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Abstract: Soils of the tropics are highly weathered, acidic, and low in phosphorus (P) because of high
contents of Al and Fe. Satisfactory P supply is essential to ensure optimum soil and crop productivity.
Thus, there is a need for amending soils with zeolite to improve availability of P in acid soils as this
mineral can fix Fe and Al instead of P. This study was undertaken to determine the transformations of
P fertilizers in acid soils following application of Clinoptilolite zeolite (CZ) in laboratory (incubation)
and pot trials. An acid soil was incubated with a recommended fertilization rate and a reduced
amount of the existing recommended fertilization by 25% but substituting this reduction with an
equivalent amount of CZ. Triple superphosphate (TSP), Egypt Rock phosphate (ERP), and Christmas
Island Rock phosphate (CIRP) were used as P sources. Selected soil chemical properties, inorganic P
fractions, available P, and total P of the native soil were determined before and after the laboratory
and pot trials. Zea mays L. (test crop) plant dry matter production, P concentration, P uptake, and P
use efficiency were also determined using standard procedures. Effects of the treatments with CZ
compared to the recommended fertilization on P fixation were similar. In the laboratory study, the
treatments with TSP showed lower dominance of Fe–P but more pronounced in Al–P, whereas for
the RPs, Ca–P was dominant. In the pot study, Al–P, Ca–P, and Fe–P were rather pronounced in
the treatments with TSP, ERP, and CIRP, respectively. There was a decrease in exchangeable Al and
soil titratable acidity because of the ability of the CZ to increase soil pH. Although the availability
of P was not significant with the inclusion of CZ in the incubation study, dry matter production,
P concentration, P uptake, and P use efficiency in the pot trial were comparable with that of the
existing/recommended fertilization, suggesting that the CZ is beneficial and could be used to reduce
the P fertilizer requirement for Zea mays L. cultivation on acid soils. Regardless of type of P fertilizer,
prevalence of the moderately labile P fractions (Al–P, Fe–P, and Ca–P) of the incubation and pot
studies acted as slow-release P sources to contribute to long-term P release. Further studies on the
potential of CZ to reduce fertilization and its effects on soil and crop productivity are essential. It is
also important to determine the economic benefits of including CZ in Zea mays L. cultivation.
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1. Introduction

Phosphorus is one of the essential macronutrients that crops need for their growth and development.
Adequate supply of P from the early growth stage of crops is vital for crop general health, improvement
of crop quality, and optimum crop productivity. Phosphorus deficiency may limit crop yield, whereas
build-up of excess P may cause P leaching and eutrophication of water bodies.

In acid soils of the tropics, intense weathering of Ultisols and Oxisols which is influenced by high
rainfall and temperature throughout the year results in low soil pH (ranges from 4 to 5), high leaching
of bases, and replacement of bases in the with Fe and Al. Another consequence of intense weathering
of these soils is that with time they become low in P availability with a high P fixing capacity because
of their richness in Fe and Al ions which are known to have high affinity for P through a chemical
reaction called P fixation. Thus, a large amount of P fertilizers are applied to saturate the capacity
for P sorption with the ultimate aim of ensuring P availability for optimum crop uptake. However,
this practice in agriculture is neither economically nor environmentally friendly. An evidence being
that only 10–20% of P applied is available for crop uptake, whereas the remaining soil P (residual P)
is adsorbed on soil constituents. Eventually, this could lead to a build-up of soil P capital in the
year of application. Residual P is partitioned into different fractions and pools [1], namely, labile,
moderately labile, moderately recalcitrant, available, and total P fractions. These P fractions’ mobility,
bioavailability, and chemical reactions may be remarkably different and can be transformed under
certain conditions [2]. Thus, it could potentially infer distinct negative impacts on the environment as
bioavailability for crops.

Phosphatic fertilizers which originate from weathering of rocks are limited in reserves and
might be depleted in 50–100 years [3–6]. Responses to P scarcity may include increased cost, more
efficient P use, P recovery, and P re-use. Moreover, prolonged use of chemical fertilizers in agriculture
degrades soil fertility. Therefore, an effective management of P fertilizers will promote not only
increase in crop yield but it will also reduce costs of production and mitigate environmental pollution
besides conserving finite P deposit. Soil amendments being either organic or inorganic materials have
been integrated in some agricultural practices. One of the soil amendments is natural zeolite, and
Clinoptilolite zeolite (CZ) is the most common and abundant type of zeolites.

Zeolites are natural aluminosilicates which have an infinite three-dimensional crystal structure, a
polyedric shape, with a great open cavity [7–9]. These abundant and cheap minerals formed as a result
of volcanic activities and have been extensively used in agriculture as soil conditioners, slow-release
fertilizers, and soil decontaminants [10]. The use of zeolites and rock phosphate (RP) releases P through
an exchange-induced dissolution system [11]. Uptake of cations in crops from CZ leads to vacant
exchange sites which are capable of attracting Ca2+ ions. This process lowers the activity of Ca2+

ions from soil solution, thereby inducing dissolution of rock phosphates (RP) as well as producing
ammonium ion as a by-product [12–14]. Because zeolites are not easily degraded over time, their
persistence in soils improve nutrient retention and release for crop use [15–17]. Moreover, the catalytic
ability of CZ could ameliorate soil pH, consequently reducing soil acidity and concentrations of
exchangeable Al and Fe. This process does not only reduce P fixation in acid soils but it also ensures
an efficient use of nutrients through timely release of nutrients for optimum crop production.

