
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2014

Characterization of Soil Organic Phosphorus
and Carbon by 31P and 13C Nuclear
Magnetic Resonance Spectroscopy and
Liquid Chromatography-Mass Spectrometry
Aopeau Imvittaya

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


 
 

FLORIDA STATE UNIVERSITY 
 

COLLEGE OF ARTS AND SCIENCES 
 
 
 
 
 

CHARACTERIZATION OF SOIL ORGANIC PHOSPHORUS AND CARBON BY    

31P AND 13C NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY AND  

LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY 

 
 
 
 

By 
 

AOPEAU IMVITTAYA 
 
 
 
 
 

A Dissertation submitted to the 
Department of Chemistry and Biochemistry 

in partial fulfillment of the 
requirements for the degree of  

Doctor of Philosophy 
 
 
 
 
 
 

Degree Awarded: 
Spring Semester, 2014 



ii 
 

Aopeau Imvittaya defended this dissertation on April 1, 2014. 

The members of the supervisory committee were: 

 

  

 

  

                                 William T. Cooper  

                                       Professor Directing Dissertation  

 

  

                                 William M. Landing 

   University Representative  

 

   

                                   John G. Dorsey  

                                       Committee Member 

  

  

 Kenneth A. Goldsby  

                                       Committee Member 

 

  

             

 

 

 

 

 

The Graduate School has verified and approved the above-named committee members, and 

certifies that the dissertation has been approved in accordance with university requirements. 

 



iii 
 

 
 
 
 
 
 
 

Dedicated to 
My family and my country, Kingdom of Thailand. 

Without their support, this journey could not begin and finally be complete. 
   
                                                         



iv 
 

 

ACKNOWLEDGEMENTS 

This dissertation would not have been possible without the invaluable guidance,   

persistent help and support from my advisor, Professor William Cooper. I would like to take this 

opportunity to express the deepest appreciation to him. “Thank you so much, Dr. Cooper. It is 

such a great pleasure to work with you in the past several years. Thank you for your helping 

hands whenever I needed for the research and other things during my study at FSU. I will never 

forget.” 

I also wish to thank my committee members, Professor John Dorsey, Professor Kenneth 

Goldsby and Professor William Landing for giving their time and suggestions to my dissertation 

review and defense. I would like to give special thanks to Professor Landing for his kindness to 

train and allow me to use ion chromatography in his lab. 

I would like to thank the collaborators for all supports and samples. The samples in 

chapter 4 and 6 were provided by Dr. Ben Turner and Dr. Alexander Cheesman of the 

Smithsonian Tropical Research Institute, and Dr. Sue Newman of the South Florida Water 

Management District. The samples in chapter 5 were provided by Dr. Jeff Chanton. 

I am so grateful to the Chemistry Department staffs who trained and gave me some 

invaluable advice about analytical instruments. Thank you so much Dr. Umesh Goli and Hank 

Henricks for LC-ESI-TOF-MS training; Dr. Banghao Chen and Steven Freitag for solution-state 

31P NMR training and solid-state 13C NMR experiments; and Dr. Bert van de Burgt for UV-VIS 

spectroscopy training.  

I also would like to thank all other professors and staffs who taught, guided, and/or 

supported me throughout my graduate student life at FSU Chemistry Department. Special 

appreciation goes to Dr. David Gormin who is the greatest TA supervisor I have ever worked 



v 
 

with. In the past few years, working with him in the undergraduate analytical labs is one of the 

most wonderful experiences at FSU. I have learned a lot from him in both analytical techniques 

and life, especially American politics and cultures. Moreover, I would like express my gratitude 

to Dr. Profeta and Dr. Ma for their help and support during summer 2013 in an organic chemistry 

lab. Although it was only one semester, it was filled with great memories among bright students 

and amazing staffs. I was assigned to teach the lab on Monday and Wednesday each week. 

Usually, I enjoyed my leisure on the weekend and wished it could be longer. During the semester 

I taught the organic lab, I contrarily looked forward to Monday that I would enjoy teaching and 

learning new things from the experiments with my students. My organic chemistry knowledge 

was apparently refreshed after I almost forgot about it. I also want to thank Dr. Dillon who 

initially trained me as a TA for general chemistry lab I and II, and Dr. Dalal who was super nice 

to all TAs during the semester I taught general chemistry recitation. 

I must thank the Cooper’s group members. Completing this work would be much more 

difficult without their help and support. Thank you so much, Rasha, Malak, Dan, Alli, and 

David, especially Rasha and Malak for helping and suggesting me about some initial 

experiments. I am also thankful to people who are not a part of the Cooper’s group, but helped 

me out including the Shatruk’s group for the furnace use and the Landing’s group for the IC use. 

I owe in debt of gratitude to all Thai people and Thai government officers at Educational 

Affairs in Washington D.C. and at Office of the Civil Service Commission in Bangkok for their 

scholarship funding and support. I do appreciate such a great opportunity that my office, 

Department of Science Service, Ministry of Science and Technology provided me to study 

abroad and enhance my potential in chemistry. Thank you so much for letting me fulfill my 

childhood dream. As soon as I return to Thailand, I will work as hard as I can for our country.   



vi 
 

For the amazing people whom I can always count on during the rough time, I especially 

thank to my mom (Amporn Imvittaya), dad (Jeed), brother (Kukit), and sister (Chomchid) for 

their unconditional love and care. My sincere thanks also go to Professor Saowaroj Chauyjuljit 

and Professor Usa Sangwatanaroj, my professors from Chulalongkorn University, for supporting 

and inspiring me to pursue Ph.D. abroad. Moreover, I would like to thank my friends who have 

shared our good and hard time in the past several years during my study in America. Thank Kob, 

Aui, Nueang, and Rang for listening to me about my research problems, awkward experiences, 

and exciting stories, and encouraging me to get Ph.D. from FSU. Thank lovely Thai friends in 

Tallahassee, Tae, Ta, Ja, Pop, Kaew, Per, Pom, Joke, Nok, Ton, and Geo for our wonderful time 

(potlucks, karaoke, road trips, etc). Finally, I would like to thank my conversation partner and 

friend, Casey Moseley, for all her care and support since we met in 2008. I do appreciate our 

friendship. This mission would have not been possible without you all.    



vii 
 

 

TABLE OF CONTENTS 

List of Tables ...................................................................................................................................x 
List of Figures ................................................................................................................................ xi 
List of Abbreviations  ....................................................................................................................xv 
Abstract ....................................................................................................................................... xxii 

CHAPTER 1 INTRODUCTION AND RESEARCH OBJECTIVES .............................................1 

1.1 Soil Organic Phosphorus and Characterization .............................................................1 
1.1.1 Soil Organic Phosphorus....................................................................................1 
1.1.2 Characterization of Soil Organic Phosphorus ....................................................3 

1.2    Soil Organic Carbon and Characterization .....................................................................6 
1.2.1 Soil Organic Carbon ..........................................................................................6 
1.2.2 Characterization of Soil Organic Carbon ...........................................................8 

1.3    Research Objectives .......................................................................................................9 
 

CHAPTER 2 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY ................................11 

2.1 Solution-State 31P NMR ...............................................................................................11 
2.1.1 Introduction ......................................................................................................11 
2.1.2 NMR Acquisition Parameters ..........................................................................15 
 2.1.2.1   Radiofrequency Pulse ........................................................................16 
 2.1.2.2   Acquisition Time (AQ) ......................................................................17   
 2.1.2.3   Relaxation Delay (D1) .......................................................................18 
 2.1.2.4   Spectral (Sweep) Width (SW) and Line Broadening (LB) ................18 
 2.1.2.5   Number of Scans and Experiment Time Length ................................19 

2.2    Solid-State 13C NMR ....................................................................................................19 
2.2.1 Introduction ......................................................................................................19 
2.2.2    NMR Techniques, Parameters, and Effects .....................................................22 
 2.2.2.1   Magic Angle Spinning (MAS) ...........................................................22 
 2.2.2.2   Cross Polarization (CP)......................................................................23 
 2.2.2.3   Direct Polarization (DP) ....................................................................25 
 2.2.2.4   Spinning Rate .....................................................................................26 
 2.2.2.5   Spinning Side Bands (SSBs) ..............................................................26 

2.3  Spectral Deconvolution ................................................................................................27 
 

CHAPTER 3 LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY .....................29 

3.1 Liquid Chromatography ...............................................................................................29 
3.1.1 Introduction ......................................................................................................29 
3.1.2 Optimization of Liquid Chromatography ........................................................32 
 3.1.2.1   Ion Chromatography ..........................................................................34 
 3.1.2.2   Size Exclusion Chromatography........................................................39   



viii 
 

3.2    Electrospray-Ionization and Time-Of-Flight Mass Spectrometry ................................41 
3.2.1 Introduction ......................................................................................................41 
3.2.2  Optimization of ESI-TOF-MS .........................................................................44 
 3.2.2.1   Effects of Solvent Composition on Sensitivity of ESI-TOF-MS.......45 
 3.2.2.2   Effects of Instrumental Parameters on Sensitivity of ESI-TOF-MS .46   

3.3    Liquid Chromatography Coupled with Electrospray-Ionization and Time-Of-Flight 
Mass Spectrometry ........................................................................................................49 
3.3.1    Instrumentation of IC-ESI-TOF-MS................................................................49 
3.3.2    Instrumentation of SEC-ESI-TOF-MS ............................................................52 
 

CHAPTER 4 NMR STUDIES OF PHOSPHORUS SPECIATION AND CARBON 

HUMIFICATION AND LC-MS STUDY OF INOSITOL 

HEXAKISPHOSPHATE IN WETLAND SOILS ..................................................57 

4.1 Introduction ..................................................................................................................57 
4.2 Methods and Sampling Sites ........................................................................................61 
 4.2.1    Phosphorus Extraction .....................................................................................61 
 4.2.2    Elemental Analysis ..........................................................................................62 
 4.2.3    31P NMR Spectroscopy ....................................................................................62 
 4.2.4    13C NMR Spectroscopy....................................................................................64   
 4.2.5    LC-ESI-TOF-MS .............................................................................................64 
 4.2.6    Sampling Sites .................................................................................................65 
4.3     Phosphorus Stability as a Function of Soil Organic Matter Composition...................66  
4.4 Results and Discussions ...............................................................................................70 

4.4.1 Phosphorus Speciation and Carbon Humification along a Gradient in Water    
            Conservation Area 2A......................................................................................70  
4.4.2 Distribution of Inositol Hexakisphosphate in Water Conservation Area 2A ..73 
4.4.3   Spiking of Inositol Hexakisphosphate into Soil Phosphorus Extracts .............75 

4.5    Conclusions ..................................................................................................................76 
 

CHAPTER 5 SOIL PHOSPHORUS SPECIATION AND CARBON HUMIFICATION IN A 

NORTHERN MINNESOTA PEATLAND.............................................................77 

5.1 Introduction ..................................................................................................................77 
5.2 Study Site and Soil Samples ........................................................................................79 
5.3 Experimental Methods .................................................................................................80 
 5.3.1    Phosphorus Extraction .....................................................................................80 
 5.3.2    Elemental Analysis ..........................................................................................80 
 5.3.3    31P NMR...........................................................................................................80 
 5.3.4    13C NMR ..........................................................................................................81 
5.4     Results and Discussions ..............................................................................................82 

5.4.1 Effect of Soil Depth on Amount and Type of Soil Phosphorus .......................82 
5.4.2 Effect of Soil Depth on Amount and Type of Soil Carbon ..............................85 

5.5    Conclusions ..................................................................................................................88 
 



ix 
 

CHAPTER 6 ASSESSMENT OF SOIL PHOSPHORUS SPECIATION AND STABILITY IN A 

TROPICAL WETLAND, REPUBLIC OF PANAMA ...........................................90 

6.1 Introduction ..................................................................................................................90 
6.2 Study Site and Extracted Soil Phosphorus Samples ....................................................91 
6.3 31P NMR Experiments .................................................................................................93 
6.4 Results and Discussions ...............................................................................................94 

6.4.1    Effect of Acid Pretreatments on Amount and Type of Soil Phosphorus .........94 
6.4.2    Effect of Soil Depth on Amount and Type of Soil Phosphorus .......................98 

6.5    Conclusions ................................................................................................................100 
       

CHAPTER 7 CONCLUSIONS AND FUTURE WORK ............................................................101 

 
APPENDIX A COPYRIGHT PERMISSION INFORMATION ................................................105 

 
APPENDIX B NMR SPECTRA AND LC-MS DATA ..............................................................109 

 
REFERENCES ............................................................................................................................119 

 
BIOGRAPHICAL SKETCH .......................................................................................................138 

 

 

 

 

 
 



x 
 

 

LIST OF TABLES 

2.1 Classification, structure, 31P chemical shift, and example of soil P compounds ...................14 
 
2.2 Classification, 13C chemical shift, and example of carbon structures in SOM .....................21 
 
3.1 Three gradients for separating a standard solution of 1 mM IP1 and 1 mM IP6. ...................36 
 
3.2 Pn, tR, and W of the chromatograms from different gradient elution systems for separating   

a standard solution of 1 mM IP1 and 1 mM IP6 .....................................................................38 
 
3.3 Inositol phosphate congeners with their abbreviations, number of phosphate groups, 

molecular weights and m/z ratio of molecular ion [M-H]- ....................................................45 
 
4.1 Sample Descriptions, Everglades Water Conservation Area 2 .............................................65 
 
5.1 Percent C, Total P, extractable P, and P extraction recovery of the bog samples .................82 
 
6.1 Description of 12 soil extracts from the Changuinola peat deposit, Panama ........................92 
 
 



xi 
 

 

LIST OF FIGURES 

1.1 Structure of phytic acid ...........................................................................................................2 
 
2.1 31P NMR spectrum of a bog sample at 0-10 cm-depth from the Minnesota Peatland ..........13 
 
2.2 A set of 2 basic pulse sequences (2 scans) ............................................................................15 
 
2.3 An example of pulses with different angles and widths ........................................................17 
 
2.4 13C NMR spectrum of a bog sample at 0-10 cm-depth from the Minnesota Peatland. .........22 
 
2.5 Magic Angle Spinning (MAS) ..............................................................................................23 
 
2.6 A classical CP-MAS 13C NMR pulse sequence ....................................................................25 
 
2.7 Spectral deconvolution of a Minnesota Peatland bog sample at 175-200 cm-depth. ............28 
 
3.1 The chromatograms of 1 mM IP1, 1 mM IP6 and the mixture using Gradient No.1 on a 

Metrosep A Supp 3 column ...................................................................................................35 
 
3.2 The chromatograms of a standard solution of 1 mM IP1 and 1mM IP6 eluted using different 

gradient elution systems on a Metrosep A Supp 3 column ...................................................36 
 
3.3 The chromatograms of a standard solution of 1 mM IP1 and 1mM IP6 eluted using a 

gradient elution No.4 on Omnipac PAX-100 colum .............................................................38 
 
3.4 The SEC chromatograms of various PSS standards when using 0.01 M, 0.10 M, and 0.25 M 

NH4HCO3 solution in the mobile phase ................................................................................40 
 
3.5 The calibration curves from the SEC chromatograms of PSS standards when varying the 

concentration of ammonium bicarbonate solution in the mobile phase ................................40 
 
3.6 Reflectron model diagram taken and adapted from a Quick Reference for JEOL 

AccuTOFTM LC/MS System with permission (courtesy of JEOL USA, Inc.). The darker the 
color of circles, the higher the initial kinetic energy of ions with the same m/z value ..........44 

 
3.7 ESI negative mode mass spectra of 5 ppm IP6 (m/z ratio of molecular ion [M-H]- = 658.7) 

standard solutions with the in-source fragmentation. Different ESI solvents were used: A.) 
DI H2O; and B.) 20% methanol. (Orifice 1 = -60 V, orifice 2 = -5 V, ring lens = -10 V, 
needle = -2 kV, and peak voltage = 1.3 kV) ..........................................................................46 

 



xii 
 

3.8 Main components in ESI source including needle, orifice 1, ring lens, orifice 2, and ion 
guide taken and adapted from a Quick Reference for JEOL AccuTOFTM LC/MS System 
with permission (courtesy of JEOL USA, Inc.) ....................................................................47 

 
3.9 Effects of orifice 1 and peak voltages on ESI responses of IP6 .............................................49 
 
3.10 The instrumentation diagrams of IC-MS applied for this study ............................................50 
 
3.11 The selected ion monitoring chromatograms ([M-H]-) from 658.5 to 659.5 Dalton (insets)) 

and mass spectra of an IP6 standard solution without (A) and with the ion suppressor (B) 
before connecting the IC column to the MS detector. ...........................................................52 

 
3.12 The instrumentation diagrams of SEC-MS applied for this study ........................................53 
 
3.13 (A) The total ion current and (B) selected ion monitoring (658.5 to 659.5 Dalton) 

chromatograms as well as (C) the mass spectrum at 6.2 min from SEC-MS analysis of an 
IP6 standard solution using the mixture of 80% of 0.01 M NH4HCO3 and 20% of methanol 
as a solvent. ...........................................................................................................................54 

 
3.14 (A) The total ion current and (B) selected ion monitoring (658.5 to 659.5 Dalton) 

chromatograms from SEC-MS analysis of IP6 standard solution using the mixture of 80% 
of 0.10 M NH4HCO3 and 20% of methanol as a solvent. .....................................................55 

 
3.15 The calibration curve of IP6 concentrations versus peak areas of the selected ion monitoring 

(658.5 to 659.5 Daltons) ........................................................................................................56 
 
4.1 The reaction of HF and IP6 associated with metals ...............................................................61 
 
4.2 Phosphorus extraction steps ..................................................................................................62 
 

4.3 Typical 31P NMR spectrum of NaOH extract from wetland soil ..........................................63 
 
4.4 Distributions of phosphorus species (expressed as mg P/kg dried soil) before and after HF 

treatment in soils from (a) tropical Raphia swamp (b) tropical sawgrass bog (c) subtropical 
marsh and (d) boreal Sphagnum bog sites. All values are expressed relative to the initial 
amount of soil in the extract. Reproduced with permission from reference [1]. Copyright 
2012 ACS. .............................................................................................................................67 

 
4.5 Distribution of major organic carbon species (expressed as mg C/g dried soil) before and 

after HF treatment in soils from (a) tropical Raphia swamp (b) tropical sawgrass bog (c) 
subtropical marsh and (d) boreal Sphagnum bog sites. Carbon concentrations are 
normalized for actual amount of soil and do not take into account enrichment due to 
removal of inorganic material after HF treatment. Reproduced with permission from 
reference [1]. Copyright 2012 ACS .......................................................................................69 

 



xiii 
 

4.6 31P NMR spectrum of NaOH extract from WCA 2A sample EG4. The peak at ~ 20 ppm is 
methylene diphosphonic acid (MDPA) that is used as an internal standard .........................70 

 
4.7 Summary of phosphorus speciation in WCA 2A soils determined by 31P NMR ..................71 
 
4.8 13C NMR spectrum of soil from WCA 2A site EG4. ............................................................72 
 
4.9 Summary of carbon speciation in WCA 2A soils determined by 13C NMR .........................72 
 
4.10 (A) The total ion current and (B) selected ion monitoring (658.5 to 659.5 Dalton) 

chromatograms as well as (C) the mass spectrum of IP6 from SEC-MS analysis of the P 
extract of EG1 which is a representative of the Everglades soil samples .............................74 

 
4.11 Amounts of orthophosphate monoesters and inositol hexakisphosphates (IP6) in the P 

extracts of the Everglades soil samples EG1 to EG6 ............................................................74 
 
4.12 Amounts of inositol hexakisphosphates (IP6) in the P extracts of the Everglades soil samples 

EG4 and EG5 which are determined by the external and internal standard methods ...........75 
 
5.1 31P NMR spectra of 4 bog samples from northern Minnesota peatland ................................84 
 
5.2 Distribution of various P species in 4 bog samples at different sampling depths from 

northern Minnesota peatland .................................................................................................85 
 
5.3 Solid-state CP-MAS 13C NMR spectra of the bog sample at 0-10 cm-depth along with the 

spectral deconvolution ...........................................................................................................86 
 
5.4 Distribution of various C species in 4 bog samples at different sampling depths from 

northern Minnesota peatland .................................................................................................87 
 
5.5 Humification index of 4 bog samples at different sampling depths ......................................88 
 
6.1 31P NMR spectra of the soil extracts with and without HF pretreatment at different sampling 

depths from the Changuinola peat deposit in Panama ...........................................................95 
 
6.2 Effect of HF pretreatment on P distributions in the soil extracts sampled at different depths 

in the Changuinola peat deposit, Panama ..............................................................................97 
 
6.3 Phosphorus compound distributions in the soil extracts sampled at different soil depths with 

and without HF pretreatment .................................................................................................98 
 
B.1 31P NMR spectra of 7 soil samples from Everglades Water Conservation Area 2A...........109 
 
B.2 Solid-state CP-MAS 13C NMR spectra of 7 soil samples from Everglades Water 

Conservation Area 2A .........................................................................................................110 
 



xiv 
 

B.3 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass chromatogram and 

the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG2 .........................111 
 
B.4 The selected ion monitoring ([M-H]-

 range from 658.5 to 659.5) mass chromatogram and 
the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG3 .........................111 

 
B.5 The selected ion monitoring ([M-H]-

 range from 658.5 to 659.5) mass chromatogram and 
the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG4 .........................112 

 
B.6 The selected ion monitoring ([M-H]-

 range from 658.5 to 659.5) mass chromatogram and 
the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG5 .........................112 

 
B.7 The selected ion monitoring ([M-H]-

 range from 658.5 to 659.5) mass chromatogram and 
the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG6 .........................113 

 
B.8 Solid-state CP-MAS 13C NMR spectra of the bog sample at 25-50 cm-depth along with the 

spectral deconvolution .........................................................................................................114 
 
B.9 Solid-state CP-MAS 13C NMR spectra of the bog sample at 75-100 cm-depth along with the 

spectral deconvolution .........................................................................................................115 
 
B.10 Solid-state CP-MAS 13C NMR spectra of the bog sample at 175-200 cm-depth along with 

the spectral deconvolution ...................................................................................................116 
 
B.11 The selected ion monitoring ([M-H]-

 range from 658.5 to 659.5) mass chromatograms and 
the mass spectra of IP6 from SEC-MS analyses of the P extracts of bog sample at (A) 25-50 
cm, (B) 75-100 cm, and (C) 175-200 cm-depth ..................................................................117 

