
 

 

 

Zinc oxide nanoparticles in the soil environment: 

dissolution, speciation, retention and 

bioavailability  

Narges Milani 

In the fulfilments of the degree of 

Doctor of Philosophy  

A thesis submitted to 

Soil Science Group  

School of Agriculture, Food & Wine 

The University of Adelaide 

December 2011 

  



 

In God, the Greatest 

 

 

 

 

To my beloved parents 

 

 

 

 

 



I 

Table of contents 

 

TABLE OF CONTENTS .................................................................................................. I 

ACKNOWLEDGMENTS ................................................................................................ V 

ABSTRACT .................................................................................................................... VII 

DECLARATION .............................................................................................................. X 

LIST OF PUBLICATIONS ........................................................................................... XI 

THESIS STRUCTURE ................................................................................................. XII 

1   REVIEW OF THE LITERATURE ..................................................................... 1 

1.1 Introduction .................................................................................................................. 1 

1.2 Nanomaterials .............................................................................................................. 3 

1.2.1 Naturally occurring nanoparticles ........................................................................... 5 

1.2.2 Manufactured nanoparticles .................................................................................... 7 

1.2.3 Manufactured metal oxide/metal nanoparticles ...................................................... 7 

1.2.4 Production methods of metal oxide/metal nanoparticles ...................................... 10 

1.3 Physico-chemical characteristics of nanoparticles ................................................. 12 

1.3.1 Specific surface area ............................................................................................. 13 

1.3.2 Surface charge ....................................................................................................... 14 

1.3.3 Aggregation and agglomeration ............................................................................ 15 

1.3.4 Dissolution ............................................................................................................ 19 

1.3.5 Deposition ............................................................................................................. 23 

1.4 Behaviour of nanoparticles in aquatic environments ............................................. 25 

1.5 Nanoparticles in terrestrial environments ............................................................... 29 

1.5.1 Dissolution ............................................................................................................ 31 

1.5.2 Aggregation ........................................................................................................... 32 

1.5.3 Partitioning ............................................................................................................ 33 

1.5.4 Mobility ................................................................................................................. 35 

1.6 Effect of soil properties on the fate of nanoparticles .............................................. 37 



 

II 

1.6.1 pH .......................................................................................................................... 38 

1.6.2 Ionic strength of the soil solution .......................................................................... 38 

1.6.3 Organic matter ....................................................................................................... 40 

1.6.4 Soil texture ............................................................................................................ 41 

1.7 Manufactured nanoparticles and soil organisms .................................................... 42 

1.7.1 Uptake by, and toxicity to, soil organisms ............................................................ 44 

1.7.2 Uptake and interactions in plants .......................................................................... 47 

1.8. Zinc: vital element in human health and plant nutrition ...................................... 52 

1.8.1 Zinc deficiency in soils and its correction............................................................. 54 

1.8.2 Zinc fertilizers ....................................................................................................... 57 

1.8.3 Zinc oxide nanoparticles as potential Zn fertilizers .............................................. 62 

1.9 Research gaps ............................................................................................................. 63 

1.10 Specific objectives of this study .............................................................................. 64 

1.11 Literature cited ........................................................................................................ 65 

2  DISSOLUTION KINETICS OF MACRONUTRIENT FERTILIZERS 

COATED WITH MANUFACTURED ZINC OXIDE NANOPARTICLES ............. 83 

2.1 INTRODUCTION ..................................................................................................... 86 

2.2 MATERIALS AND METHODS .............................................................................. 89 

2.2.1 Characterisation of ZnO particles ......................................................................... 89 

2.2.2 Preparation of coated fertilizer granules ............................................................... 90 

2.2.3 Total and water soluble zinc concentrations of coated fertilizers ......................... 90 

2.2.4 Dissolution kinetics of Zn from coated fertilizers................................................. 92 

2.2.5 Statistical analysis and thermodynamic modelling ............................................... 93 

2.3 RESULTS AND DISSCUSION ................................................................................ 93 

2.3.1 Characterisations of ZnO NPs and bulk ZnO powders ......................................... 94 

2.3.2 Characteristics of coated fertilizer granules .......................................................... 95 

2.3.3 Water-solubility of Zn from ZnO-coated fertilizers.............................................. 95 

2.3.4 Dissolution kinetics of Zn from ZnO coated fertilizers ........................................ 98 

3.5 LITERATURE CITED ........................................................................................... 107 

3  FATE OF NANOPARTICULATE ZINC OXIDE FERTILIZERS IN AN 

ALKALINE CALCAREOUS SOIL............................................................................. 113 

3.1 INTRODUCTION ................................................................................................... 117 

3.2 MATERIALS AND METHODS ............................................................................ 120 



 

