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a b s t r a c t

The increasing demands for environmental protection and sustainable food production require an
increase in the use of natural and non-toxic materials for agriculture. In this study, the feasibility of using
surfactant-modified zeolite (SMZ) in comparison with zeolite clinoptilolite (Cp) application to reduce
nitrate leaching and enhance crop growth was investigated. The effects of size (millimeter and nanome-
ter) and application rate (20 g kg−1 and 60 g kg−1) of Cp and SMZ on nitrate leaching and crop response
were also evaluated. Using soil lysimeters, it was determined that the maximum and mean nitrate concen-
eywords:
itrate leaching
eolite clinoptilolite
urfactant-modified zeolite
lant nitrogen uptake

tration in the leachate of SMZ-amended soil were significantly (p < 0.05) lower than those of Cp-amended
soil. The amount of NO3-N leached from SMZ- and Cp-amended lysimeters at the higher application rate
(60 g kg−1) was approximately 26% and 22% lower, respectively, than that from the control system. The
mean grain yield, grain nitrogen content, stover dry matter, and N uptake were significantly greater in
Cp-amended than SMZ-amended lysimeters. There was no significant effect due to the particle size of
the two soil amendments. The results implicitly suggest that plants may have a better response if Cp is

rath
used as a fertilizer carrier

. Introduction

Nitrogen, a constituent of chlorophyll, proteins and many other
olecules, is vital for plant growth and therefore its availability

nfluences the yields and quality of arable and horticultural plants.
s nitrogen is most often the limiting nutrient in plant growth, N

ertilizers are used to overcome this limitation and increase crop
ields [1]. While N effectively stimulates plant growth and is an
xtremely valuable nutrient, it is the major nutrient of concern
n water pollution. About 40–70% of the nitrogen applied in nor-

al fertilizers is lost to the environment and cannot be absorbed
y plants, which causes not only large economic and resource

osses, but also responsible for serious environmental pollution [2].
umerous studies have documented the adverse effects of high
O3 levels in humans, most notably methemoglobinemia [3], stom-
ch cancer [4], and non-Hodgkin’s Lymphoma [5].

The development of new products that would improve fertil-
zer use efficiency and increase crop yield and at the same time

ot pollute our environment is a challenge for agronomists and
oil chemists throughout the world. Natural zeolites are a group of
luminosilicate minerals that are receiving attention in the field of
griculture, as their physical and chemical properties make them

∗ Corresponding author. Tel.: +98 311 3913433; fax: +98 311 3912254.
E-mail address: koupai@cc.iut.ac.ir (J. Abedi-Koupai).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.09.114
er than SMZ when applied at a rate of 60 g kg−1.
© 2010 Elsevier B.V. All rights reserved.

potentially suitable soil amendments and/or carriers of plant nutri-
ents [6,7]. One natural-occurring zeolite in particular, clinoptilolite
(Cp), is often used in agricultural production [6] due to its high
cation exchange capacity (CEC) and high affinity for NH4

+ [8,9].
Several reports have demonstrated that increased N use efficiency
occurs in zeolite-amended soils [9,10]. Although zeolite tuffs are
widely distributed in huge deposits in different regions of Iran [11],
there are a few reports about the application of natural Iranian
zeolite as a soil amendment.

If the N in applied fertilizers is in an anionic form such as nitrate,
due to the net repulsion between the anions and soil surfaces, it will
be excluded from the soil surfaces and is easily leached [12,13]. Due
to the low retention of nitrate by soil surfaces, an elevated amount
of applied fertilizer is therefore required for plants to grow well.
However, the increased dose will exert greater impact on envi-
ronmental water quality, causing elevated nitrate concentrations
in groundwater [14]. Thus, it is of great interest to use inexpensive
soil amendments that can increase fertilizer efficiency and decrease
nitrate leaching.

The cation-exchange properties of natural zeolites can be
exploited to modify their surface chemistries such that other
classes of compounds, particularly anions and non-polar organics,

will also be retained. The quaternary amine hexadecyltrimethylam-
monium (HDTMA) is a long-chain cationic surfactant that possesses
a permanent positive charge [15]. The maximum loading of HDTMA
is about 200% of the zeolites external cation exchange capacity
(ECEC). At the HDTMA sorption maximum, the surfactant molecules

dx.doi.org/10.1016/j.jhazmat.2010.09.114
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:koupai@cc.iut.ac.ir
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which resulted in 25 kg additional N ha−1 applied with the irriga-
tion water. This application rate of N (fertilizer and irrigation water)
was very close to the recommended N rate for corn based on soil
test results [25].