 
B.12 31P NMR spectra of 4 soil samples with and without HF pretreatment from the Changuinola 

peat deposit in Panama ........................................................................................................118 
 
 
 
 

 
 
 



xv 
 

 

LIST OF ABBREVIATIONS 

pKa    acid dissociation constant at logarithmic scale 

AQ    acquisition time 

ATP    adenosine 5’-triphosphate 

N-alkyl C   alkyl carbon adjacent to nitrogen 

O-alkyl C   alkyl carbon adjacent to oxygen 

NH4HCO3   ammonium bicarbonate 

V    applied or accelerating voltage or unit in volt 

Wav    average peak width of the first and last peaks 

BD    Bloch decay 

CaCO3    calcium carbonate 

CaMg(CO3)2   calcium magnesium carbonate    

k’     capacity factor 

C    carbon 

CO2    carbon dioxide 

13C NMR   13-carbon nuclear magnetic resonance 

C:OP    carbon-to-organic phosphorus ratio 

cm    centimeter 

δ    chemical shift 

CSA    chemical shift anisotropy 

CID    collision induced dissociation 

L    column length 

CT    contact time 

CD    conductivity detection            

http://en.wikipedia.org/wiki/Acid_dissociation_constant


xvi 
 

CP    cross polarization 

CP-MAS   cross polarization-magic angle spinning 

Da    Dalton 

D2O    deuterium oxide 

∆tR    difference between tR,A and tR,B 

DRIFTS   diffuse reflectance infrared Fourier transform spectroscopy 

DP    direct polarization 

DP-MAS   direct polarization-magic angle spinning 

DOM    dissolved organic matter 

ESI    electrospray ionization 

ESI-MS   electrospray ionization mass spectrometry 

ESI-TOF-MS   electrospray-ionization-time-of-flight mass spectrometry 

EDTA    ethylenediamine tetraacetic acid 

B0    external magnetic field strength 

L    flight tube length 

FTICR-MS   Fourier transform ion cyclotron resonance mass spectrometry 

FID    free-induction decay 

GFC    gel filtration chromatography 

GPC    gel permeation chromatography  

GLAP    Glacial Lake Agassiz peatland 

tG    gradient time between the first and last peaks 

γ    gyromagnetic ratio 

γC    gyromagnetic ratio of carbon 

γH    gyromagnetic ratio of proton 

∆ν1/2    half peak height 



xvii 
 

Hz    Hertz 

HPIC    high performance ion chromatography 

HPLC    high performance liquid chromatography 

HI    humification index 

HF    hydrofluoric acid 

ICP    inductively coupled plasma 

ICP-MS   inductively coupled plasma mass spectrometry 

Pi    inorganic phosphorus 

IP    inositol phosphate 

IP6    inositol hexakisphosphate 

IP5    inositol pentakisphosphate 

IP4    inositol tetrakisphosphate 

IP3    inositol trisphosphate 

IP2    inositol bisphosphate 

IP1    inositol monophosphate 

q    ion charge 

IC    ion chromatography 

IC-MS    ion chromatography coupled with mass spectrometry 

IC-ESI-TOF-MS ion chromatography coupled with electrospray-ionization and 
time-of-flight mass spectrometry  

IEC    ion exchange chromatography 

m    ion mass 

v    ion velocity 

kHz    kilohertz 

kV    kilovolt 

E    kinetic energy 



xviii 
 

ωC    Larmor frequency of carbon 

ωH    Larmor frequency of proton 

LB    line broadening 

LC    liquid chromatography 

LC-MS   liquid chromatography coupled with mass spectrometry 

LC-ESI-TOF-MS liquid chromatography coupled with electrospray-ionization and 
time-of-flight mass spectrometry 

MAS    magic angle spinning 

∆B0    magnetic field inhomogeneity 

MS    mass spectrometry 

m/z    mass-to-charge ratio 

MHz    megahertz 

CH4    methane 

MDP    methylene diphosphonate 

MDPA    methylene diphosphonic acid 

µ eq    microequivalent, unit of electron charge or ion exchange capacity 

μg P/mL   microgram phosphorus per mililiter 

μm    micrometer 

μs    microsecond 

mg    milligram 

mL    milliliter 

mm    millimeter 

mM    milimolar 

mL/min   militer per minute 

M    molar 

MW    molecular weight 



xix 
 

NOM    natural organic matter  

[M-H]-    negative molecular ion of a compound with molecular weight M 

I    nuclear spin value 

NS    number of scans 

N    number of theoretical plates 

Po    organic phosphorus 

O-P    orthophosphate 

O-diester   orthophosphate diester 

O-mono   orthophosphate monoester 

ppb    part per billion 

ppm    part per million or unit of NMR chemical shift 

Pn or n    peak capacity 

W    peak width 

W1/2    peak width at half peak height 

WA    peak width of the analyte A  

WB    peak width of the analyte B 

H3PO4    phosphoric acid 

P-phonate   phosphonate 

P    phosphorus 

31P NMR   31-phosphorus nuclear magnetic resonance 

31P- 1H NMR   31-phosphorus -proton nuclear magnetic resonance 

Pg    picogram 

H    plate height 

PES    polyethersulfone 

PSS    polystyrene sulfonate 



xx 
 

1H    proton 

Ө    pulse angle 

PW    pulse width 

Pyro    pyrophosphate 

rad*T-1*s-1   radian per (Tesla * second) 

RF    radiofrequency 

B1(C)    radio-frequency field of carbon 

B1(H)    radio-frequency field of proton 

RAMP-CP   ramped-amplitude cross polarization 

D1    relaxation delay 

RL    Red Lake peatland 

Rs    resolution  

tR    retention time 

tR,A    retention time of the analyte A 

tR,B    retention time of the analyte B 

tR,a    retention time of the first peak 

tR,z    retention time of the last peak 

RP-LC    reversed phase chromatography 

s    second 

SIM    selected ion monitoring 

Α    selectivity factor 

S/N    signal-to-noise ratio 

SEC    size exclusion chromatography 

SEC-MS   size exclusion chromatography coupled with mass spectrometry 

NaOH    sodium hydroxide 



xxi 
 

SOC    soil organic carbon 

SOM    soil organic matter 

SW    spectral (sweep) width 

T1    spin-lattice relaxation time 

T2    spin-spin relaxation time 

SSB    spinning side band 

MS-MS   tandem mass spectrometry  

TOF    time-of-flight 

TOF-MS   time-of-flight mass spectrometry 

t    time of ion flight  

TC    total carbon 

TIC    total ion chromatogram 

TOC    total organic carbon 

TP    total phosphorus 

TOSS    total suppression of side bands 

T2
*    transverse relaxation time or damping constant 

UV    ultraviolet 

UV-VIS   ultraviolet-visible 

tM    void time 

v/v    volume per volume ratio 

WCA    water conservation area 

 

 

 

 
 



xxii 
 

ABSTRACT 

Phosphorus is an essential nutrient in ecosystems and exists in both inorganic and organic 

forms. The important role of organic phosphorus in the phosphorus cycle cannot be fully 

understood unless the quantitative abundances of individual organic phosphorus compounds in 

various ecosystems are better known. This study investigated the relationship between soil depth, 

soil carbon quality and types and amounts of soil phosphorus in three locations, including a 

subtropical treatment wetland in the Florida Everglades, a boreal peatland in northern Minnesota, 

and an ombrotropic tropical wetland in northwest Panama. The three wetlands differ in 

vegetation, climate, and land use. Soil samples in the three wetlands were collected at three 

depths. Phosphorus compounds in these soil samples were extracted using the two-step 

extraction with ethylenediamine tetraacetic acid (EDTA) and sodium hydroxide solution. 

Solution 31P NMR spectroscopy was applied to quantitate phosphorus compounds in the extracts. 

Variations in amounts of inorganic phosphorus (ortho-, pyro-, and polyphosphates) and organic 

phosphorus (phosphonates, phosphate monoesters and phosphate diesters) at different soil depths 

in the three wetlands are presented. Hydrofluoric acid (HF) pretreatment was used to 

differentiate phosphorus chelated to metals or sorbed to anionic sorption sites from phosphorus 

incorporated into soil organic matter. In addition, solid-state 13C NMR spectroscopy was applied 

to distinguish soils sharing similar physical properties but differing in the quality of soil carbon. 

A humification index (HI) based on the ratio of O-alkyl to alkyl carbon was used to define soil 

organic matter diagenetic state (i.e. extent of decomposition). The combination of phosphorus 

speciation and carbon humification in these soils illustrates how microbial processing of organic 

matter and phosphorus turnover are linked in the wetlands. In addition, special attention was 

given to one particularly important form of organic phosphorus, inositol hexakisphosphate (IP6). 
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Synthesized by plants and strongly complexed by metals, IP6 is the dominant form of identifiable 

organic phosphorus in most organic-enriched soils. However, most 31P NMR spectrometers 

cannot distinguish IP6 from other organic phosphate monoesters. Therefore, the method using 

liquid chromatography coupled with time-of-flight mass spectrometry (LC-MS) was developed 

to separate and quantify IP6 from other phosphorus compounds which appear in the same 

chemical shift region in a 31P NMR spectrum. Quantitative estimates of IP6 were used to better 

understand the role of IP6 in the phosphorus cycle in the Florida Everglades. 
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CHAPTER 1 

INTRODUCTION AND RESEARCH OBJECTIVES 

1.1 Soil Organic Phosphorus and Characterization  

1.1.1 Soil Organic Phosphorus 

Phosphorus (P) is an important element in both terrestrial and aquatic systems [1-3]. It 

has been reported to be the limiting nutrient which greatly influences biological productivity of 

certain ecosystems such as wetlands and lakes [4]. P exists in inorganic (Pi) and organic (Po) 

forms [1]. The most bioavailable P forms are assumed to be the inorganic species such as 

orthophosphate [5]. The abundance and dynamics of Pi have been studied for several decades 

[5]. Nonetheless, Po is at least as abundant as Pi in soils, sediments and water but much less is 

known about its speciation (organic form) and turnover [5].  

 Organic phosphorus (Po) is a complex mixture of organic compounds containing P and 

includes nucleic acids, phospholipids, inositol phosphates, phosphoamides, phosphoproteins, 

sugar phosphates, phosphonic acids, amino phosphoric acids, organophosphate pesticides, 

humic-associated Po compounds, and organic condensed phosphates [6]. Po plays an important 

role in ecosystems due to its relative abundance and potential for transforming to bioavailable 

forms [6]. Some organisms can convert Po to Pi by enzymatic hydrolysis [5]. Moreover, Po can 

be transformed to phosphate by abiotic hydrolysis and photolysis [5]. Po is also released to the 

environment through cellular functions, cell lysis, or deaths of organisms [5].  

Inositol phosphates (IPs) are highly prominent in many Po mixtures that additionally 

include nucleic acids, phospholipids, phosphoamides, phosphoproteins, sugar phosphates, 

phosphonic acids, and amino phosphoric acids [6-7]. Inositol phosphates (IPx, where x indicates 
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number of phosphate groups (e.g. 1, 2, 3,…6) attached to the inositol rings) are phosphoric esters 

of hexahydroxycyclohexane (inositol) [8]. IPs are synthesized by plants and are strongly 

complexed by metal in mineral soils [8]. IPs accumulate to form the dominant class of Po in 

many soils. IPs have also been found in water and sediment [8].      

 

Figure 1.1 Structure of phytic acid. 

Phytic acid or inositol hexakisphosphate (IP6) shown in Figure 1.1  has been the focus of 

many research studies in the past two decades due to its prevalence and concerns about its 

environmental impacts [4, 9]. Monogastric animals like pigs do not have the enzyme phytase to 

dephosphorylate IP6 to lower congeners and finally to inositol and phosphate [9]. As a result, 

there is excessive P excretion in areas with a large population of monogastric animals [9]. In 

order to produce inositol pentakis-, tetrakis-, tris-, bis-, and monophosphates (IP5–IP1) and finally 

myo-inositol, dephosphorylation or hydrolysis of IP6 is catalyzed by plant phytase in the feed or 

adding commercial microbial phytase [9]. Due to significantly increasing amounts of available P 

from hydrolysis of IP6 and its degradation products, IP6 degradation pathways and its products 

have been investigated [9-11]. 
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The important role of Po in the P cycle cannot be elucidated if the chemical 

characteristics of individual Po compounds are not determined. Biological availability of P in an 

ecosystem is dependent upon biochemical transformations of P (such as photosynthesis and 

enzymatic hydrolysis) and loss of P to other ecosystems (such as leaching and flooding) [4]. In 

order to better understand the P dynamics, changes in the forms and concentrations of P in 

ecosystems need to be investigated.  

1.1.2 Characterization of Soil Organic Phosphorus 

Because of limitations of available analytical methods for separating and identifying 

organic P (Po) compounds, most research studies have concentrated on inorganic P (Pi) 

compounds [2]. To better understand P turnover, the individual Po compounds in an 

environmental sample should be characterized [2, 12]. Generally, researchers have used 31P 

NMR spectroscopy to identify the various classes of Po compounds [2, 5, 12-17]. In case of 

sediment samples, NMR spectra show a wide range of P compounds such as orthophosphate, 

polyphosphate, pyrophosphate and phosphate esters [16]. 31P NMR can be applied either in the 

solid-state or in solution [8]. Unlike solution 31P NMR, solid-state 31P NMR requires little 

sample preparation, but only the phosphonate peak is completely resolved [8]. On the other hand, 

prior to solution 31P NMR, an extraction step is required for concentrating Po and removing the 

interfering paramagnetic ions [8]. The result is better resolved spectra that allow quantitation of 

classes of Po compounds [8]. 

Fewer research studies have used mass spectrometry (MS) to characterize Po compounds 

in environmental samples [18]. MS detects ions with specific mass-to-charge (m/z) ratios with 

high selectivity and sensitivity [2-3]. In related studies, electrospray ionization (ESI), a soft 

ionization technique, was combined with a number of analyzers utilizing different types of mass 
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analyzers [2-3]. For example, ESI-TOF-MS and ESI-Fourier transform ion cyclotron resonance-

MS (ESI-FTICR-MS) were used to analyze Po in water samples [2, 19]. However, ESI requires 

clean samples which are free from salt, because salt leads to ion suppression in the ionization 

step [2]. In addition, tandem mass spectrometry (MS-MS) was applied to analyze phospholipids 

and phosphopeptides by detecting parent ions of selected fragments after collision induced 

dissociation (CID) [3].  

The specific determination of inositol phosphates (IPs) has been limited due to a lack of 

appropriate analytical methods for their individual characterization in complex matrices such as 

soils and sediments [8]. Comprehensive analyses of IPs in the environmental samples require 

extraction, separation, and detection of the individual forms [8]. In soils and sediments, the 

propensity of IPs to form complexes with polyvalent cations or to associate with other dissolved 

organic matters (DOM) such as humic acids results in difficulty in extraction [8]. Fortunately, 

humic acids can be precipitated and isolated from IPs by extracting with NaOH followed by acid 

addition [4, 8]. Hypobromite oxidation or alkaline bromination is also applied in order to oxidize 

all other DOM except IPs [2, 4, 8]. Then, IPs are precipitated as iron (III) salts [20]. Due to the 

stability of IPs upon hypobromite oxidation, this isolation technique has been used widely in 

many IP research studies [4, 8]. In natural waters, preconcentration of IPs is an important step 

owing to the low concentration of Po [8]. After isolation and preconcentration, the IP extract can 

be separated by using chromatographic techniques [8]. 

Chromatographic methods used to separate IPs include anion-exchange (either high 

performance liquid chromatography (HPLC) or conventional large column ion-exchange), size 

exclusion/gel filtration, and ion-pairing [9, 21, 22]. Ion-exchange chromatography (IC) has been 

the primary method used to isolate the individual congeners of IPs because it provides an 
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efficient separation of various IP congeners and isomeric forms of each [10]. Nevertheless, a 

sensitive detection method for IPs is required after separation [10, 21]. IPs cannot be detected by 

UV-VIS spectrophotoscopy, unless pre- or post-column derivatization is performed before 

detection. Chemically suppressed conductivity detection (CD), thermospray-MS, inductively 

coupled plasma (ICP)-sector field-MS and ESI-TOF-MS have also been used, and these 

techniques avoid pre- or post-column derivatization [21-24]. Most chromatographic techniques 

for the IPs separate the compounds by the number of phosphate groups attached (i.e. the 

congeners mono-, di-, tri-, tetra-, penta-, and hexaphosphates) and cannot distinguish all the 

structural isomers of each type of the homologous series [10]. Therefore, high-performance ion 

chromatography (HPIC) with gradient elution and special analytical columns is the most 

commonly used method for the separation of IPs and their isomers in foods, feeds and intestinal 

contents [10].  

Mobile phases used in HPIC typically include dilute acids, alkalis, or salt solutions. An 

ion suppressor is therefore required between the chromatographic column and the detectors such 

as conductivity and ESI mass spectrometers to remove ions in the mobile phase after separation. 

For conductivity detection, the ion suppressor decreases the conductance of the mobile phase. As 

a result, the signal-to-noise ratio of the analyte signal increases significantly. Without the ion 

suppressor, ESI-MS cannot be used as a detector for HPIC because electrospray ionization is 

very sensitive to salt content. Salts lead to ion suppression of the target analytes. The ion 

suppressor eliminates ions in the mobile phase, so the eluent from the ion suppressor is 

compatible with the ESI source. Moreover, a volatile organic solvent such as methanol or 

acetonitrile is added to the eluent from the ion suppressor to decrease the surface tension of the 

eluent to improve spray stability and to increase desolvation efficiency of the analyte [1, 25-28]. 
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In spite of recent advances in chromatographic separations and detection, 31P NMR 

spectroscopy is still the most popular technique for determining organic phosphorus in 

environmental samples, even if 31P NMR is not as sensitive as HPLC techniques [8]. 31P NMR 

eliminates the need for lengthy separations and sample preparation steps. A variety of Po 

including IPs can be differentiated according to the different environments around the P nuclei 

[8]. After selective extraction onto Sephadex gel, IP6 separated from other organic and inorganic 

phosphates has been detected by solution-state 31P NMR [8]. Recently, two-dimensional 31P- 1H 

NMR was used to identify IP isomers following HPLC separation [8]. High-resolution solid-state 

31P NMR has also been applied to analyze soil samples [8]. However, solid-state 31P NMR has 

limitations due to broad peaks caused by the low concentration of P and high concentrations of 

paramagnetic impurities such as Fe3+ and Mn2+, resulting in an inability to distinguish inorganic 

orthophosphate and orthophosphate monoesters such as IPs [8].  

1.2 Soil Organic Carbon and Characterization 

1.2.1 Soil Organic Carbon 

Soil organic matter (SOM) is a mixture of organic compounds originating from 

decomposed plant and animal residues and soil microbial biomass [29-31]. SOM consists of 2 

main fractions: non-humic and humic substance [30]. Non-humic substances are identifiable, 

high-molecular-weight organic compounds (such as carbohydrates, proteins and lipids) and other 

smaller molecules (such as sugars and amino acids) [29]. Humic substances are complex and 

heterogeneous organic compounds formed by a process called humification [31]. Humification 

involves biochemical and chemical reactions during decomposition of plant, animal and 

microbial remains [31]. Both non-humic and humic substances are organic compounds that 
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contain carbon, oxygen, and hydrogen, as well as varying amounts of nitrogen, phosphorus, and 

sulfur [30]. 

Carbon is the major elemental component in the SOM (57% on average by weight) [32]. 

Basic forms of soil C can classified into 3 forms including elemental, inorganic and organic 

carbon. Soil elemental carbon such as charcoal, soot, graphite and coal is derived primarily from 

combustion of natural organic matter. Inorganic carbon is generally found as carbonates such as 

calcite (CaCO3) and dolomite [CaMg(CO3)2]. Soil organic carbon (SOC) is produced by decay 

and transformation of plants, animals and micro-organisms [33]. Even though elemental, 

inorganic and organic carbon are found in soils, SOC is the main form of carbon in most soils 

except calcareous soils [30]. Several factors such as soil texture, climate and land use can affect 

the amount of SOC. For soil texture, clay can decrease the decomposition rate of SOC because 

very small spaces in clay particles limit micro-organism accessibility to SOC. Therefore, higher 

amounts of SOC are usually found in soils with higher clay contents. Decomposition rates of 

SOC are also influenced by weather temperature and humidity. Soil organic carbon in tropical 

areas tends to decompose faster than that in temperate areas.  

From a land use perspective, soils found in forests or grasslands tend to have higher 

amounts of SOC than agricultural soils [30]. Soil organic carbon is lost from agricultural soils 

mainly through tilling because tilling stimulates the breakdown of SOC through enhanced 

exposure to atmospheric oxygen. As a result, approximatly 78 billion metric tons of C has been 

released from soils to the atmosphere yearly because of tillage [32, 34]. Soil organic carbon 

decomposition can play an important role in increasing atmospheric carbon dioxide (CO2) [30]. 

Besides a global warming effect, SOC decomposition also can cause decreases in soil fertility 

and land erosion [30]. However, appropriate land management can sequester C in soils in many 

http://www.eoearth.org/article/Carbon
http://www.eoearth.org/article/Oxygen
http://www.eoearth.org/article/Hydrogen
http://www.eoearth.org/article/Nitrogen
http://www.eoearth.org/article/Soil
http://www.eoearth.org/article/Forest_biome
http://www.eoearth.org/article/Grassland_biome
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ways. For example, continuous no-till crops can minimize soil disturbance, increase the amount 

of water and organic matter and reduce C release from soils to the atmosphere in the form of 

CO2. Growing cover crops not only protects soils from erosion, but also transforms CO2 in the 

atmosphere into SOC. Moreover, biomass such as livestock manure can be used as a fertilizer in 

order to increase organic carbon in soils [30, 32, 34]. 

The amount of SOC varies in different types of soils. Sandy soils have very small amounts 

of SOC, often less than 1%. However, wetland soils contain a significant amount of SOC [30]. A 

type of wetlands known as peatlands represents an important C reservoir because of slow SOC 

decomposition and C sequestration potential [35]. Soil organic carbon influences not only soil 

physical structure but also soil properties such as water holding capacity, complex formation 

with metals (such as iron, copper and manganese), and nutrient storage (such as P and N) [30, 

36]. In addition to quantitative analysis of total SOC, knowledge of the composition and 

chemical characteristics of each SOC component provides a much better understanding of carbon 

turnover. The combination of soil nutrient speciation and SOC composition is a powerful tool to 

reveal correlations between soil nutrient availability and organic carbon stabilization [35]. 