III 

3.2.1 Nanoparticulate/bulk ZnO powders and characterisations ................................. 120 

3.2.2 Preparation of ZnO coated MAP and urea fertilizer granules............................. 120 

3.2.3 Synchrotron based µ-XRF mapping and µ-XAS data collection and analysis ... 122 

3.3 RESULTS AND DISSCUSION .............................................................................. 124 

3.3.1 ZnO powders and coated fertilizer granule characterisation............................... 125 

3.3.2 Zinc diffusion and spatial distribution ................................................................ 127 

3.3.3 Solid phase speciation of Zn ............................................................................... 130 

3.4 CONCLUSIONS ...................................................................................................... 137 

3.5 LITERATURE CITED ........................................................................................... 138 

4 RETENTION AND LABILITY OF MANUFACTURED ZINC OXIDE 

NANOPARTICLES IN NATURAL SOILS ................................................................ 144 

4.1 INTRODUCTION ................................................................................................... 147 

4.2 MATERIALS AND METHODS ............................................................................ 151 

4.2.1 Nanoparticulate/ bulk ZnO characterisation ....................................................... 151 

4.2.2 Soil sampling and characterization ..................................................................... 152 

4.2.3 Adsorption isotherms .......................................................................................... 153 

4.2.4 Plant availability of nanoparticulate ZnO ........................................................... 156 

4.3 RESULTS AND DISSCUSION .............................................................................. 158 

4.3.1 Characterisations of ZnO NPs and bulk ZnO powders ....................................... 158 

4.3.2 ZnO NP dissolution and retention in soil ............................................................ 161 

4.3.3 Adsorption isotherms .......................................................................................... 163 

4.3.4 Shoot dry matter production and zinc uptake ..................................................... 166 

4.3.5 Lability of Zn sources ......................................................................................... 171 

4.4 CONCLUSIONS ...................................................................................................... 172 

4.5 LITERATURE CITED ........................................................................................... 173 

5  SUMMARY AND CONCLUSIONS ................................................................ 181 

5.1 Implications of the research findings ..................................................................... 181 

5.1.1 Fate of ZnO nanoparticles in soils ...................................................................... 181 

5.1.3 Use of ZnO NPs as micronutrient fertilisers ....................................................... 183 

5.1.2 Environmental implications of addition of ZnO NPs to soil............................... 185 

5.2 Suggestions for future studies ................................................................................. 186 

5.3 LITERATURE CITED ........................................................................................... 187 



 

IV 

6  SUPPORTING INFORMATION .................................................................... 191 

6.1 Supporting information of Chapter 2: Dissolution kinetics of macronutrient 

fertilizers coated with manufactured zinc oxide nanoparticles ................................. 191 

6.2. Supporting information of Chapter 4: Retention and lability of manufactured 

zinc oxide nanoparticles in natural soils ...................................................................... 196 

6.3 LITERATURE CITED ........................................................................................... 203 

 

 



 

V 

Acknowledgments 

It is a pleasure to thank those who made this thesis possible.  

Foremost, I would like to express my sincere gratitude to my supervisor Prof. Mike 

McLaughlin for his continuous support of my project. His wide knowledge and 

logical way of thinking have provided a strong foundation for this project. His 

understanding, encouragement and guidance have been of great value to me.  

I feel incredibly lucky to have a team of experts on my supervisory panel. I would 

like to thank Dr Jason Kirby for his considerable efforts in helping me to make the 

project work and his patience for my endless questions. I am truly grateful for the 

help and support provided by Dr Ganga Hettiarachchi throughout my candidature. 

Despite the geographical distance, she was always available by some means of 

communication to provide advice on pretty much everything. I would like to thank 

Dr Samuel Stacey for his willingness to help in development of experimental 

protocols and significant scientific contribution to this thesis. I would like to express 

my gratitude to Dr Douglas Beak who became one of my supervisors part-way 

through my candidature. Thanks to Doug for his patience and persistence in helping 

me deal with complicated XAS data. Many thanks must go to Dr Geert Cornelis 

who always had a practical solution for resolving problems in working with 

nanoparticles. Outside of my formal supervisory panel, I would like to thank Dr 

Therese McBeath, Dr Fien Degryse and Dr Sola Ajiboye who helped me with 

statistics and several aspects of chemistry. Their contribution greatly improved the 

science of this project.  