Table 1
Initial soil characteristics of the experimental lysimeters.

Characteristic 0–30 cm 30–60 cm

pH 7.6 7.8
Electrical conductivity (dS m−1) 0.99 0.83
Cation exchange capacity (cmol kg−1) 6.8 6.8
NO3-N (mg kg−1) 42 28
Fig. 1. The XRD pattern of zeolite ( : clinoptilolite (83%), : orthoclase (17%)).

orm bilayers on zeolite surfaces with the lower layer held by
lectrostatic interactions between the negatively charged zeolite
urface and the positively charged surfactant head groups, while
he upper layer is bound to the lower layer by hydrophobic forces
etween the surfactant tail groups in both layers [16]. Under the
urfactant bilayer configuration, the zeolite reverses its surface
harge, resulting in a higher affinity, sorption, and retention of
egatively charged anionic contaminants that is attributed to sur-

ace anion exchange [16–18]. The use of surfactant-modified zeolite
SMZ), which represents a type of inexpensive anion exchanger, to
emove anionic contaminants from water has been studied exten-
ively [18–20].

The objective of this study was to investigate the feasibility of
sing Iranian Cp and SMZ as soil amendments to reduce nitrate

eaching from soil. Using soil lysimeters, the response of corn was
xamined to evaluate and compare the application of SMZ and Cp.
he effects of size and application rate of Cp and SMZ on nitrate
eaching and crop characteristics were also evaluated.

. Material and methods

.1. Zeolite

The natural zeolite used in this study originated from Sem-
an province, Iran. Mineral identification using X-ray diffraction
howed that the zeolite consisted mainly of clinoptilolite (Fig. 1).
he total elemental analysis was performed by fluorescence spec-
roscopy using a Spectro X-Lab 2000 X-Ray instrument. The zeolite
ad the following chemical composition (mass%) SiO2 = 65.90,
l2O3 = 11.20, Na2O = 2.10, K2O = 2.31, CaO = 3.20, Fe2O3 = 1.25,
gO = 0.52, LOI = 11.89, and SiO2/Al2O3 = 5.9.
The particle size of zeolite was between 0.2 and 0.8 mm. To

btain nanosized mineral particles the mineral was ground in a
et mill. The particle size was determined using a particle size ana-
yzer and the average size was 800 nm. The CECs of the millimeter-
nd nanometer-sized particles of Cp were 140 and 165 cmol kg−1,
espectively, as determined by the 1 M NH4OAc saturation method
21]. The ECECs of the millimeter- and nanometer-sized Cp were
etermined to be 70 and 115 mmol kg−1, respectively, using the
ethod of Ming and Dixon [22].

.2. Surfactant modification

HDTMA bromide (Merck) was used for zeolite surface modifi-
ation. The zeolite was modified by HDTMA to 200% of the ECEC.
n a 250-ml centrifuge bottle, 60 g of millimeter-sized zeolite and

80 ml of 47 mM HDTMA solution were mixed on a reciprocal
haker for 24 h at 150 rpm at 25 ◦C. The mixture was then cen-
rifuged at 5000 rpm for 20 min and the supernatant was removed.
he mineral was then washed with two portions of distilled water
nd allowed to air dry [23]. The same procedure was used for
s Materials 185 (2011) 970–976 971

nanometer-sized zeolite modification, but the HDTMA concentra-
tion used was 77 mM.

2.3. Site description

This study was conducted at Isfahan University of Technology,
north east of Isfahan in the central part of Iran during July–October,
2009. In the study area the mean annual temperature, rainfall, and
humidity are 17 ◦C, 134 mm, and 38%, respectively.

The effect of Cp and SMZ on nitrate leaching and plant charac-
teristics was performed in lysimeters. Each lysimeter was 50 cm
in diameter, 90 cm in depth, and had a drain pipe at the bottom.
The soil texture at the experimental site was sandy loam with 18%
clay, 25.5% silt, and 56.5% sand. Several characteristics of the soil
used in the lysimeters at the beginning of the study are listed in
Table 1.

