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In acid soil of the tropics, soluble P is fixed by aluminium (Al) and iron (Fe). 
Therefore, efficient management of P fertilizers is critical to meet crops demand 
and to as well ensure good yield of crops and adequate food supply. In 
addition, mitigating environmental impacts on water quality and conservation of 
finite P deposit cannot be over emphasized. Clinoptilolite zeolite as an 
amendment could be used to mitigate P fixation in acid soils. To this end, a 
series of experiments were conducted including incubation study, pot trial, and 
two cycles of Zea mays L. cultivation at Universiti Putra Malaysia, Bintulu 
Sarawak Campus, Malaysia to improve P use efficiency and to also reduce 
amount of fertilizers (N, P, and K) use by amending fertilizers with Clinoptilolite 
zeolite. The three P fertilizers used in this study were a highly soluble P 
fertilizer (Triple superphosphate, TSP), rock phosphate fertilizers (Christmas 
Island rock phosphate, CIRP), and Egypt rock phosphate (ERP). The test crop 
used in this study was F1 maize hybrid (Hibrimas). In the incubation study, 
different amounts of Clinoptilolite zeolite and fertilizers were evaluated in a 
controlled environment. The treatments evaluated were: soil alone (T0), 100% 
fertilizer recommended rates (T1, E1, and C1), 75% fertilizer + 85% 
Clinoptilolite zeolite based on weight of fertilizer (T2, E2, and C2), 50% fertilizer 
+ 100% Clinoptilolite zeolite (T3, E3, and C3), and 25% fertilizer rate + 115% 
Clinoptilolite zeolite (T4, E4, and C4). Soil pH was significantly improved with 
Clinoptilolite zeolite inclusion, whereas soil exchangeable Ca, Mg, Al, and soil 
acidity were comparable to the recommended rates. Decreased trend in soil 
exchangeable K, total P, and available P is related to the fertilizers reduction. 
Generally, P availability and reduction of P fixation (Al-P, Fe-P, Ca-P, 
reductant-P, and occluded-P) were not significant (inconsistent) in this 
incubation study, the effect could be different with plant interaction. These 
aspects were tested in a pot study. Treatments with 25% fertilizer reduction 
(T2, E2, and C2) were chosen as they showed the closest effects on selected 
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soil chemical properties as compared to the recommended fertilizer rates. The 
pot study conducted in a controlled environment revealed that amending 
reduced amounts of fertilizers with Clinoptilolite zeolite had similar effects on 
selected soil chemical properties and plant performance (dry matter production, 
nutrients uptake, and nutrients use efficiency). Amount of P fixed was similar to 
the recommended fertilizer rates thus, explaining the lack of differences in soil 
P availability, total P, plant dry matter production, nutrients uptake, and 
nutrients use efficiency despite 25% fertilizer reduction. This suggests the 
beneficial effect of Clinoptilolite zeolite in reducing P fixation besides improving 
nutrient uptake and use efficiency. The potential of Clinoptilolite zeolite and its 
effects on soil chemical properties and Zea mays L. productivity were further 
determined in a field trial. In the two field trials, maize plants dry matter 
production, nutrients uptake, and agronomic efficiency were similar regardless 
of fertilizer rate. Yield of fresh cobs in the first plant cycle showed that the 
recommended rates of TSP (T1), ERP (E1), and CIRP (C1) were 17 t ha-1, 9.1 t 
ha-1, and 8.8 t ha-1, respectively. Reducing fertilizers by 25% but with 
Clinoptilolite zeolite resulted in comparable fresh cob yield as that of the 
recommended fertilizer rates. In the second plant cycle, there was an increase 
in the fresh cob yield. Plots with TSP and the treatments with fertilizers 
reduction and Clinoptilolite zeolite yielded 25 t ha-1 and 22 t ha-1 fresh cobs, 
respectively.  Application of ERP resulted in 11.6 t ha-1 in both recommended 
and reduction treatments whereas CIRP recorded 17.5 t ha-1  for the 
recommended treatment and 15 t ha-1 fresh cobs for the reduced fertilizer rate. 
Clinoptilolite zeolite inclusion in the first plant cycle neither increased soil pH, P 
availability, and basic cations nor reduced P fixation, soil acidity, and 
exchangeable Al. The aforementioned results remained similar in the second 
cycle of maize cultivation except for pH. Inclusion of Clinoptilolite zeolite 
increased soil pH as the recommended fertilizer rates. Although Clinoptilolite 
zeolite inclusion neither improved P availability nor reduced P adsorption, 
similar retention and availability of P despite 25% fertilizer reduction was 
observed. This suggests that Clinoptilolite zeolite enhanced-exchange 
mechanism, retention of basic cations from leaching, RP dissolution, efficient 
use of fertilizer thus, producing desirable yield. Clinoptilolite zeolite is beneficial 
and could be used to reduce the amount of N, P, and K fertilizers use in Zea 
mays L. cultivation on acid soils besides reducing the risk of environmental 
pollution. Perhaps, in a long term application, selected soil chemical properties 
could be significantly improved through the conditioning effects of Clinoptilolite 
zeolite. Clinoptilolite zeolite application reduced leaching losses of Ca and Mg, 
hence, the similar results obtained in this study regardless of treatment. 
Availability of N, P, K, and Fe in soil significantly reduced with Clinoptilolite 
zeolite application with 25% fertilizer reduction. As proven in the two cycles of 
maize cultivation, the use of Clinoptilolite zeolite in agriculture is beneficial as it 
can be used to reduce the unbalanced use of N, P, and K fertilizers of Zea 
mays L. and related crops cultivated on acid soils. Besides, it can be used to 
minimize environmental pollution due to excessive use of chemical fertilizers 
and mobility of toxic elements. Economic viability analysis for including 
Clinoptilolite zeolite in maize cultivation revealed that the total cost of 
production reduced with Clinoptilolite zeolite adoption due to elimination of 
liming. Benefit cost-ratio for the recommended fertilizer rates was 1.69 whereas 
Clinoptilolite zeolite inclusion increased benefit cost-ratio (1.83-1.84). Thus, 
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adoption of Clinoptilolite zeolite in reduced amount of fertilization was found to 
be economically feasible as it not only gives higher profit in return but hopefully 
could also promote sustainability of agricultural productivity and soil fertility. 
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Di dalam tanah berasid di kawasan tropika, fosforus (P) larut diikat oleh 
aluminium (Al) dan ferum (Fe). Oleh itu, pengurusan yang cekap bagi baja P 
