffs are widely distributed in huge deposits in
different regions of the Islamic Republic of Iran (Kazemian
2002). Clinoptilolite tuffs with a zeolite content of 75-95% are
the most abundant natural zeolites (Kazemian 2002). Although
there are a few active zeolite mines providing several types of
natural and modified zeolite products foragricultural use and soil
amendments, rare official reports are published to the present day
on their use.

Pepper et al. (1982) applied a clinoptilolite type of zeolite at
a rate of 8% to a sandy soil and indicated a decrease in NO3~
and NH4" leaching and an increase in the N-use efficiency of
turf grass. Application of 8 t/ha of zeolite along with 60 kg/ha
of N as urea to a light-textured soil increased the rice yield,
whereas its effect was not pronounced in the heavy-textured
soil (Kawoosi and Rahimi 2000). However, no data were shown
on the amounts of nitrate leaching for different application
rates of zeolite in the light-textured soil, and the water table
was high in their experimental field. Um and Jung (1988)
indicated that application of zeolite in pots with drainage for

10.1071/SR06069 0004-9573/07/050368



Zeolite application effects on nitrate and ammonium retention

rice growth reduced deep percolation, and leaching of nitrogen
and potassium.

For better management of fertiliser application and
controlling nitrate leaching, especially under flooded irrigation
of paddy fields, the application of zeolite may be helpful.
Knowledge of the rate at which nitrate moves with percolating
water from the soil surface to groundwater under zeolite
application is important, in order to determine the potential of
zeolite for decreasing nitrate leaching and enhancing the N-use
efficiency of crops.

According to Eberl (2002), application of a mixture of zeolite
and urea fertiliser to soil resulted in less nitrate leaching by
different mechanisms such as: (i) placement of urea in pores of
zeolite crystals, (ii) decrease in transformation of urea to nitrate
by nitrification, and (iii) decrease in the nitrification process by
ammonium adsorption on zeolite. Further, zeolite application to
loess soil with low infiltration resulted in enhancement of water
infiltration by 50% (Xiubin and Zhanbin 2001). According to
Ferguson and Pepper (1987) and Xiubin and Zhanbin (2001),
although water infiltration increases, nitrate leaching may be
inhibited. This discrepancy requires further investigation. In
addition, the values of the hydrodynamic dispersion coefficient
may be varied by different application rates of zeolite.

The objectives of this research were to determine the effects
of different rates of zeolite application on pore water velocity,
the hydrodynamic dispersion coefficient, and leaching of
ammonium and nitrate applied as ammonium nitrate fertiliser
to a loam soil under saturated conditions, such as that of
a paddy field.

Methods and materials

The experiment studying applied ammonium and nitrate
leaching under saturated condition was conducted in soil
columns. A loam soil from 0 to 0.20 m was re-packed in PVC
tubes with internal diameter 0.11 m and height 0.30 m, with bulk
density of 1.23 g/em® after soil settlement. The bottom of the
column was sealed with plastic screen with mesh number40. The
experimental soil contained 40% sand, 47% silt, 13% clay, and
2.2% organic matter with pH 7.9, electrical conductivity (EC)
of saturation extract 0.45dS/m, and cation exchange capacity
(CEC) 56 cmol/kg clay. Loam soil was used for its high nitrate-
leaching ability, which is found in some of the paddy fields in
the study area.

Before re-packing the soil in the column, it was passed
through a 2-mm screen and mixed with Ca—K-zeolite
(clinoptilolite) at application rates of 0, 2, 4, and 8 g/kg soil
(equivalent to 0, 5, 10, and 20 t/ha). Each zeolite application
treatment was replicated 3 times. The saturated water extract
of the zeolite had a pH 7.47 and an EC 5.81 dS/m. The CEC
of zeolite was about 140 cmol/kg. Most (99%) of the zeolite
particles were <2.0 mm in diameter and the diameter of the 50%
of zeolite particles (Ds,) was about 0.6 mm.