The experiment was a randomized complete block experimen-
tal design using a complete factorial arrangement of treatments.
The treatments consisted of two soil amendment types of Cp (Z)
and SMZ (S), two soil amendment sizes of millimeter (M) and
nanometer (N), and two soil amendment rates of 20 g kg−1, which
is equivalent to 9 ton ha−1 (a), and 60 g kg−1, which is equivalent
to 27 ton ha−1 (b). Each treatment was performed in triplicate and
three unamended soil lysimeters were used as a control (C). The
soil amendments were broadcast applied to the soil surface of the
lysimeters and incorporated to a depth of 3 cm prior to the planting
of crops.

In this study, maize was selected over other crops in view of its
rapid growth cycle, responsiveness to changes in nutrient avail-
ability, and short harvest intervals. Three seeds of maize single
cross 704 were planted 4 cm deep in each lysimeter and after 22
days, corn in each lysimeter was thinned to one plant. The lysime-
ters were surface irrigated and was scheduled with 2-day intervals
based on cumulative evapotranspiration replenishment using the
maize evapotranspiration, which was estimated using the FAO-56
[24] Penman–Monteith reference evapotranspiration equation as a
function of crop development stage. During each irrigation event,
15% more water was applied to allow for drainage.

Water was delivered into each lysimeter through individual
16 mm pipes that were branched from 10 L boxes connected to
the main dividing box reservoir. The dividing box was placed at
a height of 1 m in order to ensure the identical irrigation discharge
for all lysimeters. The volume of water applied to each box was
measured using flow meters. N fertilizer was applied via irrigation
water (fertigation) at rate of 150 kg N ha−1. Half of this amount was
applied two times during the crop cycle, at 17 and 49 days after
planting (DAP). The N source was ammonium nitrate. The NO3-N
concentration in the irrigation water averaged 3.4 mg L−1 (Table 2),
NH4-N (mg kg−1) 32 25
K (mg kg−1) 382.8 316.1
P (mg kg−1) 29.8 27.2
Total nitrogen (%) 0.1 0.1
Organic matter (%) 1.03 0.9
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Table 2
Characteristics of the irrigation water.

Characteristic Value

No. of samples 3
pH 8.3 ± 0.1
Electrical conductivity (dS m−1) 0.43 ± 0.2
Ca (mg L−1) 52 ± 8.72
Mg (mg L−1) 10.8 ± 1.56
Na (mg L−1) 10.5 ± 7.4
K (mg L−1) 2.1 ± 0.5
NO3-N (mg L−1) 3.4 ± 0.2
Cl (mg L−1) 106.5 ± 1.5
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SO4 (mg L−1) 1.5 ± 0.5

ote: The data are presented as the mean ± standard deviation for three samples
aken at different times during the irrigation period.

.4. Data collection

The leached solution from each lysimeter was collected weekly
y opening the drainage valve located at the end of drainage pipe.
he accumulated drainage from each lysimeter was measured, and
he drainage valve remained closed until the next outflow mea-
urement. The drainage samples were filtered and immediately
rozen at −20 ◦C until they were subjected to analysis by the steam
istillation procedure for NO3

− [26].
Soil water samples were also collected typically during the

rowing season. At each of the 27 experimental lysimeters, two
eramic soil–water suction samplers (Irrometer, Model SSAT) with
1.5 cm diameter were installed vertically at depths of 15 and

0 cm. A 50 kPa vacuum was applied to each soil water sampler
4 h after irrigation to collect soil solution samples for NO3 concen-
ration determination. The soil solution was extracted from each
oil water sampler using a syringe 24 h after vacuum application.
he NO3 content in the soil solution was determined by the steam
istillation procedure [26].

At the end of the study, soil samples were collected for
ach lysimeter at depths of 0–30 and 30–60 cm. At each soil
epth, three samples were collected, blended, air-dried, and then
assed through a 2 mm sieve. Ammonium and nitrate in soil were
xtracted with 2 M KCl and their concentrations were determined
y the steam distillation procedure [26].
The leaf area index (LAI) was measured with a portable leaf
rea meter four times: 36, 54, and 85 DAP and at harvest. After the
orn was harvested on 14 October, 2009, the total grain and stover
iomass were measured. The total nitrogen content of stover and
rain were also determined using the Kjeldahl procedure [27].
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ig. 2. NO3-N concentration in leachate for different soil amendment types (S: surfactan
illimeter; N: nanometer), and rates (a: 20 g kg−1; b: 60 g kg−1).
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2.5. Data analysis

All analyses were performed using SAS statistical analysis soft-
ware [28]. Separation of the means was performed using LSD at
p < 0.05.