adalah kritikal untuk memenuhi permintaan tanaman dan juga memastikan hasil 
tanaman yang baik dan bekalan makanan yang mencukupi. Tambahan pula, 
pengurangan kesan alam sekitar seperti kualiti air dan pemuliharaan deposit P 
yang terhad tidak boleh diabaikan. Zeolit Klinoptilolit sebagai bahan 
penambahbaik boleh digunakan untuk mengurangkan pengikatan P dalam tanah 
berasid. Untuk tujuan ini, beberapa siri eksperimen termasuk kajian inkubasi, 
kajian pasu, dan dua pusingan penanaman jagung hibrid F1 (Zea mays L.) telah 
dijalankan di Universiti Putra Malaysia, Kampus Bintulu Sarawak, Malaysia untuk 
meningkatkan kecekapan penggunaan P dan juga mengurangkan penggunaan 
baja (N, P, dan K) dengan menambahbaik baja P dengan Zeolit Klinoptilolit. Tiga 
baja P yang digunakan dalam kajian ini adalah baja P tersangat larut (Triple 
superphosphate phosphate, TSP), baja batuan fosfat (batuan fosfat Pulau 
Krismas, CIRP), dan batu fosfat Mesir (ERP). Tanaman yang digunakan dalam 
kajian ini adalah jagung hibrid F1 (Hibrimas). Dalam kajian inkubasi, jumlah 
Zeolit Klinoptilolit dan baja yang berbeza telah diuiji di dalam persekitaran yang 
terkawal. Rawatan yang dinilai ialah: tanah sahaja (T0), 100% kadar baja yang 
disyorkan (T1, E1, dan C1), 75% baja + 85% Zeolit Klinoptilolit (T2, E2, dan C2), 
50% baja + 100% Zeolit Klinoptilolit (T3, E3 dan C3), dan 25% kadar baja + 
115% Zeolit Klinoptilolit (T4, E4, dan C4). pH tanah telah meningkat secara 
bererti dengan kehadiran Zeolit Klinoptilolit, manakala Ca tukar ganti, Mg, Al, 
dan keasidan tanah adalah sama dengan kadar baja yang disyorkan. Trend 
menurun untuk K tukar ganti, total P, dan P tersedia dalam tanah adalah ekoran 
dari pengurangan baja. Umumnya, ketersediaan P dan pengurangan pengikatan 
P (Al-P, Fe-P, Ca-P, P-reductant, dan P-terperangkap) adalah tidak ketara 
dalam kajian inkubasi ini. Aspek-aspek ini kemudiannya telah diuji dalam kajian 
pasu. Rawatan dengan 25% pengurangan baja  (T2, E2, dan C2) telah dipilih 
kerana ianya telah memberikan kesan yang hampir sama terhadap sifat kimia 
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tanah jika dibandingkan dengan kadar baja yang disyorkan. Kajian pasu yang 
telah dijalankan dalam persekitaran terkawal mendapati bahawa menambahbaik 
jumlah baja yang dikurangkan dengan Zeolit Klinoptilolit mempunyai kesan yang 
sama ke atas sifat kimia tanah terpilih dan prestasi tanaman (penghasilan berat 
kering, pengambilan nutrien, dan kecekapan penggunaan nutrien). Jumlah 
pengikatan P adalah sama dengan kadar baja yang disyorkan. Oleh itu ianya 
menjelaskan tentang perbezaan untuk P tersedia, total P, pengeluaran berat 
kering, pengambilan nutrien, dan kecekapan penggunaan nutrien meskipun 25% 
baja telah dikurangkan. Ini menunjukkan bahawa Zeolit Klinoptilolit adalah 
berfaedah dalam mengurangkan pengikatan P disamping meningkatkan 
pengambilan nutrien, dan kecekapan penggunaannya. Potensi Zeolit Klinoptilolit 
dan kesannya terhadap sifat kimia tanah dan produktiviti tanaman jagung (Zea 
mays L.) seterusnya diuji dalam kajian lapangan. Di dalam dua  kajian lapangan, 
pengeluaran berat kering jagung, pengambilan nutrien, dan kecekapan agronomi 
adalah sama tanpa mengira kadar baja. Hasil tongkol segar jagung dalam 
pusingan pertama penanaman menunjukkan bahawa kadar TSP (T1), ERP (E1), 
dan CIRP (C1) yang disyorkan masing-masing memberikan hasil 17 t ha-1, 9.1 t 
ha-1, dan 8.8 t ha-1. Pengurangan baja sebanyak 25% tetapi penambahan Zeolit 
Klinoptilolit telah menghasilkan tongkol segar yang setanding dengan kadar baja 
yang disyorkan. Di dalam pusingan kedua, terdapat peningkatan dalam hasil 
tongkol segar jagung. Plot dengan rawatan TSP pada kadar yang disyorkan dan 
rawatan baja kadar baja pada kadar yang dikurangkan dengan penambahan 
Zeolit Klinoptilolit masing-masing memberikan hasil sebanyak 25 t ha-1 dan 22 t 
ha-1 tongkol segar. Penggunaan ERP menghasilkan 11.6 t ha-1 di dalam kedua-
dua kadar yang disyorkan dan rawatan dengan pengurangan baja CIRP 
merekodkan sebanyak 17.5 t ha-1 untuk baja yang disyorkan dan 15 t ha-1 
tongkol segar untuk kadar baja yang dikurangkan. Penambahan Zeolit 
Klinoptilolit dalam pusingan pertama tidak meningkatkan pH tanah, P tersedia, 
kation asas, dan tidak juga mengurangkan penjerapan P, keasidan tanah, dan Al 
tukar ganti. Keputusan yang disebutkan di atas kekal sama dalam pusingan 
kedua penanaman jagung kecuali pH. Penambahan Zeolit Klinoptilolit telah 
meningkatkan pH tanah setara dengan kadar baja yang disyorkan. Meskipun 
penambahan Zeolit Klinoptilolit tidak meningkatkan ketersediaan P mahupun 
mengurangkan penjerapan P, 25% baja telah dikurangkan dan P yang dipegang 
dan ketersediaan P adalah sama. Ini menunjukkan bahawa Zeolit Klinoptilolit 
telah meningkatkan mekanisme pertukaran, pemegangan kation asas dari 
dilarutlesap, kelarutan RP, dan kecekapan penggunaan baja dengan 
memberikan hasil tanaman yang sama . Zeolit Klinoptilolit adalah bermanfaat 
dan boleh digunakan untuk mengurangkan penggunaan baja N, P, dan K di 
dalam penanaman jagung (Zea mays L.) di tanah berasid disamping 
mengurangkan risiko pencemaran alam sekitar. Berkemungkinan, aplikasi 
jangka masa panjang akan mempertingkatkan sifat kimia tanah terpilih secara 
bererti melalui kesan perbaikan Zeolit Klinoptilolit. Penggunaan Zeolit Klinoptilolit 
telah mengurangkan kehilangan larutlesap Ca dan Mg, justeru itu, keputusan 
yang diperolehi dalam kajian ini tanpa mengira rawatan adalah sama. 
Ketersediaan N, P, K, dan Fe dalam tanah berkurangan secara bererti dengan 
aplikasi Zeolit Klinoptilolit ekoran pengurangan baja 25%. Seperti yang 
dibuktikan dalam dua kitaran penanaman jagung, penggunaan Zeolit Klinoptilolit 
dalam bidang pertanian adalah bermanfaat memandangkan ianya boleh 
digunakan untuk mengurangkan penggunaan baja N, P, dan K yang tidak 
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seimbang dalam penanaman jagung (Zea mays L.) dan tanaman lain yang 
ditanam di tanah berasid. Selain itu, ianya mampu mengurangkan pencemaran 
alam sekitar disebabkan oleh penggunaan baja kimia yang berlebihan dan 
pergerakan unsur-unsur toksik. Analisis daya maju ekonomi bagi Zeolit 
Klinoptilolit dalam penanaman jagung mendedahkan bahawa jumlah kos 
pengeluaran berkurang dengan penggunaan Zeolit Klinoptilolit. Nisbah kos-
faedah untuk kadar baja yang disyorkan adalah 1.69 manakala dengan 
penggunaan Zeolit Klinoptilolit manfaat nisbah-kos meningkat (1.83-1.84). Oleh 
itu, penggunaan Zeolit Klinoptilolit dengan jumlah baja yang dikurangkan 
didapati berdaya maju dari segi ekonomi kerana ianya bukan sahaja memberi 
pulangan yang lebih tinggi tetapi juga dapat memastikan kemampanan 
produktiviti pertanian dan kesuburan tanah. 
 