1.2.2 Characterization of Soil Organic Carbon 

Many methods are available to determine the total organic carbon (TOC) in soils, but 

TOC measurements provide no information about specific chemical structures present. There are 

two common methods that researchers have recently used to identify and quantify individual 

types of organic matter in soils. The first one is solid state 13C Nuclear Magnetic Resonance 

(NMR) Spectroscopy and another Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

(DRIFTS) [33, 37-38]. 
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Solid state 13C NMR is one of the most powerful tools for characterization of condensed 

carbon in matrices such as coals, charcoals, soils and sediments [33, 39-40]. In particular, solid 

state 13C NMR has been used extensively to study organic matter humification processes in soils 

[37-48]. Carbon functional groups in different soil compartments can be identified based on their 

chemical shift ranges in 13C NMR spectra. The major advantage of the solid state 13C NMR 

technique is that it can provide both qualitative and quantitative data on SOC without extensive 

extraction of organic matter [33, 37]. However, direct polarization (DP) solid state 13C NMR of 

soils can be quite time-consuming because of long spin relaxation times, and resolution can be 

degraded by chemical shift anisotropies [33]. Fortunately, the combination of cross-polarization 

(to enhance spin relaxation) and magic angle spinning (to average chemical shift anisotropies) 

can be used to provide 13C spectra of almost liquid-like quality in an acceptable timeframe [40]. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) can also be used 

to identify carbon compounds in soils through assignment of infrared absorption bands to 

functional groups [33]. DRIFT spectra are not difficult to acquire and provide faster analysis [33, 

49]. However, DRIFT spectra are not quantitatively representative and can be noisy because of 

loss of light during reflection from a rough surface. As the result, DRIFT spectra are sometimes 

difficult to interpret. Accessories required for DRIFTS are also costly [49]. 

1.3 Research Objectives 

Wetlands have long been known for their capacity to cycle inorganic phosphate into 

different types of organic P (Po). The interaction with or incorporation into soil organic matter 

influences the stability and accretion of P compounds in these unique environments [29-30]. 

However, little is known about phosphorus speciation in wetlands such as boreal peatlands where 

uncertainties regarding carbon cycling and potential loss of carbon to the atmosphere are of 
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concern.  Linking phosphorus speciation and soil organic carbon composition and turnover is 

therefore a key aspect of any effort to better understand changes in peat respiration that might 

accompany climate change.   

Due to the need to understand nutrient dynamics in wetland ecosystems, the overall 

objective of this research project is to develop the most suitable methods for characterization of 

organic carbon and phosphorus in wetland soils. Specific objectives of this work include: 

1. Improve sample preparation techniques for extracting and preconcentrating Po, especially 

inositol phosphates (IPs) from wetland soils. 

2. Determine chemical characteristics of organic matter in soils from different wetland areas by 

using solid-state 13C NMR and solution-state 31P NMR and link compositions and turnovers 

of carbon and phosphorus. 

3. Develop and evaluate an analytical method for separation, identification and quantification of 

inositol phosphates (IPs) in the wetland soils using high performance liquid chromatography 

(HPLC) coupled to high resolution time-of-flight mass spectrometry (TOF-MS). 
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CHAPTER 2 

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 

2.1 Solution-State 
31

P NMR 

2.1.1 Introduction 

Phosphorus (P) availability and turnover in terrestrial ecosystems can be revealed by 

chemical characterization of P compounds in soils and sediments [1]. Of the various forms of P 

that exist in the environment [2], only orthophosphate, the major inorganic form of P is directly 

available for plant uptake in most soils [3]. Organic P is converted to orthophosphate by 

hydrolysis [3-4]. Even though organic P is often the dominant form of phosphorus in many soils, 

soil organic P cycling remains not well characterized [1, 5-6]. Determination of individual soil 

organic P compounds plays an important role in understanding the distributions of organic P 

compounds and their effects on soil fertility [6-7]. 

Chemical identification and quantification of soil organic P compounds is difficult due to 

the necessary extraction and separation steps required, and detection is also a challenge because 

they are not usually strong chromophores. However, solution-state 31P NMR does offer a number 

of advantages [1]. Solution-state 31P NMR is a powerful analytical technique for characterization 

of soil P compounds such as inorganic orthophosphate, polyphosphate, pyrophosphate, 

phosphonate, orthophosphate monoesters (i.e. inositol phosphates), and orthophosphate diesters 

(i.e. phospholipids) [6, 8-9]. Nevertheless, the natural abundance of P in soils is low and 31P 

NMR has relatively low sensitivity [8, 10]. As a result, extraction and/or pre-concentration of 

soil P compounds is an important and necessary step before 31P NMR analysis [6, 8, 10]. A 

sample concentration of more than 100 μg P/mL is required for quantitative analysis [8]. A 
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common extractant for single-step extraction of soil P is a combination of sodium hydroxide and 

ethylenediaminetetraacetic acid (NaOH-EDTA) [6, 8, 11]. Soil P will dissolve in NaOH solution, 

while EDTA increases the P extraction efficiency by chelating metal cations in soils and freeing 

phosphates from strongly-bound complexes [8]. Decomposition or hydrolysis of P compounds, 

especially from orthophosphate diesters to monoesters, can occur during the alkaline extraction 

[8, 10]. Cade-Menun and Preston [8] compared the P extraction efficiency among 4 extractant 

systems including 0.25 M NaOH; Chelex in water; Chelex in 0.25 M NaOH; and a 1:1 ratio 

mixture of 0.5 M NaOH and 0.1 M EDTA. Chelex is a cation exchange resin which preferably 

chelates polyvalent metal ions such as Fe and Mn. Chelax has pH 11-12 and can dissolve soil 

organic P. They found that the most efficient extractant system is a mixture of NaOH and EDTA. 

NaOH-EDTA could extract 71-90% of total soil P with the greatest diversity of P forms [8]. 

Chelex and EDTA facilitate P release from the P-paramagnetic ion complexes. Nevertheless, 

paramagnetic ions remaining in EDTA solution allows pulse delay times in 31P NMR to be 

minimized [11]. Ahlgren et al. [10] investigated the effects of pre-extractant, extractant, and 

post-extractant on total P. As a result, the best combination of extractants providing the highest 

yield of total P was NaOH with EDTA as a pre-extractant. This system resulted in twice the yield 

of the second best system which had NaOH as an extractant with bicarbonate buffered dithionite 

as a pre-extractant [10].    

The molecular structure of each P compound in a soil extract can be identified through 

correct assignment of resonant absorption frequency or chemical shift (δ) in the 31P NMR 

spectrum [4, 12-13]. The chemical shift indicates the chemical environment around the P atom, 

and depends mainly on the oxidation state and coordination number of the P atom(s) in the 

compound [12]. Both inorganic and organic P compounds are usually present in the chemical 
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shift range between -25 and 25 ppm [9], including phosphonate (20 to 25 ppm); orthophosphate 

(5 to 9 ppm); orthophosphate monoesters (3 to 8 ppm); orthophosphate diesters (-1 to 5 ppm); 

pyrophosphate (-2 to -5 ppm); and polyphosphates (-16 to -21 ppm). A 31P NMR spectrum of a 

bog sample extract consisting of various P compounds is illustrated in Figure 2.1. 

Representative structures and corresponding chemical shifts of soil P compounds are included in 

Table 2.1 [9, 13, 27]. Chemical shifts are also affected by pH, concentration, and salt content of 

the solution, solvent effects, and the electronegativity of any substituents [12]. An external 

standard such as 85% H3PO4 (with a chemical shift arbitrarily set at δ = 0 ppm) is used as a 

reference for P chemical shifts [1, 7, 13-26]. A secondary external or internal standard such as 

methylene diphosphonate (MDP) is typically applied for quantitative analysis [12].  

 

Figure 2.1 31P NMR spectrum of a bog sample at 0-10 cm-depth from the Minnesota Peatland. 

 

Chemical Shift (ppm) 
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Table 2.1 Classification, structure, 31P chemical shift, and example of soil P compounds. 

 

Classification 

 

Structure 

 

Chemical 

Shift (ppm) 

 

Example 

   

Phosphonate 

 

 

Orthophosphate 

 

 

Orthophosphate 

monoester 

 

Orthophosphate diester 

 

Pyrophosphate 

 

Polyphosphate 

 

 

 

 

 

 

 

 

20 to 25 

 

 

5 to 9 

 

 

3 to 8 

 

 

-1 to 5 

 

-5 to -2 

 

-21 to -16 

 

Ethylphosphonic acid  

       

   

Sodium phosphate 

 

 

Inositol hexakisphosphate 

 

Phospholipid, Nucleic acid 

 

Sodium pyrophosphate 

 

Adenosine 5’-triphosphate 

(ATP) 
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2.1.2 NMR Acquisition Parameters 

Phosphorus has only one isotope, 31P, with a nuclear spin value (I) of ½, so all P species 

in a sample can be detected by 31P NMR [9, 12]. Besides a qualitative analysis, 31P NMR can 

also be applied for quantitative analysis of soil P compounds by means of integrating peak areas 

which are proportional to the number of P nuclear spins in the particular compound [9]. The 

signal-to-noise ratio (S/N) is influenced by many factors such as magnetic field strength (B0), 

magnetic probe design, accumulation time (i.e. number of scans), spin-lattice relaxation time 

(T1), spin-spin relaxation time (T2), and volume and concentration of sample [12]. Optimization 

of experimental parameters is important for 31P NMR analysis, especially for quantitative 

analysis. The important parameters include pulse width (PW) and angle (Ө), acquisition time 

(AQ), relaxation delay (D1), spectral (sweep) width (SW), and number of scans (NS) [12, 28].  

        

Figure 2.2 A set of 2 basic pulse sequences (2 scans). 

A basic pulse sequence that illustrates the various components of an NMR experiment is 

included in Figure 2.2. This pulse sequence can be repeated many times to improve S/N [28]. In 

31P NMR, the 31P nuclei are excited by an intense radiofrequency (RF) pulse, usually with less 

than 10-μs duration that is applied orthogonal to the applied magnetic field. The RF pulse is 

actually a "frequency sweep" that includes resonant Larmor frequencies for nuclear spins in the 
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magnetic field. Any precessing nuclear spin that absorbs this RF radiation will have its net 

magnetization vector "tipped" away from the main magnetic field vector. These spinning nuclei, 

which generate an electric field, can be detected by a receiver coil positioned orthogonal to their 

net magnetization. Once the RF pulse is turned off, nuclei relax and the signal in the coil decays 

exponentially in the form of a sine wave. This signal is known as free-induction decay (FID) and 

is recorded during AQ. After the pulse and FID, the nuclei require time to fully relax before the 

next pulse. The time-domain FID signals are summed and then converted to a frequency-domain 

signal by a Fourier transformation [28-30].  

2.1.2.1 Radiofrequency Pulse  

The RF pulse is applied to excite the nuclei in the sample for a very short duration 

(normally in microseconds). This pulse width (PW) determines the pulse angle, or "tip angle", of 

precessing nuclear spins. This pulse angle (Ө) is defined by Equation 2-1:     

                                                                  Ө = γ * B1 * PW                                                       (2-1) 

where γ is the gyromagnetic ratio of the nuclei (γ of 31P = 10.8394*107 rad*T-1*s-1); and B1 is the 

magnetic field strength of the pulse [31-32].  

A variety of pulse angles between 30⁰ and 90⁰ have been used for 31P NMR analyses of P 

compounds in the environment [9]. The most common one is a 90⁰ pulse [1, 3-5, 22-23, 33-35]. 

A 45⁰ pulse has also been used [7-8, 14, 17, 19-21, 24, 26]. However, a few groups of 

researchers used different pulse angles such as 30⁰ [13, 18, 36] and 63⁰ [10, 15-16, 25]. Pulse 

angles of less than 90⁰ may be used in order to decrease the delay time D1 and increase the 

number of scans possible in a given length of time. However, a smaller pulse angle (shorter pulse 

width) provides a smaller signal per pulse, so a larger number of scans is necessary to obtain the 
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same S/N as same as a 90⁰ pulse with longer D1 [9]. Generally, the 90⁰ pulse is used for 

quantitative analysis because the S/N is higher in the single scan. For qualitative analysis, the 

shorter pulse such as 30⁰ and 45⁰ have been used to shorten the experimental time due to less 

time required for the nuclei to relax and return to the equilibrium state after the pulse is applied 

[31]. The pulse angle should be chosen along with appropriate D1 and T1 as discussed in 2.1.2.3. 

Figure 2.3 shows pulses with different angles and widths applied to excite nuclei in the sample 

placed in the static magnetic field (B0). 

 

Figure 2.3 An example of pulses with different angles and widths. 

2.1.2.2 Acquisition Time (AQ)  

Acquisition time (AQ) is the time required to obtain the FID [29]. Spin-spin relaxation 

(characterized by T2) affects the rate of the decays. AQ should be set long enough to observe the 

entire FID to maximize the amount of signal [28]. However, if AQ is set too long (longer than 

3*T2), only noise will be recorded and the S/N of the spectrum will decrease [31-32]. For 31P 

NMR analysis of environmental samples, AQ is typically in the range from 0.17 s to 1.31 s [9]. 
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2.1.2.3 Relaxation Delay (D1)  

The relaxation delay (D1) is the time added after the FID is acquired and before another  

pulse is initiated, as illustrated in Figure 2.2 [28]. The pulse interval has to be chosen 

appropriately according to the spin-lattice relaxation time (T1) of the nuclei to make sure that the 

nuclei are completely relaxed between successive pulses [28, 32]. Besides the environment of the 

nuclei, temperature and solvent also affect T1 [28], because of their impact on molecular motions 

[32]. At elevated temperatures or in particular solvents, molecules move faster, so T1 is greater 

[32]. Conversely, paramagnetic ions in the sample can decrease T1 as well as T2 [9, 32].  

As illustrated in Figure 2.2, the total time required to record a single spectrum is the sum 

of PW, AQ and D1. Besides D1, relaxation also takes place during AQ [29]. Theoretically, when 

a 90⁰ pulse is used, total delay time (i.e. the recycle time), including AQ and D1, should be equal 

to 5*T1, so the nuclei can relax and return to 99.3% of equilibrium before starting a new pulse [9, 

28-29, 31, 35, 37]. T1 can be measured by the inversion recovery experiment [31-33]. If the 

sample has the measured T1 of, for example, 2 s, the recycle time should be 10 s. If AQ is set at 

0.5 s, D1 should then be set at 9.5 s. When applying a shorter 30⁰ or 45⁰ pulse, D1 can be 

reduced. For environmental analyses, D1 has been used in a range from 0.2 to 20 s [9]. Longer 

D1 is required for the samples which have low amount of paramagnetic ions such as samples 

treated with chelating agents, calcareous soils and manures [9].    

2.1.2.4 Spectral (Sweep) Width (SW) and Line Broadening (LB) 

Generally, the phosphorus species in environmental samples exhibit chemical shifts (δ) 

between -25 and 25 ppm in the 31P NMR spectra [9]. Chemical shifts are referenced to an 

external standard which is 85% H3PO4 (δ = 0 ppm) [1, 7, 10, 13-26]. The spectral width (SW) is 
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generally set to around 50-70 ppm and the spectral center at 0 ppm, because the chemical shift of 

a signal can slightly change depending on pH of the sample extract.  

The line broadening (LB) is relative to the speed of decaying states in the NMR 

experiment. Faster decay provides a broader linewidth, while a narrower linewidth with higher 

noise is present when using slower decay. The 31P NMR spectra of the environmental samples 

have been plotted with different LB ranging from 0.3 to 10 Hz [4-5, 7, 13-14, 18-20, 23, 25-26, 

34], with an LB of 1 Hz being most common. The lower the LB, the higher the resolution of the 

spectrum.  

2.1.2.5 Number of Scans and Experiment Time Length 

Number of scans (NS) is a number of acquisitions or pulse sequences used in the NMR 

experiment and includes D1, PW, and AQ [28]. Repeating the pulse sequence increases the S/N 

ratio according to Equation 2-2 [9, 28-29, 32]:  

                       S/N  α  (NS)1/2                           (2-2) 

The NS for 31P NMR used in the analysis of environmental samples has ranged from 500 to 

110,000 scans depending mainly on concentration of P [9]. 

2.2 Solid-State 
13

C NMR 

2.2.1 Introduction 

Soil organic matter (SOM) contains roughly 57% carbon by weight [38]. Soil organic 

carbon (SOC) is produced from many sources such as microorganisms, animals, and plants. 

Plants create SOC via photosynthesis [38]. Transformation of carbon in the atmosphere in the 

form of carbon dioxide to refractory carbon in the soil is a process known as “soil carbon 

sequestration” which positively affects the global warming and climate change [38].  
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Among a variety of analytical techniques used to characterize SOM, both solution and 

solid-state 13C NMRs have been applied to obtain molecular information on constituents in SOM 

[39]. In the case of solid-state 13C NMR with cross polarization, acquisition times are shorter and 

whole soil samples can be analyzed with no change in chemical structures of samples because 

there is no extraction step [39]. Therefore, solid-state 13C NMR has become one of the most 

powerful techniques for qualitatively and quantitatively characterizing SOM and other 

geochemical compounds such as coals [40-43]. In soils and sediments, solid-state 13C NMR has 

been used to identify and quantify carbon functional groups such as alkyl, aromatic, and carboxyl 

[17, 40-42, 44-47]. In a solid state 13C NMR spectrum of a soil sample, chemical shifts between 

0-50, 50-65, 65-110, 110-160, and 160-220 ppm are indicative of alkyl C, alkyl carbon adjacent 

to nitrogen (N-alkyl C), alkyl carbon adjacent to oxygen (O-alkyl C), aromatic C, and carbonyl 

C, respectively [17, 39]. Relative abundances of different carbon functional groups can be 

determined by integration of the 13C NMR signal intensities over these defined chemical shift 

ranges [17]. A 13C NMR spectrum of a bog sample consisting of various carbon structures is 

illustrated in Figure 2.4. Classification, 13C chemical shift, and examples of carbon functional 

groups in SOM are shown in Table 2.2 [47].   

The resonance signals obtained from the solid-state 13C NMR are broader than those in 

the solution-state NMR, due mainly to effects of dipolar interactions (or dipolar coupling) and 

chemical shift anisotropy (CSA) in the solid state [43, 48]. These orientation-dependent 

interactions greatly influence nuclear spin systems including 13C and 1H, because of very limited 

molecular motions in the solid state [43, 48]. In order to increase spectral resolution in the solid-

state 13C NMR, 1H nuclei should be decoupled during 13C NMR acquisition [43]. 
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Table 2.2 Classification, 13C chemical shift, and example of carbon structures in SOM. 

Classification Structure Chemical Shift (ppm) 

   

Alkyl C*  

 

 

0-50 

 

N-alkyl C* 

 

 

50-65 

 

O-alkyl C* 

(Including carbon in carbohydrate 

family) 

 

 

 

65-110 

 

Aromatic C* 

(Carbon in substituted & 

unsubstituted aromatic rings) 

 

 

 

110-160 

 

Carbonyl C* 

 

 

 

160-220 
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Figure 2.4 13C NMR spectrum of a bog sample at 0-10 cm-depth from the Minnesota Peatland. 

2.2.2 NMR Techniques, Parameters, and Effects 

A variety of 13C NMR pulse sequences are available for analyses of solids, including 

Bloch decay (BD) or direct polarization (DP), cross polarization (CP), ramped-amplitude cross 

polarization (RAMP-CP), and RESTORE [42]. CP and DP are the most widely used for soils 

[40-42, 44, 46-47, 49]. When comparing DP and CP in term of sensitivity and quantitation, DP is 

less sensitive but more quantitative than CP [42].  

2.2.2.1 Magic Angle Spinning (MAS) 

Besides 1H decoupling, a technique called magic angle spinning (MAS) has been used to 

increase resolution and eliminate line broadening in solid-state 13C NMR [43]. A combination of 
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MAS and 1H decoupling techniques in the solid-state 13C NMR can create almost liquid-like 

spectra [50]. Solid-state 13C NMR spectra are also very broad due to the chemical shift variation 

of chemically equivalent nuclei [42]. The chemical shifts of chemically equivalent nuclei are not 

the same in all applied magnetic field (B0) directions, because their resonance frequencies rely 

on their orientations relative to the local field [42-43]. This effect is called the chemical shift 

anisotropy (CSA) which is orientation dependent and proportional to the term of 3cos2α–1. CSA 

is averaged to zero when α = 54.74⁰ (3cos2α – 1 = 0) [42-43, 48, 51]. In the MAS technique, the 

line broadening caused by CSA can be removed by rapidly spinning a sample around the axis at 

this “magic angle” of 54.74⁰ relative to the direction of the primary magnetic field, B0 [43, 48, 

50]. Unless MAS is used, a 13C NMR spectrum of SOM is impractical to qualitatively and 

quantitatively interpret [42]. Figure 2.5 illustrates the MAS technique with the rotor spinning at 

a rate ωr. 

 

Figure 2.5 Magic Angle Spinning (MAS). 

2.2.2.2 Cross Polarization (CP)  

Cross polarization (CP) is a technique used to improve the NMR sensitivity. CP increases 

the polarization in less abundant nuclei with low gyromagnetic ratio (γ) such as 13C by 
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polarization (or magnetization) transfer from more abundant nuclei with higher γ and 

concentrations such as 1H [43-44, 51]. Consequently, the spin-lattice relaxation of the nuclei is 

rapidly induced, allowing for shorter pulse durations and more scans per unit time. This process 

enhances S/N by the same (NS)1/2 factor as described previously [48]. The efficiency of 

polarization transfer is higher when the precession rates or Larmor frequencies of 13C (ωC) and 

1H (ωH) are adjusted to fulfill the Hartmann-Hahn matching condition [43-44, 48, 50-51]: 

                                                        ωH = ωC                                                                  (2-3) 

              γHB1(H) = γCB1(C)              (2-4)  

where γH and γC are the gyromagnetic ratios of 1H and 13C, and B1(H) and B1(C) are the radio-

frequency (rf) fields of 1H and 13C, respectively. The Hartmann-Hahn condition results in a 

thermal exchange between the 13C and 1H spin systems [43].  