3. Results and discussion

3.1. Nitrate leaching

The mean NO3-N concentration in the leachate of the lysime-
ters during the growing season showed a similar trend for the
different treatments (Fig. 2). Regardless of the first NO3-N leaching
event, maximum NO3-N leaching occurred after fertilizer applica-
tion. However, both of the soil amendments lowered the NO3-N
concentration in the leachate and the reduction was greater at the
higher amendment application rate (Fig. 2).

As shown in Fig. 2, the NO3-N concentrations in the leachate
of the unamended soil lysimeters (control) were between 13 and
42 mg L−1 during the growing season, with all samples exceed-
ing the federal drinking water standard of 10 mg NO3-N L−1 [29].
This concentration range is consistent with a previous study by
Nyamangara et al. [30] who reported NO3-N concentrations as
high as 22.5 mg L−1 below the corn root zone in lysimeters that
received ammonium nitrate fertilizer. In addition, Gheysari et al.
[31] reported a minimum and maximum NO3-N concentration
value of 10.38 and 31.15 mg L−1, respectively, at a 60 cm depth in
a silage maize field which received 200 kg ha−1 of urea. The appli-
cation of Cp reduced the leachate NO3-N concentration compared
to control and was most significant in the lysimeters that received
the higher application rate (Fig. 2). During the growing season, the
NO3-N concentrations in leachate of the lysimeters amended with
the lower rate of Cp were between 11.6 and 38 mg L−1 whereas
the higher rate of Cp reduced the leachate NO3-N concentration
range to 7–25 mg NO3-N L−1. Approximately 64% and 61% of the
ZNb and ZMb samples, respectively, exceeded the EPA limit of
10 mg NO3-N L−1 [29]. This result may be attributed to the increas-
ing CEC of the soil Cp mixtures in the soil surface and the high
affinity and selectivity of natural zeolite for NH4

+ and therefore
decreasing its availability to nitrifying bacteria [32]. In the ZMb

and ZNb treatments, the calculated soil surface CECs were 14.8 and
16 cmol kg−1, respectively, while the ZMa and ZNa CECs were 9.5
and 9.9 cmol kg−1, respectively.

In agricultural soil, the nitrification of NH4
+ to NO3

− can result
in the loss of N through the leaching of NO3

− [33]. MacKown

Days After Planting

20 40 60 80 100

ZMb

20 40 60 80 100

ZMa

SMa SMb

t-modified zeolite; Z: zeolite clinoptilolite; C: unamended soil control), sizes (M:
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Table 3
Effect of soil amendment type, size, and application rate on the maximum and mean
NO3-N concentration of leachate and the total amount of NO3-N leached.

Treatment NO3-N concentration
in leachate (mg L−1)

N leached (kg ha−1)

Maximum Mean

Amendment type
Cp 31.07a* 17.15a 15.60a
SMZ 28.00b 16.63b 15.00a

Amendment size
Millimeter 29.33a 16.95a 15.42a
Nanometer 29.75a 16.84a 15.19a

Application rate (g kg−1)
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The NO3-N concentration in the soil water extracted by ceramic
caps at 43 and 77 DAP showed that the concentration in the first soil
layer (at a soil depth of 20 cm) was greater in soil-amended lysime-
ters compared to the control, whereas the control had a higher
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20 37.67a 19.05a 16.83a
60 21.41b 14.74b 13.80b

* Mean value within a column followed by a different letter are significantly at
< 0.05.

34] found through an incubation experiment that by using a rate
quivalent to 30 ton ha−1 of NH4-exchanged clinoptilolite, nitrifi-
ation decreased in Rositas loamy sand and Gila silty clay loam by
1% and 4%, respectively. MacKown and Tucker [9] also demon-
trated that the application of 12.5, 25, or 50 g kg−1 Cp significantly
educed NH4

+ leaching compared to the (NH4)2SO4 control. NO3
−

eaching was not measured in this study because N-serve was
dded to the soil. Huang and Petrovic [35] also reported that
he NO3-N concentration in leachate from unamended lysime-
ers increased dramatically, whereas the concentration in leachate
rom clinoptilolite zeolite-amended sand lysimeters did not exceed
0 mg NO3-N L−1.