I owe my deepest gratitude to Dr Lauren Bennet who appointed me as her visitor in 

the Department of Forest and Ecosystem Science in the School of Land and 



 

VI 

Environment at the University of Melbourne and provided me with the perfect 

environment for writing up my thesis.  

This research project would not have been possible without the technical support of 

many colleagues at the University of Adelaide and at the Commonwealth Scientific 

and Industrial Research Organization (CSIRO), namely Dr Peter Self and Adelaide 

microscopy staff, Mark Raven, Catherine Fiebiger, Gillian Cozens, Lester Smith, 

Caroline Johnston, Margaret Yam, Claire Wright, Michelle Smart, Andrew Wright 

and Waite Analytical services (WAS) staff. I am grateful to all of them for their 

time and patience. 

I would like to acknowledge financial support for the work in this thesis which was 

provided by the CSIRO and the U.S. Department of Energy, Office of Science for 

use of Advanced Photon Source. I would like to extend my thanks to the Australian 

Soil Science Society Incorporated for financial support to attend a conference in 

Brisbane. 

I feel privileged to have made many friendships during my candidature. There are 

too many people to name. A special thank must go to my lab buddies, Lakmalie, 

Ashlea, Jen, Jia, Margaret, Sarah and Kate for all friendly chats and wonderful 

memories. 

My special thanks to my loving, supportive and encouraging husband, Mohesn who 

has been there through all the highs and lows. I never felt helpless with him around. 

Finally and the most sincerely, my greatest thanks are reserved for my parents and 

family whose support and love gave me the strength and courage to continue. I truly 

believe I could not have done this without them. 



 

VII 

Abstract 

Zinc oxide nanoparticles (ZnO NPs) have unique physical and chemical 

characteristics which deviate from larger particles of the same material, due to their 

extremely small size, higher specific surface area and surface reactivity. The peculiar 

properties of ZnO NPs could potentially improve zinc (Zn) fertilizers for sustainable 

agriculture. This is based on the assumption that ZnO NPs provide a more soluble and 

bioavailable source of Zn in soil compared to micron- or millimetre- sized (bulk) ZnO 

particles currently used for Zn fertilizers in Zn deficient soils. However, a thorough 

understanding of the fate and reactions in soils and interactions of nanoparticles with 

plants of ZnO NPs is required prior to the recommendation for use of these novel 

materials. Therefore, there is a need to investigate dissolution, diffusion, 

transformation, partitioning and availability of manufactured ZnO NPs in soil to ensure 

safer and more sustainable application of ZnO NPs as a new source of Zn fertilisers for 

plants, and better management of their potential risks. 

Given inclusion of Zn in macronutrient fertilizers is the common procedure for 

their field application, ZnO NPs and bulk ZnO were coated onto macronutrient 

fertilizers (monoammonium phosphate (MAP) and urea) and dissolution kinetics, 

diffusion and solid phase speciation of Zn from coated fertilizers were evaluated. 

Coating of ZnO on macronutrient fertilizers significantly affected solubility and 

dissolution kinetics of the ZnO sources, but nano-sized ZnO did not show any enhanced 

solubility over bulk ZnO. The low pH value of ZnO-coated MAP granules resulted in 

greater and faster dissolution of ZnO compared to ZnO-coated urea granules. However, 

interactions of ZnO particles with phosphate in MAP granules likely resulted in 

precipitation of Zn-phosphate species. The high pH and ionic strength of the dissolving 
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solution resultant from hydrolysis of urea likely promoted aggregation of any ZnO NPs 

released from coated urea granules and also hindered dissolution of ZnO. 