Achieving a cross polarization between two spin systems is a multiple-step process 

(Figure 2.6). First, a 90⁰ pulse is employed to produce a 1H magnetization or polarization [50]. 

Then, another contact pulse is applied to the 13C spin system [43]. Polarization transfer from 1H 

nuclei to 13C nuclei takes place during the thermal exchange resulting from these contact pulses. 

It is important that the Hartmann-Hahn condition is achieved to optimize polarization and obtain 

NMR signals with high sensitivity. The matching condition can be achieved by keeping the 

amplitude of the contact pulse applied on the 1H spin system constant, and then slowly adjusting 

the amplitude of contact pulse applied on the 13C spin system until a good spectrum is acquired 

[50]. The duration of the 13C contact pulse is termed the contact time (CT) [50]. The CT is 

ideally the time required to reach the thermal equilibrium between the 13C and 1H spin systems 

[43]. The CT has to be chosen properly for the quantitation of 13C NMR spectra [50].  
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Figure 2.6 A classical CP-MAS 13C NMR pulse sequence. 

Cross polarization-magic angle spinning (CP-MAS) 13C NMR provides the well-resolved 

spectra of organic solids in shorter experimental times than that of direct polarization-magic 

angle spinning (DP-MAS) 13C NMR [46]. The spin-lattice relaxation time (T1) of 1H nuclei is 

usually less than that of 13C nuclei; therefore, the recycle delay in the CP-MAS 13C NMR is 

shorter than that in the DP-MAS 13C NMR [47]. Furthermore, when compared to the direct 

excitation of 13C in the DP-MAS 13C NMR, the excitation of 13C nuclei through the dipolar 

interaction with 1H nuclei in the CP-MAS 13C NMR can increase the signal intensity by 

nominally around 4 times relative to the ratio of γH and γH [46-47]. As a result, CP-MAS 13C 

NMR yields spectra with high S/N [46-47]. However, in the CP-MAS 13C NMR, not all 13C 

nuclei in the sample are completely excited, so fewer 13C nuclei are observed than that in the DP-

MAS 13C NMR [44]. These are the reasons why the CP-MAS 13C NMR is more sensitive but 

less quantitative than the DP-MAS 13C NMR [42]. 

2.2.2.3 Direct Polarization (DP)  

Direct polarization (DP) or Bloch decay (BD) is a single-pulse technique which provides 

more quantitative data than CP [46]. The 13C pulse sequence in the DP experiment is as simple as 
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the pulse sequence shown in Figure 2.2. T1 values of all carbon types in the sample have to be 

determined for acquiring the proper quantitaion of the DP-MAS 13C NMR. The recycle delay 

should be set as long as 5 times the largest T1 value of 13C [47-51]. The recycle delay in the DP-

MAS 13C NMR is much longer than that in the CP-MAS 13C NMR and thus total time per scan is 

longer. Because S/N is proportional to square root of NS, larger NS is required to obtain higher 

S/N [9, 32, 51]. As a result, the DP experiment takes a much longer time than the CP experiment 

in order to achieve same S/N [51]. Due to the complete excitation and relaxation of all 13C nuclei 

in the DP experiment, most 13C nuclei can be detected. The DP technique is more quantitatively 

reliable than the CP technique. Nonetheless, the CP-MAS 13C NMR has been extensively used 

because of its greater sensitivity and shorter total spectral acquisition time [42]. 

2.2.2.4 Spinning Rate 

Increasing the spinning rate around the magic angle diminishes dipolar interactions [43]. 

As a result, the widths of the resonance bands in the NMR spectra decrease [50]. For the rapid 

rotation, it is very important to pack the solid sample completely and homogeneously throughout 

the sample container or rotor [50]. The spinning rate is also selected according to the sample 

rotor size [50]. The smaller the sample rotor is used, the higher the spinning rate limit. 

Nevertheless, smaller sample rotor leads to lower sensitivity due to less amount of sample in the 

rotor. Moreover, the spinning rate affects the CP efficiency [42]. High spinning rate decreases 

the efficiency of CP between 1H and 13C nuclei. Then, less CP signal intensity is generated [42]. 

Therefore, at high spinning rates, the quantitative reliability of NMR spectra is questionable [52].  

2.2.2.5 Spinning Side Bands (SSBs) 

Spinning side bands (SSBs) are the bands appearing on both sides of the NMR signal at 

the isotropic chemical shift when the spinning rate is less than the magnitude of CSA [42-43, 
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50]. SSBs obscure the isotropic resonance signals and thus make the interpretation of NMR 

spectra more difficult. Changes in the intensity and position of SSBs depend on the spinning rate. 

However, the isotropic resonance signal remains unchanged when the spinning rate is altered 

[42-43, 50]. A simple approach to suppress SSBs is to maximize the spinning rate. There are also 

other techniques for SSB elimination such as RAMP-CP and the total suppression of side bands 

(TOSS) pulse sequence [43, 50]. However, high spinning rate has been widely employed to 

remove SSBs [43, 50].  

2.3 Spectral Deconvolution 

Spectral deconvolution is mathematical and algorithmic process used to minimize poor 

resolution in NMR spectra. In order to optimize the resolution of a spectrum, the homogeneity of 

the primary, external magnetic field (B0) is maximized by shimming. However, the internal 

magnetic field gradients induced by the sample itself causes broadening of spectral line which 

can make the spectral interpretation more difficult [53]. 

Spectral resolution can be measured by the peak width at the half peak height (∆ν1/2). The 

peak width is affected by both T1 and T2. In solution-state NMR, T1 and T2 are very similar and 

long, resulting in narrow resonant peaks. In solid-state NMR, T1 is very long, but T2 is very short 

due to large magnetic coupling to neighboring spins [32]. The peak width at the half peak height 

(∆ν1/2) is a function of T2 as defined by Equation 2-5:  

              ∆ν1/2 = 1/(π T2
*)                    (2-5) 

and                    1/T2
*   =   (γ∆B0/2)  +  (1/T2)                              (2-6) 

where T2
* is transverse relaxation time or damping constant in an inhomogeneous field, T2 is 

natural spin-spin relaxation, γ is gyromagnetic ratio of the nuclei, and ∆B0 is magnetic field 

inhomogeneity [32]. Spectral deconvolution technique can increase the resolution by eliminating 
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line shape distortions from the spectrum. Eventually, the Lorentzian line shapes are obtained and 

the line widths depends only on T2 [53]. Figure 2.7 illustrates spectral deconvolution of solid-

state 13C NMR spectrum of a bog sample at 175-200 cm-depth from the Minnesota Peatland. It 

also shows the integral areas and identifications of deconvoluted peaks.  

 

Figure 2.7 Spectral deconvolution of a Minnesota Peatland bog sample at 175-200 cm-depth. 

Chemical Shift (ppm) 
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CHAPTER 3 

LIQUID CHROMATOGRAPHY AND MASS SPECTROMETRY 

3.1 Liquid Chromatography 

3.1.1 Introduction 

Liquid chromatography (LC) is a separation technique based on the competitive 

interactions of the analyte with the liquid mobile phase and the stationary phase [1]. LC is used 

to separate the components in complex mixtures such as environmental samples prior to 

detection by techniques such as UV-VIS spectroscopy and mass spectrometry. LC can be 

classified into different types based on the chemistry of the mobile and stationary phases [1]. 

Selectivity is the main factor that controls separation efficiency in LC. The selectivity in LC is 

determined by the stationary phase, the mobile phase, and the type of detection method 

employed [2]. LC modes commonly used for environmental analyses include reversed phase 

(RP-LC), size exclusion (SEC) and ion chromatography (IC).  

Size exclusion chromatography (SEC) has been applied to separate compounds according 

to their hydrodynamic molecular size. This technique is also referred to as gel filtration 

chromatography (GFC) when using aqueous mobile phases or as gel permeation chromatography 

(GPC) when using organic mobile phases [3-4]. If hydrophobic and electrostatic interactions 

between stationary phase and analyte are ignored, the chromatographic retention time depends 

on molecular weight (MW) or, more precisely, effective molecular size of                                            

the analyte. Analytes that are larger than the diameter of pores within the porous stationary phase 

material are excluded and elute first. Lower-MW solutes that can penetrate into the pores of the 

stationary phase material elute later with a correspondingly longer retention time [4].  
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While relatively limited in resolving power when compared to other liquid 

chromatography techniques, SEC has nevertheless been used in a number of studies of natural 

organic phosphorus. In 1971, Steward and Tate [5] focused on separating higher MW 

compounds such as phytate and humic phosphorus compounds from low MW compounds such 

as orthophosphate. In 1989, Condron and Goh [6] used gel filtration chromatography to 

investigate the MW distribution of organic P in soils under irrigated pasture from the area where 

superphosphate fertilizer was used. In 2002, Her et al. [4] optimized the method for 

characterizing natural organic matter (NOM) by SEC-UV spectroscopy. They studied the effect 

of ionic strength of solvent on the retention time of Suwannee River humic acid. They observed 

that the retention time increased when the ionic strength of the solvent increased, probably due to 

suppression of electrostatic repulsive forces that otherwise block access to internal pore spaces 

[4]. Heerboth consistently found that the higher the ionic strength mobile phase, the better the 

chromatographic peak resolution of inositol phosphates [7]. However, when using high ionic 

strength mobile phase LC coupled with electrospray-ionization-time-of-flight mass spectrometry 

(ESI-TOF-MS), he observed a decrease in signal intensity and increase in baseline noise due to 

the presence of background ions in the ESI source [7].   

Ion exchange chromatography (IEC) is a separation technique based on electrostatic 

interactions between ionic functional groups on the surface of stationary phase and analyte ions 

of opposite charge [8]. This allows IEC to separate ionic and ionizable compounds with respect 

to differences in ion affinities [9]. The stationary phase is the most important factor that controls 

selectivity in IEC and there are a variety of IEC columns that have different stationary phase 

chemistries. This feature of IC is unlike reversed phase LC in which organically-derivatized 

silica serves as relatively "passive" stationary phase [2]. 
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In the early stages of IC development, Small et al. [10] devised an IEC system consisting 

of 2 columns. The first column was the separation column and contained low capacity ion 

exchange resins. The second column was the suppressor column containing high capacity ion 

exchange resins. The second column was used for eluent counterion exchange to decrease the 

background conductivity of the solvent before conductivity detection. This two-column system 

with ion suppression is now known as Ion Chromatography (IC). Nowadays, an 

electrochemically-based membrane suppressor is used to allow continuous regeneration of 

suppressor ions. It is connected between the IC column and the detector to neutralize the eluent 

ions before detecting the analyte ions by conductivity or MS [9, 11-12].  

Ion chromatography (IC) has been applied to analyze either anions or cations in a wide 

variety of samples based on the chemistry of the stationary phase [11]. IC can be used to separate 

individual P compound in soil samples [11]. Inositol phosphates (IPs) are a type of organic P (Po) 

compounds that many researchers have focused on due to their ubiquitous presence in soils, 

plants and even foods and their ability to strongly bind important nutrients like iron and copper. 

IC was also used to determine IP with different numbers of phosphate groups (different 

congeners) in diets and digesta [13-14]. IC has been used to separate not only various IP 

congeners, but also different isomers of these IP congeners [9]. Skoglund, et al. demonstrated                                                                                                             

the efficiencies of different IC columns to separate various IP congeners and their isomers [12]. 

Recently, IC coupled with inductively coupled plasma mass spectrometry (ICP-MS) or 

electrospray ionization mass spectrometry (ESI-MS) was used to separate and detect Po 

compounds [15].                                     
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3.1.2 Optimization of Liquid Chromatography 

Selectivity in LC has been manipulated by choosing the appropriate types of stationary 

phase, mobile phase and detection technique. In IC, the chemistry of the stationary phase is the 

most important factor for controlling selectivity, although the composition of mobile phase can 

also be adjusted to improve selectivity as well [2]. 

The migration rate of an analyte in a column can be related to a parameter known as 

retention factor or capacity factor, k’, defined as:  

k’ = (tR – tM)/tM         (3-1) 

In (3-1), tM is the void time which is the time required for mobile phase to travel through the 

column and tR is the retention time which is the time for the analyte to reach the detector. The 

parameter tR and tM are obtained directly from a chromatogram [16]. In liquid chromatography, 

k’ < 1 means elution takes place so fast that accurate estimate of tR is difficult, while k’ > 20 

indicates elution takes an unacceptably very long time. Capacity factors between 1 and 10 are 

ideal [16].  

The separation of 2 analytes, A and B, can be quantified using the selectivity factor, α, 

defined as: 

     α = k’B/k’A          (3-2) 

where k’A and k’B are the retention factors of the analytes A and B, respectively. A and B are 

assigned in a way such that α is always greater than 1. We can calculate α from the 

chromatogram by substituting k’A and k’B in the equation 3-2 with the equation 3-1. 

     α =  (tR,B – tM)/(tR,A – tM)         (3-3)  

where tR,A and tR,B are the retention times of the analytes A and B, respectively.  
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While the selectivity factor α is a useful parameter for quantifying peaks separations, 

chromatographic peak widths are not taken into account when calculating α [16]. Thus, a better 

parameter more useful for optimization studies is the resolution, Rs, defined by (3-4). 

       Rs = ∆tR/Wav = 2*(tR,B – tR,A)/(WA + WB)         (3-4) 

In this equation, ∆tR the difference between tR,A and tR,B; Wav is an average peak width; and WA 

and WB are the peak widths of the analytes A and B, respectively. Rs = 1.5 indicates baseline 

resolution [16]. 

 The effects of the three parameters, retention factor (k’), selectivity factor (α), and 

number of theoretical plates (N), on resolution (Rs) can be shown to be:  

          Rs = [(N1/2)/4]*[(α - 1)/α]*[(k’/(1+k’)]         (3-5) 

where k’ is the average of k’A and k’B. This expression is beneficial in optimizing LC systems 

through manipulations of the 3 parameters. For example, instead of lengthening the column, 

increasing N can improve resolution without a corresponding increase in analysis times by 

decreasing plate height (H), because N is inversely proportional to H according to the equation: 

        N = L/H          (3-6) 

where L is the column length (usually in cm). We can decrease H by optimizing flow rates and 

using a column packed with smaller stationary phase particles. N can be calculated from a 

chromatographic peak:  

                                                  N = 16*(tR/W)2 = 5.54*(tR/W1/2)
2                                            (3-7) 

where W is peak width at the base and W1/2 is peak width at half peak height. α can be optimized 

by changing the compositions of either both mobile and/or stationary phases [16]. 
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Peak capacity (Pn or n) is another important performance measure for chromatography. It 

indicates the maximum number of resolvable peaks within a retention window [17-20]. Pn can be 

determined from a gradient LC separation using (3-8): 

        Pn = 1+ (tG/Wav) = 1 + (tR,z – tR,a)/Wav                    (3-8) 

where tG is the gradient time between the first and last peaks; tR,a and tR,z are the retention times 

of the first and last peaks, respectively; and Wav is an average peak width of the first and last 

peaks [20]. Pn is influenced by some factors such as N, flow rate, and temperature [18]. 

Giddings, Horvath and Lipsky showed Pn  increased when N  increased [17, 19]. 

Experimental optimizations described in this chapter focused on changing relative 

migration rates of the analytes. First, the composition of mobile phase was varied to gain the 

separation efficiency. Different types of columns were also used to compare their separation 

efficiencies.  

3.1.2.1 Ion Chromatography 

A gradient high-performance liquid chromatographic method for separation and 

quantification of phosphorus compounds in soil extracts was developed. A Dionex series 4500i 

Ion Chromatograph (E-LabTM Chromatography System) coupled with Dionex Conductivity 

Detector (CD) was used. Two analytical columns, a Metrosep A Supp 3 column (4.6 x 250 mm, 

9 µm; retention mechanism: anion exchange) and an Omnipac PAX-100 column (4 x 250 mm, 

8.5 µm; anion exchange) were compared for separation of phosphorus standards. The 

composition of mobile phase solvents and flow rates were optimized for each column for 

separation of a standard mixture of 1 mM inositol monophosphate (IP1) and 1 mM inositol 

hexakisphosphate (IP6). The eluent with the separated substances that passed from the end of 
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analytical column was chemically ion suppressed by 0.025 M H2SO4, before conductivity 

detection. 

There are 63 possible IP isomers resulting from various degrees of stereo-specific 

phosphorylation of myo-inositol [21-22]. IPs are polyanionic compounds that are well suited for 

separation by IC with anion-exchange columns [22]. However, only 39 IP isomers (including 4 

IP1, 9 IP2, 12 IP3, 9 IP4, and 4 IP5 isomers as well as IP6) have been separated by an anion-

exchange column [21]. In this study, a NaOH gradient elution with the anion-exchange Metrosep 

A Supp 3 column was optimized to separate IP congeners, but not isomers, followed by chemical 

suppression and then conductivity detection. Gradients were generated from a combination of 2 

solvents: (A) 45 mM NaOH and (B) H2O. The flow rate was 1 mL/min. According to a previous 

study [21], IP congeners were eluted in order of increasing numbers of phosphate groups on the 

inositol ring. The higher the number of phosphate groups, the longer the retention time.  

 

 

 

 

 

 

 

 

 

Figure 3.1 The chromatograms of 1 mM IP1, 1 mM IP6 and the mixture using Gradient No.1 on 
a Metrosep A Supp 3 column. 
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The chromatograms of 1 mM IP1, 1 mM IP6 and a mixture of the two using Gradient 1 

are shown in Figure 3.1. IP1 had a retention time at around 4 min while IP6 was eluted at around 

9 min. An impurity, probably another IP congener from degradation of IP6, was found at a 

retention time of 5 min. Chromatograms resulting from all three gradient elution systems are 

presented in Figure 3.2. Conditions of the gradient elution systems are shown in Table 3.1. 

Table 3.1 Three gradients for separating a standard solution of 1 mM IP1 and 1 mM IP6. 

 

Gradient Elution Systems 

 

Description (A = 45 mM NaOH; another (B) = H2O) 

 

Gradient No.1 
 

0-1 min, 50% A; 1-10 min, 50-100% A; 10-14 min, 100% A. 

   

Gradient No.2 
 

0-1 min, 20% A; 1-16 min, 20-100% A; 16-20 min, 100% A. 

      

Gradient No.3 
 

0-1 min, 20% A; 1-26 min, 20-100% A; 26-30 min, 100% A. 

  

 

 

 

 

 

 

 

 

 

Figure 3.2 The chromatograms of a standard solution of 1 mM IP1 and 1mM IP6 eluted using 
different gradient elution systems on a Metrosep A Supp 3 column. 
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In order to choose the optimized condition for separating IP congeners, a relatively long 

retention time gap (retention window) between IP1 and IP6 is considered optimal because IP2 – 

IP4 will be separated in that retention window, since IP congeners are eluted in order of 

increasing numbers of phosphate groups on the inositol ring [21]. From each gradient elution 

system, the peak capacity (Pn) was calculated. Pn, tR, and W of the chromatograms from the three 

different gradient elution systems are included in Table 3.2. Gradient No.2 provided a longer 

retention window between IP1 and IP6 than that of Gradient No.1 and shorter total analysis time 

than Gradient No.3 and it was thus considered optimal.  

The selectivity of IC is influenced by several factors such as nature and number of ion 

exchange functional groups and experimental conditions. The stationary phase of the Metrosep A 

Supp 3 column is 9-µm-diameter polystyrene-divinylbenzene copolymer with quaternary 

ammonium groups. In contrast, the Omnipac PAX-100 column contains 8.5-µm-diameter 

ethylvinylbenzene-divinylbenzene substrate (55% cross-linked) agglomerated with 60-nm 

MicroBead™ alkanolquaternary amine-functionalized latex (4% cross-linked). The smaller 

stationary phase particle sizes of the Omnipac PAX-100 column would in theory improve the 

separation efficiency, even if no additional chemical selectivity occurred.  

A gradient elution system (No.4) consisting of (A) 200 mM NaOH and (B) 5% methanol: 

0-1 min, 20% A; 1-16 min, 20-80% A; and 16-20 min, 80% A, was used with the Omnipac 

column. The flow rate was 1 ml/min. The chromatogram of a standard solution of 1 mM IP1 and 

1 mM IP6 is illustrated in Figure 3.3. Pn, tR, and W of the chromatogram in Figure 3.3 are 

included in Table 3.2. 
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Figure 3.3 The chromatograms of a standard solution of 1 mM IP1 and 1mM IP6 eluted using a 
gradient elution No.4 on Omnipac PAX-100 column. 

Table 3.2 Pn, tR, and W of the chromatograms from different gradient elution systems for 
separating a standard solution of 1 mM IP1 and 1 mM IP6. 

 

Column 

 

Gradient No. 

 

Wa 

(min) 

 

Wz 

(min) 

 

tR,a  

(min) 

 

tR,z 

(min) 

 

Pn 

 

Metrosep A Supp 3 
 

1 
 

0.30 
 

0.92 
 

4.05 
 

9.73 
 

10 

 

Metrosep A Supp 3 
 

2 
 

0.50 
 

0.73 
 

5.90 
 

14.10 
 

14 

 

Metrosep A Supp 3 
 

3 
 

0.70 
 

0.77 
 

6.73 
 

18.38 
 

17 

 

Omnipac PAX-100 
 

4 
 

0.18 
 

0.48 
 

2.72 
 

11.26 
 

27 

Wa and Wz are the peak widths of the first (IP1) and last peaks (IP6), respectively. 

tR,a and tR,z are the retention times of the first (IP1) and last peaks (IP6), respectively. 

Due to higher ion exchange capacity of the Omnipac PAX-100 column (40 µ eq.) [22] 

than that of Metrosep A Supp 3 column (33 µ eq.) [23], the selectivity of Omnipac PAX-100 

column is higher. Therefore, improvement of separation efficiency was expected, and indeed this 
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improvement was observed. The Omnipac PAX-100 column with the gradient elution system 

No.4 provided higher peak capacity (Pn) than the Metrosep A Supp 3 column with any of the 

various gradient elution systems.  