It is possible that, in a long-term application of zeolites, soil properties could be rejuvenated
to sustain crop productivity because zeolites can positively change the chemical dynamics of soils.
However, there is dearth of information on the effects of CZ on P speciation and its distribution in
acid soils, such as Ultisols—not to mention a reduction in N, P, and K fertilizer usage in agriculture.
Therefore, this study was undertaken to determine the P transformations of P fertilizers in conjunction
with CZ in an acid soil.

2. Materials and Methods

This study involved laboratory and pot studies which were conducted at Universiti Putra Malaysia
Bintulu Sarawak Campus, Malaysia (UPMKB).
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2.1. Soil Sampling

The Bekenu Series (Typic Paleudults) used in the laboratory and pot studies is classified as Ultisols.
In Malaysia and elsewhere, this soil is cultivated with different crops although it is high in P fixation
due to high Fe and Al contents. This is the reason why this soil was used in the two studies. Soil
samples were taken from a 20 m × 20 m of an uncultivated area at UPMKB. The soil samples were
taken at 0–15 cm depth. Coordinates of the soil sampling site are latitude 03◦12.241′ N and longitude
113◦04.270′ E. The soil samples were air-dried, ground, and sieved to pass a 2 mm sieve for physical
and chemical characterization, incubation study, and P fractionation, whereas 5 mm sieved soil was
used for the pot study.

2.2. Physical and Chemical Analysis of Soil, Clinoptilolite Zeolite, and Phosphorus Fertilizers

Soil texture was determined by measuring the distribution of sand, silt, and clay using the
hydrometer method [18]. Soil and CZ pH were determined using a digital pH meter (Seven Easy pH,
Mettler-Toledo GmbH, Switzerland) at a ratio of 1:25 (soil:distilled water) [19]. Soil organic matter
and total carbon were determined using the loss-on-ignition method [20]. Soil bulk density was
determined using the method described in the Soil Survey Staff [18]. Soil total P (extracted using
aqua regia) and available P (extracted using Mehlich No.1) were determined using spectrophotometer
(Lambda 25, Perkin Elmer) after blue color development [21,22]. Soil cation exchange capacity (CEC)
was determined using the ammonium acetate method [23], whereas exchangeable cations (K, Ca, Mg,
and Fe) were extracted using double acid as extractant following the method of Mehlich No.1 [24].
Cation concentrations were determined using atomic absorption spectrometry (Perkin Elmer AAnalyst
800). Exchangeable soil acidity and Al were extracted using 1 M KCl (1:10 soil/solution) after which
they were determined using the colorimetric method [25].

2.3. Phosphorus Fractionation Study

Series of extractants were used to fractionate different pools of inorganic P (Pi) following the
method described by Kuo [26]. In the sequential extraction, different extractants (Table 1) were added
to a 1 g of soil in succession into a 200 mL polyethylene centrifuge tube. The suspension was shaken,
centrifuged, washed, and fractions of Pi extracted were measured after blue color development [22]. A
UV-visible Spectrometer (Lambda 25, Perkin Elmer) at 882 nm was used for the blue color determination.

2.4. Laboratory Incubation Study

In the laboratory incubation study, treatments were incubated for 90 days at 26 ◦C (room
temperature). The treatments were incubated in a closed system without plant interaction and leaching
effect to determine the reaction of the treatments with soil only. From the bulk 2-mm soil sample, 250
g of soil was weighed into a polypropylene container and adjusted to 60% of moisture content. The
lid of the polypropylene container was perforated to enable good aeration. When necessary, the soil
moisture content was maintained using distilled water. The treatments were arranged in a completely
randomized design (CRD). The treatments evaluated (Table 2) were surface applied. Before harvest,
soil samples were mixed and air-dried for pH, exchangeable cation (K, Ca, Mg, Fe, and, Al), soil acidity,
total P, available P, and inorganic P fractionation determination. The recommended rates of the N,
P, and K fertilizers used were 60 kg N ha−1 (130 kg ha−1 urea), 60 kg P2O5 ha−1 (130 kg ha−1 triple
superphosphate (TSP): 214 kg ha−1 Egypt Rock phosphate (ERP): 200 kg ha−1 Christmas Island Rock
phosphate (CIRP)), and 40 kg K2O ha−1 (67 kg ha−1 Muriate of potash, MOP). These rates were reduced
to per plant basis and they were equivalent to 4.85 g urea plant−1, 7.95 g ERP plant−1, 7.42 g CIRP
plant−1, 4.84 g TSP plant−1, and 2.47 g MOP plant−1 from the standard fertilizer recommendation [27].
Inclusion of urea and MOP in the study was to mimic planting inputs which include these fertilizers to
sustain plant growth. The CZ as an amendment was used to replace 25% of the amount of fertilizers
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required as recommended. This amount of CZ used is due to the economic feasibility of this practice
which compensates the cost of P fertilizer and liming applied [28].