© C
O

UPM
s 

kos-os-
engan ngan 

44). Oleh ). Ole
ikurangkan ikurangkan

aja memberi a membehaja mhaja m
mpanan mpann kemamkemam



vii 
 

ACKNOWLEDGEMENT 

First and foremost, all praises to Allah the almighty for granting me the strength 
to complete my research thesis successfully. This thesis completion is due to 
the assistance, guidance, and inspiration of the people around me. Therefore, 
my sincere gratitude goes to all of them.  
 
 
To my respected supervisory committee chairman and members, Assoc. Prof. 
Dr. Ahmed Osumanu Haruna, Prof. Dato’ Dr. Nik Muhamad Nik Ab. Majid, and 
Dr. Susilawati Kassim, I could not thank you enough for your guidance, 
supports, and encouragements during my study.  
 
 
To my parents and siblings, this thesis is dedicated to you. Your endless love 
and support kept me going. Thank you for being there for me during 
challenging times. May Allah bless us.   
 
 
In this arduous journey, sometimes the light goes out but is blown to flame by 
others. Thus, my deepest thanks to friends who rekindle the light. You know 
who you are. Not to forget, to all the support staff at Universiti Putra Malaysia 
Bintulu Campus (UPMKB) for their assistance.  
 
 
Last but not the least, I would also like to express my gratitude for financial 
assistance through research grant and scholarship awarded by Universiti Putra 
Malaysia and Malaysian Ministry of Education, respectively for making this 
study possible.  

© C
O

d to you. Youd to yo
being there forbeing ther

e light goes out bue light goes out bu
o friends who rekino friends who rek

 the support staff ae support staff a
their assistance.  heir assistance.  

, I would also like I would also like
research grant and esearch grant and

alaysian Ministry ofysian Mini
 

UPMe, e, 

ssoc. Prof. oc. Prof.Assoc. Assoc.
, and , andAb. Majid Majid
ance, ance, r your guidar your guida



ix 
 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has 
been accepted as fulfilment of the requirement for the degree of Doctor of 
Philosophy. The members of the Supervisory Committee were as follows: 
 
 
 
Ahmed Osumanu Haruna, PhD 
Associate Professor 
Faculty of Agriculture and Food Sciences 
Universiti Putra Malaysia Bintulu Sarawak Campus 
(Chairman) 
 
 
Nik Muhamad bin Nik Abdul Majid, PhD  
Professor  
Institute of Tropical Forestry and Forest Product 
Universiti Putra Malaysia 
(Member) 
 
 
Susilawati binti Kasim, PhD 
Senior Lecturer 
Faculty of Agriculture 
Universiti Putra Malaysia Bintulu Sarawak Campus 
(Member) 
 
 
 
 
 

 
 
 
 
 
 
 
 

BUJANG KIM HUAT, PhD
Professor and Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
 
 
Date: © C

O

lu Sarawak Campusu Sarawak Campu

UPM



x 
 

Declaration by graduate student 

 
I hereby confirm that: 
 this thesis is my original work; 
 quotations, illustrations and citations have been duly referenced; 
 this thesis has not been submitted previously or concurrently for any other 

degree at any other institutions; 
 intellectual property from the thesis and copyright of thesis are fully-owned 

by Universiti Putra Malaysia, as according to the Universiti Putra Malaysia 
(Research) Rules 2012; 

 written permission must be obtained from supervisor and the office of 
Deputy Vice-Chancellor (Research and Innovation) before thesis is 
published (in the form of written, printed or in electronic form) including 
books, journals, modules, proceedings, popular writings, seminar papers, 
manuscripts, posters, reports, lecture notes, learning modules or any other 
materials as stated in the Universiti Putra Malaysia (Research) Rules 
2012; 

 there is no plagiarism or data falsification/fabrication in the thesis, and 
scholarly  integrity is upheld as according to the Universiti Putra Malaysia 
(Graduate Studies) Rules 2003 (Revision 2012-2013) and the Universiti 
Putra Malaysia (Research) Rules 2012.  The thesis has undergone 
plagiarism detection software. 

 
 
 
 
Signature:                     Date:    
 
 
Name and Matric No.: Nur Aainaa Binti Hasbullah, GS29871

 

© C
O

Matric No.: Nur AainMatric No.: NuY

ectroectr
writings,writi

earning modulearning m
ra Malaysia (Resea Malaysia (

cation/fabrication incation/fabricat
cording to the Univeng to the Univ

(Revision 2012-20(Revision 20
Rules 2012.  Theules 2012.  Th

re. 