The soil column was immersed in a water bucket to be
saturated from the bottom. After saturation, the soil column
was placed on a tripod. A solution of ammonium nitrate with
2290 mg N/L (equivalent to 350 kg N/ha) was uniformly added to
the saturated soil surface. Farmers usually use a high application
rate of N for paddy fields in the region with heavy-textured

Australian Journal of Soil Research 369

soil (about 200kgN/ha). In the present investigation with
loam soil of higher leaching ability for nitrate, a higher rate of
nitrogen application was used. Immediately after penetration of
ammonium nitrate solution into the soil, tap water was connected
to the soil column to hold a constant 0.5 cm water height on
the soil surface. The tap water had similar chemical properties
and salinity level to the irrigation water used in the region. The
concentrations of nitrate N and ammonium N in the tap water
were 4.4 and 0.1 mg/L, respectively. The effluent from bottom
of the soil column was collected in a beaker and its volume was
measured at different time intervals. Samples from the effluent
(50 cm?) were used for determining NO3 ~ by spectrophotometer
as described by American Public Health Association (1992). The
ratio of effluent NO; ~ concentration to the surface added nitrate
solution (6.61 g/L) was calculated as ¢/c,, and the cumulative
effluent volume was calculated as pore volume (1 pore volume
is 1390.5cm? for the experimental column). The relationship
between ¢/c, and pore volume was drawn as a breakthrough
curve. Samples from the effluent were also used to determine
ammonium by the colourimetric method using a special
filter for ammonia as described by American Public Health
Association (1992).

The volume of cumulative effluent was divided by the soil
column area and plotted as a function of elapsed time. The slope
of this linear relationship is considered as soil water flux. The
mean pore water velocity was calculated by dividing soil water
flux by soil porosity (0.53).

The parameters were statistically analysed and the mean
values in different treatments were statistically compared by least
square difference method (Steel et al. 1997).

Theoretical analysis

The leaching of NO;~ was assumed to be described by the
1-dimensional advection—dispersion equation as follows:

dc/dt = D (#%c/dx*) — v (dc/dx) 1)

where ¢ is the NO;~ concentration in effluent at the bottom of the
soil column (mg/L), ¢ is the time (s), D is the combined chemical
diffusion and hydrodynamic dispersion coefficient (cm?*/s), x is
the depth (cm), and v is the average pore-water velocity over the
area (cm/s). The general solution to Eqn | subjected to the initial
condition of zero concentration and the boundary condition of
an arbitrary concentration imposed at the soil surface (¢,) can
be expressed by the following equation as described by Jury and
Sposito (1985):

¢/co= L]/ [2(:;0:3) i 2] exp[—(L — v}/ @D1)]  (2)

where L is the reference depth of direct extraction (column
length) in cm. Taking the derivative of Eqn 2 and equating it
to zero results in the following equation for determining
the combined diffusion and hydrodynamic dispersion
coefficient (D):

(¢/odmax = v"*/ [2(m D/L)*] 3)

where (c/co)max I8 the maximum amount of c¢/c, in the
breakthrough curve. Considering a new derivation of the
Taylor-Aris theory of solute dispersion in a capillary (Gupta
and Bhattacharya 1983), the relationship between diffusion
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Table 1. Mean pore water velocity at different zeolite application rates
Means followed by the same letters are not significantly different at P =0.05
by Ls.d. test

Zeolite application Mean pore water

rates (@kg) velocity (cm/min)
0 0.23a

2 0.25ab

4 0.31b

8 0.40¢

coefficient of NO;~ in soil and hydrodynamic dispersion is
as follows:

D = r2v*/(48D;) @)

where D, is the diffusion coefficient of NO; ™ in soil (cm?/s),
and r, is the mean soil pore radius (cm).

Determination of mean soil pore radius

A soil column with a diameter of 0.02 and a height of 0.30 m
was used. The bottom of this soil column was immersed in a
Petri dish filled with 95% ethyl alcohol to be absorbed by the soil
column. The rate of alcohol rise in the soil column was measured.
Then, the relationship between the rate of capillary rise of alcohol
and the inverse of the capillary rise was determined by linear
regression analysis. The maximum capillary rise was estimated
by substituting the rate of capillary rise equal to zero in this linear
equation. The maximum capillary rise was used in the capillary
rise equation to estimate the mean soil pore radius (r,) as follows
(Letey et al. 1962):

h = 2ycosa/(pGry) (5)

where h is the maximum capillary rise (cm); v is the surface
tension of ethyl alcohol (dyne/cm); « is the soil contact angle
assumed to be zero for ethyl alcohol; p is the density of ethyl
alcohol (g/cm?); and G is the acceleration due to gravity (cm/s?).