Table 1. Sequential extraction procedure of inorganic phosphorus.

Pi Fraction Extractant Extraction Time Other Condition

A: Sol-P
(Loosely soluble-P) 50 mL 1 M NH4Cl Shake (30 minutes), centrifuge, save

supernatant as A

B: Al–P
(Aluminum bound P)

50 mL 0.5 M NH4F
(adjusted to pH 8.2)

Shake (1 hour), centrifuge,
save supernatant as B

Wash soil residue twice
with 25 ml saturated
NaCl and combine the
washings with B

C: Fe–P
(iron bound P) 50 mL 0.1 M NaOH Shake (17 hours), centrifuge, save

supernatant as C

Wash soil residue twice
with 25 ml saturated
NaCl and combine the
washings with C

D: Red-P
(Reductant soluble P)

40 mL 0.3 M Na3C6H5O7,
5 mL 1 M NaHCO3,
(add while heating)

Shake (15 minutes), heat in water bath
(85 ◦C, 15 minutes)
Add 1 g NaS2O4, stir rapidly, and
continue heating (15 minutes).
Centrifuge and save supernatant as D

Wash soil residue twice
with 25 ml saturated
NaCl and combine the
washings with D

E: Ca–P
(Calcium bound P) 50 mL 0.25 M H2SO4

Shake (1 hour), centrifuge,
save supernatant as E

Wash soil residue twice
with 25 ml saturated
NaCl and combine the
washings with E

F: Occl-P
(Occluded P) 50 mL 0.1 M NaOH Shake (1 hour), centrifuge,

save supernatant as F

Wash soil residue twice
with 25 ml saturated
NaCl and combine the
washings with F

Table 2. Treatment evaluated in laboratory incubation study.

Treatments
P Fertilizer Urea MOP Clinoptilolite

Zeolite
————————- (g pot−1)————————

T0 250 g soil

TSP
T1 250 g soil +4.85 +4.85 +2.47
T2 250 g soil +3.64 +3.64 +1.85 +10.34
T0 250 g soil

ERP
E1 250 g soil +7.95 +4.85 +2.47
E2 250 g soil +5.96 +3.64 +1.85 +13.00
T0 250 g soil

CIRP
C1 250 g soil +7.42 +4.85 +2.47
C2 250 g soil +5.57 +3.64 +1.85 +12.50

2.5. Pot Study

The pot study was conducted at UPMKB. The experimental design was a completely randomized
design (CRD) with four replicates. The size of each pot used was 22 cm × 28 cm and each pot had 8 kg
soil (based on soil bulk density). Maize (Zea mays L.) of the Hibrimas variety was used as test crop.
The treatments evaluated were the same as those used in the incubation study. The soil moisture was
maintained at 60% of field capacity.

A day before planting, CZ was mixed thoroughly with soil. Five seeds were sown and thinned
to one plant per pot at seven days after sowing. The MOP (60% K2O) and P fertilizers (TSP 46%
P2O5, ERP 28% P2O5, and CIRP 30% P2O5) were surface applied, whereas urea (46% N) was buried
in the soil to avoid loss of urea through ammonia volatilization. Split applications of the fertilizers
were carried out on the 10th and 28th day after seeding (DAS). The maize plants were harvested at
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50 DAS (tasseling stage). The tasseling stage is the maximum growth stage of the plants before they
go to a reproductive stage [29]. A day before harvest, soil samples were taken and analyzed for pH,
exchangeable cation, soil acidity, total P, available P, and inorganic P fractionation using standard
procedures as described previously.

The harvested plants were partitioned into aboveground biomass (stems and leaves) and root.
Afterwards, they were washed using tap water followed by distilled water before being oven dried at
60 ◦C until a constant weight was attained. Total dry weight of the maize plant (stem, leaves, and root)
was recorded after which they were ground and analyzed for total P, P uptake, and P use efficiency.
Total P of the plant tissues was extracted using the single dry ashing method [21] and determined
using UV–VIS spectrometer after blue color development [22]. Total P uptake was determined by
multiplying total P concentrations in the plant with the total dry weight of the plant, whereas P use
efficiency (agronomic effectiveness) was determined by the formula shown below [30]:

Nutrient Use Efficiency (%) =
[A− B]

C
× 100, (1)

where A = uptake with fertilizer, B = uptake without fertilizer, C = total amount of fertilizer that was
applied; uptake = nutrient concentration (%) × dry weight (g).

2.6. Statistical Analysis

Analysis of variance was used to detect treatment effects, whereas Tukey’s test was used to
compare treatment means at p ≤ 0.05 using the statistical Analysis System (SAS) version 9.2.

3. Results and Discussion

This section is divided into subheadings to provide concise and precise descriptions of the
experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

3.1. Characterization of Clinoptilolite Zeolite, Phosphorus Fertilizers, and Soil

The CZ used in this study (granular form) was obtained from MB Plus Sdn. Bhd. Johore, Malaysia.
The pH and CEC of the CZ were relatively high, 8.54 and 75.4 (cmol(+)kg−1), respectively (Table 3).
The detail information on the surface morphology and elemental composition of the CZ used in this
present study is mentioned in one of our published papers [31]. Elemental content of the P fertilizers is
shown in Table 3.