     

YR

UPMother other 

ully-owned ly-owned 
aysia aysiautra Malatra Mala

ce of ce of and the officand the offic
sis sisbefore thesbefore th s
uuorm) incluorm) inclu

nar pnar p



xii 
 

TABLE OF CONTENTS 

 
 Page                      
 

ABSTRACT    i 
ABSTRAK      iv 
ACKNOWLEDGEMENT   vii 
APPROVAL  viii
DECLARATION   x
LIST OF FIGURES   xvii 
LIST OF TABLES   xxv 
LIST OF ABBREVIATIONS xxvii 

CHAPTER  
 1 INTRODUCTION  

1.1 Background and Problem Statement   1 
1.2 Objectives   3 

  
 2 LITERATURE REVIEW  

2.1 Acid Soil   4 
2.2 Soil Amendments   5 
2.3 Zeolites   5 
 2.3.1 Physical and Chemical Properties of 

Zeolites   6 
 2.3.2 Use of Zeolites in Agriculture   7 
2.4 Soil Factors Affecting Nutrient Availability in Soils   8 
 2.4.1 Soil Texture     8 
 2.4.2 Soil Reaction (pH)   8 
 2.4.3 Soil Organic Matter   9 
 2.4.4 Soil Cation Exchange Capacity   9 
2.5 Phosphorus 10 
2.6 Roles of Phosphorus in Crops Growth and 

Development 11 
2.7 Dynamic Cycle of Phosphorus 11 
2.8 Factors Affecting Phosphorus Availability 13 
 2.8.1 Soil pH 13 
 2.8.2 Organic Matter 14 
 2.8.3 Clay Content and Mineralogy 14 
2.9 Phosphorus Retention and Release Mechanisms 

in Soils 15 
2.10 Phosphorus Sorption Isotherms 16 
 2.10.1 Langmuir Sorption Model 16 
 2.10.2 Freundlich Sorption Model 17 
2.11 Phosphorus Buffering Capacity 18 
2.12 Summary of The Literature Review 19 © C

O

Statementatem

mentsnts

Physical and Physical and CChh
ZeolitesZeolites

3.23.2 Use of ZeoliteUse of Zeoli
Soil Factors AffectSoil Factors Affec
2.4.12. Soil TexS
2.4.22.4 Soil RSoil
2.4.32.4. So
2.4.44.4

2.52.5 Phosp
2.62.6 Ro

D
2.72.7
2.

UPM
                            

i
  iviv
  viii
viiiviii
xx

    xviivii
   xxvx
xxxxxx



xiii 
 

 3 GENERAL MATERIALS AND METHODS  
3.1   Site Description, Soil Sampling, and Preparation 20 
3.2  Soil, Clinoptilolite Zeolite, and Fertilizers 

Analyses 21 
 3.2.1  pH (water/KCl) 21 
 3.2.2 Bulk Density and Moisture Content 21 
 3.2.3 Texture 21 
 3.2.4 Soil Carbon, Organic Matter, and Ash 

Content 22 
 3.2.5 Soil Cation Exchange Capacity 22 
 3.2.6 Total Nitrogen 23 

3.2.7 Inorganic Nitrogen 24 
 3.2.8 Total Phosphorus 24 
 3.2.9 Available Phosphorus 25 
 3.2.10 Inorganic Phosphorus Fractionation 25 
 3.2.11 Exchangeable Cations 26 
 3.2.12 Total Titratable Acidity 27 

 4 AMENDING PHOSPHATE FERTILIZERS WITH 
CLINOPTILOLITE ZEOLITE AS A MEANS TO 
IMPROVE PHOSPHORUS AVAILABILITY AND 
SELECTED SOIL CHEMICAL PROPERTIES ON AN 
ACID SOIL (INCUBATION STUDY)  
4.1 Introduction 28 
4.2 Materials and Methods 29 
 4.2.1 Laboratory Incubation Study 29 
 4.2.2 Characterization of Soil Before and After 

Incubation Study 30 
 4.2.3 Statistical Analysis 31 
4.3 Results and Discussion 32 
 4.3.1 Characterization of Soil, Clinoptilolite 

Zeolite, and Phosphorus Fertilizers 32 
 4.3.2 Effects of Amending Phosphorus 

Fertilizers with Clinoptilolite Zeolite on 
Selected Soil Chemical Properties 33 

 4.3.3 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Soil Total and Available Phosphorus 44 

 4.3.4 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Soil Inorganic Phosphorus Fractions 
Distribution 46 

4.4 Conclusion 59 
  © C
O

actionataction

ityity

E FERTILIZERS FERTILIZERS 
LITE AS A METE AS A 

ORUS AVAILABORUS AVAILAB
HEMICAL PROPEHEMICAL PRO

BATION STUDY) TION STUDY
onn

ls and Methodsnd Methods
Laboratory IncubLaboratory

2.22.2 Characterizatha eriza
Incubation Incubation

4.2.34. StatisticaS
.3 Results and DResults and

4.3.14.3. Chh
Z

4.3.22

UPM21

22
2222
2323
2424
24
2



xiv 
 

 5 USE OF CLINOPTILOLITE ZEOLITE ON SELECTED 
SOIL CHEMICAL PROPERTIES, DRY MATTER 
PRODUCTION, NUTRIENT UPTAKE, AND NUTRIENT 
USE EFFICIENCY OF Zea mays L. CULTIVATED ON 
AN ACID SOIL  
5.1 Introduction 60 
5.2 Materials and methods 61 
 5.2.1 Pot Study 61 
 5.2.2 Soil Characterization 63 
 5.2.3 Soil Sampling, Harvesting of Maize 

Plants, and Tissue Analyses 64 
 5.2.4 Statistical Analysis 64 
5.3 Results and Discussion 65 
 5.3.1 Effects of Amending Phosphorus 

Fertilizers with Clinoptilolite Zeolite on 
Selected Soil Chemical Properties 65 

 5.3.2 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Soil Inorganic Phosphorus Fractions 
Distribution  69 

 5.3.3 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Plant Dry Matter Production, Nutrients 
Concentration, Nutrients Uptake and Use 
Efficiency 74 

5.4 Conclusion 85 

 6 EVALUATION OF AMENDING PHOSPHATE 
FERTILIZERS WITH CLINOPTILOLITE ZEOLITE ON 
SOIL PHOSPHORUS AVAILABILITY, NUTRIENTS 
UPTAKE, AGRONOMIC EFFICIENCY, AND YIELD OF
Zea mays L. CULTIVATED ON AN ACID SOIL (FIELD 
STUDY)  
6.1 Introduction 86 
6.2 Materials and Methods 87 
 6.2.1 Field Trial 87 
 6.2.2 Harvesting of Maize Plants and Tissue 

Analyses 91 
 6.2.3 Soil Sampling Before Harvest and 

Characterization 93 
 6.2.4 Statistical Analysis 93 
6.3 Results and Discussion 94 
 6.3.1 Basic Characterization of Soil Before 

Planting 94 
 6.3.2 Effects of Amending Phosphorus 

Fertilizers with Clinoptilolite Zeolite on 
Selected Physico-chemical Characteristic 
of Soil (First Plant Cycle) 95 