3.1.2.2 Size Exclusion Chromatography 

Another type of chromatographic method called size exclusion chromatography (SEC) 

was applied to separate soil phosphorus compounds. The optimization experiments were carried 

out on a Beckman-Coulter System Gold Liquid Chromatograph with UV detection at a 

wavelength 254 nm using Polystyrene sulfonate (PSS) standards. A PL aquagel-OH 30 SEC 

column (7.5 x 300 mm, 8 µm; molecular weight range 100-30,000 Da) was used. The mobile 

phase consisted of 80% ammonium bicarbonate buffer and 20% methanol (v/v) at a flow rate of 

1 mL/min. The experiments were performed to investigate the effect of buffer ion strength on the 

separation by varying the concentration of ammonium bicarbonate buffer: 0.25, 0.10, and 0.01 M 

NH4HCO3. PSS standards with nominal molecular weights of 910, 3610, 6530 and 14900 Da 

were used to calibrate the SEC column for natural organic matter separations. The SEC 

chromatograms of various PSS standards analyzed using different concentrations of ammonium 

bicarbonate buffer are shown in Figure 3.4. 

Figure 3.5 illustrates the relationship between retention time (tr) and logarithm of 

molecular weight (i.e. the calibration curves) of the chromatograms of PSS standards when using 

different concentrations of ammonium bicarbonate buffers. Ideally, the most effective buffer 

strength would increase the separation efficiency but not adversely influence the ionization 

efficiency in MS detection used in this research project. The resolution of the PSS separations 

was improved when using the higher ionic strength buffers. This results from ionic interactions 

between charged solutes and polar sites in the stationary phase of SEC [7]. However, the higher 
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ionic strength mobile phase can adversely affect efficiency of detection by mass spectrometry by 

suppressing analyte ionization. 

 
Figure 3.4 The SEC chromatograms of various PSS standards when using 0.01 M, 0.10 M, and 
0.25 M NH4HCO3 solution in the mobile phase. 

 

 

Figure 3.5 The calibration curves from the SEC chromatograms of PSS standards when varying 
the concentration of ammonium bicarbonate solution in the mobile phase. 
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3.2 Electrospray-Ionization and Time-Of-Flight Mass Spectrometry 

3.2.1 Introduction 

Mass spectrometry (MS) is a powerful technique for analyzing environmental, 

pharmaceutical and biological analytes [24]. MS has been used, albeit infrequently, to 

characterize and quantify a variety of individual P compounds in both terrestrial and aquatic 

ecosystems in order to understand the P cycle [25]. For example, MS has been applied to analyze 

inositol phosphates (IPs) in soils, waters, and plant tissues. MS is particularly attractive for IPs 

because they possess no chromophores suitable for detection by UV-VIS spectroscopy [26]. 

Derivatization is necessary if using UV-VIS spectroscopy as a detection technique for IPs. This 

can be tedious and time-consuming [26]. 

Mass spectrometry consists of the formation of gas-phase ions that are either positively or 

negatively charged, separation of the ions in a mass analyzer based on their mass-to-charge ratio 

(m/z), and detection of the ions with specific m/z values [27]. Therefore, the principal 

components of a mass spectrometer include an ion source, a mass analyzer, and a detector [28]. 

All of these steps are carried out under high vacuum conditions [28]. A combination of 

electrospray ionization and time-of-flight mass spectrometry (ESI-TOF-MS) was used in this 

dissertation.  

Electrospray ionization (ESI) was developed by Dole and his group to charge high-

molecular-weight polystyrene [29]. However, the ions from their experiment could not be 

detected by mass spectrometry. It was not until the 1980s that Yamashita and Fenn successfully 

attached an ESI source with a single quadrupole mass analyzer for analyzing 100-2000 amu-

molecular-weight compounds in the negative ion mode [30]. ESI-MS is considered a soft 

ionization technique that minimizes in-source fragmentation. As a result, intact molecular ions 
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can be detected [25]. ESI-MS is very useful for analyzing non-volatile and polar compounds 

which are not only simple organic compounds, but also complex biological structures [25, 27-

28]. The sample for ESI-MS analysis must be soluble in a polar solvent that is infused through a 

needle under atmospheric pressure into the main ionization chamber. A high voltage is applied to 

the needle during the infusion in order to create highly charged droplets. Once inside the 

ionization chamber, the solvent is desolvated by heating and collisions with a sheath gas such as 

N2. The droplets shrink until the repulsive or coulombic forces on the surface of the droplets 

become higher than the surface tension of the solvent, at which time gas-phase ions are formed 

[24, 27]. 

In recent years, ESI-MS has been widely used to characterize a variety of complex 

compounds, especially in the biological and environmental sciences. Loo et al. studied multiple-

charge-ion formation of polypeptides and proteins by ESI-MS with a negative ion mode [31]. 

Llewelyn et al. used an ESI source coupled with a high-resolution MS for characterizing organic 

phosphorus compounds in surface water samples from a treatment wetland [32]. Stenson et al. 

used an ultrahigh-resolution ESI-MS to determine exact masses and chemical formulas of 

individual humic substances which are extremely complex mixtures of organic compounds found 

naturally in soil and water [33]. Sobeck and Ebeling compared characterization of phosphorus 

compounds by ESI-MS with colorimetry and inductively coupled plasma MS [34]. 

There are a wide variety of commercially available mass analyzers that have been 

interfaced with an ESI source. The one used for this study was a time-of-flight (TOF) mass 

analyzer. TOF-MS was first developed by Stephens in 1949 [35]. Regardless of the ionization 

technique, all ions in the TOF-MS are accelerated into a field-free drift zone or a flight tube with 

the same kinetic energy (E) of qV, where q is the ion charge (which is equal to an integer number 



43 
 

z of electron charge e or q = ez) and V is the applied or accelerating voltage [28]. The ion kinetic 

energy is also equal to (½)mv2, where m is the ion mass and v is the ion velocity [28]. The 

relationship among all factors can be defined as: 

                   t = L/v = L*(1/2V)*(m/z)1/2                 (3-9) 

where t is the time of ion flight and L is the flight tube length [36]. Therefore, lighter ions travel 

in the flight tube faster and reach the detector sooner than heavier ions. The ion velocities vary 

inversely with m/z [26]. For the TOF-MS used in this dissertation, the reflectron is applied for 

reversing the direction of the ions travelling through the flight tube [26, 37]. The reflectron 

improves the resolution and sensitivity of the TOF-MS by doubling the flight distance of the ions 

with the same m/z and compensating for variations in the kinetic energies of ions that result in a 

spread of velocities for ions of the same m/z [26, 37]. As shown in Figure 3.6, ions of a 

particular m/z but higher initial kinetic energy than another ion of the same m/z will penetrate 

farther into the reflectron’s field. This added distance compensates for the higher velocity of the 

first ion and results in all ions of the same m/z but different kinetic energies arriving at the 

detetctor at roughly the same time. If the reflectron voltage is changed, the ion penetration depth 

inside the reflectron will change. This significantly affects the fight distance and the m/z values 

of the analyte ions, and thus a mass calibration is required when adjusting the reflectron voltage. 

Nonetheless, maximizing the sensitivity and resolution can be done by adjusting the reflectron 

voltage in 10 V steps [37].  
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Figure 3.6 Reflectron model diagram taken and adapted from a Quick Reference for JEOL 
AccuTOFTM LC/MS System with permission (courtesy of JEOL USA, Inc.) [37]. The darker the 
color of circles, the higher the initial kinetic energy of ions with the same m/z value. 

3.2.2 Optimization of ESI-TOF-MS 

Analyte properties such as pKa, polarity, and solvation energy can influence the ESI 

response [24]. ESI response varies significantly between different compounds, so optimization of 

experimental conditions for a particular compound is very important in ESI-TOF-MS [24]. In 

order to optimize the ESI source, it is necessary to understand the effects of variables such as 

analyte characteristics, instrumental parameters, and solvent composition. Formation of a stable 

electrospray depends on appropriate adjustment of a variety of factors such as the applied 

voltage, flow rate, and solvent surface tension [38]. Acidic analytes with low pKa such as inositol 

phosphates (IPs) are likely deprotonated in solution, so the ESI in a negative ion mode is 

preferred [24]. Thus, in this study, IPs were analyzed by using a JEOL AccuTOF mass 

spectrometer coupled with ESI source operated in a negative ion mode. Table 3.3 includes the 

target inositol phosphate congeners for this study, with number of phosphate groups, molecular 

weights and molecular ion m/z values [M-H]- of each congener. 
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Table 3.3 Inositol phosphate congeners with their abbreviations, number of phosphate groups, 
molecular weights and m/z ratio of molecular ion [M-H]- [7, 26]. 

 

Full name and abbreviation 

 

Number of 

phosphate 

groups 

 

Molecular weight 

(Da) 

 

Molecular ion 

m/z [M-H]
-
  

(Da) 

   

myo-Inositol monophosphate (IP1) 

myo-Inositol bisphosphate (IP2) 

myo-Inositol trisphosphate (IP3) 

myo-Inositol tetrakisphosphate (IP4) 

myo-Inositol pentakisphosphate (IP5) 

myo-Inositol hexakisphosphate (IP6) 

   

1 

2 

3 

4 

5 

6 

   

260.0 

340.0 

420.0 

499.9 

579.9 

659.9 

   

259.0 

339.0 

419.0 

498.9 

578.9 

658.9 

 

3.2.2.1 Effects of Solvent Composition on Sensitivity of ESI-TOF-MS 

In ESI-MS, the solvent composition greatly influences ionization efficiency. Aqueous 

mixtures are typically used, and often the higher the percentage of organic solvents in the ESI 

solution, the greater the ESI response. This effect can be explained by more efficient desolvation 

of the analyte and improved spray stability because the organic solvents reduce liquid surface 

tension [38]. 

The effect of solvent composition on the mass spectra of inositol hexakisphosphate (IP6) 

is shown in Figure 3.7. Two solvents were used, H2O and 20% methanol/H2O. When using the 

20% methanol solution, the intensity of the molecular ion peak of IP6 at 658.7 Da is higher than 

that without methanol in the ESI solvent. The sensitivity increases when the amount of organic 

solvent in the ESI solution increases. Methanol has lower surface tension and higher volatility 

than water. Therefore, the sample droplets are more easily vaporized and reduced in size. Less 
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repulsive or coulombic forces are required to overcome the surface tension of the solvent and 

create the gas-phase ions [27]. This enhances the ESI efficiency and response. Nevertheless, pure 

methanol cannot be used for this study because IP6 is soluble in water, but insoluble in pure 

methanol. IP6 dissolved in the 20% methanol solution, but precipitated in solutions containing 

higher concentrations of methanol.  

 

 

Figure 3.7 ESI negative mode mass spectra of 5 ppm IP6 (m/z ratio of molecular ion [M-H]- = 
658.7) standard solutions with the in-source fragmentation. Different ESI solvents were used: A.) 
DI H2O; and B.) 20% methanol. (Orifice 1 = -60 V, orifice 2 = -5 V, ring lens = -10 V, needle = -
2 kV, and peak voltage = 1.3 kV) 

3.2.2.2 Effects of Instrumental Parameters on Sensitivity of ESI-TOF-MS 

There are a variety of instrumental parameters that influence the stability of electrospray 

such as the applied voltage, the nebulizing gas flow rate, and the distance between the spray 

A 

B 
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capillary and the counter electrode [38]. This study focused on tuning voltages of some 

components in the ESI source in order to introduce gas-phase ions to the TOF mass analyzer as 

efficiently as possible. The main components in an ESI source are needle, orifice 1, ring lens, 

orifice 2, and ion guide (Figure 3.8). 

 

Figure 3.8 Main components in ESI source including needle, orifice 1, ring lens, orifice 2, and 
ion guide taken and adapted from a Quick Reference for JEOL AccuTOFTM LC/MS System with 
permission (courtesy of JEOL USA, Inc.) [37]. 

The sample is sprayed from the ESI needle and then desolvated with N2 in the chamber to 

create micro droplets and ions. The micro droplets and ions pass through the orifice 1 into 

vacuum. However, only ions are directed to the orifice 2. Setting the appropriate voltages 

between the orifice 1, the orifice 2, and the ring lens leads to increase efficiency of ion 

transmission from the orifice 1 to orifice 2. Then, ions pass through the high-frequency ion guide 

and into the TOF mass analyzer [37]. Orifice 1 voltage is the potential difference between the 

orifices 1 and 2. Orifice 2 voltage is the potential difference between the orifice 2 and the ion 

guide. Needle voltage and ring lens voltage are the voltages applied to the needle and ring lens, 

respectively. The ion guide high-frequency peak voltage (“peak voltage”) is the voltage set in 
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order to facilitate detecting ions. A peak voltage of -1000 to -2000 V is recommended. If low 

mass ions are the targets, the peak voltage is set low to eliminate high mass ions. Conversely, 

setting the peak voltage high (up to 2500 V) can increase high mass ion detection. Moreover, to 

optimize quasi-molecular ion detection, the ring lens voltage should be set between -10 to -20 V 

and orifice 2 voltage at -5 to -10 V. Orifice 1 voltage is set low in order to detect molecular ions 

and avoid fragmenting ions resulting from in-source collision-induced dissociation (CID) in the 

area between the orifices 1 and 2.  

In this study, an ESI negative ion mode was used to analyze a 300-ppm IP6 standard 

solution. Peak voltage and orifice 1 voltage were varied to optimize the ESI response of IP6 

molecular ion [M-H]- at 659. The peak voltage was set 1000-2000 V to direct high mass ions 

such as IP6 into the ion guide efficiently. The orifice 1 voltage was set between -50 to -130 V in 

order to identify any in-source CID. The voltages of other components were set to appropriate 

levels depending on molecular weight of the analytes. Needle voltage was set at -2000 V which 

optimizes detection of IP6. Ring lens voltage was typically set at -17 V and orifice 2 voltage was 

set at -7 V in order to gain high sensitivity for quasi-molecular ions. Reflectron voltage (-750 V) 

in TOF mass analyzer was not adjusted due to optimization at the time of installation. Detector 

voltage was set at +2700 V. 

The effects of orifice 1 and peak voltages on ESI responses of IP6 are presented in Figure 

3.9. The peak area of the selected ion monitoring (SIM) peak of IP6 molecular ion [M-H]- at 659 

indicates that the largest amount of the IP6 molecular ion can be detected when using the peak 

voltage of 1.5 kV and the orifice 1 voltage of -70 V. 
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Figure 3.9 Effects of orifice 1 and peak voltages on ESI responses of IP6. 

3.3 Liquid Chromatography Coupled with                                                                 

Electrospray-Ionization and Time-Of-Flight Mass Spectrometry 

3.3.1 Instrumentation of IC-ESI-TOF-MS 

Liquid chromatography (LC) coupled to electrospray ionization (ESI-MS) has been 

widely used for characterization of environmental, pharmaceutical and biological analytes [24]. 

The target analytes in this study are soil phosphorus compounds, especially inositol phosphates 

(IP) consisting of congeners from IP1 (MW = 260) to IP6 (MW = 660). LC-MS can be applied for 

trace analysis of the analytes in the molecular-mass range 100-1000 [39]. Ion chromatography 

(IC) with an anion exchange column apparently presented the best separation of IPs [26]. In 

recent years, IC coupled with ESI-MS is very beneficial to apply for characterization of 

inorganic and organic anions [39]. Therefore, in this study, IC coupled with an electrospray-
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ionization and time-of-flight mass spectrometry (IC-ESI-TOF-MS) was applied for separating 

and identifying phosphorus compounds in soils from different study sites.  

Hyphenation of IC with ESI-MS provides a powerful separation and a selective and 

sensitive detection to characterize the compounds by means of molecular mass or characteristic 

fragmentation of the analyte [39]. The mobile phase compatible with ESI-MS should have high 

volatility, low surface tension and low conductivity [40]. Ionization in an ESI source can be 

suppressed because of matrix components such as electrolytes in the IC mobile phase and salts 

from samples [39]. Therefore, an ion suppressor is usually inserted between the IC and ESI-MS 

to get rid of the interfering ions and enhance the ESI response [39]. Another important issue of 

interfacing IC with ESI-MS is the introduction of the column effluent into the ESI source [40]. 

The flow rate of the effluent is limited to the microliter to nanoliter per minute range, so either 

post-column effluent splitting or a capillary LC column is necessary [40]. The instrumentation 

diagram of IC-MS for this study is illustrated in Figure 3.10. 

 

Figure 3.10 The instrumentation diagrams of IC-MS applied for this study. 
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A Beckman 421a chromatograph was used. The separation was carried out on an 

Omnipac PAX-100 column (4 x 250 mm, 8.5 µm; retention mechanism: anion exchange) with a 

PAX-100 Guard column (4 x 50 mm). The linear gradient elution optimized by using IC coupled 

with conductivity detector (CD) was used. Flow rate of eluent was 1 mL/min. The end of the 

analytical column was connected with an 828 Ion Chromatography Dual Suppressor (Metrohm) 

which split the eluent into 2 fractions; 75% of the eluent went to waste, whereas the rest was 

passed to a zero dead volume t-junction interface to mix with ethanol at a flow rate of 0.05 

ml/min. Ethanol has lower surface tension and higher volatility than water which is the main 

component in a mobile phase of IC. Addition of ethanol to the column effluent enhances the ESI 

reponse. The total final flow rate into the MS was adjusted to 0.3 mL/min by another t-junction 

splitter. The separated substances were detected by a JEOL AccuTOF mass spectrometer 

coupled with ESI source operated in negative ion mode. The mass range was scanned between 

50-1000 Dalton. The optimized orifice 1 (-70 V) and peak voltages (1.5 kV) were used for all 

measurements. Needle, ring lens, orifice 2, reflectron, and detector voltages were at -2000, -17,   

-7, -750, and +2700 V, respectively. 

Before connecting the anion exchange column to the IC-MS system in Figure 3.10, the 

ion suppressor was checked to see if it worked properly without suppression of the target analyte 

ions. The system is similar to that in Figure 3.10, but with the anion exchange column removed. 

First, both anion exchange column and ion suppressor were removed. Water and methanol was 

the solvent mixture used in this study. The selected ion monitoring mass chromatogram (SIM) at 

[M-H]- range from 658.5 to 659.5, and the full mass spectrum of an IP6 standard solution are 

shown in Figure 3.11 A. However, after the ion suppressor was added to the system, IP6 appears 

to be suppressed, based on the SIM chromatogram and mass spectrum in Figure 3.11 B. Thus, 
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attention was then focused on size exclusion chromatography as a technique for isolating IP6  

prior to MS identification because of the ESI-compatible solvents used.  

 

 

Figure 3.11 The selected ion monitoring chromatograms ([M-H]-) from 658.5 to 659.5 Dalton 
(insets)) and mass spectra of an IP6 standard solution without (A) and with the ion suppressor (B) 
before connecting the IC column to the MS detector.  

3.3.2 Instrumentation for SEC-ESI-TOF-MS 

Size exclusion chromatography (SEC) is one of the separation techniques used to isolate 

the inositol phosphates from interfering natural organic matter that can obscure the signal of 

mass spectrometry because of ionization suppression [7]. Separation efficiency could be 

compromised by using a mobile phase that has relatively low ionic strength, but increasing ionic 

B 

A 
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strength can suppress signal intensity [7]. Due to limitation of separation efficiency of a PL 

aquagel-OH 30 SEC column to isolate various inositol phosphates congeners and also in-source 

ion fragmentation of inositol hexakisphosphates that can take place in the ESI chamber, the 

selected ion monitoring (SIM) techniques for ESI-TOF-MS can be applied to detect only the IP6 

molecular ion. The selected mass range of interest (658.5 to 659.5) can be isolated during 

repeated scanning that generates a total ion chromatogram (TIC) from SEC separation. A SIM 

result would be displayed as a mass chromatogram of the intensity of the molecular ion of IP6 as 

a function of time [7].  

 
Figure 3.12 The instrumentation diagrams of SEC-MS applied for this study. 

The instrument diagram of the SEC-MS system for this study is illustrated in Figure 

3.12. The experiments were carried out on a Beckman-Coulter System Gold Liquid 

Chromatograph coupled with a JEOL AccuTOF mass spectrometer with ESI source operated in a 

negative ion mode. A PL aquagel-OH 30 SEC column (7.5 x 300 mm, 8 µm; molecular weight 

range 100-30,000 Da) was used. The mobile phase consisted of 80% of 0.01 M ammonium 

bicarbonate buffer and 20% of methanol (v/v). A flow rate of 1 mL/min was used to separate the 

analytes in the SEC column; however, the post-column effluent splitter was applied to adjust the 

flow rate into the ESI source to be 0.3 mL/min. For all measurements, the mass range between 
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50-1000 Daltons was used. Also, voltages of needle, ring lens, peak, orifice 1, orifice 2, 

reflectron, and detector were at -2000, -17, +1500, -70,  -7, -750, and +2700 V, respectively. 

Under the previous experimental condition, (A) the total ion current chromatogram 

(TIC), (B) the selected ion monitoring mass chromatogram (SIM) at [M-H]- range from 658.5 to 

659.5, and (C) mass spectrum of a 300-ppm IP6 standard solution are shown in Figure 3.13. The 

molecular ion of interest [M-H]- = 658.5 to 659.5 was eluted from the SEC column with the 

retention time (tr) of 6.2 minutes which is slightly different from the predicted time from the 

calibration curves of tr and log(MW) in Figure 3.5. This possibly results from the nature of IP6 

such that it can interact with the stationary phase.  

 

 

Figure 3.13 (A) The total ion current and (B) selected ion monitoring (658.5 to 659.5 Dalton) 
chromatograms as well as (C) the mass spectrum at 6.2 min from SEC-MS analysis of an IP6 
standard solution using the mixture of 80% of 0.01 M NH4HCO3 and 20% of methanol as a 
solvent.  

A 

C 

B 
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When the concentration of ammonium bicarbonate buffer is increased from 0.01 M to 

0.10 M, the analyte of interest was not detected within 30 minutes based on the TIC and SIM 

chromatograms illustrated in Figure 3.14. This is likely due to ion suppression in the ESI source 

arising from the higher ionic strength mobile phase.   

 

Figure 3.14 (A) The total ion current and (B) selected ion monitoring (658.5 to 659.5 Dalton) 
chromatograms from SEC-MS analysis of IP6 standard solution using the mixture of 80% of 0.10 
M NH4HCO3 and 20% of methanol as a solvent.  