Table 3. Selected phosphorus fertilizers and Clinoptilolite zeolite chemical properties.

Property TSP ERP CIRP CZ

pH (water) 2.46 7.42 7.93 8.54
CEC (cmol(+)kg−1) ND ND ND 75.4
Total P (%) 18.09 11.96 10.62 0.01
Total P2O5 (%) 41.12 27.19 24.15 ND
Total K (%) 0.42 0.25 0.31 0.37
Total Ca (%) 4.88 47.55 51.73 0.67
Total Mg (%) 0.35 0.17 0.24 0.10
Total Fe (%) 0.38 0.61 0.52 0.11

Note: CEC is cation exchange capacity, TSP is triple superphosphate, ERP is Egypt rock phosphate, CIRP is Christmas
Island rock phosphate, and ND is not determined.

Table 4 shows the selected physico-chemical properties of the Bekenu Series used. The soil was
acidic (pH = 4.32) and low in CEC (5.33 cmol(+)kg−1). The order of cations abundance was Fe > Al >

Na > Ca > Mg > K. The soil which was taken from an uncultivated area at UPMKB had slightly higher
soil total carbon, exchangeable K, Ca, and Mg than the standard range noted by Paramananthan [32]. It
could be due to litter decomposition with time on the soil surface. Dominated by more than 70% sand,
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this sandy loam soil is consistent with its inherent low fertility probably due to leaching of cations.
Very low P availability (approximately 5% of soil total P) is similar to that of Gichangi et al. [33] who
also reported that 85–90% of inorganic P added to tropical soils were unavailable to plants within
the year of application. The initial inorganic P speciation of the soil was in the order of Fe–P (68%) >

Al–P (13%) > Red-P (10%) > Occl-P (7%) > Ca–P (2%) > Sol-P. Most of the P was immobilized within
the crystalline and secondary minerals. The largest Pi fractions are associated with a high content of
Fe-oxides, acidity, and advanced pedogenesis of the soil.

Table 4. Selected physico-chemical properties of the Bekenu Series.

Soil Properties Value
Obtained

Standard
Range Soil Properties Value

Obtained
Standard

Range

pH (water) 4.32 4.6–4.9 CEC (cmol(+)kg−1) 5.33 3.86–8.46
Bulk density (g·cm−3) 1.01 NA Total Fe (cmol(+)kg−1) 7.51 NA
Total P (mg·kg−1) 49.96 NA Tot. acidity (cmol(+)kg−1) 1.38 NA
Available P (mg·kg−1) 2.48 NA Exch. Al (cmol(+)kg−1) 0.9 NA
Organic matter (%) 5.60 Nd Exch. H (cmol(+)kg−1) 0.48 NA
Total carbon (%) 3.25 0.57–2.51 Exch. K (cmol(+)kg−1) 0.24 0.05–0.19
Texture SL SL Exch. Ca (cmol(+)kg−1) 0.76 0.01
Sand (%) 74.84 72–76 Exch. Mg (cmol(+)kg−1) 0.45 0.07–0.21
Silt (%) 12.67 8–9 Exch. Na (cmol(+)kg−1) 3.60 0.01
Clay (%) 12.49 16–19

Note: Standard range subjected to the soil development by Paramananthan. CEC is cation exchange capacity, NA is
not available, SL is sandy loam. Tot. is total, whereas Exch. is exchangeable.

3.2. Soil Total Phosphorus, Available Phosphorus, and Selected Soil Chemical Properties

Soil total P and available P at 90 days after incubation (DAI) are presented in Figure 1a. Generally,
application of P fertilizers regardless of P rate, P type, and CZ inclusion improved soil pH, total P,
and available P. The significantly lower total P and available P observed in T2, C2, and E2 compared
with T1, C1, and E1 was due to the lower amount of P fertilizers used. The increase in pH could have
increased the negative charges on the soil particles because of dissociation of H+ ions on the functional
groups of organic matter, clay minerals, and precipitation of amorphous Fe and Al oxides and greater
competition of hydroxyl ion (OH−) with phosphate ions for the adsorption sites [34]. An increase
in acidic soil pH to slightly alkaline (7.30 to 7.60) is probably associated with precipitation of P with
Ca (Table 5) and formation of significant insoluble Ca–P complexes (Table 6). Hence, this explains
the significant decrease in total and available P with increasing soil pH. Reduction in total acidity
(Figure 1c) was only significant in the RP treatment. The insignificant effect of the RP treatments on
soil titratable acidity could be due to the inactive displacement of H+ and retention of basic cations by
CZ. Additionally, in this present incubation study, there were no plants to contribute to H+ removal
through uptake of nutrients. This is also evident in the soil exchangeable Ca as the effects of the
treatments with 25% fertilizer reduction and recommended fertilizer rates on this cation were similar
(Table 5). The contrast observation of total acidity in TSP treatment was due to its high solubility as
affected by the acidulated process during manufacturing. Exchangeable Al (Figure 1c) in the soil were
negligible, whereas exchangeable Fe (Table 5) significantly reduced with treatments application. This
partly relates to the reactivity of Al and Fe which was retarded at neutral pH to form precipitation
of exchangeable and soluble Al and Fe (insoluble Al and Fe hydroxides). Reduction in Al species
solubility to a less soluble form with increasing soil pH is attributed to repeated deprotonation to
form precipitate [35,36]. Limited availability of P to satisfy sorption sites also explains the increase in
soil exchangeable Fe with a reducing P fertilizer rate. In addition, significant sorption capacity of Al
implies better saturation of Al compared with Fe [37,38].
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In the pot trial (49 DAS), the results of total P obtained were not consistent with those of the 
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Figure 1. Effects of treatments on (a) soil total P and available P 90 days after incubation (DAI); (b) soil
total P and available P at 49 day after seeding (DAS); (c) soil titratable acidity at 90 DAI, and (d) soil
titratable acidity at 49 DAS. Means with a different letter indicate significant differences using Tukey’s
test at p ≤ 0.05. Capital letters indicate titratable acidity, whereas small letters indicate H+. The error
bars indicate the ± standard error of triplicate.