 6.3.3  Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 

© C
O

P
oliolite Zte 

l Propertiesl Prope
ending Phosphoending Ph

Clinoptilolite Zeolitenoptilolite Zeo
c Phosphorus Frc Phosphorus F

of Amending of Amending 
ers with Clinoptilors with Clinopt

t Dry Matter ProdDry Matter Prod
oncentration, oncentrat Nutrieutr

Efficiencyciency
clusion lusion 

UATION OF UATION OF
RTILIZERS WITH LI RS 

SOIL PHOSPHORSOIL PHOSPHO
UPTAKE, AGROUPTAKE, AGRO
Zea maysZea mays L. C L
STUDY) ST
6.16.1 Intr
6.26 M

UPM61
6161
63

eaize aize
6464
6464
65

horus horus
on on



xv 
 

Soil Total and Available Phosphorus 
(First Plant Cycle) 99 

 6.3.4  Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Inorganic Phosphorus Fractions 
Distribution (First Plant Cycle) 100 

 6.3.5 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Dry Matter Production, Fresh Cobs Yield, 
Nutrients Concentration, Nutrients 
Uptake, and Agronomic Efficiency of 
Nutrients (First Plant Cycle) 105 

 6.3.6 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Selected Physico-chemical Properties of 
Soil (Second Plant Cycle) 113 

 6.3.7  Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Soil Total and Available Phosphorus 
(Second Plant Cycle) 117 

 6.3.8 Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Inorganic Phosphorus Fractions 
Distribution (Second Plant Cycle) 117 

 6.3.9  Effects of Amending Phosphorus 
Fertilizers with Clinoptilolite Zeolite on 
Dry Matter Production, Nutrients 
Concentration, Fresh Cobs Yield, 
Nutrients Uptake, and Agronomic 
Efficiency of Nutrients (Second Plant 
Cycle) 123 

6.4 Conclusion 130 

 7 SOIL pH  BUFFERING CAPACITY AND NUTRIENTS 
LEACHING IN Zea mays L. FERTILIZATION 
PROGRAMME WITH AND WITHOUT CLINOPTILOLITE 
ZEOLITE  
7.1 Introduction 131 
7.2 Materials and Methods 132 
 7.2.1 Determination of Soil pH Buffering 

Capacity 132 
 7.2.2 Laboratory Leaching Experiment 133 
 7.2.2 Statistical Analysis 134 

© C
O

e e 
al al PropP

clecle))
ending Phosphoending Ph

Clinoptilolite Zeolitenoptilolite Zeo
nd Available Phosd Available Phos

nt Cycle)Cycle)
of Amending of Amending 

ers with Clinoptilors with Clinopt
ganic Phosphoic Phosp o

istribution (Second stribution (Second
Effects of Amects of Am
Fertilizers with Fertilizers 
Dry Matterry Matte
ConcentratConcentra
NutrientsN
EfficieEffic
Cyc

6.46.4 Conclusonclu

7 SOIL pH SO
LEACH
PROPR
ZE

UPM00

,
tntnts 

cy of of 
10505

osphorus ospho
te on te on

s of of



xvi 
 

7.3 Results and Discussion 135 
 7.3.1 pH Buffering Capacity 135 
 7.3.2 Effects of Amending Phosphorus 

Fertilizers with Clinoptilolite Zeolite on 
Selected Nutrients Availability and 
Leaching 138 

 7.3.3 Soil Chemical Properties After 30 Days of 
Leaching 150 

7.4 Conclusion 155 

 8 ECONOMIC VIABILITY OF INCLUDING 
CLINOPTILOLITE ZEOLITE IN Zea mays L. 
CULTIVATION ON AN ACID SOIL  
8.1 Introduction 156 
8.2 Materials and Methods 157 
8.3 Results and Discussion 158 
8.4 Conclusion 162 

 9 SUMMARY, GENERAL CONCLUSION AND 
RECOMMENDATION FOR FUTURE RESEARCH  

REFERENCES                                                                                   165 
BIODATA OF STUDENT 184 
LIST OF PUBLICATIONS 185 

  
 

 

© C
O

CONCLUSION CONCLUSION
R FUTURE RESEARFUTURE RESE

                                                       

UPM88

150150
1555

UDING DING
maysma  L. L. 

1



xvii 
 

LIST OF FIGURES 

Figure  Page 

2.1 Framework structure of zeolite      6 
 
2.2 Phosphorus cycle in soil-plant systems    12 
 
2.3 Mechanism of phosphorus adsorption on Al oxides   15 
 
4.1 Layout of the laboratory incubation study   29 
 
4.2 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil pH at 30, 60, and 90 DAI   37 
 
4.3 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil titratable acidity at 30, 60, and 
90 DAI   38 

 
4.4 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable Fe at 30, 60, and 
90 DAI   39 

 
4.5 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable K at 30, 60, and 
90 DAI   41 

 
4.6 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable Ca at 30, 60, 
and 90 DAI   42 

 
4.7 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable Mg at 30, 60, 
and 90 DAI   43 

 
4.8 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil total P at 30, 60, and 90 DAI   44 
 
4.9 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil available P at 30, 60, and 90 
DAI   45 

 
4.10 Percentage of inorganic phosphorus fractions distribution 

in an acid soil   46 
 
4.11 Percentage of inorganic phosphorus fractions in an acid 

soil as affected by TSP treatments at 30, 60, and 90 DAI      48 
 

© C
O

zerze
90 DAI90 DA

fertilizers withfertilizers 
acidity at 30, 60, andity at 30, 60, 

hosphorus fertilizehosphorus fertilize
exchangeable Fe atxchangeable Fe 

nding phosphorusding phosphorus
ite on soil exchangete on soil exch

of amending pamendi
tilolite zeolite on soilolite zeolite on 

90 DAI0 DAI

Effects of amEffects of am
Clinoptilolite zeClinoptilo
and 90 DAIand 90

44.84.8 Effects fec
ClinoClin

44.9.9

UPM66

1212

1515

2929

ith ith 



xviii 
 

4.12 Percentage of inorganic phosphorus fractions in an acid 
soil as affected by ERP treatments at 30, 60, and 90 DAI   49 

 
4.13  Percentage of inorganic phosphorus fractions in an acid 

soil as affected by CIRP treatments at 30, 60, and 90 DAI   50 
 
4.14 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on loosely soluble P at 30, 60, and 90 
DAI   52 

 
4.15 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on Al-P at 30, 60, and 90 DAI   53 
 
4.16 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on Ca-P at 30, 60, and 90 DAI   54 
 
4.17 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on Fe-P at 30, 60, and 90 DAI   56 
 
4.18 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on reductant-P at 30, 60, and 90 DAI   57 
 
4.19 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on occluded-P at 30, 60, and 90 DAI   58 
 
5.1 Layout of the pot study   62 
 
5.2 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil total and available P at 49 days 
after seeding   67 

 
5.3 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable Fe at 49 days 
after seeding   67 

 
5.4  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on titratable acidity of soils at 49 days 
after seeding  68 