It was also observed that the application of SMZ reduced the
O3-N concentration in leachates compared to the control samples

Fig. 2). In the lysimeters amended with the lower rate of SMZ, the
eachate NO3-N concentrations were between 12.2 and 37 mg L−1

uring the growing season, whereas those in the leachate of the
ysimeters amended with the higher rate of SMZ were between 7.8
nd 19 mg NO3-N L−1. Approximately 67% and 72% of the SNb and
Mb samples, respectively, exceeded the EPA limit of 10 mg NO3-
L−1 [29] (Fig. 2). Although nitrate does not readily adsorb onto

oils due to a lack of significant positive charges in many soils,
MZ can easily adsorb nitrate due to HDTMA bilayer formation
16]. Due to this characteristic, SMZ is capable of adsorbing up
o 80 mmol kg−1 of nitrate [12], which may explain the observed
eduction of NO3-N in the leachate of lysimeters amended with
MZ.

The analysis of variance for comparisons between the maxi-
um NO3-N concentration in leachate (63 DAP) revealed that the
aximum nitrate concentration in leachate of SMZ-amended soil

28.00 mg NO3-N L−1) was significantly lower (p < 0.05) than that
f Cp-amended soil (31.07 mg NO3-N L−1) (Table 3). This suggests
hat the application of modified zeolite to agricultural soil would
e more effective than unmodified zeolite for the reduction of
itrate leaching. The analysis of variance also showed that the maxi-
um NO3-N concentration in the leachate at the higher rate of soil

mendment application was significantly lower than that of the
ower application rate (Table 3). The results obtained from analysis
f variance for the mean leachate nitrate concentration during the
rowing season were identical to those for the maximum nitrate
oncentration of leachate (Table 3).

Although adsorbents with a smaller particle size have a greater
pecific surface area and therefore a greater theoretical capacity for
xternal surface adsorption [36], there was no significant effect of

he amendment size on the leachate NO3-N concentration for either
MZ or Cp (Table 3). This result may be attributed to the fact that
he particle size also affects desorption of NH4+ and NO3

− by Cp and
MZ, respectively, and as the particle size of Cp or SMZ decreases
ore N is released [37].
s Materials 185 (2011) 970–976 973

The total amount of NO3-N leached during the study in the
control lysimeters was 18 kg ha−1. Soil amendments reduced the
amount of NO3-N leached compared to the control, whereas there
was no significant difference (p < 0.05) between the control and the
soil amended at the lower application rate (Fig. 3). The total amount
of NO3-N leached from the SMZ and Cp-amended lysimeters at the
higher rate was approximately 26% and 22% lower, respectively,
than that from the control.

Although SMZ application significantly reduced the mean NO3-
N concentration of leachate compared to the zeolite, the amount of
NO3-N leached from the lysimeters was unaffected by the amend-
ment type (Table 3). This is likely due to the difference between
adsorption and desorption of NH4

+ and NO3
− by Cp and SMZ,

respectively, during the study period. The adsorption and desorp-
tion of NH4

+ on Cp are due to cation exchange and diffusion [38],
whereas the adsorption and desorption of nitrate on SMZ sur-
faces are attributed to surface anion exchange [16]. In addition, the
amount of nitrate leached is also affected by the leachate volume.
Although there was no significant difference (p < 0.05) between the
mean volume leachate of the treatments during each sampling time
point, the leachate volume did differ during the study due to dif-
ferences in plant uptake, evapotranspiration, and irrigation (data
not shown). The application rate of soil amendments had a signif-
icant effect (p < 0.05) on the amount of NO3-N leached (Table 3).
The application of soil amendment at a higher rate significantly
reduced the amount of NO3-N leachate (13.8 kg ha−1) compared to
the lower rate (16.83 kg ha−1).