Results and discussion
Soil pore volume velocity

The mean soil pore volume velocities at different rates of zeolite
application are shown in Table 1. The zeolite application rate
of 2 g/kg soil was not effective in enhancing the pore water
velocity. However, the higher rates of application (4 and 8 g/kg
soil) significantly increased pore water velocity by 35% and 74%,

Table 2. Mean values of maximum ¢/c, and the pore volumes for the
oceurrence of (¢/cy)max for different zeolite application rates
Means followed by the same letters are not significantly different at P = 0.05

by Ls.d. test
Zeolite appl. Mean Mean Mean pore Mean maximum
rate nitrate nitrate volume for NH4*
(g/kg) Cmax (c/co)max (c/¢o hmax (mg/L)
(mg/L)

0 817.0a 0.235 0.49 0.40a

2 801.3a 0.227 0.51 0.23b

+ 787.5a 0.224 0.49 0.20b

8 712.1b 0.200 0.56 0.20b
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respectively. The effect of application rate 8 g/kg soil was greater
than of 2 and 4 g/kg. Similar results have been reported by Xiubin
and Zhanbin (2001). They applied mardinite-type zeolite to a
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Fig. 1. Breakthrough curves for nitrate at different replications and zeolite
application rates: (a) first replication, (b) second replication, (¢) third
replication; O, 0 g/kg; x , 2 g/kg; A, 4g/ke; +, 8 gke.
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Fig.2. Relationship between leached nitrate Nj as a percent of applied and
applied zeolite z.

very fine calcareous soil and increased the infiltration rate and
reduced the surface runoff by 50% on steep slopes.

Nitrate displacement

The maximum concentrations of nitrate in the effluent were
statistically analysed and their mean values compared by least
square difference procedure. The results are shown in Table 2.
It is indicated that the cmax Was significantly reduced at zeolite
application rate of 8 g/kg of soil by about 15%.

The breakthrough curves for different zeolite application
rates are shown in Fig. 1. The maximum values of ¢/c, and
their corresponding pore volumes are presented in Table 2. The
values of (¢/co)max Occurred at pore volume of about 0.5 and
were <0.25. The breakthrough curves are not completely bell
shape and show a tail on the right-hand side as the pore volume
increases. This indicates that although the soil column was re-
packed, the soil was still somewhat structured causing the late
arrival of solute. This is attributed to the gradual release of the
solute to the flow channel by diffusion after the pulse has passed
through the column. This solute initially was removed from the
flow channels by transverse diffusion into the stagnant regions
of the soil while the pulse was passing through the column (Jury
etal. 1991, p. 228).

The maximum value of (¢/cy)max Occurred in pore volume
of about 0.5. According to theoretical interpretation, it should
occur at pore volume of 1.0 for non absorbent ions, i.e. nitrate.
This is due to the fact that water velocity is maximum in the
middle of pores; therefore, the (¢/co)max reaches the bottom
of the soil column faster with lower a value than 1.0 for
pore volume. However, anion exclusion occurs when negatively
charged surfaces are present. Anions are repelled from such
surfaces and accumulate in the centre of pores. Because water
flow velocity is maximum in the centre of pores, the average
anion movement will be faster than the average water movement
(Leij and van Genuchten 2002).
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Fig. 3. Breakthrough curves for ammonium at different replications and
zeolite application rates: (a) first replication, (b) second replication, (¢) third
replication; &, O g/kg ; x , 2g/kg ; A, 4g/ke; +, Bp/kg.

The values of (¢/cy)max for zeolite application rate of 8 g/kg
soil were decreased by 15% compared with the control treatment,
indicating that some portion of the applied N was held in the
soil by application of zeolite and was not leached by water. This
shows that by increasing the zeolite application rate the leached
nitrate was decreased.

In general, after passing 40 cm of water, the area under the
breakthrough curves for different zeolite application rates was
determined and the results were compared with the amount of
applied nitrate to the soil surface. The ratio of total amount of
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leached nitrate to applied nitrate was correlated with the applied
zeolite (Fig. 2). The percentage of leached nitrate decreased with
an increase in zeolite application rate according to the following
equation:

N; = —4.09z + 94.4, R* = 0.97 (6)

where N; is the percentage of leached nitrate and z is the
zeolite application rate in g/kg. A decrease in nitrate leaching
results in a decrease in groundwater pollution, economic use
of N, and increased availability of N for crop growth. With
zeolite application of 10 g/kg soil, the leached nitrate is reduced
1o 50%.