 
5.5 Percentage of inorganic P fractions distribution in soil of 

pot study.  70 
 
5.6 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on Al-P at 49 days after seeding    72 
 
5.7 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on Ca-P at 49 days after seeding    72 
 
5.8 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on Fe-P at 49 days after seeding    72 

© C
O

zere
DAIDAI

fertilizers withfertilizers 
and 90 DAInd 90

phorus fertilizers orus fertilize
antant--P at 30, 60, and P at 30, 60, and

phosphorus fephos horus fe
occludedoccluded-P at 30, 630,

study study 

amending phoamending ph
ite zeolite on soil tozeolite on

eeding

ffects of amendffects of ame
Clinoptilolite zeolitClinoptilolite zeolit
after seedingafter see

55.4 5.4 Effects oEffects 
Clinoptilino
after sfter

55.5.5 P

5

UPM522

th 
5353

with ith 



xix 
 

5.9 Effects of amending phosphorus fertilizers with 
Clinoptilolite zeolite on loosely soluble P at 49 days after 
seeding    73 

 
5.10  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on occluded-P at 49 days after 
seeding    73 

 
5.11  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on reductant-P at 49 days after 
seeding    73 

 
5.12 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on maize hybrid F1 growth at 50 days 
after seeding    75 

 
5.13 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on maize hybrid F1 roots growth 
harvested at 50 days after seeding    75 

 
5.14 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on  nitrogen uptake    78 
 
5.15 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on  phosphorus uptake    79 
 
5.16 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on  potassium uptake    80 
 
5.17 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on  nitrogen use efficiency    82 
 
5.18 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on  phosphorus use efficiency    83 
 
5.19 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on  potassium use efficiency    84 
 
6.1 Aerial view of the experimental site    87 
 
6.2 Experimental site after being weeded and rotovated    88 
 
6.3 Raised beds being constructed at the experimental site    88 
 
6.4 Silver shine installed to suppress weed growth   88 
 
6.5 Front view of the experimental site showing layout of the 

experimental plots    89 
 

© C
O

at at

fertilizers withfertilizers 
id F1 roots growtF1 roots gro

osphorus fertilizeosphorus fertilize
ogen uptakegen uptake

ng phosphorus ng phosphorus
on  phosphorus uptphos horus upt

amending phospamending hos
zeolite on  potassiuzeolite on  potass

of amending of amending
optilolite zeolite on  tilolite zeolite on 

Effects of ameEffects of am
Clinoptilolite zeoClinoptilo

555.19.19 Effects oEffects 
Clinoptilino

66.11 AeAe

66.22

6

UPM733

  737

with wit
ays ys 



xx 
 

6.6 Mean monthly rainfall, maximum temperature, and 
minimum temperatures of the study area    90 

 
6.7  Front view of maize plants at 70 days after planting    92 
 
6.8  Maize plant at tasseling stage at 60 days after planting    92 
 
6.9  Harvested cobs showing differences in treatments effects    92 
 
6.10 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil cation exchange capacity (first 
plant cycle)    97 

 
6.11 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on base saturation (first plant cycle)    97 
 
6.12 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable Fe (first plant 
cycle)    97 

 
6.13 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil titratable acidity (first plant 
cycle)    98 

 
6.14 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil total and available P (first plant 
cycle)  99 

 
6.15 Percentage of inorganic phosphorus fractions distribution 

in an acid soil  100 
 
6.16 Percentage of inorganic phosphorus distribution in soil 

after first plant cycle of maize cultivation. Note: Sol-P: 
loosely soluble-P,  Al-P: aluminium-P, Fe-P: Iron-P,  Red-
P: reductant-P, Ca-P: calcium-P,  and Occl-P: occluded-P  101 

 
6.17 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil inorganic P fractions (first plant 
cycle). Inorganic P fractions: (a) Loosely soluble P, (b) Al-
P, and (c) Fe-P of soil at 83 days after seeding  103 

 
6.18  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil Inorganic P fractions (first plant 
cycle). inorganic P fractions: (a) Reductant-P, (b) Ca-P, 
and (c) Occluded-P of soil at 83 days after seeding  104 

 
6.19  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on plant dry matter production (first 
plant cycle)  105 

 

© C
O

zere
ant cyclant c

fertilizers withfertilizers 
eable Fe (first planble Fe (first p

osphoruosphorus fertilizes fertilize
oil titratable acidity l titratable acid

nding phosphorusg phosphoru
te on soil total and te on soil tota

ge of inorganic phoof inorgan
cid soill

ercentage of inorgercentage of ino
after first plant cyafter first plant c
loosely solubleloosely s
P: reductantP: redu -P

66.176. Effects fec
ClinopClino
cyccyc
P

6.16.16 16 1

UPM22

9292

rst 
    9797

with ith 



xxi 
 

6.20 Cobs yield in the first plant cycle  106 
 
6.21 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on nitrogen uptake (first plant cycle). 
Plant partition: (a) tassel, (b) leaf, (c) stem, and (d) total  109 

 
6.22 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on phosphorus uptake (first plant 
cycle). Plant partition: (a) tassel, (b) leaf, (c) stem, and (d) 
total  110 

 
6.23 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on potassium uptake (first plant cycle). 
Plant partition: (a) tassel, (b) leaf, (c) stem, and (d) total  111 

 
6.24  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on agronomic efficiency (first plant 
cycle)  112 

 
6.25 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil cation exchange capacity 
(second plant cycle)  115 

 
6.26 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on base saturation (second plant 
cycle)  115 

 
6.27 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil exchangeable Fe (second plant 
cycle)  115 

 
6.28 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil titratable acidity (second plant 
cycle)  116 

 
6.29 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil total and available phosphorus 
(second plant cycle)  118 

 
6.30 Percentage of inorganic phosphorus distribution in soil 

after second cycle of maize cultivation. Note: Sol-P: 
loosely soluble-P,  Al-P: aluminium-P, Fe-P: Iron-P,  Red-
P: reductant-P, Ca-P: calcium-P,  and Occl-P: occluded-P  119 

 
6.31 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on soil inorganic P fractions (second 
plant cycle). Inorganic P fractions: (a) loosely-soluble P, (b) 
Ca-P, and (c) Fe-P  121 

 
© C

O

d) d)

fertilizers wertilize
ciency (first planciency (first

phorus fertilizers orus fertilize
cation exchange cation exchange

ng phosphorus ng phosphorus
e on base saturatn base saturat

amending phoamending ph
ite zeolite on soil exzeolite on

ffects of amendffects of ame
Clinoptilolite zeolitClinoptilolite zeolit
cycle)cycle)

