Infrared Spectroscopy and Advanced
Spectral Data Analyses to Better Describe
Sorption of Pesticides in Soils

MOHSEN FOROUZANGOHAR

In the fulfilments of the degree of
DOCTOR OF PHILOSOPHY

A thesis by prior publications submitted to
Discipline of Soil and Land Systems
School of Earth and Environmental Sciences
The University of Adelaide

August 2009

In God, the Greatest

Dedication

for my dear parents, Fakhree and Reza

Contents
ACKNOWLEDGMENTS............................................................................................................ III
ABSTRACT .................................................................................................................................. IV
DECLARATION ......................................................................................................................... VII
LIST OF PUBLICATIONS ......................................................................................................VIII
1

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

1.1. INTRODUCTION: SORPTION OF PESTICIDES TO SOILS ......................................................................... 1
1.2. EFFECTS OF THE NATURE OF SOIL ORGANIC MATTER ON SORPTION OF HYDROPHOBIC PESTICIDES .. 4
1.2.1. AN OVERVIEW OF THE CHEMICAL STRUCTURE OF SOIL ORGANIC MATTER .................................... 5
1.2.2. HOW THE CHEMICAL STRUCTURE OF SOIL ORGANIC MATTER AFFECTS SORPTION ........................ 8
1.3. INFRARED SPECTROSCOPY TO STUDY THE CHEMICAL STRUCTURE OF SOIL ORGANIC MATTER ........ 10
1.3.1. NEAR INFRARED SPECTRA OF SOIL .................................................................................................. 11
1.3.2. MID-INFRARED SPECTRA OF SOIL ORGANIC MATTER ..................................................................... 13
1.4. APPLICATIONS OF CHEMOMETRICS IN UTILISING INFRARED SPECTRAL DATA FOR QUANTITATIVE
SOIL ANALYSIS ........................................................................................................................................ 16
1.4.1. PRINCIPAL COMPONENT ANALYSIS................................................................................................. 16
1.4.2. PARTIAL LEAST SQUARES REGRESSION ........................................................................................... 17
1.4.3. APPLICATIONS IN SOIL RESEARCH ................................................................................................... 19
1.5. GENERALIZED TWO-DIMENSIONAL CORRELATION SPECTROSCOPY: PROSPECTIVE APPLICATIONS IN
SOIL RESEARCH ....................................................................................................................................... 21
1.6. KNOWLEDGE GAP ............................................................................................................................ 23
1.7. SPECIFIC OBJECTIVES OF THE STUDY ................................................................................................ 24
1.8. STRUCTURE OF THESIS ..................................................................................................................... 25
1.9. REFERENCES ..................................................................................................................................... 27

2 MIDINFRARED SPECTROSCOPY AND CHEMOMETRICS TO PREDICT
DIURON SORPTION COEFFICIENTS IN SOILS ................................................................. 37

i

3 DIRECT COMPARISON BETWEEN VISIBLE NEAR- AND MID-INFRARED
SPECTROSCOPYFOR DESCRIBING DIURON SORPTION IN SOILS............................ 45
4 TWO-DIMENSIONAL NUCLEAR MAGNETIC RESONANCE / INFRARED
HETEROSPECTRAL CORRELATION ANALYSIS OF CARBON TYPES IN SOIL
ORGANIC MATTER.................................................................................................................. 55
5

SUMMARY AND CONCLUSION .................................................................................... 83

5.1. IMPLICATIONS OF THE RESEARCH FINDINGS .................................................................................... 85
5.2. SUGGESTIONS FOR FURTHER STUDIES ............................................................................................. 88
5.3. REFERENCES ..................................................................................................................................... 91

6

SUPPORTING INFORMATION..................................................................................... 95

6.1. TEST COMPOUND: DIURON.............................................................................................................. 95
6.2. SELECTED SOILS ................................................................................................................................ 96
6.3. SORPTION PROPERTIES AND ORGANIC CARBON CONTENT OF SOILS ............................................... 98
6.4. DETAILS OF THE CORRECTIONS MADE FOR MOISTURE CONTENT, SORPTION BY TEST VESSELS AND
FILTERS ................................................................................................................................................. 101
6.4.1. CORRECTIONS FOR THE ACTUAL MASS TAKEN FROM SOILS CONSIDERING THE AIR-DRIED WATER
CONTENT ................................................................................................................................................. 101
6.4.2. SORPTION TO TEST VESSELS .......................................................................................................... 101
6.4.3. SORPTION TO FILTERS ................................................................................................................... 101
6.5. REGRESSION PLOTS FOR PREDICTION OF DIURON SORPTION (K d) IN 14 CALCAREOUS SOILS BY MIRPLS MODEL VERSUS KOC MODEL ............................................................................................................ 102
6.6. PLOT OF CORRELATION BETWEEN fOC AND REFERENCE Kd VALUES (n=112) .................................... 103
6.7. SOME PROPERTIES OF SOILS (OTHER THAN fOC AND DIURON Kd) ................................................... 104
6.8. REFERENCES ................................................................................................................................... 109

ii

Acknowledgments

I first wish to thank my principal supervisor Rai Kookana who is one of the most positive
people I have ever met, always welcoming me, even when I had developed ideas for
exotic experiments! Thank you Rai for the enduring support you have given me
throughout my candidature. I would also like to thank my co-supervisors Ronal Smernik
and David Chittleborough. The help and the time that Ron gave me in implementing my
NMR experiments, analysing my data and editing my publications and thesis is greatly
appreciated. I also truly acknowledge the help and support I have received from David.
Outside the formal supervisory panel, I would like to thank Daniel Cozzolino and Sean
Forrester who helped me with infrared and chemometrics techniques.