To evaluate changes in Zn speciation with coating of the ZnO sources and after 

incorporation of the coated-fertilizers into an alkaline calcareous soil, synchrotron-

based micro X-ray absorption fine structure (µ-XAFS) method was used. The findings 

confirmed precipitation of Zn-phosphate species at the surface of MAP fertilizer 

granules irrespective of the size of ZnO particles used for coating. For coated urea, the 

Zn remained as ZnO species for both nano-sized and bulk ZnO coatings.  Solid phase 

speciation in the fertilized soil varied with distance from the point of fertilizer 

application. Significant amounts of Zn(OH)2 and ZnCO3 species were identified in the 

soil some distance from coated urea and MAP, respectively, indicating 

dissolution/precipitation processes were active. Moreover, limited and comparable 

diffusion of Zn from coated fertilizers with nanoparticulate or bulk ZnO into soil was 

observed using micro x-ray fluorescence mapping (µ-XRF). Transformation of Zn at 

the surface of MAP granules, mass flow of water towards the hygroscopic fertilizer 

granules or strong aggregation of ZnO nanoparticles released from urea granules could 

have been the mechanisms which restricted Zn diffusion. Given that coating of ZnO on 

macronutrient fertilizers markedly reduced Zn solubility, reactions of ZnO NPs and 

bulk ZnO in soil were studied when applied as the pure oxides. 

Availability of Zn for durum wheat (Triticum durum) plants from 

nanoparticulate and bulk sources of ZnO was evaluated in an acidic and an alkaline soil 

using an isotopic dilution procedure (L value). Significant dissolution and plant 

acquisition of Zn from ZnO was observed (ca. 50 – 100 % of added), even with limited 

pre-incubation of soils with the Zn sources.  However, no significant effect of particle 

size was observed on plant acquisition of Zn from the ZnO.  
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Retention and dissolution of ZnO NPs and dissolved Zn species from ZnO NPs 

was further investigated in five soils with diverse physical and chemical properties. 

Strong retention of ZnO NPs and/or dissolved Zn species from ZnO NPs was found in 

all soils especially in alkaline and calcareous soils. The adsorption affinity of ZnO NPs 

was generally greater than that of soluble Zn, which suggested ZnO NPs were retained 

more strongly than soluble Zn in soils. Soil pH and clay content of soil were the most 

important soil properties affecting retention, although the number of soils used was too 

small to draw firm conclusions as soil parameters co-varied.  

Generally, nanoparticulate forms of ZnO appear to offer little advantage over 

bulk-sized ZnO as a source of fertilizer Zn to crops.  Rapid dissolution of ZnO NPs and 

partitioning of dissolved Zn species derived from ZnO NPs and/or high retention of 

ZnO NPs in soils suggested that soil application of manufactured ZnO NPs would not 

appear to offer any benefits over bulk ZnO, whether applied in pure form or along with 

macronutrient fertilisers. However, from an ecotoxicological point of view, ZnO NPs 

would not be persistent in soil systems and hence their mobility in soil would be 

limited. Therefore the risks associated with application of ZnO NPs in soil would be 

similar to that of soluble Zn. 
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Thesis structure  

The experimental chapters in this thesis have been written in manuscript format. Given 

manuscripts must be self-contained, there is some degree of repetition in this thesis. 

Chapter 1 outlines the specific physical and chemical properties of manufactured 

nanoparticles. A review of the current literature is provided in this chapter on the fate 

and behaviour of manufactured nanoparticles in aquatic and terrestrial environments 

and uptake and interactions of nanoparticles with soil organisms and plants. This 

chapter highlights the need for new sources of Zn in fertilizers and the potential benefits 

of using ZnO NPs for Zn nutrition of plants . 

Chapters 2 and 3 present the results of investigations on dissolution kinetics of Zn from 

ZnO NPs and bulk ZnO coated onto macronutrient fertilizers in sand columns as well as 

diffusion and solid phase speciation of Zn from coated fertilizers in an alkaline 

calcareous soil. The results presented in these chapters provide a good understanding of 

possible benefits of application of nanoparticulate source of ZnO over bulk ZnO in the 

coating of macronutrient fertilizers on Zn availability.  

Given the reactions which reduced Zn availability when Zn was coated onto 

macronutrient fertilisers, Chapter 4 presents the data on application of pure ZnO NPs 

and bulk ZnO in soils (i.e. not associated with macronutrient fertilizers). The results of 

dissolution, partitioning of dissolved Zn and / or retention of ZnO NPs was compared to 

soluble Zn in 5 Australian soils with diverse chemical and physical properties. This 

chapter also compares lability of ZnO NPs for durum wheat (Triticum durum) plants in 

2 soils with bulk ZnO and soluble Zn. 

Chapter 5 summarizes and discusses the findings from this thesis and makes 

suggestions for future research arising from the experimental work presented. 
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