66.296.29 Effects oEffects 
Clinoptilino
(secosec

66.30.30 P

UPM11011

with w
ycle). ycle)



xxii 
 

6.32 Effects of amending phosphorus fertilizers with 
Clinoptilolite zeolite on soil inorganic P fractions (second 
plant cycle). Inorganic P fractions: (a) Al-P, (b) reductant-
P, and (c) occluded-P  122 

 
6.33  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on plant dry matter production (second 
plant cycle)  123 

 
6.34 Cobs yield in the second plant cycle  125 
 
6.35  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on nitrogen uptake (second plant 
cycle). Plant partition: (a) leaf, (b) stem, (c) tassel, and (d) 
total  126 

 
6.36  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on phosphorus uptake (second plant 
cycle). Plant partition: (a) leaf, (b) stem, (c) tassel, and (d) 
total  127 

 
6.37 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on potassium uptake (second plant 
cycle). Plant partition: (a) leaf, (b) stem, (c) tassel  128 

 
6.38 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on agronomic efficiency (second plant 
cycle)  129 

 
7.1 Layout of treatments in laboratory leaching study  133 
 
7.2 pH buffering capacity of soil alone (T0) using 0.1 M NaOH  135 
 
7.3 pH buffering capacity of Clinoptilolite zeolite alone (T1)  135 
 
7.4 pH buffering capacity of soil + 0.34 t ha-1 clinoptilolite 

zeolite (T2)  136 
 
7.5 pH buffering capacity of soil + 0.43 t ha-1 clinoptilolite 

zeolite (T3)  136 
7.6 pH buffering capacity of soil + 0.42 t ha-1 clinoptilolite 

zeolite (T4)  136 
 
7.7 Effects of treatments on pH of leachate over 30 days of 

leaching  138 
 
7.8 Effects of treatments on available P in leachate over 30 

days of leaching  140 
 
7.9 Cumulative P in leachate over 30 days of leaching  140 

© C
O

el,el

fertilizers withfertilizers 
uptake (second planake (second p

stem, (c) tassel, andtem, (c) tassel, and

phosphorus fertilphosphorus fe
potassium uptake tassium uptake

(a) leaf, (b) stem, (ca) leaf, (b) stem, (

mending phosphomending pho
eolite on agronomiceolite on a ronom

of treatments in labof treatments in la

H buffering capacityH buffering capac

pH buffering cappH buffe

77.47.4 pH bufferipH buffe
zeolite (Tol

77.55 pHpH

77.66

UPM123123

12512

with w
plant plan

(d) (d) 



xxiii 
 

7.10 Effects of treatments on available Fe in leachate over 30 
days of leaching  142 

 
7.11 Effects of treatments on available Al in leachate over 30 

days of leaching  142 
 
7.12 Cumulative Fe in leachate over 30 days of leaching  143 
 
7.13 Cumulative Al in leachate over 30 days of leaching  143 
 
7.14 Effects of treatments on available N in leachate over 30 

days of leaching  145 
 
7.15 Cumulative available N in leachate over 30 days of 

leaching  145 
 
7.16 Effects of treatments on available K in leachate over 30 

days of leaching  147 
 
7.17 Cumulative K in leachate over 30 days of leaching  147 
 
7.18 Effects of treatments on available Ca in leachate over 30 

days of leaching  148 
 
7.19 Effects of treatments on available Mg in leachate over 30 

days of leaching  148 
 
7.20 Cumulative Ca in leachate over 30 days of leaching  149 
 
7.21 Cumulative Mg in leachate over 30 days of leaching  149 
 
7.22 Effect of treatments on soil pH at 30 days of leaching  151 
 
7.23 Effect of treatments on soil titratable acidity at 30 days of 

leaching  151 
 
7.24 Effect of treatments on soil exchangeable Fe at 30 days of 

leaching  151 
 
7.25 Effect of treatments on soil available P at 30 days of 

leaching  153 
 
7.26 Effect of treatments on soil total N at 30 days of leaching  153 
 
7.27 Effect of treatments on soil exchangeable K at 30 days of 

leaching  153 
 
7.28 Effect of treatments on soil exchangeable Ca at 30 days of 

leaching  154 
 

© C
O

0 0

leachate over 30leachate o

0 days of leachingays of leaching

ailable Ca in leachailable Ca in lea

ts on available Mg n available Mg

Ca in leachate over Ca in leachate ove

ative Mg in leachateative Mg in leacha

fect of treatments ofect of treatments

Effect of treatmEffect of 
leachingleachin

77.247.2 Effect offec
leacheac

77.25.25 E

7

UPM14343

14343

30 
145145

of of 



xxiv 
 

7.29 Effect of treatments on soil exchangeable Mg at 30 days of 
leaching  154 

© C
O

UPM



xxv 
 

LIST OF TABLES 

Table Page 

4.1 Treatment evaluated in laboratory incubation study    30 
 
4.2 Selected soil physico-chemical properties of soil    32 
 
4.3 Selected chemical properties of phosphorus fertilizers    33 
 
4.4 Mean square values of analysis of variance (ANOVA) to 

evaluate effects of treatments and incubation time on soil 
pH, titratable acidity, exchangeable Al, Fe, K, Ca, and Mg    34 

 
4.5 Mean square values of analysis of variance (ANOVA) to 

evaluate effects of treatments and incubation time on soil 
total P, available P, and inorganic P (loosely soluble-P, Al-
P, Fe-P, reductant-P, Ca-P, and occluded-P)    35 

 
5.1 Treatments evaluated in the pot study using Zea mays L. 

(F1 hybrid) as test crop    62 
 
5.2 Selected chemical properties of soil at 50 days after 

seeding    66 
 
5.3 Effects of amending phosphorus fertilizers with Clinoptilolit 

zeolite on dry matter production of maize plants    74 
 
5.4  Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on nutrient concentrations in maize 
plant parts at 50 days after seeding    76 

 
6.1 Treatments evaluated in the pot study using Zea mays L. 

(F1 hybrid) as test crop    89 
 
6.2 Selected soil physical-chemical properties of soil before 

planting of maize seeds    94 
 
6.3 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on selected chemical properties of soil 
at 83 days after seeding (first plant cycle)    96 

 
6.4 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on nutrients concentration in plant (first 
plant cycle)  106 

 
6.5 Effects of amending phosphorus fertilizers with 

Clinoptilolite zeolite on selected chemical properties of soil 
at 83 days after seeding (second plant cycle)  113 

© C
O

a, , a

ce (ANOVA)ce (AN
bation time on soation time 

loosely solublesely soluble--P, AP
cludedclu -P)P)

pot study using pot study us Zea

roperties of soil aoperties of soil 

ending phosphorus fnding phosphorus
ry matter productiony matter productio

s of amending of amending
optilolite zeolite ontilolite zeo

ant parts at 50 daysant parts at 50 da

Treatments evaTreatme
(F1 hybrid) as(F1 hyb

66.26.2 Selectedele
plantiplan

66.3.3

UPM3030

3232

  3333

A) to A)
n soil n so

    



xxvi 
 

6.6 Effects of amending phosphorus fertilizers with 
Clinoptilolite zeolite on nutrients concentration in plant 
(second cycle)  124 