Table 5. Selected chemical properties of soil at ninety days after incubation and forty-nine days
after seeding.

Chemical
Properties

TSP ERP CIRP

T0 T1 T2 T0 E1 E2 T0 C1 C2

90 DAI
pH 5.40b 7.36a 7.44a 5.40c’ 7.36b’ 7.53a’ 5.40b” 7.37a” 7.47a”
Exch. Cation (cmol (+) kg−1)
K 0.19c 14.64a 9.51b 0.19c’ 15.16a’ 8.79b’ 0.19c” 17.13a” 9.26b”
Ca 0.23b 8.23a 7.76a 0.23b’ 18.50a’ 17.22a’ 0.23b” 9.33a” 9.55a”
Mg 0.45c 1.57a 1.39b 0.45c’ 0.66b’ 0.75a’ 0.45b” 1.01a” 0.93a”
Fe 2.21a 0.72b 0.63b 2.21a’ 0.20c’ 0.22b’ 2.21a” 0.30c” 0.31b”

49 DAS
pH 5.31a 5.11b 4.98b 5.31ab’ 5.46a’ 5.14b’ 5.31a” 5.49a” 5.56a”
Exch. Cation (cmol (+) kg-1)
K 0.10c 0.47a 0.33b 0.10c’ 0.55a’ 0.34b’ 0.10b” 0.52a” 0.54a”
Ca 0.04c 0.32a 0.19b 0.04c’ 0.45a’ 0.37b’ 0.04c” 2.08a” 1.01b”
Mg 0.41a 0.44a 0.47a 0.41b’ 0.53a’ 0.49a’ 0.41b” 0.50a” 0.47ab”
Fe 1.05a 0.79b 0.83b 1.05a’ 0.85b’ 0.88b’ 1.05a” 0.73b” 0.81b”

Means within row with different letters indicate significant difference using Tukey’s test at p ≤ 0.05. The ‘±’ indicates
standard error of quadruplicates, whereas Exch. is exchangeable.
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Table 6. Inorganic phosphorus speciation of soil at ninety days after incubation.

Pi
TSP ERP CIRP

T0 T1 T2 T0 E1 E2 T0 C1 C2

Sol-P 0.1c 309.5a 146.6b 0.1a’ 0.1a’ 0.1a’ 0.1b” 0.3a” 0.1b”
(ppm) ±0.01 ±12.38 ±9.07 ±0.01 ±0.01 ±0.01 ±0.01 ±0.03 ±0.01
Al–P 3.6c 1750.0a 1103.3b 3.6c’ 42.6a’ 30.2b’ 3.4c” 26.0b” 41.9a”
(ppm) ±0.03 ±42.02 ±56.36 ±0.03 ±2.04 ±2.60 ±0.03 ±0.27 ±1.58
Fe–P 25.9c 188.0a 133b 25.9a’ 11.0b’ 12.3b’ 25.87c” 234.1a” 143.6b”
(ppm) ±0.9 ±2.1 ±12.5 ±0.89 ±0.75 ±0.13 ±0.89 ±10.66 ±4.79
Ca–P 4.91b 108.1a 105.3a 4.91b’ 2122.5a’ 2090.8a’ 4.91c” 1217.0a” 595.7b”
(ppm) ±0.1 ±1.3 ±6.6 ±0.1 ±90.6 ±102.6 ±0.08 ±40.08 ±31.38
Red-P 0.7ab 0.8ab 0.9a 0.7c’ 3.2a’ 2.9b’ 0.7c” 2.3a” 1.6b”
(ppm) ±0.04 ±0.07 ±0.07 ±0.04 ±0.10 ±0.02 ±0.04 ±0.08 ±0.05
Occl-P 2.7c 10.7b 12.5a 2.7c’ 56.7b’ 79.1a’ 2.71c” 317.0a” 169.6b”
(ppm) ±0.16 ±0.34 ±0.08 ±0.16 ±3.70 ±3.90 ±0.16 ±5.25 ±4.92

Means within row with different letters indicate significant difference using Tukey’s test at p ≤ 0.05. The ‘±’ indicates
standard error of quadruplicates. Sol-P is loosely soluble P, Al–P is aluminum bound P, Fe–P is iron bound P, Ca–P
is calcium bound P, Red-P is reductant P, and Occl-P is occluded P. Pi—inorganic P.