Ammonium displacement

Breakthrough curves for different zeolite application rates are
shown in Fig. 3 and the maximum concentrations of ammonium
in the effluent in Table 2. The maximum concentration of NH4*
was significantly reduced by zeolite application rate of 2 g/kg
soil compared with the control and there was no difference
in the values of (NHy")max for other zeolite application rates.
This indicates that zeolite application of 2 g/kg soil adequately
increased the exchange sites in the soil to absorb the applied
NH.* and prevent its leaching by the inflow water. The value
of maximum NH4* concentration in the breakthrough curve for
the zeolite application rate of 2 g/kg soil was reduced by 43%
compared with the control treatment.

Zeolite effect on hydrodynamic dispersion of nitrate

The values of pore water velocity (v) and (¢/¢o)max for nitrate
were used in Eqn 3 to calculate the hydrodynamic dispersion
(D). The results showed that the values of D increased at
higher pore water velocity due to zeolite application. However,
this relationship is not linear like the one presented by Jury
et al. (1991), since the linear relationship resulted in a negative

2.50E-04
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intercept, i.e. the diffusion coefficient of nitrate should be
negative and the dispersivity is 0.004 cm, a very small value,
which is not physically sound.

According to Eqn 4, the relationships between D and v
for different zeolite application rates are shown in Fig. 4.
The relationship between hydrodynamic dispersion coeflicient
(D) for nitrate and pore water velocity (v) was not linear,
and D was correlated with squared pore water velocity. The
coefficient of the relationship between D and v* (a) was
dependent on the zeolite application rate and linearly increased
with this rate as follows:

a=1.137+0.218z, R?> = 0.97 (7

where a is the coefficient of the relationship between D and v*
and z is the zeolite application rate in g/kg soil. The slopes of
these relationships are the values of 72/(48D;). The mean radius
of pores is 1.71 x 107 cm for the soil used in this study (A.
R. Sepaskhah, unpublished data). Therefore, using this value
in the slope of D= 1.2717V2, i.e. 1.2717, the value of D equal
to 4.8 x 10~% cm?/s is obtained. It may be assumed that D. is
invariable in zeolite-treated soils, so the value of the mean pore
radius of treated soil may be affected by zeolite application rates.
Using the slopes of relationships between D and v* for different
zeolite application rates (Fig. 4) and the value of D, the mean
pore radius of treated soil with different zeolite application rates
were estimated. These values were 1.84 x 1073, 2.09 x 1073
and 2.61 x 10~ cm for zeolite application rates of 2, 4,
and 8g/kg soil, respectively. The mean pore radius was
increased with the application rates of zeolite according to the
following equation:

ro = 16.6 + 1.162, R* = 0.986 (8)

where r, is the mean pore radius of soil in um and z is the
zeolite application rate in g/kg soil.
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Fig. 4. Relationship between hydrodynamic dispersion coefficient and squared pore water velocity at
different zeolite application rates: O, 0g/ke ;% ,2gke; A, dg/ke +, Beke.
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Conclusions

It is concluded that Ca—K-zeolite application of 4 and 8 g/kg
soil increases the pore water velocity by 35% and 74%,
respectively. The maximum relative concentration (c/c,) for
nitrate breakthrough curve occurring at pore volume of about 0.5
is reduced by 15% because of zeolite application rate of 8 g/kg
soil. By applying 40 cm of leaching water, the leached nitrate is
75% and 63% of the total applied nitrate at the soil surface using
zeolite at 4 and 8 g/kg soil, respectively. Since zeolite has a high
ion exchange capacity, it is shown that the application of zeolite
at 2 g/kg soil is sufficient to increase the exchange sites in soil
in order to absorb the applied NH;* and inhibit its leaching by
the inflow water. The value of maximum NH4* concentration in
the breakthrough curve for the zeolite application rate of 2 g/kg
soil is reduced by 43% compared with the control treatment.
The relationship between hydrodynamic dispersion coefficient
(D) for nitrate and pore water velocity (v) is not linear and it is
correlated with squared pore water velocity. The coefficient of
the relationship between D and v is dependent on the zeolite
application rate and linearly increases with this rate.

It is found that the value of hydrodynamic dispersion
coefficient (D) depends on the zeolite application rate. Therefore,
when N fertiliser is applied with zeolite to the soil, Eqn 2 is used
to estimate the breakthrough curve. In this equation proper value
of D should be used which varies with zeolite application rates.
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