 
7.1 Treatments evaluated in leaching study  134 
 
7.2 Summary of soil pH buffering capacity as affected by 

treatments  137 
 
8.1 Economic evaluation of conventional maize cultivation 

(100% recommended rate of application)  159 
 
8.2 Economic evaluation of 75% fertilization amended with 

Clinoptilolite zeolite  160 
 
8.3 Summary of economic evaluation  162 
 

© C
O

UPM137137

1591

with with



xxvii 
 

LIST OF ABBREVIATIONS 

  

Al-P Aluminium bound P 

BC Buffering capacity 

Ca-P Calcium bound P 

CEC Cation  exchange capacity 

DAI Days after incubation 

DAP Days  after planting 

DAS Days after sowing 

Fe-P Iron bound P 

Occl-P Occluded P 

OM Organic matter 

Sol-P Loosely soluble P 

  

  

  

  

© C
O

P

UPM



1 
 

CHAPTER 1  

INTRODUCTION 

1.1 Background and Problem Statement 

Phosphorus plays an important role in plant metabolic function as it is one of 
the essential nutrients required for lucrative crops production. Its deficiency in 
soils does not only limit nitrogen (N) uptake but it also leads to poor yield of 
crops (Bundy et al., 2005). Phosphorus supplied in soluble form is rapidly 
converted to less soluble form by adsorption and precipitation thus, rendering it  
unavailable for crops uptake.   
 
 
 In acidic soil of the tropics, P is either inherently low or is fixed in forms that are 
unavailable to crops. Metal oxides and hydroxides such as Al and Fe which are 
dominant in highly weathered soils of the tropics fix large amounts of soluble P 
(Wilson et al., 2004). Thus, large amount of P fertilizers are applied to saturate 
the capacity for P sorption and to ensure P availability for crops uptake. 
However, this practice in agriculture is neither economical nor environmentally 
friendly. For example, excessive and inefficient use of P fertilizers endanger 
water bodies as P can be lost through soil erosion (Zhou and Zhu, 2003) and 
also leaching to cause eutrophication (Ruban, 1999). Besides, P which 
originates from non-renewable resources are limited in reserves (Bondre, 2011; 
Filippelli, 2011; Gilbert, 2009). The responses to P scarcity may include 
increased cost, more efficient P use, and P recovery and 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 of crops yield but it will also reduce costs of production, mitigate 
environmental pollution besides conserving finite P deposit. 
 
 
In Malaysia, the agricultural sector is the third contributor to the Malaysian 
economic growth. Approximately 90% of chemical fertilizers is required to 
sustain the agricultural sector of Malaysia. The fertilizer import bills were USD$ 
209 million and USD$ 319 million in 2009 and 2013, respectively (FAOSTAT, 
2014). The fertilizer import bill of Malaysia is estimated to increase yearly. The 
use of rock phosphates is preferable because they are cheaper and their 
dissolution is favorable in acidic condition instead of highly soluble P fertilizers 
such as Triple superphosphate (Akande et al., 2008; Nnadi and Haque, 1998). 
Besides, the use of soil amendments such as organic and inorganic materials 
has been incorporated in some of the agriculture practices. One of the soil 
amendments is natural  zeolites.  
 
 
Zeolites are natural aluminosilicates with an infinite three-dimensional crystal 
structure, a polyedric shape, with a great open cavity (Ajirloo et al., 2013; 
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Ramesh et al., 2011; Daković et al., 2007). These abundant and cheap 
minerals are used in agriculture as soil conditioners, slow-release fertilizers, 
and agents for contaminated soils (Ming and Allen, 2001). Phosphorus release 
through the use of zeolites and rock phosphate (RP) had been demonstrated 
by exchange-induced dissolution system as (Allen et al., 1993): 
      
      RP (rock phosphate) + NH4

+ + zeolite  Ca-zeolite + NH4
+ + H2PO4

- 

 
 
Clinoptilolite zeolite which is one of the most important natural zeolites is useful 
to retain nutrients such as NH4

+ and K+. The cations selectivity of zeolites is in 
the order of Cs+ > Rb+ > K+ > NH4

+ > Ba2+ > Sr > Na+ > Ca2+ > Fe3+ > Al3+ > 
Mg2+ > Li+ (Mumpton, 1999). Crops uptake of cations from Clinoptilolite zeolite 
leads to vacant exchange sites to which Ca2+ are attracted to. This process 
lowers the activity of Ca2+ from soil solution thereby inducing dissolution of rock 
phosphates (RP) and also, producing ammonium ions as by-product (Pickering 
et al., 2002; Allen et al., 1995; Barbarick et al., 1993; Lai and Eberl, 1986).  
 
 
Zeolites are not easily degraded over time and because of this, they remain in 
soils to improve retention of nutrients and control nutrient release for crop use 
(Ramesh et al., 2010; Eberl, 1993; Zelazny et al., 1977). Amelioration of soil pH 
due to Clinoptilolite zeolite catalytic ability as an example could reduce soil 
acidity and concentration of exchangeable Al and Fe. Hence, reducing P 
fixation in acid soils, ensure efficient use of nutrients through timely release of 
nutrients for optimum crop production. Perhaps, in long term application of 
zeolites, soil properties could be rejuvenated to sustain crop productivity. 
Although zeolites have been extensively used in agriculture, there is dearth of 
information on the use of zeolites such as Clinoptilolite zeolite (the most 
common and abundant type of zeolites) on P sorption and fixation in highly 
weathered tropical soils not to mention reduction of N, P, and K fertilizers use in 
agriculture.  
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1.2 Objectives  

The general objective of this study was to improve P use efficiency and to also 
reduce amount of fertilizers (N, P, and K) use by amending chemical fertilizers 
with Clinoptilolite zeolite in an acid soil (Bekenu series, Typic Paleudult). Thus, 
this study was carried out to determine the:  
 

1. Effects of amending different rate of phosphate fertilizers (Triple 
superphosphate, Egypt rock phosphate, and Christmas Island rock 
phosphate) with Clinoptilolite zeolite on phosphorus dissolution and 
selected soil chemical properties. 

2. Effects of amending phosphorus fertilizers with Clinoptilolite zeolite on 
dry matter production, nutrients concentration, nutrients uptake and use 
efficiency, and yield of Zea mays L. cultivated on an acidic soil. 

3. Economic viability of amending phosphorus fertilizers with Clinoptilolite 
zeolite in the fertilization program of Zea mays L. cultivated on an 
acidic soil. 
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