In the pot trial (49 DAS), the results of total P obtained were not consistent with those of the
incubation study, but the trend of available P was similar (Figure 1b). A comparable soil total P of
the treatment with 75% fertilizer and CZ (T2, E2, and C2) with that of the recommended rate (T1, E1,
and C2) regardless of the type of P fertilizer suggests the maize plant interaction with CZ assisted
mineralization of soil organic P and dissolution of RPs. However, a considerable amount of P was
unavailable to the maize plants due to P uptake and fixation. Moreover, part of the P released might
have reacted with exchangeable Ca, Fe, and Al to form insoluble compounds. Thus, explaining the
significant reduction of exchangeable Ca, Fe, and Al (Table 5). In addition, dissolution of the PRs is
governed by an exchange-induced mechanism of the CZ, and this explains the significantly lower soil
exchangeable Ca (Table 5) in T2, E2, and C2 compared with those with a 100% rate of fertilization and
comparable soil total P contents (Figure 1b). Because of the soil–maize plant interaction in the pot trial,
soil titratable acidity significantly reduced in the RPs treatments unlike with the TSP treatment. Soil
exchangeable Al was available and soil exchangeable acidity (H+) (Figure 1d) significantly increased
with treatments application. The afore-mentioned results were possible due to nitrification, root
exudation, and active cations exchange activity of CZ cations with protons ions in the soil solution [7].
In addition, the significant availability of soluble Al regardless of treatment application is related to the
failure to ameliorate acidic soil pH. It has been reported in other studies that to increase P availability
for plant use, higher rates of P fertilizers are required to saturate P sorption sites in soils [39,40].

3.3. Soil Inorganic Phosphorus Speciation

The percentages of inorganic P distribution at 90 DAI following application of TSP, ERP, and CIRP
are summarized in Figure 2. Approximately 80% of inorganic P was occupied by active P fractions such
as Fe–P, Al–P, and Ca–P in both 90 DAI and 49 DAS (T0) of soil alone (T0) whose Fe–P was the highest.
The fractionations of the inorganic P pools were in the order of Fe–P > Ca–P > Al–P > Occl-P > Red-P
> Sol-P in 90 DAI, whereas Fe–P > Al–P > Ca–P > Occl-P > Red-P > Sol-P in 49 DAS. The dominance
of Fe–P fraction of soil alone (T0) is related to a lower pH, higher content of Fe, and the weathering
processes of soils. These results corroborated with some findings on Ultisols [41,42] where Fe–P was
the highest apart from indicating that the dynamics of P, in particular P sorption, in agricultural soils is
governed by colloidal Fe surfaces when soil pH is lower than 4.5 [34,43–46].
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Figure 2. Percentages of inorganic P speciation at 90 days after incubation and 49 days after seeding.
Sol-P is loosely soluble P, Al–P is aluminum bound P, Fe–P is iron bound P, Ca–P is calcium bound
P, Red-P is reductant P, and Occl-P is occluded P. T0—Soil alone, T1—triple superphosphate (TSP) at
100%, T2—TSP 75% + Clinoptilolite zeolite (CZ), C1—Christmas Island Rock phosphate (CIRP) at
100%, C2—CIRP 75% + CZ, E1—Egypt Rock phosphate (ERP) at 100%, E2—ERP 75% + CZ.

In general, the use of fertilizers in this incubation and pot trial regardless of P fertilizer type and
rate altered the distribution of soil inorganic P differently. In the incubation trial, the TSP treatment
at 90 DAI reduced the Fe–P fraction by six folds, whereas Al–P increased by seven folds (dominant
inorganic P fraction) (Table 6 and Figure 2). This observation is, however, contrary to those of the
soils with RPs as Ca–P was the dominant fraction regardless of the amount of RP. Application of ERP
resulted in more than 90% Ca–P fraction, whereas CIRP showed 60% to 70% Ca–P regardless of the
amount of RP used. The treatments with CZ (T2, E2, and C2) and fertilizer reduction showed a similar
trend of those of the recommended rates of the fertilizers (T1, E1, and C1). At 49 DAS, T1 and T2
showed the highest Al–P fraction of 42% and 45%, respectively. The treatments with ERP (E1 and E2)
showed 55% and 61%, respectively of Ca–P followed by Fe–P and Al–P. For CIRP, Fe–P dominated
followed by Ca–P > Occl-P > Al–P. The difference in the distribution of the P fraction was due to the
different solubility of the fertilizers as they had different parent materials.