A 

B 
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The quantitation of IP6 in samples can be achieved using the calibration equation from 

the graph of IP6 concentrations versus peak areas at 658.5 to 659.5 Dalton in the selected ion 

monitoring chromatograms illustrated in Figure 3.15.  

 

Figure 3.15 The calibration curve of IP6 concentrations versus peak areas of the selected ion 
monitoring (658.5 to 659.5 Dalton). 
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CHAPTER 4 

NMR STUDIES OF PHOSPHORUS SPECIATION                     

AND CARBON HUMIFICATION AND LC-MS STUDY               

OF INOSITOL HEXAKISPHOSPHATE IN WETLAND SOILS 

 “Reproduced in part with permission from ACS Book: Advances in the Physicochemical 

Characterization of Organic Matter, Imvittaya, A.; Hamdan, R.; and Cooper, W. T. “NMR 

Studies of Phosphorus Speciation and Carbon Humification in Wetland Soils”, in press. 

Unpublished work copyright 2014 American Chemical Society.” 

4.1 Introduction 

Phosphorus in wetland soils exists in both organic and inorganic forms. Inorganic 

phosphorus originates mainly from anthropogenic contamination, including fertilizers. 

Macrophytes, periphyton, and microbes in wetlands take up part of the labile inorganic 

phosphorus from the water column and convert it into organic compounds in their tissue. As 

these organisms decay, phosphorus is incorporated into the soil in the form of organic 

phosphorus. One major question in understanding phosphorus cycling in wetlands is the extent to 

which this natural organic matter in sediments might protect soil phosphorus from re-suspension 

back into the water column [1]. 

 Soil organic phosphorus typically consists of three chemically distinct groups. Phosphate 

monoesters are thought to be the most abundant class in wetlands [2-4], although there is some 

evidence that diesters may hydrolyze in the alkaline solutions used in P-extraction resulting in an 

overestimation of monoester content [5]. Phosphate monoesters originate from phosphate esters 

of sugar-like molecules and they occur mainly as inositol phosphates, with myo-inositol 
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hexakisphosphate (phytic acid) the most prominent form in upland soils but not so in wetlands 

[4]. The second group consists of phosphate diesters such as DNA and RNA. This group has 

been associated with sorption to silicate clays and humic acids. Phospholipids, a major 

component of cell membranes, form the final group. 

 Under the anaerobic conditions typically found in wetland soils, decomposition rates are 

slow and accumulation of moderately reactive phosphorous compounds occurs along with other 

refractory fractions. Thus, phosphorus will accumulate along with soil organic matter (SOM) 

from partially decomposed plant remains, providing long-term storage of phosphorus with a 

turnover time of ~ 100 years, in contrast to herbaceous plants where turnover times are on the 

order ~ two years [6]. However, phosphorus sequestration is tightly linked to nutrient 

stoichiometry, and any shift in nutrient status or hydrological regime may affect the stability of 

the sequestered phosphorus [7].  

Organic phosphorus from microbial and plant tissues requires enzymatic hydrolysis to 

liberate inorganic phosphate that then becomes bioavailable. When phosphorus is in excess, 

synthesis of the enzyme phosphatase by soil microorganisms will be suppressed and organic 

phosphorus will accumulate [8-9]. But the form of organic phosphorus produced under high 

pollutant loading might be readily degradable if bioavailable phosphorus inputs are reduced. 

Indeed, it has been reported that plants and microorganisms favor organic phosphorus under 

phosphorus limited conditions [10].  

 At the same time, phosphorus retention is tightly linked to soil physio-chemical 

properties, mainly the oxidation-reduction status of the soil and the binding sites available for 

phosphorus adsorption [3]. At the soil-water interface and under oxidation conditions, 

phosphates bind to iron (III) and precipitate into the soil [11]. An aerobic to anaerobic shift may 
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cause reduction of iron (III) to iron (II) form (Fe2+), releasing previously bound phosphorus [12]. 

In highly acidic soils, aluminum is the main metal binding site for phosphorus, and the stability 

of the complex depends on the pH of the soil rather than the redox state, while in more alkaline 

soils, phosphate is generally associated with calcium and magnesium carbonates [13].  

Apart from metal complexes, significant amounts of organic phosphorus have been found 

to be associated with organic carbon in soils. Thus, the biodegradability of organic phosphorus is 

tightly linked to the stability of soil organic matter, and the nature of the soil organic material 

originating from plant and microbial remains plays a major role in determining the long term 

stability of phosphorus [14]. Binding of organic phosphorus to relatively labile soil organic 

matter exposes it to degradation by microorganisms or solubilization due to changes in pH or 

redox state. Conversely, the accumulation of phosphorus associated with stable organic matter 

can be a major sink for phosphorus retention in wetlands [15].  

 The "natural" state of the Florida Everglades is highly oligotrophic, with dissolved total 

phosphorus levels less than 20 ppb in unimpacted areas in the south and an ecology dominated 

by broad, low-density sawgrass plains. However, in the northern Everglades, wetlands receive 

runoff rich in phosphorus, calcium and other essential nutrients. Water Conservation Areas 

(WCAs) have been established as buffer zones to protect pristine areas and prevent systemic 

eutrophication. For example, Water Conservation Area 2A (WCA 2A) has converted 44,800 

hectares from a soft to hard water ecosystem, with a P gradient that extends 7 km into the interior 

of the marsh. P-enriched areas in WCA 2A are dominated by dense mono-species stands of 

cattail (Typha spp.), while the areas in between P-enriched and unenriched conditions have both 

cattail and sawgrass (Cladium jamaicense Crantz).    
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In this chapter, we report on experiments designed to identify forms of phosphorus in 

soils from a treatment wetland in the Florida Everglades and link speciation and stability with 

soil organic matter composition and diagentic state using NMR spectroscopy. Also, LC-MS was 

applied to quantify an organic phosphorus species named inositol hexakisphosphate (IP6) in soils 

due to its prevalence and concerns about its environmental impacts and its indistinguishability 

from other phosphate monoesters by 31P NMR. Phosphorus speciation was determined by 

solution 31P NMR after first extraction of P from the solid soil phase, while soil organic matter 

composition was determined by solid state 13C NMR using cross polarization, magic angle 

spinning, high power decoupling and sideband suppression. Phosphorus stability has been 

previously estimated using a combination of solution 31P and solid state 13C NMR spectroscopy 

before and after hydrofluoric acid treatment [1]. Hydrofluoric acid pretreatment removes much 

of the soil inorganic matrix in soils, concentrating soil carbon, which is largely resistant to the 

acid [16]. The hypothesis of that study was that phosphorus associated with metals (e.g. Fe) or in 

organic forms sorbed to anionic sorption sites [17] will be removed during HF treatment and thus 

represent phosphorus fractions that would be affected by environmental changes that disrupt 

these associations (e.g. changes in pH and redox conditions, flooding and/or re-wetting) [18]. An 

example of the possible reaction during HF treatment is shown in Figure 4.1. Conversely, 

phosphorus that persists following HF pretreatment must be part of the stable soil organic matter 

and therefore represents a pool of sequestered phosphorus that will be resistant to remobilization 

as long as the soil organic matter remains stable [19].  

The principal assumptions and results from that original HF treatment study are 

summarized here in order to provide background on the combined 31P - 13C NMR approach.  

These same NMR techniques were applied to define P speciation and SOM composition along a 
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hydraulic gradient in WCA 2A but without HF treatments which are laborious, time-consuming 

and not suitable for routine laboratory analyses. The goal is to predict phosphorus stability in 

organic-rich Everglades soils based on our hypothesis that phosphorus sequestration is linked to 

organic matter stability, as well as to provide experimental evidence for future studies that 

address the validity of that hypothesis. Also, the distributions of IP6 in WCA 2A are 

demonstrated. 

 

Figure 4.1 The reaction of HF and IP6 associated with metals. 

4.2 Methods and Sampling Sites 

4.2.1 Phosphorus Extraction 

Wetland soil samples were first freeze-dried (lyophilized), ground, and frozen. 

Phosphorus was extracted from each freeze-dried soil by a 2-step extraction using 

ethylenediaminetetraacetate (EDTA) and NaOH solutions. The first step involves a release of 

phosphorus from paramagnetic ions that can interfere with NMR spectral acquisition. Two grams 

of freeze-dried soil was mixed with 20 mL of 0.1 M EDTA, and then the soil mixture shaken for 

30 minutes. The mixture was centrifuged for 15 mins and the supernatant discarded. Alkaline 

extraction was accomplished by adding 20 mL of 0.5 M NaOH to the precipitate, and the mixture 

was then shaken at room temperature for 16 hours.  The supernatant (phosphorus extract) was 
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then freeze-dried. The freeze-dried soil extracts were ground in a mortar and pestle to optimize 

their subsequent dissolution. This phosphorus extract was weighed and stored in the freezer until 

31P NMR and LC-ESI-TOF-MS analyses [5]. Figure 4.2 illustrates all steps of the phosphorus 

extraction. 

 
Figure 4.2 Phosphorus extraction steps. 

4.2.2 Elemental Analysis 

Total phosphorus (TP) in soils was determined using a semi-automated molybdate 

colorimetry method according to EPA method 365.1. Total carbon (TC) was determined using a 

Thermo Finnigan Elemental Analyzer (Flash EA 1112).  

4.2.3 
31

P NMR Spectroscopy 

A phosphorus extract solution for 31P NMR analysis was prepared by dissolving 150-200 

mg of P extract in 2 mL of a mixture of D2O and 1 M NaOH. The base was used to increase the 

pH of the reconstituted extract to greater than 13. The mixture was vortexed for 2 minutes and 
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then filtered through a 0.45-µm polyethersulfone (PES) membrane syringe filter. The filtered P 

extract solution was transferred to a 5-mm NMR tube. Spectra were acquired on a 600 MHz 

Bruker high resolution NMR spectrometer operating at 242.9 MHz for P. Acquisition parameters 

included a 90° pulse, 7.5-s pulse delay, 0.5-s acquisition time (AQ), and 100-ppm spectral width. 

The number of scans was 5,120 accumulated over approximately 11-12 hours. Proton decoupling 

was applied.  

Chemical shifts (δ) in 31P NMR spectra were referenced to an external standard of 85% 

H3PO4 set to δ = 0 ppm. For quantitative analysis, methylene diphosphonic acid (MDPA), δ ~ 20 

ppm, was used as an internal standard. Peak assignments of P compounds include inorganic 

orthophosphate (5 to 9 ppm), orthophosphate monoesters (3 to 8 ppm), orthophosphate diesters (-

1 to 5 ppm), pyrophosphate (-5 to -2 ppm), and polyphosphate (-21 to -16 ppm). For quantitation, 

spectral integration was performed over the chemical shift window corresponding to these peak 

assignments. A typical 31P spectrum illustrating these assigned chemical shifts is included in 

Figure 4.3.  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Typical 31P NMR spectrum of NaOH extract from wetland soil. 

Chemical Shift (ppm) 

[Rel] 
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4.2.4 
13

C NMR Spectroscopy 

Carbon composition of wetland soils was characterized using a 500 MHz Varian Unity-

Inova spectrometer operating at 125 MHz for carbon. Approximately 500 mg of the freeze-dried 

soil sample was packed in a 7-mm solid state rotor and spun at of 14 kHz. Acquisition 

parameters included a 90⁰ pulse, 2-s pulse delay, 0.03-s acquisition time (AQ), 750-µs cross 

polarization (CP) contact time, and 300-ppm spectral window. High-power 1H decoupling was 

applied during the CP contact and acquisition time. Spinning sidebands were eliminated using 

the total suppression of sidebands (TOSS) sequence. Between 32,000 and 45,000 scans were 

acquired. Chemical shifts (δ) in 13C NMR spectra were referenced to an external standard of 

glycine at δ = 41.5 ppm. Relative abundances of different carbon functional groups were 

determined by integrating the signal intensities over the defined chemical shift windows in the 

13C NMR spectra. These windows included 0-50 (alkyl C), 50-65 (N-alkyl C), 65-110 (O-alkyl 

C), 110-150 (aromatic C) and 160-220 ppm (carbonyl C).   

4.2.5 LC-ESI-TOF-MS 

A phosphorus extract solution for LC-MS analysis was prepared by dissolving 150-200 

mg of P extract in 2 mL of solution of 80% 0.01M NH4HCO3/20% methanol. The mixture was 

vortexed for 2 minutes and then filtered through a 0.45-µm polyethersulfone (PES) membrane 

syringe filter. The LC-MS experiments were carried out on a Beckman-Coulter System Gold 

Liquid Chromatograph coupled with a JEOL AccuTOF mass spectrometer. The ESI source was 

operated in a negative ion mode. The analytical column used in the experiment was a PL 

aquagel-OH 30 size exclusion column (7.5 x 300 mm, 8 µm; molecular weight range 100-30,000 

Da). The mixture of 80% of 0.01 M NH4HCO3 and 20% of methanol (v/v) was the mobile phase. 

Flow rate of 1 mL/min was used to separate the analytes in the SEC column. The post-column 
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effluent splitter was connected to the outlet of the SEC column to adjust the flow rate to the ESI 

source to be 0.3 mL/min. For all measurements, the mass range between 50-1000 Daltons was 

used. Voltages of needle, ring lens, peak, orifice 1, orifice 2, reflectron, and detector were at -

2000, -17, +1500, -70,  -7, -750, and +2700 V, respectively. After the first LC-MS trial, if the 

concentration of IP6 in the P extract solution is too high according to the peak area of the selected 

ion monitoring (SIM) mass chromatogram, the P extract should be diluted to the appropriate 

concentration before the next experiments. Amounts of IP6 in all P extracts were calculated from 

the external standard method using the calibration curve shown in Figure 3.15. Additionally, IP6 

concentrations in two extracts were determined using the internal standard method by spiking a 

known amount of IP6 standard (approximately same amount of IP6 in the P extracts as 

determined from the calibration curve) into the P extracts.  

4.2.6 Sampling Sites 

Table 4.1 Sample Descriptions, Everglades Water Conservation Area 2. 

Sample ID Sampling 

Depth (cm) 

Total C     

(%) 

Total P               

(mg P/kg dried soil) 

Extractable P     

(mg P/kg dried soil) 

EG1 

EG2 

EG3 

EG4 

EG5 

EG6 

2-10 

2-10 

2-10 

       0-2 

2-10 

10-30 

51.0 

39.7 

46.1 

47.4 

47.4 

44.6 

1230 

1430 

2120 

1580 

1810 

1050 

890 

670 

401 

            1194 

587 

317 
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The characteristics of the Everglades soil samples are summarized in Table 4.1. 

Everglades soils were obtained from Water Conservation Area 2A (WCA 2A). WCA 2A 

receives water rich in P and Ca via structures at the northern end of the marsh, which moves 

slowly southward via sheet flow. Phosphorus-enriched runoff also enters through a structure on 

the western boundary. Water leaves WCA 2A through a series of culverts along the southern 

boundary [5]. P-enriched areas are dominated by dense mono-specific stands of cattail (Typha 

spp.), while the areas in between P-enriched and unenriched conditions have both cattail and 

sawgrass (Cladium jamaicense Crantz). All of the samples used in this study were obtained from 

the cattail-dominated, P-enriched sites. While these sites represent a gradient in hydraulic 

residence time, because of multiple inputs they do not reflect a gradient in phosphorus surface 

water concentrations.  

4.3 Phosphorus Stability as a Function of Soil Organic Matter Composition 

Figure 4.4 summarizes the results of initial experiments to determine the effects of the 

acid treatments on phosphorus speciation in organic-rich soils. This study used soils from the 

four variable wetland sites [1]. Phosphorus species identified include inorganic orthophosphate 

(O-P), organic phosphonates (P-phonate), orthophosphate monoesters (O-mono), orthophosphate 

diesters (O-diester), and pyrophosphate (Pyro). Inorganic pyrophosphate was completely 

removed by the acid pretreatment, clearly indicating associations with anionic sorption sites or 

presence in live microbial cells. The most surprising aspect of our data is the amount of 

orthophosphate retained in the carbon matrix in these soils, decreasing by between 45 and 83%, 

indicating that relatively large amounts were physically/chemically stabilized through 

associations with soil organic matter. This differs markedly from a study of low organic matter 
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pasture soils, in which HF treatment removed >98% of the inorganic orthophosphate [20]. 

However, our results are consistent with a previous report of orthophosphate associated with 

organic matter in NaOH extracts of high organic matter wetland soils from the Everglades [4].  

 
Figure 4.4 Distributions of phosphorus species (expressed as mg P/kg dried soil) before and 
after HF treatment in soils from (a) tropical Raphia swamp (b) tropical sawgrass bog (c) 
subtropical marsh and (d) boreal Sphagnum bog sites. All values are expressed relative to the 
initial amount of soil in the extract. Reproduced with permission from reference [1]. Copyright 
2012 ACS. 

After HF treatment the amounts of orthophosphate monoesters (O-mono) decreased only 

slightly in the Raphia swamp and Florida marsh soils. In contrast, significant decreases in these 
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monoesters were observed in the sawgrass bog and Sphagnum bog soils. A significant decrease 

in organic phosphonates was observed in the Sawgrass bog as well. The stability of the organic 

phosphorus within the humic–phosphorus complex apparently depends mainly on the stability 

and degree of diagenesis of the organic matter in the accreted soil. Figure 4.5 includes the 

abundances of different carbon groups before and after acid treatment for the four soils. The 

tropical Raphia swamp and subtropical marsh soils in which the organic phosphorus is largely 

unaffected by the HF treatment are both dominated by alkyl functional groups that represent 

about 50% of the total soil organic carbon before the HF treatment, whereas O-alkyl groups 

represented only ~30% of soil carbon. The alkyl C to O-alkyl C ratio for these two soils was > 1 

(Raphia swamp =1.6, Florida marsh =1.4), which indicates a preferential loss of carbohydrates 

and humification of the organic matter [21-22]. In contrast, the soils in which organic 

phosphorus was significantly reduced by HF treatment, tropical sawgrass bog and boreal 

Sphagnum bog, contained organic matter dominated by O-alkyl groups (~54% of the total 13C 

NMR signal for the tropical bog soil and ~64% of the signal for the boreal bog soil). Relatively 

minor contributions from alkyl groups to the total organic carbon fraction were noted for these 

soils. For tropical sawgrass bog and boreal Sphagnum bog soils the alkyl C to O-alkyl C ratio 

was 0.5 and 0.4, respectively, reflecting weakly decomposed and less stable organic matter.  

These results from solution 31P and solid 13C NMR revealed different behavior for soils 

sharing similar physical properties. Relatively little phosphorus was removed after HF treatment 

in soils dominated by alkyl groups compared to soils dominated by O-alkyl groups. These 

differences support the hypothesis that phosphorus will form associations with humified organic 

matter consisting primarily of alkyl and aromatic functional groups. Conversely, in soils 

dominated by O-alkyl groups (likely carbohydrates), phosphorus appears to be susceptible to 
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leaching based on our hypothesis that HF treatment disrupts P-binding to free metal or mineral 

surfaces. Our data are consistent with those results and suggest that sequestration of phosphorus 

in wetlands may be tightly linked to soil carbon humification, the process that converts labile 

biopolymers into stable geopolymers. Once sequestered in this way, release of phosphorus into 

overlying water would be minimized as long as the soil organic matter was stabilized. 

 
Figure 4.5 Distribution of major organic carbon species (expressed as mg C/g dried soil) before 
and after HF treatment in soils from (a) tropical Raphia swamp (b) tropical sawgrass bog (c) 
subtropical marsh and (d) boreal Sphagnum bog sites. Carbon concentrations are normalized for 
actual amount of soil and do not take into account enrichment due to removal of inorganic 
material after HF treatment. Reproduced with permission from reference [1]. Copyright 2012 
ACS. 
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4.4 Results and Discussions 

4.4.1 Phosphorus Speciation and Carbon Humification along a Gradient in Water 

Conservation Area 2A 

 31P and 13C NMR were used to characterize P-speciation and carbon functional group 

distributions in soils from Water Conservation Area 2A (WCA 2A). The goal was to correlate 

these data with results of the acid stability study and predict the stability and potential re-

suspension of phosphorus into WCA 2A surface waters. Figure 4.6 includes a representative 31P 

NMR spectrum of phosphorus extracted from WCA 2A soils. 31P NMR spectra of all P extract 

samples are shown in Appendix B. Inorganic orthophosphate (9 ppm) and phosphate monoesters 

(7-8 ppm) are the dominant species in all samples. Phosphate diesters (0-2 ppm) are also present 

at much lower levels. Unfortunately, individual phosphate monoesters such as inositol 

phosphates or phosphate diesters such as phospholipids and nucleic acids cannot be clearly 

differentiated by 31P NMR.  

 

 

 

 

 

 

 

 

Figure 4.6 31P NMR spectrum of NaOH extract from WCA 2A sample EG4. The peak at ~ 20 
ppm is methylene diphosphonic acid (MDPA) that is used as an internal standard. 
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Figure 4.7 includes quantitative distributions of these three primary forms of phosphate 

in the WCA 2A soils. While these sampling sites represent a hydrologic gradient, multiple inputs 

of surface runoff into WCA 2A yield phosphorus surface water concentrations that do not reflect 

this hydraulic gradient. This variability in surface P concentrations is reflected in variable soil P 

levels. However, in all of these soils, orthophosphate monoesters are the dominate P species.   

 

Figure 4.7 Summary of phosphorus speciation in WCA 2A soils determined by 31P NMR. 

13C NMR spectra of these Everglades soils reveal soil organic matter that is relatively 

"immature", with alkyl C (0 - 50 ppm) to O-alkyl C ([50 - 65] + [65 - 110] ppm) ratios 

significantly less than one (Figures 4.8 and 4.9). 13C NMR spectra of all soil samples are 

displayed in Appendix B. Soil organic matter maturity can be quantified with a Humification 

Index (HI) calculated from the ratio of alkyl to O-alkyl C [21]. HI values greater than 1 indicate 

preferential loss of carbohydrates and "humified" organic matter [21, 23-24]. However, soils in 

WCA 2A appear only weakly decomposed. The previous studies using HF pretreatments suggest 

that phosphorus associated with such immature organic matter (i.e. HI < 0.5) appears to be less 

stable and may well be prone to release back into the water column after drying - re-wetting 
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cycles in the Water Conservation Areas. We therefore suggest that the excess dissolved 

phosphorus that is being biologically removed by marsh plants may not be truly sequestered until 

soil organic carbon becomes more humified in deeper soil horizons.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.8 13C NMR spectrum of soil from WCA 2A site EG4.  