3.2. Corn growth and nitrogen uptake

The effect of the application of Cp and SMZ on the growth and
nitrogen uptake by corn was also examined. Soil amended with
Cp and SMZ reduced nitrogen losses and provided more N for corn
growth compared to the control (Table 4). The corn grain yield, grain
nitrogen content, stover dry matter, and plant nitrogen uptake
also increased in soil-amended lysimeters compared to the con-
trol, but were only significant for the higher application rate of
soil amendments (Table 4). Despite the statistical significance, the
differences were relatively small; they may be more dramatic in
coarse-textured soils and with a lower rate of fertilizer application.
CZMbZMaZNbZNaSMbSMaSNbSNa

Fig. 3. The amount of NO3-N leached for different soil amendment type (S:
surfactant-modified zeolite; Z: zeolite clinoptilolite; C: unamended soil control),
size (M: millimeter; N: nanometer), and rate (a: 20 g kg−1; b: 60 g kg−1). Different
letters above the columns indicate significant difference at p < 0.05.
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Table 4
Mean grain yield and nitrogen content (NC), stover dry matter and nitrogen content (NC), leaf area index maximum (LAImax), nitrogen uptake (NU), and ratio of N uptake
to applied N fertilizer (RUF) for different soil amendment types (S: surfactant-modified zeolite; Z: zeolite clinoptilolite; C: unamended control soil), size (M: millimeter; N:
nanometer), and application rate (a: 20 g kg−1; b: 60 g kg−1).

Treatment Grain Stover LAImax N uptake (kg ha−1) RUF (%)

Yield (kg ha−1) NC (%) Dry matter (kg ha−1) NC (%)

SNa 5634.20c* 1.540c 9398.52c 0.530a 3.36a 136.63c 78.07c
SNb 5687.53b 1.573b 10196.07b 0.533a 3.37a 143.95b 82.27b
SMa 5633.67c 1.540c 9401.50c 0.527a 3.37a 136.40c 77.95c
SMb 5690.44b 1.576b 10217.87b 0.527a 3.38a 143.59b 82.05b
ZNa 5634.00c 1.540c 9400.57c 0.527a 3.33a 136.43c 77.96c
ZNb 5924.20a 1.600a 10389.27a 0.537a 3.40a 150.68a 86.10a
ZMa 5633.93c 1.540c 9387.27c 0.527a 3.34a 136.20c 77.83c

< 0.05
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ZMb 5890.30a 1.596a 10333.63ab
C 5631.43c 1.527c 9393.97c

* Mean value within a column followed by a different letter are significantly at p

O3-N concentration in the second soil layer (at a soil depth of
0 cm) (Fig. 4). This suggests that nitrate remains at the soil surface
ue to the association with soil amendments, but it is leached from
he soil surface in the control. These results are likely due to the fact
hat Cp and SMZ are cation [36,39] and anion exchangers [19,40],
espectively. They are capable of adsorbing nitrogen in the forms
f NH4

+ (by Cp) and NO3
− (by SMZ) and then release it the man-

er of a slow-releasing fertilizer [12,37]. Therefore, plant roots in
oil amended with Cp or SMZ were likely exposed to more nitrogen
ompared to control.

The mean grain yield, grain nitrogen content, stover dry
atter, and N uptake were significantly greater (p < 0.05) in

p-amended lysimeters compared to those in SMZ-amended
ysimeters (Table 5). It is considered that this was likely due to
he effect of the proportion of NH4

+ and NO3
− in the soil solution

n corn growth. Previous studies have shown that the combination
f NH4

+ and NO3
− appears more ideal for corn growth than NO3

−

lone [41,42], and the same is true for wheat [43] and some horti-
ultural crops [44]. The ammonium added to the soil through the
pplication of fertilizer may have been nitrified or volatilized before
eing taken up by plants. In contrast, Cp has the capacity to adsorb
he NH4

+ present in fertilizer [33], which can then be released by
p and taken up by plants before it is nitrified. This result implicitly
uggests that plants may have a better response if Cp is used as a
ertilizer carrier rather than SMZ.

Although there were no significant differences between the

ean plant growth characteristics of the two soil amendment sizes,

he application rate had a significant effect on grain yield, grain N
oncentration, stover dry matter, and N uptake (Table 5). However,
he leaf area index and stover nitrogen content were not affected by
he soil amendment application (Table 5). There was also no signif-
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icant difference between plant growth characteristics of the lower
rate application of Cp and SMZ and those of the control (Table 4).

The ratio of N uptake to the applied N fertilizer (RUF) was 77.4%
for the control (Table 4). Previous studies have reported a RUF
values, ranging from 50–66% [45], 68% [35], and 21–71% [1]. The
application of soil amendments increased the mean RUF to 81.83%
and 80.08% for Cp and SMZ, respectively (Table 5). This result is con-
sistent with the improved fertilizer N uptake efficiency reported in
sandy rooting media amended with clinoptilolite [35]. A significant
difference between the RUF of the higher rate of soil amendment
application and that of the lower rate of application was also
observed. Application of SMZ and Cp at a higher rate resulted in
an increase in RUF of approximately 5% and 10%, respectively.