This research project would not have been possible without the technical support of many
colleagues at the University of Adelaide and CSIRO, namely David Maschmedt, Colin
Rivers, Danni Oliver, Michael Karkkainen, Janine McGowan, Lester Smith, Gillian
Cozens and Natasha Waller. I am grateful to all of them for their time and patience.

I must not and cannot forget the significance of the friendships I have made during my
candidature here in Adelaide. I do not want to miss anyone by naming people
individually. I have never overlooked the value of a friendly chat, motivating me through
the rest of the day. In Soil and Land Systems, I never felt alone or helpless.

Finally and most sincerely, I wish to deeply thank my precious family and friends who
through their thought, support and love gave me the strength and courage to continue.
iii

Abstract

The fate and behaviour of hydrophobic organic compounds (e.g. pesticides) in soils are
largely controlled by sorption processes. Recent findings suggest that the chemical
properties of soil organic carbon (OC) significantly control the extent of sorption of such
compounds in soil systems. However, currently there is no practical tool to integrate the
effects of OC chemistry into sorption predictions. Therefore, the KOC model, which relies
on the soil OC content (fOC), is used for predicting soil sorption coefficients (Kd) of
pesticides. The KOC model can be expressed as Kd = KOC × fOC, where KOC is the OCnormalized sorption coefficient for the compound. Hence, there is a need for a prediction
tool that can effectively capture the role of both the chemical structural variation of OC as
well as fOC in the prediction approach. Infrared (IR) spectroscopy offers a potential
alternative to the KOC approach because IR spectra contain information on the amount and
nature of both organic and mineral soil components.

The potential of mid-infrared (MIR) spectroscopy for predicting Kd values of a
moderately hydrophobic pesticide, diuron, was investigated. A calibration set of 101
surface soils from South Australia was characterized for reference sorption data (Kd and
KOC) and fOC as well as IR spectra. Partial least squares (PLS) regression was employed to
harness the apparent complexity of IR spectra by reducing the dimensionality of the data.
The MIR-PLS model was developed and validated by dividing the initial data set into
corresponding calibration and validation sets. The developed model showed promising
performance in predicting Kd values for diuron and proved to be a more efficacious than
the KOC model. The significant statistical superiority of the MIR-PLS model over the KOC
model was caused by some calcareous soils which were outliers for the KOC model. Apart
iv

from these samples, the performance of the two compared models was essentially similar.
The existence of carbonate peaks in the MIR-PLS loadings of the MIR based model
suggested that carbonate minerals may interfere or affect the sorption. This requires
further investigation.

Some other concurrent studies suggested excellent quality of prediction of soil properties
by NIR spectroscopy when applied to homogenous samples. Next, therefore, the
performance of visible near-infrared (VNIR) and MIR spectroscopy was thoroughly
compared for predicting both fOC and diuron Kd values in soils. Some eleven calcareous
soils were added to the initial calibration set for an attempt to further investigate the effect
of carbonate minerals on sorption. MIR spectroscopy was clearly a more accurate
predictor of fOC and Kd in soils than VNIR spectroscopy. Close inspection of spectra
showed that MIR spectra contain more relevant and straightforward information
regarding the chemistry of OC and minerals than VNIR and thus useful in modelling
sorption and OC content. Moreover, MIR spectroscopy provided a better (though still not
great) estimation of sorption in calcareous soils than either VNIR spectroscopy or the KOC
model. Separate research is recommended to fully explore the unusual sorption behaviour
of diuron in calcareous soils.

In the last experiment, two dimensional (2D) nuclear magnetic resonance/infrared
heterospectral correlation analyses revealed that MIR spectra contain specific and clear
signals related to most of the major NMR-derived carbon types whereas NIR spectra
contain only a few broad and overlapped peaks weakly associated with aliphatic carbons.
2D heterospectral correlation analysis facilitated accurate band assignments in the MIR
and NIR spectra to the NMR-derived carbon types in isolated SOM.

v

In conclusion, the greatest advantage of the MIR-PLS model is the direct estimation of Kd
based on integrated properties of organic and mineral components. In addition, MIR
spectroscopy is being used increasingly in predicting various soil properties including fOC,
and therefore, its simultaneous use for Kd estimation is a resource-effective and attractive
practice. Moreover, it has the advantage of being fast and inexpensive with a high
repeatability, and unlike the KOC approach, MIR-PLS shows a better potential for
extrapolating applications in data-poor regions. Where available, MIR spectroscopy is
highly recommended over NIR spectroscopy. 2D correlation spectroscopy showed
promising potential for providing rich insight and clarification into the thorough study of
soil IR spectra.
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