 

Figure 4.9 Summary of carbon speciation in WCA 2A soils determined by 13C NMR.  
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4.4.2 Distribution of Inositol Hexakisphosphate in Water Conservation Area 2A
  

The LC-MS was used to quantitate inositol hexakisphosphates (IP6) in soil samples in 

water conservation area 2A. Total ion current (TIC) and selected ion monitoring (SIM) 

chromatograms, as well as a mass spectrum of the peak that elutes at 6.3 min, are displayed in 

Figure 4.10. The results of the other samples are shown in Appendix B. 

As seen in Figure 4.10 A, analytes within the mass range 100 - 30,000 Da in the P 

extract of the Everglades soil sample EG1 were eluted from the PL aquagel-OH 30 SEC column 

over a period between 5.4-7.6 minutes. Selected ion monitoring from 658.5 to 659.5 was applied 

to detect only IP6 (as [M-H]-) in the P extract. IP6 was eluted from the SEC column at the 

retention time of ~ 6.3 minutes (Figure 4.10 B). The presence of IP6 as [M-H]- = 658.9 is 

confirmed in the mass spectrum in Figure 4.10 C. Amounts of IP6 in the P extracts of EG1 to 

EG6 can be estimated by using the IP6 calibration curve in Figure 3.15.  

Amounts of orthophosphate monoesters determined using 31P NMR and amounts of IP6 

determined using SEC-MS in the P extracts of Everglades soil samples are illustrated in Figure 

4.11. IP6 is the dominant type of orthophosphate monoesters in most of these soils. This might be 

due to the sorption sites such as polyvalent cations (e.g. iron and magnesium) that IP6 can 

associate with to form more stable or insoluble organic-P complexes [25-26]. In the surface soil 

sample EG4 (0-2 cm depth), the main components of orthophosphate monoesters are other 

compounds such as phosphatidic acid, glycerophosphate, and RNA mononucleotides instead of 

IP6. The soils (EG1, EG2, EG3, and EG5) from the 2-10 cm depth but different sampling areas 

present a variation of IP6 concentration. In the same sampling area, IP6 tends to accumulate in the 

surface soils (EG4 and EG5) more than the deeper soil (EG6).  
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Figure 4.10 (A) The total ion current and (B) selected ion monitoring (658.5 to 659.5 Dalton) 
chromatograms as well as (C) the mass spectrum of IP6 from SEC-MS analysis of the P extract 
of EG1 which is a representative of the Everglades soil samples.   

 

Figure 4.11 Amounts of orthophosphate monoesters and inositol hexakisphosphates (IP6) in the 
P extracts of the Everglades soil samples EG1 to EG6. 

A 

C 

B 
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4.4.3 Spiking of Inositol Hexakisphosphate into Soil Phosphorus Extracts
  

The spiking of IP6 into the P extracts was undertaken by adding 9 mg/L of IP6 standard 

solution into the P extracts of EG4 and EG5. Figure 4.12 shows the amounts of IP6 in EG4 and 

EG5 determined by the external standard method (from the calibration curve) and the internal 

standard method (IP6 spiking). The amounts of IP6 in EG4 and EG5 from the calibration curve 

are 104.88 (±1.64) and 180.62 (±7.73) mg P/kg soil, respectively, while those in EG4 and EG5 

from the spiking method are 170.78 (±37.35) and 154.40 (±22.13) mg P/kg soil, respectively. 

The spiking of IP6 into the same matrix of the sample reduces errors from matrix interferences  

in the extracts. However, the internal standard method is more time consuming, in that two 

measurements are required for each sample. The fact that the results from these methods are 

quite similar suggests that ionization of IP6 in this ESI source is stable and reproducible, 

probably because of the "sample clean-up" provided by the SEC separation of IP6 from most of 

the organic background. These data also suggest that the external standard method, when carried 

out carefully and with some parallel internal standard measurements, is appropriate for this 

particular SEC-ESI-TOF analysis of IP6.  

 

Figure 4.12 Amounts of inositol hexakisphosphates (IP6) in the P extracts of the Everglades soil 
samples EG4 and EG5 determined by the external and internal standard methods. 
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4.5 Conclusions 

The combination of 31P and 13C NMR spectroscopy was used to evaluate phosphorus 

speciation in wetland soils. These results, taken together with previous studies of phosphorus 

stability using HF treatments, identify inorganic and organic forms of phosphorus that are 

stabilized as a part of the organic matter matrix in soils that are highly humified (e.g. 

humification index HI > 1). In less mature soils where humification is much less extensive (HI < 

~ 0.5), phosphorus appears to be susceptible to leaching into the overlying water column if soil 

wetting and/or redox conditions change. Application of the humification index threshold for 

predicting phosphorus leaching potentials to soils from Water Conservation Area 2A in the 

Florida Everglades suggests that phosphorus incorporated into WCA 2A soils, which is 

dominated by inositol hexakisphosphates (IP6), may not be unequivocally sequestered and that 

future management plans should include consideration of this high phosphorus leaching 

potential. 
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CHAPTER 5 

SOIL PHOSPHORUS SPECIATION AND CARBON 

HUMIFICATION IN A NORTHERN MINNESOTA PEATLAND 

5.1 Introduction 

Wetlands have long been known for their capacity to cycle inorganic phosphate into 

different types of organic P in soil. Structures of P compounds and soil physicochemical 

properties reveal the interaction of P compounds with soil minerals or their incorporation into 

soil organic matter (SOM). Interactions with soil minerals or incorporation into SOM influences 

the stability and accretion of P compounds [1-2]. However, little is known about phosphorus 

speciation in boreal peatlands, where uncertainties regarding carbon cycling and potential loss of 

carbon to the atmosphere in response to climate change are of concern. 

Soil organic matter can be oxidized by microbes to release organic P [3]. In this process, 

organic P can be further hydrolyzed to generate lower molecular-weight organic P and then 

inorganic P by phosphatase enzymes found in plants and microorganisms [3]. Organic matter 

oxidation and organic phosphorus mineralization are independent processes [3]. Nonetheless, the 

amount of inorganic P from organic phosphorus mineralization is correlated with the amounts of 

specific organic carbon functional groups such as carbonyl and aromatic C [4]. 

Organic matter in peatland soils play an important role in current and future impacts of 

climate change through the intense carbon cycling that occurs in these formations [5]. Boreal or 

northern peatlands cover only 3 % of terrestrial area worldwide [6], but they have accumulated 

between 250-450 Pg C which is about half the amount of atmospheric carbon (750 Pg C) [7]. At 

the present, peatlands act as the significant sinks for atmospheric carbon; however, peat 



78 
 

respiration and decomposition can release carbon dioxide and methane to the atmosphere, and 

there is uncertainty as to whether peatlands will remain net carbon sequestration sites in response 

to climate change [5-6]. 

Based on landform, water chemistry, vegetation, and hydrology, peatlands can be 

classified into 2 types including bogs or fens [8-9]. Bogs have raised landforms, but fens are flat 

or concave. Bogs receive all water from the atmosphere and act as recharge mounds [10]. Fens 

receive surface water percolating through mineral soils [11]. Fen waters are less acidic (pH > 

4.2) and have higher calcium content (Ca > 2 mg/L) than bog waters [11].  

The Red Lake Peatland in the Beltram Arm of Glacial Lake Agassiz in northern 

Minnesota was suggested to be an ideal study site for peat formation and evolution because of its 

unique characteristics [12-14]. The Red Lake Peatland is not only a continuous peatland which 

lacks of streams or uplands, but also has a low average slope (less than 1m/km), and no 

permafrost [12-14]. The Glacial Lake Agassiz peatlands (GLAP) in northern Minnesota cover 

over 75% of the landscape from the Big Fork River to the Upper Red Lake [15]. Chanton and his 

team [11] previously characterized dissolved organic matter (DOM) in porewater samples 

collected in 1997 and 1998 at the Red Lake II bog and fen sites. The major differences in the 

evolution of carbon compounds in fens and bogs, especially the differences in the relative 

contributions of DOM and solid-phase peat to anaerobic respiration, were revealed. Due to 

differences in DOM composition, they suggested that that DOM in sedge-dominated fens was 

more labile than that in Sphagnum-dominated bogs [11]. 

In this chapter, solution-state 31P NMR and solid-state 13C NMR with cross polarization-

magic angle spinning and high-power decoupling (CP-MAS) were applied to determine 

phosphorus speciation and carbon humification in the peatland soils (bogs) from northern 
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Minnesota. The accretion of phosphorus associated with stable organic matter is an important 

mechanism for phosphorus retention in wetlands, but this process has not yet been verified in 

peatland soils. Linking phosphorus speciation and soil organic carbon composition and turnover 

is therefore a key aspect of any effort to better understand changes in peat respiration and 

decomposition that might accompany climate change.  

5.2 Study Site and Soil Samples 

In the central watershed of the Red Lake (RL) peatland, two study sites, RL II bog, and 

RL II fen, were sampled during the summer of 2007. The RL peatland is a large complex of 

raised bogs and patterned water tracks within the GLAP. A modified hole saw was used to 

collect surface peat which is 0-50 cm deep. However, deeper peat (50-200 cm) was collected 

using a Russian peat corer. After the collections, the cores were sectioned into 10-cm increments 

in shallower peat, and 25-cm intervals from 0.25 to 2 m. Then, the sections were placed into 

plastic bags and stored frozen at -20°C. This study focused on the RL II bog site located at the 

forested crest of a large bog complex where the water table is usually 5–20 cm below the peat 

surface and a continuous carpet of Sphagnum species covers the surface. Water from the bog 

crest drains downslope across a broad nonforested sphagnum lawn and collects within narrow 

fen water tracks [16]. The site is a highly organic peatland in which phosphorus sequestration is 

dominated by interactions with organic matter. Four bog samples in this study were collected 

with specific depth ranges including 0-10, 25-50, 75-100, and 175-200 cm-depths. 
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5.3 Experimental Methods 

5.3.1 Phosphorus Extraction 

Four bog samples were freeze-dried (lyophilized), ground, and frozen before phosphorus 

extraction. Phosphorus was extracted from each freeze-dried bog sample by a 2-step extraction 

method using ethylenediaminetetraacetate (EDTA) and NaOH solutions. Approximately 2 g of a 

freeze-dried sample (the exact weight was recorded) was mixed with 20 mL of 0.1 M EDTA. 

The mixture was shaken for 30 minutes and then centrifuged for an additional 15 minutes. The 

supernatant was removed and the precipitate retained for the alkaline extraction. Then, 20 mL of 

0.5 M NaOH was added to the precipitate and the resulting mixture was shaken at room 

temperature for 16 hours. The mixture was then centrifuged, the precipitate was discarded, and 

the supernatant was collected and freeze-dried. This phosphorus extract was weighed and stored 

in the freezer until 31P NMR [1].   

5.3.2 Elemental Analysis 

The freeze-dried bog extracts were submitted to Analytical Research Laboratory (ARL) 

in UF/IFAS Analytical Services Laboratories for total P analysis. Each sample was burnt to ash, 

and then digested with 6 M HCl before measuring P in the digest using inductively coupled 

plasma (ICP) optical emission spectroscopy. Total carbon content in the freeze-dried peat sample 

was characterized using a Thermo Finnigan Elemental Analyzer (Flash EA 1112) located at the 

National High Magnetic Field Laboratory. 

5.3.3 
31

P NMR 

Between 200 to 500 mg of P extract was weighed exactly and then dissolved in 1.5 mL of 

D2O and 0.5 mL of 1 N NaOH. The mixture was vortexed for 2 minutes and then filtered through 
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a 0.45-µm polyethersulfone (PES) membrane syringe filter. The filtered P extract solution was 

transferred to a 5-mm NMR tube. A 600 MHz Bruker high resolution NMR spectrometer 

operating at 242.9 MHz for P was used for all measurements. A 90° pulse, 7.5-s pulse delay 

(relaxation delay, D1), 0.5-s acquisition time (AQ), and 100-ppm spectral width pulse sequence 

was employed. The number of scans was 5,120 scans accumulated over 11-12 hours. Proton 

decoupling was applied. Chemical shifts (δ) in 31P NMR spectra were referenced to an external 

standard of 85% H3PO4 set to δ = 0 ppm. Peak assignments of P compounds include phosphonate 

(18 to 22 ppm), orthophosphate (5 to 9 ppm), orthophosphate monoesters (3 to 8 ppm), 

orthophosphate diesters (-1 to 5 ppm), pyrophosphate (-5 to -2 ppm), and polyphosphate (-21 to -

16 ppm). The 31P NMR spectra were integrated over the chemical shift windows corresponding 

to these peak assignments. Amounts of each individual P compound were calculated using its 

relative peak area and total P in the P extract as determined by ICP spectrophotometry at 

UF/IFAS Analytical Services Laboratories.  

5.3.4 
13

C NMR 

Approximately 500 mg of freeze-dried bog sample was packed in a 7-mm solid state 

rotor and characterized using a 500 MHz Varian Unity-Inova spectrometer operating at 125 MHz 

for C. The NMR spectra were acquired using a 13C solid probe with magic angle spinning (MAS) 

at 14-kHz, a 90⁰ pulse, 2-s pulse delay, 0.03-s acquisition time (AQ), 750-µs cross polarization 

(CP) contact time, and 300-ppm spectral window. The number of scans was employed between 

32,000 and 45,000. High-power 1H decoupling was applied during the CP contact and 

acquisition time. Chemical shifts (δ) in 13C NMR spectra were determined in ppm relative to 

glycine (δ = 41.5 ppm). Chemical shifts between  0-50, 50-65, 65-110, 110-160 and 160-220 

ppm are indicative of alkyl C, alkyl C adjacent to N (N-alkyl C), alkyl C adjacent to O (O-alkyl 
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C), aromatic C, and carbonyl C, respectively. Relative abundances of different carbon functional 

groups were determined by integrating the signal intensities over these defined chemical shift 

windows in the 13C NMR spectrum as well as following by spectral deconvolution. Amounts of 

each individual C functional group component were calculated using the relative peak area and 

total C in the freeze-dried bog sample determined using the Elemental Analyzer. 

5.4 Results and Discussions 

5.4.1 Effect of Soil Depth on Amount and Type of Soil Phosphorus 

Table 5.1 Percent C, Total P, extractable P, and P extraction recovery of the bog samples. 

Sample ID Total C 

(%) 

Total P             

(mg P/kg soil) 

Extractable P   

(mg P/kg soil) 

P Recovery     

(%) 

 Bog 0-10 cm 

 Bog 25-50 cm 

 Bog 75-100 cm 

 Bog 175-200 cm 

44.1 

51.4 

55.1 

48.2 

  870.1 

576.3 

427.9 

769.1 

  415.8 

311.2 

206.2 

367.7 

47.8 

54.0 

48.2 

47.8 

 

Table 5.1 includes carbon and phosphorus compositions of the 4 bog soils from the 

GLAP peatland in northern Minnesota. Total P and extractable P in the bog samples decrease 

with increasing sample depth up to 100 cm. Unexpectedly, the amount of P in the175-200 cm 

bog sample is higher than that observed in the 25-50 and 75-100 cm samples. Trends in total C 

appear to be negatively correlated with trends in total P and extractable P, presumably because 

organic P compounds associating with soil organic matter during humification. For all bog 

samples, approximately 50% of phosphorus was recovered after the 2-step-EDTA-and-NaOH 
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extraction. The loss of P might be due to the first step of extraction with EDTA that removes 

metals and other paramagnetic ions, and any P compounds that are strongly bound to these ions 

might be removed as well. Although EDTA does not adversely affect the 31P NMR analysis, it 

can interfere with mass spectrometry of the bog P extracts. 

31P NMR spectra of the 4 bog samples are illustrated in Figure 5.1. The spectrum of the 

surface bog P extract (0-10 cm-depth) revealed both inorganic P species [orthophosphate (~8 

ppm), pyrophosphate (~-2 ppm), and polyphosphate (~-16 ppm)] and organic P compounds 

[(phosphonate (~22 ppm), orthophosphate monoester (~7 ppm), orthophosphate diester (~2-4 

ppm)]. However, pyrophosphate and polyphosphate were not observed in the P extracts from 

deeper horizons. Organic phosphorus compounds dominate in the surface bogs (0-50 cm depth), 

whereas the majority of P in deeper bogs (75-100 and 175-200 cm depths) are inorganic 

phosphorus compounds. 

The concentrations of various phosphorus compounds in the bog samples are summarized 

in Figure 5.2. In the surface bogs (0-50 cm depth), organic P compounds are present in higher 

amounts than inorganic P compounds because significant amounts of organic P compounds are 

accumulating in the surface horizons through input from plant and microbial residues [17-19]. 

Orthophosphate monoesters such as inositol phosphates, mononucleotides, and sugar phosphates 

are the major forms of organic P in the surface bogs. Orthophosphate diesters (such as 

phospholipids, and nucleic acids) and phosphonates were also observed but in much smaller 

concentrations than the monoesters. Conversely, in deeper bogs (between 75-200 cm depth), the 

dominant P compound is inorganic orthophosphate. P turnover in soils is affected by both rates 

of P sequestration (immobilization) and P release (mineralization) [17]. The relative importance 

of these processes can be estimated using the ratio of carbon-to-organic phosphorus (C:OP) [17]. 
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C:OP of the bog samples at the depths of 0-10, 25-50, 75-100, and 175-200 cm are 1547, 2274, 

6265, and 3208, respectively. Lower C:OP relates to higher amount of organic P compounds 

which indicate unavailable forms of P to plants. The trend in increasing C:OP ratios with depth 

observed in this bog (except in the lowest horizon) suggests the presence of bioavailable organic 

P that is being utilized by soil microbes during organic matter decomposition. 

 

 

Figure 5.1 31P NMR spectra of 4 bog samples from northern Minnesota peatland. 

Chemical Shift (ppm) 
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Figure 5.2 Distribution of various P species in 4 bog samples at different sampling depths from 
northern Minnesota peatland. 

5.4.2 Effect of Soil Depth on Amount and Type of Soil Carbon 

Total C contents in each horizon of the bog are included in Table 5.1. These bog samples 

are typical of peatland soils and are essentially pure organic matter. The original 13C NMR 

spectra as well as the deconvoluted spectra of a bog sample at 0-10 cm-depth are illustrated in 

Figure 5.3. The NMR results of other bog samples from different depths are displayed in the 

Appendix B. The bog samples consist of the complete suite of carbon functional groups seen in 

organic-rich soils and include alkyl C (0-50 ppm), N-alkyl C (50-65 ppm), O-alkyl C (65-110 

ppm), aromatic C (110-160 ppm), and carbonyl C (160-220 ppm) [20]. Integration of 

deconvolution spectra over the previously defined spectral window was carried out to quantify 

each carbon type. 
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Figure 5.3 Solid-state CP-MAS 13C NMR spectra of the bog sample at 0-10 cm-depth along with 
the spectral deconvolution. 

Chemical Shift (ppm) 
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Figure 5.4 Distribution of various C species in 4 bog samples at different sampling depths from 
northern Minnesota peatland. 

The amounts of various carbon compounds in the 4 bog horizons illustrated in Figure 5.4 

were calculated from total carbon content (TOC) and integration data of each bog horizons. The 

dominant carbon structure in the surface bogs (0-50 cm depth) is attributed to O-alkyl C from 

carbohydrates such as sugars, starches, cellulose and hemicelluloses. The amount of 

carbohydrates decreases with increasing depth. Conversely, the amounts of alkyl C, N-alkyl C, 

and aromatic C increase with increasing depth up to 100 cm. Degradation of O-alkyl C is often 

associated with enhancement of alkyl C and aromatic C [21]. The alkyl C-to-O-alkyl C ratio can 

be used as a decomposition index (i.e. “humification index”) of organic matter [21]. As 

illustrated in Figure 5.5, the alkyl C/O-alkyl C ratio of the bog samples at the depths of 0-10, 25-

50, 75-100, and 175-200 cm are 0.56, 0.83, 2.37, and 1.91, respectively. The alkyl C/O-alkyl C 

ratio in the deeper bog horizons is higher than 1, indicating decomposition of carbohydrates and 

humification of the organic matter [2]. In the surface bogs, the alkyl C/O-alkyl C ratio is less 

than 1 which indicates that the organic matter is only weakly decomposed and less stable [2].  
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The aromatic C/O-alkyl C ratio of the bog samples at the depths of 0-10, 25-50, 75-100, 

and 175-200 cm are 0.39, 0.74, 1.15, and 1.16, respectively (Figure 5.5).  The aromatic C-to-O-

alkyl C ratio or aromaticity increases toward deeper bog levels. The aromatic C/O-alkyl C ratio 

also indicates the decomposition of organic matter [21] with concomitant preservation of 

aromatic structures. The higher the aromatic C/O-alkyl C ratio is, the larger the decomposition of 

carbohydrates and increased humification of organic matter. 

 

Figure 5.5 Humification index of 4 bog samples at different sampling depths. 

5.5 Conclusions 

Decomposition of soil organic matter affects carbon exchange between terrestrial 

environments and the atmosphere directly through microbial respiration and indirectly through 

control of nutrient availability for primary production [21]. In the northern Minnesota peatland 

studied here, larger amounts of orthophosphate, alkyl C, and aromatic C in the deeper bogs are 

strongly correlated. The study was also found that the deeper the sampling level is, the higher the 

alkyl (and aromatic) C/O-alkyl C ratios and the C:OP are. Higher alkyl (and aromatic) C/O-alkyl 

C ratios in the deeper bogs suggests significant decomposition of carbohydrates and humification 
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of organic matter, whereas higher C:OP ratio means lower amount of organic P. The correlation 

indicates that phosphorus release or mineralization accompanies organic matter decomposition. 