The TSP treatments showed a higher Al–P content compared with the RPs treatments (Figure 2
and Table 6), suggesting that a portion of the P of the TSP might have been adsorbed to the allophane
and Al oxides of the soil at a faster rate than it was converted to other fractions. This observation
is consistent with a report saying that Al–P varies with the rate of fertilization, high sesquioxides
content, and low pH [47]. Thus, the relative increase in Al–P recovery following the use of TSP in
this present study suggests the strong effect of fertilization on Al–P. The lower Al–P content recorded
with RP treatments compared with TSP (Figure 2 and Table 6) was because rock phosphates are
inherently composed of calcium apatite, which considerably increases Ca–P in soils [48]. As soil pH
increased (Table 5), dissolution of RP was impeded by the 90 DAI. Moreover, the absence of a plant–soil
association in this study could not significantly affect an exchange-induced mechanism for which CZ
is noted of inducing RP dissolution. The higher Ca–P content in the RP treatments compared with TSP
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treatments suggests that the undissolved RPs dissolved slowly with time (Tables 6 and 7). The lower
Ca–P of the CIRP treatments indicates that the CIRP solubilizes faster than ERP. Regardless of the rate
of P application, the reduction of Ca–P with time could be related to the recovering of Sol-P in the TSP
treatments as previously discussed. The afore-stated results are in agreement with the observation of
Hongqing et al. [48] that dissolution of water soluble fertilizer (TSP) in acid soils produces Al–P and
Fe–P forms (active inorganic P fraction) as source (sink) of available P for plant uptake, whereas the RP
application increases the Ca–P fraction in soils because of their incomplete dissolution.

Table 7. Inorganic phosphorus speciation of soil at forty-nine days after seeding.

Pi Fraction
TSP ERP CIRP

T0 T1 T2 T0 E1 E2 T0 C1 C2

Sol-P 0.23c 3.46a 1.71b 0.23b’ 0.96a’ 0.86a’ 0.23c” 0.69b” 0.98a”
(ppm) ±0.02 ±0.33 ±0.11 ±0.02 ±0.11 ±0.08 ±0.02 ±0.02 ±0.11
Al–P 6.42b 66.43a 62.10a 6.42c’ 24.54a’ 19.14b’ 6.42c” 18.65a” 15.42b”

(ppm) ±0.58 ±6.76 ±2.51 ±0.58 ±1.40 ±1.73 ±0.58 ±0.65 ±0.60
Fe–P 33.42a 47.27a 47.27a 33.42b’ 54.14a’ 54.68a’ 33.42b” 219.87a” 204.40a”

(ppm) ±1.49 ±5.37 ±4.43 ±1.49 ±0.91 ±1.85 ±1.49 ±6.37 ±11.78
Ca–P 3.15a 4.16a 3.35a 3.15b’ 4.37ab’ 4.91a’ 3.15b” 6.22a” 7.39a”
(ppm) ±0.12 ±0.46 ±0.25 ±0.12 ±0.55 ±0.36 ±0.12 ±0.33 ±0.66
Red-P 5.60c 27.67a 16.90b 5.60b’ 124.27a’ 146.85a’ 5.60c” 24.45b” 89.35a”
(ppm) ±0.32 ±3.87 ±1.13 ±0.32 ±9.12 ±12.41 ±0.32 ±2.57 ±9.35
Occl-P 5.43b 8.48a 7.80a 5.43b’ 18.31a’ 18.02a’ 5.43b” 59.06a” 56.26a”
(ppm) ±0.09 ±0.82 ±0.91 ±0.09 ±1.21 ±0.53 ±0.09 ±4.55 ±0.81

Means within row with different letters indicate significant difference using Tukey’s test at p ≤ 0.05. The ‘±’ indicates
standard error of quadruplicates. Pi is inorganic phosphorus ,Sol-P is loosely soluble P, Al–P is aluminum bound P,
Fe–P is iron bound P, Ca–P is calcium bound P, Red-P is reductant P, and Occl-P is occluded P.

Table 6 shows inorganic P distribution at 90 DAI. The higher recovery of Sol-P in TSP treatments
compared with those of the rock phosphates was due to the solubility of acidulated TSP. The higher
content of Sol-P in T1 was due to the higher rate of TSP (normal fertilization which is 100% TSP),
whereas the reduction of Sol-P in T2 is related to a reduction of TSP application by 25% of the
recommended rate. The use of higher P rates reduced P fixation sites such that the P buffering capacity
might have been exceeded. This partly explains the higher amount of Sol-P recovery following the
application of TSP [49]. On the contrary, the RP treatments regardless of the fertilizer rate and CZ
application showed no significant effect on Sol-P. The significant increase in soil pH and Ca2+ (Table 5)
is related to the liming effect of the CZ and rock phosphate structure (Table 3), a process that reduces
soil acidity by minimizing Al hydrolysis in acid soils (Figure 1c). A recent study revealed that zeolites
are more effective in increasing soil pH than organic amendments [50]. Irrespective of the incubation
and pot studies, loosely-soluble P was higher in the soil with TSP (Tables 6 and 7). This observation
can be attributed to the higher solubility of TSP than with rock phosphates. Although Sol-P was lower
in the RPs than in TSP and at 49 DAS, the Sol-P of E2 and C2 were comparable to those of 100% of ERP
(E1) and CIRP (C1). This observation is consistent with a report that in high P fixing Ultisols, Al–P and
Fe–P dominate following application of TSP (highly soluble P), whereas Ca–P dominates in soils upon
RP application [48–51]. However, some heavily fertilized acid soils might have significant amounts
of Ca–P [52] because hydroxyapatite is considered a product of the super-phosphates dissolution in
acidic and slightly acidic soils [53]. Where there is soil–maize plant interaction (49 DAS), the use of CZ
and RP in acid soils enhances P release via an exchange-induced dissolution system, and the process
is mediated by plants [11,12]. Moreover, uptake of cations from CZ liberates exchange sites which
are occupied by Ca2+, thus lowering Ca2+ concentration in soil solution. This process might have
induced further dissolution of RP to maintain P equilibrium. The dissolution of RP might have also
been facilitated by a generation of H+ through nitrification and root efflux. Plant roots also promote
dissolution of RP through excretion of protons or through uptake of phosphate [54].
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3.4. Plant Dry Matter Production, Phosphorus Concentration, Phosphorus Uptake, and Phosphorus Use
Efficiency