3.3. Inorganic nitrogen content in soil

At the end of the study, the mean NO3-N and NH4-N concentra-
tions of the two soil layers for all of the treatments were determined
(Fig. 5). As can be seen in the figure, the mean NO3-N concentrations
of soil from lysimeters amended at a higher rate in both layers are
clearly different from those of soil amended at a lower rate and the
unamended soil lysimeters (control). At a higher application rate
of soil amendments, the NO3-N concentration in the first soil layer
(0–30 cm) was significantly greater than that of the second layer. It
is therefore suggested that the application of Cp or SMZ at a higher
rate retained NO3-N in the first layer due to their cation and ion

exchange properties, respectively. Since 50–60% of the total water
uptake occurs from the first 30 cm soil depth [46], the application of
soil amendments at a higher rate results in increased nitrogen avail-
ability for plants at this soil depth. For the lower application rate
of soil amendment and unamended soil (control), NO3-N leaching
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Table 5
Effect of soil amendment type, size, and application rate on grain yield and nitrogen content (NC), stover dry matter and nitrogen content (NC), leaf area index maximum
(LAImax), nitrogen uptake (NU), and ratio of N uptake to applied N fertilizer (RUF).

Treatment Grain Stover LAImax NU (kg ha−1) RUF (%)

Yield (kg ha−1) NC (%) Dry matter (kg ha−1) NC (%)

Amendment type
Cp 5770.61a* 1.60a 9877.68a 0.53a 3.36a 143.20a 81.83a
SMZ 5661.46b 1.56b 9803.49b 0.53a 3.37a 140.15b 80.08b

Amendment size
Millimeter 5712.09a 1.56a 9835.07a 0.53a 3.36a 141.92a 80.81a
Nanometer 5719.98a 1.56a 9846.10a 0.53a 3.36a 141.43a 81.10a

Application rate (g kg−1)
20 5633.95b 1.54b 9396.96b 0.53a 3.35a 136.42b 77.95b
60 5798.12a 1.59a 10284.21a 0.53a 3.38a 146.93a 83.96a

* Mean values within a column followed by a different letter are significantly at p < 0.05.
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rom the first soil layer resulted in a higher NO3-N concentration in
he second layer (Fig. 5). The leaching of N to lower soil layers would
ot only result in the reduction of available nutrients for crops, but
ould also contaminate water (NO3-N) and air (N2O) [47].

With respect to the NH4-N concentration, the application of Cp
t a higher rate (ZMb and ZNb) resulted in a greater mean NH4-

concentration in the first soil layer at the completion of the
xperiment (Fig. 5). This may have been due to the retention of
H4

+ by Cp in sites where nitrifying bacteria could not oxidize the
H4

+. Interestingly, the NH4-N concentration in the ZMb lysimeter
as slightly greater than that observed for ZNb (Fig. 5). This result

mplies that the release of NH4
+ from Cp particles of larger size was

lower than smaller-sized particles, which was most likely due to
n increase in diffusion path length. Perrin et al. [37] reported that
s the NH4

+-loaded Cp size decreased, less N urea was generally
ecovered.

. Conclusion

In this study, the effect of using Iranian Cp and SMZ as soil
mendments for the reduction of nitrate leaching from soil was
xamined. It was revealed that nitrogen leaching and corn growth
ere influenced by the application of either Cp or SMZ at a rate of

0 g kg−1. The results provide evidence that both amendments can
educe N leaching while sustaining plant growth and increasing the
atio of N uptake to applied N fertilizer. It was also demonstrated
hat corn grown in soil amended with Cp assimilated significantly

ore N than corn grown in soil amended with SMZ. Therefore, these

esults implicitly suggest that plants may have a better response
f Cp is used as a fertilizer carrier rather than SMZ. No signifi-
ant effects in N leached and plant growth due to soil amendment
ize was observed. Also the application of Cp and SMZ at rate of
0 g kg−1 was not effective for reducing N leaching and enhanc-

[

[

CZMbZMaZNbZNaSMbSMaSNbSNa

S: surfactant-modified zeolite; Z: zeolite clinoptilolite; C: unamended control soil),
study.

ing plant growth, which should be taken into consideration when
amending soil with zeolite.
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