Phosphatase enzymes typically control organic phosphorus degradation [3]. From the data above, 

phosphatase are likely found in the deeper bogs than the surface bogs, because organic 

phosphorus degradation or mineralization occurs more in the deeper bogs. These phosphatases 

appear operative in the low pH, low oxygen environments at depth in this Sphagnum bog, in 

contrast to phenol oxidase enzymes responsible for aromatic C degradation which are inhibited 

in these conditions [22]. 
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CHAPTER 6 

ASSESSMENT OF SOIL PHOSPHORUS SPECIATION AND 

STABILITY IN A TROPICAL WETLAND,                       

REPUBLIC OF PANAMA 

6.1 Introduction 

It is generally assumed that tropical peatlands play an important role in global carbon 

cycling [1], but the exact balance between current and future C sequestration vs. atmospheric 

release has not yet been established [2]. Many tropical peatlands are also facing increasing 

threats from land use changes which may further shift affected peatlands from net carbon sinks 

to sources. Most attention to date has focused on climate-driven changes in boreal peatlands and 

permafrost regions where increasing temperatures may (1) increase net productivity, increasing 

C-sequestration, or (2) increase microbial activity in peat and permafrost soils, increasing 

methane/carbon dioxide production from peat decomposition and C-release. 

Cooper and Chanton have documented the importance of both organic matter quality and 

hydrogeochemical conditions in carbon cycling in boreal peatlands [3-6]. They established that 

microbial processes are critical in determining peat decomposition, including the balance 

between CO2 and CH4 production [7]. However, the role of nutrient limitations in these 

processes is an open question. In Chapter 5, phosphorus speciation in a Sphagnum-dominated 

bog in northern Minnesota was determined by 31P NMR spectroscopy, with some surprising 

results. Significant decomposition of organic-P was noted, with concomitant synthesis of 

phosphonates, in spite of the presences of significant amounts of bioavalable orthophosphate-P. 
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Advanced sequencing and enzyme assays also identified microbial communities that were 

producing phosphatases [8]. Preservation and release of inorganic ortho-P also correlated with 

increasing soil carbon humification, suggesting incorporation of some of this ortho-P into 

humified soil matrix.  

In this chapter, phosphorus turnover in a tropical wetland referred to as the Changuinola 

peat deposit situated on the Caribbean coast of Panama was investigated. The wetland is in a 

tropical ombrotrophic region which receives water and nutrients from precipitation rather than 

streams or springs. Variations of soil P compositions in different locations are influenced by 

climate conditions such as temperature and precipitation [9]. The Changuinola peat deposit has a 

humid-tropical climate with an annual mean temperature of 26°C and ~ 3000-mm annual 

precipitation [10-11]. There are also tropical storms yearly. Floods and strong winds from the 

storms frequently erode the peat deposits [11]. These factors greatly affect the composition and 

bioavailability of P compounds in the wetland.  

The purpose of this study was to assess organic P stability in the wetland soils by 

comparing P speciation before and after HF pretreatment using 31P NMR analysis. The effect of 

soil depth on the P composition was also investigated to better understand transformations of 

various P species. Both HF pretreated and non-HF pretreated soils were extracted with NaOH-

EDTA solution prior to 31P NMR analysis.. 

6.2 Study Site and Extracted Soil Phosphorus Samples 

Table 6.1 presents information of 12 soil samples, including sampling depth, total P in 

soils and extracts, and P recovery. The data in Table 6.1 were provided by Dr. Turner along with 

all P extracts. Lower amounts of total P in the extracts with HF pretreatment is no doubt  due to 

the removal of P bound to metals or anionic sorption sites in soils by HF, which leaves behind P 
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primarily associated with soil organic matter [6]. The amount of P lost during HF pretreatment is 

approximately 28-67%. 

Table 6.1 Description of 12 soil extracts from the Changuinola peat deposit, Panama. 

 

Sample ID 

 

Sampling 

Depth        

(cm) 

 

HF 

Treatment* 

 

Total P          

in soil  

(mg P/kg soil) 

   

Total P          

in P extract 

(mg P/kg soil) 

 

P Recovery 

(%) 

 

Bocas #1 

Bocas #2 

Bocas #3 

Bocas #4 

Bocas #5 

Bocas #6 

Bocas #1 HF 

Bocas #2 HF 

Bocas #3 HF 

Bocas #4 HF 

Bocas #5 HF 

Bocas #6 HF  

 

0-10 

20-30 

40-50 

70-80 

110-120 

160-170 

0-10 

20-30 

40-50 

70-80 

110-120 

160-170 

   

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

 

910 

310 

260 

280 

670 

440 

NM 

NM 

NM 

NM 

NM 

NM 

   

710 

120 

120 

110 

430 

230 

430 

60 

40 

60 

310 

150 

 

78.73 

39.44 

45.73 

40.57 

63.98 

52.32 

--- 

--- 

--- 

--- 

--- 

--- 

 

* HF treatment prior to P extraction. NM: not measured. 

The study site is a tropical ombrotophic wetland known as the Changuinola peat deposit 

which is a part of San San Pond Sak wetland in Bocas del Toro province, northwest Panama 
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[15]. The Changuinola deposit is one of a series of Caribbean coastal ombrotrophic mires created 

by the accretion of organic matter from successive vegetation communities such as a swamp (a 

dominant Raphia taedigera), a swamp forest (a dominant Campnosperma panamese), and a bog 

plain (mixed dominant herbaceous species and stunted trees) [15-16]. Two sets of samples were 

received from Dr. Benjamin L. Turner, Smithsonian Tropical Research Institute, Ancón, 

Republic of Panama. The first set consists of 6 phosphorus extracts of soils dominated by Raphia 

taedigera and sampled at different soil depths, including 0-10, 20-30, 40-50, 70-80, 110-120, and 

160-170 cm. A second set of samples were collected at the same location and depths as the first 

set of samples; however, prior to phosphorus extraction, the soil samples were pre-treated with 

hydrofluoric acid (HF). HF is generally used to remove metals or paramagnetic ions and 

concentrate organic matter in soils [14]. The use of HF treatments to estimate phosphorus 

stability in organic-rich soils was described in Chapter 4. 

6.3 
31

P NMR Experiments 

In Turner’s laboratory [15], 12 soil samples (6 without and 6 with HF pretreatment [14]) 

were extracted by a solution of 0.25 M NaOH and 0.05 M EDTA, a combination generally 

considered the most effective for extracting phosphorus from organic-rich soils [12, 17]. Thirty 

mL of the NaOH-EDTA solution were used for 1 g of dried soil. Extraction duration was 4 hours 

at room temperature. Then, the soil mixture was centrifuged for 20 minutes, the precipitate 

discarded and the supernatant (soil P extract) combined with 1 mL of an internal standard which 

is 50 mg/L of methylene diphosphonic acid (MDPA) in D2O and 1 N NaOH. The MDPA-spiked 

P extract solution was then freeze-dried (lyophilized). The 12 soil P extracts with and without HF 

pretreatment were sent to Cooper’s laboratory for 31P NMR analysis. 
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 Each soil P extract with an exactly measured mass between 150 and 200  mg  was mixed 

with 0.5 mL of D2O and 0.5 mL of 1 N NaOH. The mixture was stirred for about 1 minute. No 

filter was used because the mixture was homogeneous. The P extract solution was placed in a 5-

mm NMR tube. A 600 MHz Bruker high resolution NMR spectrometer was operated  using a 

probe configured for  31P operating at 242.9 MHz for P. The pulse sequence included a 90° 

pulse, 7.5-s pulse delay or relaxation delay (D1), 0.5-s acquisition time (AQ), and 100-ppm 

spectral width. The number of scans was 5,120 accumulated over 11-12 hours. Proton 

decoupling was applied. 

Chemical shifts (δ) in 31P NMR spectra were referenced to an external standard of 85% 

H3PO4 set to δ = 0 ppm. Peak assignments of P compounds include orthophosphate (5 to 9 ppm), 

orthophosphate monoesters (3 to 8 ppm), orthophosphate diesters (-1 to 5 ppm), pyrophosphate 

(-5 to -2 ppm), and polyphosphate (-21 to -16 ppm). Spectral integration and the amount of 

MDPA (δ ~ 20 ppm) spiked into the P extract samples were used to quantify all P compounds 

found in the soil P extracts. 

6.4 Results and Discussions 

6.4.1 Effect of Acid Pretreatments on Amount and Type of Soil Phosphorus 

From Table 6.1, an average of 53% of total soil P was extracted in NaOH-EDTA 

solution from dried soil samples Bocas #1 to Bocas #6 without HF pretreatment. A variety of 

inorganic and organic P compounds in soil NaOH-EDTA extracts with and without HF 

pretreatment were identified by solution 31P NMR spectroscopy. The 31P NMR spectra of soil P 

extracts Bocas #1 and Bocas #6 with and without HF pretreatment are illustrated in Figure 6.1. 

The spectra of other soil P extracts are included in Appendix B. It should be noted that intensities 

in these spectra (the y-axis) are expressed as relative intensities. Quantitative estimates of each P 
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species concentration were made using these relative peak areas, the intensity of the MDPA 

internal standard and its concentration, and the total mass of extract used. Phosphorus species 

identified in the soil extracts include inorganic P (orthophosphate at ~8 ppm and pyrophosphate 

at ~ -2.5 ppm) and organic P pools (phosphonates at ~21-23 ppm, orthophosphate monoesters at 

~7 ppm, and orthophosphate diesters at ~1.5-4 ppm). The internal standard, MDPA, is evident at 

a chemical shift ~19 ppm.  

 

Figure 6.1 31P NMR spectra of the soil extracts with and without HF pretreatment at different 
sampling depths from the Changuinola peat deposit in Panama. 

The amounts of both inorganic and organic P compounds decrease when the soil samples 

were treated with HF before the alkaline extraction. HF effectively removes metals such as Al, 

Chemical Shift (ppm) 
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Ca, Na, Mg, Mn, Ba and Fe, which then releases P associated with the metals [14, 18]. HF can 

also dissolve the minerals consisting of Si-O bonds [14]. As a result, many P compounds are 

removed during the HF treatment. Dougherty, et al [19] found that inorganic P was almost 

completely removed (>90%) and almost half of organic P (up to 49%) was hydrolyzed after 

treating the low organic matter pasture soils with HF for 24 hours. However, orthophosphate 

monoesters and diesters such as phytic acid, β-d-glucose phosphate, or DNA were more resistant 

to acid-mediated hydrolysis by the 24-hour HF treatment than adenosine triphosphate [19] 

Unlike the soils in Dougherty’s research, the soil samples from the Changuinola peat 

deposit in Panama are organic rich. Phosphorus compound distributions in the soil samples 

before and after HF treatment are shown in Figure 6.2. The predominant form of organic P is 

orthophosphate monoester, which is also dominates most soils [20]. The majority of the 

inorganic P in the soil samples is orthophosphate. Soil P composition depends on many factors 

such as the types of P inputs, biological P utilization, and stability of P via association with soil 

minerals or soil organic matter [21-22]. Even though most organic P inputs to soils are 

orthophosphate diesters such as phospholipid, RNA, and DNA, orthophosphate monoesters such 

as phytate (inositol hexakisphosphate) are more likely to accumulate because the high anionic 

charge of phytate facilitates interactions with metals in soils and increases its stability [21-22]. 

Conversely, orthophosphate diesters have lower charge density and steric shielding of their 

phosphate groups prevents interactions with metals, so orthophosphate diesters tend to be 

attacked by microorganisms [21-22]. 

For all soil samples Bocas #1 to Bocas #6, an average of 31% of orthophosphate was lost 

during HF treatment, whereas an average of 38% and 86% of orthophosphate monoesters and 

diesters were removed with HF, respectively. HF completely removed pyrophosphate from the 
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soils; this result indicates that pyrophosphate is strongly associated with metals [14]. The 

remaining orthophosphates after HF treatment is possibly a combination of orthophosphate that 

is sorbed onto soil organic matter and that degraded from organic P such as orthophosphate 

monoesters and diesters [14].         

 

Figure 6.2 Effect of HF pretreatment on P distributions in the soil extracts sampled at different 
depths in the Changuinola peat deposit, Panama. 
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6.4.2 Effect of Soil Depth on Amount and Type of Soil Phosphorus 

 

Figure 6.3 Phosphorus compound distributions in the soil extracts sampled at different soil 
depths with and without HF pretreatment. 

Soil can be classified into layers known as “horizons” from the surface to the bedrock. 

Main soil horizons are commonly designed from the top to bottom using the capital letters O, A, 

E, B, C, and R, respectively. Not all of these layers are present in every location. There is also a 

special horizon named P which comes from “peat”. The P horizon is more organic-rich than the 

O horizon which comes from “organic matter”, but the P horizon only forms under waterlogged 

conditions [23].  
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As demonstrated in Figure 6.3, the Bocas #1 sample from the 0-10 cm horizon is 

enriched with both inorganic and organic P compounds derived from peat litter, and most likely 

in microbial remains as well. Bocas #2 and Bocas #3 (from the 20-30 and 40-50 cm depths, 

respectively) have about the same amount of total P, approximately 120 mg P/kg soil. These 3 

soil samples seem to represent the same horizon, the A horizon referred to as the “topsoil” 

containing partially decomposed (humified) organic matter. Most biological activity occurs in 

the A horizon, because soil organisms are concentrated here [23]. Therefore, the A horizon in the 

Changuinola peat deposit would be around 80 cm thick. Due to decomposition of organic matter 

in the A horizon, P associated with organic matter would be released and more bioavailable. As a 

result, lower amounts of both organic and inorganic P were found.    

The next soil layer is the E horizon or eluvial zone. Eluviation or leaching transports 

material from upper to lower levels by hydrologic transport. Both inorganic and organic matter is 

removed from the upper soil layer and transported downward. Bocas #4 from the depth of 70-80 

cm has total P around 110 mg P/kg soil. Total amounts of organic P in Bocas #2, #3, and #4 are 

very similar, but amounts of orthophosphates in these soil samples decrease with increasing soil 

depth. It is possible that Bocas #4 is partially in both A and E horizons. 

Surprisingly, the amounts of P compounds, especially organic P, increases in the soil 

depths between 110 and 120 cm (Bocas #5). This might be caused by the accumulation of 

materials leached from upper zones. As mentioned in the Introduction, the Changuinola peat 

deposit is situated on the Caribbean coast of Panama and experiences yearly tropical storms. 

Flooding from tropical storms facilitates the eluviation of material from upper layers. Bocas #5 

was sampled from the B horizon commonly known as the “subsoil” that accumulates inorganic 

materials such as silicate clays, iron and aluminum oxides, and organic matter [23].  
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Bocas #6 from the depth of 160-170 cm has less amounts of both organic and inorganic P 

than Bocas #5, but more than the soil samples in the A and E horizons, because transport of 

material is more limited due to the distance from the eluvial zone. The B horizon can divided 

into sub-horizons which relate to transitions, so Bocas #5 could be considered to be in a sub-

horizon of B. 

6.5 Conclusions 

Soils from the Changuinola peat deposit in Panama are enriched in organic matter. 

Orthophosphate monoesters are the dominant P species in most soil horizons except at the 

surface (0-10 cm) where orthophosphate dominates. HF pretreatment before P extraction 

facilitates the release of P bound to metals, and, when combined with 31P NMR, indicates the 

bioavailability of particular P species. In the Changuinola peats, HF treatment preferentially 

removes inorganic forms: ortho-P and pyrophosphate. These results are in contrast to those from 

previous studies (Chapter 4) where significant amounts of ortho-P were retained in (presumably) 

the soil organic matrix after the HF treatment. Orthophosphate monoesters, the form of organic P 

most likely to bind to metals, is conversely relatively unaffected by the treatment.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

The goal of this dissertation was to apply advanced analytical techniques to reveal soil 

phosphorus speciation and soil organic carbon composition in wetlands. The main analytical 

tools used in this research included solution-state 31P NMR, solid-state 13C NMR, and SEC-MS. 

Soil samples from three wetlands, including the Florida Everglades, northern Minnesota, and 

northwest Panama, were characterized in order to understand phosphorus sequestration and 

carbon humification in a variety of wetland types. 

Soil phosphorus compounds were extracted by using EDTA-NaOH extraction before 

being characterized using 31P NMR. Amounts of phosphorus compounds such as 

orthophosphates, orthophosphate monoesters, orthophosphate diesters, phosphonates, 

pyrophosphates, and polyphosphates were determined from 31P NMR spectra. Inositol 

hexakisphosphate (IP6), which is an organic phosphorus compound dominant in most soils, 

cannot be distinguished from other orthophosphate monoesters in 31P NMR spectra. Therefore, 

SEC coupled with a negative-mode electrospray ionization (ESI) and time-of-flight (TOF) mass 

spectrometer was used to solve this problem. SEC was used to remove other soil organic matters 

from IP6 as much as possible to prevent the interference during the MS detection. Selected ion 

monitoring (SIM) in MS was employed to facilitate quantification of IP6 which has [M-H]- = 

659.  

While soil phosphorus extraction is necessary prior to 31P NMR and SEC-MS analysis, 

dried soils can be directly characterized using solid-state 13C NMR. Relative abundances of 

different carbon compounds according to their functional groups were determined from 13C 
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NMR spectra. Soil organic carbon compounds include alkyl C, N-alkyl C, O-alkyl C, aromatic 

C, and carbonyl C. The alkyl C-to-O-alkyl C ratio or the aromatic C-to-O-alkyl ratio is known as 

decomposition or humification index (HI) of organic matter. HI > 1 indicates decomposition of 

carbohydrates (O-alkyl C) and humification of organic matter, while HI < 1 shows that organic 

matter is less stable. Relationships between soil phosphorus and carbon compositions is useful 

for understanding phosphorus sequestration in soils. From the previous study [14], sequestration 

of phosphorus was possibly tightly linked to soil carbon humification, the process that converts 

labile biopolymers into stable geopolymers. Phosphorus was likely to associate with humified 

organic matter consisting mainly of alkyl and aromatic functional groups. 

In Chapter 4, the study sites were located in the Everglades Water Conservation Area 2A 

which is organic-enriched. Inorganic orthophosphate and orthophosphate monoesters were the 

dominant species in all samples from different sites in WCA 2A. Orthophosphate diesters were 

observed at much lower levels. Soils from the same sampling depth but different sites varied in 

amount of each phosphorus compound. These results do not reflect the hydrologic gradient of 

these sampling sites. At the same sampling site, the surface soil displays higher concentration of 

phosphorus species such as orthophosphate, orthophosphate mono- and diesters than the deeper 

soil. HI values of all soil samples are less than 1 which indicates that organic matter is less stable 

and might release phosphorus back into the water column after drying-rewetting cycles in WCA  

2A. However, HI of the surface soil is higher than the deeper soil. Therefore, organic matter in 

the surface soil is prone to be more humified or more stable. IP6 was found to be dominant 

among orthophosphate monoesters and tended to accumulate in the surface soil. From the data of 

soil phosphorus and organic carbons, phosphorus species are possibly associated with humified 

organic matter in the surface soil. 
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In Chapter 5, studies of four bog samples at different depths from a northern Minnesota 

peatland are summarized. The site is a highly organic peatland in which phosphorus 

sequestration is dominated by interactions with organic matter. The surface bog exhibits higher 

amounts of organic phosphorus but lower amounts of inorganic orthophosphate than the deeper 

bogs. Similar to what was observed in the Everglades samples, the majority of organic 

phosphorus in the surface bogs is orthophosphate monoesters. HI values of the deeper bog are 

greater than 1, while those of the surface bogs are less than 1. Larger amounts of orthophosphate, 

alkyl C, and aromatic C in the deeper bogs are strongly correlated. The correlation indicates that 

phosphorus release or mineralization accompanies organic matter decomposition. 

In Chapter 6, phosphorus turnover was investigated in a tropical wetland referred to as  

the Changuinola peat deposit situated on the Caribbean coast of Panama. This area is flooded 

yearly by tropical storms which influence the composition and bioavailability of P compounds in 

the wetland. The effect of HF pretreatment effect on organic phosphorus stability was also 

observed. HF pretreatment removed approximately 31, 38, 86, 100 percent of the 

orthophosphates, orthophosphate monoesters, orthophosphate diesters and pyrophosphates, 

respectively. Higher amounts of orthophosphates after HF treatment is possibly caused by 

incorporation of orthophosphates onto soil organic matter. The phosphorus composition in each 

sampling depth was used to determine characteristic soil horizons from the surface to the 

bedrock and understand phosphorus sequestration in the Changuinola peat deposit. 

For future work, a high efficient ion suppressor should be applied to facilitate IC-MS. As 

a result, identification and quantification of lower inositol phosphate congeners such as IP1 to IP5 

could be possible. More types of solvent mixtures for ESI-MS such as acetonitrile solution can 

be used in order to enhance ESI efficiency. Both surface tension and solubility of the solvent 
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mixtures are highly important. Attention should be given to soil type (such as mineral vs. organic 

soil) when using HF treatment prior to phosphorus extraction.    
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APPENDIX B 

NMR SPECTRA AND LC-MS DATA 

 

 

 

 
 

Figure B.1 31P NMR spectra of 7 soil samples from Everglades Water Conservation Area 2A. 

Chemical Shift (ppm) 



110 
 

 

 

 
 

Figure B.2 Solid-state CP-MAS 13C NMR spectra of 7 soil samples from Everglades Water 
Conservation Area 2A. 

Chemical Shift (ppm) 
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Figure B.3 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass chromatogram 

and the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG2.   

 

 

 

Figure B.4 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass chromatogram 

and the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG3. 

 



112 
 

 

Figure B.5 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass chromatogram 

and the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG4. 

 

 

 

Figure B.6 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass chromatogram 

and the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG5. 
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Figure B.7 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass chromatogram 

and the mass spectrum of IP6 from SEC-MS analysis of the P extract of EG6. 
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Figure B.8 Solid-state CP-MAS 13C NMR spectra of the bog sample at 25-50 cm-depth along 
with the spectral deconvolution. 

Chemical Shift (ppm) 
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Figure B.9 Solid-state CP-MAS 13C NMR spectra of the bog sample at 75-100 cm-depth along 
with the spectral deconvolution. 

Chemical Shift (ppm) 
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Figure B.10 Solid-state CP-MAS 13C NMR spectra of the bog sample at 175-200 cm-depth 
along with the spectral deconvolution. 

Chemical Shift (ppm) 
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Figure B.11 The selected ion monitoring ([M-H]-
 range from 658.5 to 659.5) mass 

chromatograms and the mass spectra of IP6 from SEC-MS analyses of the P extracts of bog 
sample at (A) 25-50 cm, (B) 75-100 cm, and (C) 175-200 cm-depth. 

C 

B 
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Figure B.12 31P NMR spectra of 4 soil samples with and without HF pretreatment from the 
Changuinola peat deposit in Panama. 

 

 

Chemical Shift (ppm) 
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