The total plant dry matter production, P content in the maize plants, P uptake, and P use efficiency
results are shown in Table 8. The poor dry matter production in T0 was as predicted because infertile
soils are unable to sustain the growth and development of maize plants. However, the unfertilized
maize plants (T0) showed a significantly higher nutrient content compared with those of the fertilized
plants because of dilution effect. Higher nutrient concentration relates to poor growth and development
of plants because nutrients translocation are poorer in unhealthy plants than in healthy plants [55].
The effects of the treatments with CZ (T2, C2, and E2) and those without the CZ (T1, C1, and E1) on dry
matter production were similar and this indicates better nutrient retention and their timely release for
the maize plant growth and development in spite of fertilizer reduction by 25%. Perhaps CZ inclusion
in the fertilization program induced better root growth and elongation. Thus, this lends to support
the comparable P uptake and P use efficiency, although fertilizer application was reduced by 25%
compared to the standard recommendation. Therefore, this indirectly suggests a possible reduction
of the use of chemical fertilizers to avoid loss and environmental pollution. In other related studies,
utilization of inorganic fertilizer in conjunction with zeolites also resulted in a timely release of cations.
The zeolite structure temporarily enables nutrient retention, resulting in better nutrient uptake and
use efficiency in Zea mays [41,56–58]. Apart from this, inclusion of zeolites in fertilization programs
reduces the negative effects on soil acidity, prevents or minimizes soil erosion, increases cations storage
capacity of soils, and leads to the building of precious humus complexes, hence, creating a favorable
condition for microorganisms’ growth and activity in soils, assisted timely release, efficient nutrient
uptakes, and use efficiency [41,59,60]. Although in this study the effect of CZ on selected soil chemical
properties was not glaring, a long-term application could result in a significant effect.

Table 8. Total dry matter production, total phosphorus concentrations, total phosphorus uptake, and
phosphorus use efficiency in maize at fifty days after seeding.

Treatment Total Dry Matter
(g plant−1)

Total P
Concentration (%)

Total P Uptake
(g plant−1)

Total P Use
Efficiency (%)

TSP
T0 2.29b 0.61a 0.005b -
T1 49.58a 0.54ab 0.093a 8.93a
T2 47.57a 0.41b 0.081a 10.42a

CIRP
T0 2.29b’ 0.61a’ 0.005b’ -
C1 32.93a’ 0.44b’ 0.049a’ 4.51a’
C2 37.48a’ 0.40b’ 0.050a’ 6.09a’

ERP
T0 2.29b” 0.61a” 0.005b” -
E1 34.99a” 0.39b” 0.036a” 4.20a”
E2 31.49a” 0.41b” 0.038a” 5.22a”

Means within column with different letters indicate significant difference using Tukey’s test at p ≤ 0.05.

4. Conclusions

Effects of the treatments with CZ compared with the recommended fertilization on P fixation
were similar. Treatments with TSP showed a lower dominance of Fe–P but more dominance in Al–P,
whereas for RPs, Ca–P was pronounced in the incubation study. In the pot study, Al–P, Ca–P, and Fe–P
were rather pronounced in the treatments with TSP, ERP, and CIRP, respectively. There was a decrease
in exchangeable Al and soil titratable acidity because of the ability of CZ to increase soil pH. Although
the availability of P was not significant with the inclusion of CZ in the incubation study, dry matter
production, P concentration, P uptake, and P use efficiency in the pot trial were comparable to that of
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the normal fertilization, suggesting that the CZ is beneficial and could be used to reduce P fertilizer
requirement for Zea mays L. cultivation on acid soils. Regardless of the type of P fertilizer, prevalence
of the moderately labile P fractions (Al–P, Fe–P, and Ca–P) in both incubation and pot studies suggest
that the CZ possibly acted as slow-release P sources to contribute to long-term P release. Further
field trials on the potential of CZ in reducing chemical fertilization and its effects on soil and crop
productivity are essential. It is also necessary to determine the economic benefits of including CZ in
Zea mays L. cultivation.
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