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ABSTRACT 

 

 

Sandy soils are a major forest resource in the southeastern U.S and 

intensive forest management is escalating; yet the effect of forest management 

on soil organic carbon (SOC) is not well documented. It is unclear to what degree 

root and aboveground litter inputs add to SOC; and if the relative importance of 

an input source changes with forest management. All these questions add to the 

ongoing discussion on the role of the soil in SOC storage and sequestration, as 

well as the impact of forest management. Investigating the questions described 

above will allow us to better understand SOC sequestration and protection.  

In the first part of this work we have characterized labile and recalcitrant 

SOC pools from upland and wetland forests by acid hydrolysis (6 M HCl, 1 M 

HCl) and hot-water extraction. 13C nuclear magnetic resonance (NMR) 

spectroscopy was used to quantify the effect of acid hydrolysis and hot-water 

extraction on recalcitrant and labile carbon pools.  

Burial of phosphorus associated with organic matter has been reported 

as a major mechanistic sink for phosphorus in wetlands. Wetland soils tend to 

accumulate organic matter due to the production of detrital (plant) material 

from wetland biota and the suppressed rates of decomposition. Soil accretion 

rates for constructed wetlands are on the order of millimeters per year, 

although accretion rates in productive natural systems such as the Everglades 

have been reported as high as one centimeter per year or more. Current 

design of constructed wetlands for phosphorus removal is based upon this soil 
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accretion. The rate of phosphorus accretion through this process is used to 

calculate the area needed to meet designed effluent criteria. However, 

although much of the phosphorus added to wetlands is retained within the 

system, this can serve as a phosphorus source to the water column for long 

periods of time, even after external loads are reduced. 

Wetlands are often used as `buffer zones' between agricultural areas 

and adjacent water bodies. The long-term effectiveness of these wetlands to 

retain and store phosphorus in stable forms depends upon interacting 

biogeochemical processes in water, detrital layers, and soil. Recognizing that 

detrital tissue and soil organic matter are the dominant components of 

wetlands, the breakdown of these materials and the release of nutrients have 

direct bearing on water quality and productivity of the ecosystem. 

Relationships developed between processes and physical and chemical 

properties of detrital plant tissue and soil organic matter can be incorporated 

into predictive models for extrapolation of results to other sites.  

The second phase of the research summarized in this dissertation 

addresses this important issue, and has several unique themes. First, the 

organic phosphorus forms in a range of wetland ecosystems and their 

relationships with soil physical and chemical properties have never been 

studied. We have addressed these issues here by employing state-of-the-art 

NMR techniques to provide insight into the forms of inorganic and organic 

phosphorus and organic carbon in recently accreted and native Everglades 

soils.  

Second, rarely have linkages been developed between organic carbon 

and organic phosphorus forms as they relate to their stability under a range of 

environmental perturbations, but this is of key importance for understanding 

the biogeochemistry of organic phosphorus in the environment. This research 

therefore provided information on the composition and stability of soil organic 

phosphorus and carbon in wetlands, again using primarily NMR techniques. 

Liquid chromatography and high resolution time-of-flight mass spectrometry 

were also used to validate the NMR studies.  
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Carbon Sequestration 

 

The increase in greenhouse gas emissions and the global climate 

changes that have resulted have driven the need for a better understanding of 

carbon (C) cycling. The soil is a major sink for carbon sequestration and can play 

an important role in the global carbon cycle. However simply increasing carbon in 

soils is not synonymous with carbon sequestration. To be sequestered, carbon 

should be converted from the active pools to less reactive intermediate or 

passive pools, and, consequently, sustained in the soil for decades or longer1. 

Labile fractions of SOC, such as microbial biomass, exhibit relatively fast 

turnover rates, and therefore may not contribute significantly to C sequestration 

in soils. The more stable (humified) soil organic carbon (SOC) pools are the more 

appropriate and representative fractions for carbon sequestration2. 

Soil organic matter is a complex mixture of organic materials derived from 

plant litter, root turnover and microorganisms whose chemical makeup is a 

complex mixture of carbohydrates, amino acids and proteins, nucleic acids, 

lipids, lignin and humus, listed in the approximate order of increasing resistance 

to decomposition3. The components of SOC can be compartmentalized into 

different fractions or pools. Some carbon  components present in the soil, such 

as carbohydrates, are considered more “labile” because they are easily 

degradable by microorganisms, while recalcitrant compounds, such as lignin and 
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humus, accumulate in the soil as soil organic matter decomposes. The relative 

amount of recalcitrant and labile materials determines soil organic matter 

degradability4. 

There is a poor understanding of SOC in the sandy coastal plain forested 

soils. First, it is unclear to what degree SOC is stabilized in these soils and to 

what degree the various mechanisms of protection apply. Second, it is unclear 

how the influence of forest management, which changes the chemical 

composition of root and aboveground litter, affects the amount and chemical 

quality of SOC. All these questions add to the ongoing discussion on the role of 

the soil in SOC storage and sequestration, as well as the impact of forest 

management. From a science perspective, investigating the questions described 

above will allow us to better understand SOC sequestration and protection. 

The research described here focuses on SOC: the definition of SOC pools 

and these pools’ stability and protection. The long-term goal is to better 

understand SOC in sandy coastal plain soils under forest management, 

characteristics and sequestration. Specific goals for this study are to understand 

how and to what degree SOC is protected from decomposition in these sandy 

soils, investigate how intensive forest management influences the quality, 

quantity and stabilization of SOC and determine the relative influence of forest 

floor and root detritus on SOC. 

 

1.2 Phosphorus Sequestration 

 

The most pressing and contentious issues facing US agriculture is the 

pollution of water bodies from diffuse agricultural sources, but this pollution 

can be remediated through the use of constructed wetlands, which sequester 

pollutants such as phosphorus from the water column and store it in soil. Most 

phosphorus sequestered in constructed wetlands occurs in organic forms, but 

the long-term stability of these compounds remains virtually unknown.  

Phosphorus sequestration is defined as the capacity of an ecosystem to 

remove water column phosphorus through physical, chemical, and biological 
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processes, and retain it in forms not readily released under normal conditions. 

Treatment wetlands not only store nutrients, but also transform them from 

biologically available forms into non-available forms and vice-versa5. Despite 

the ability of wetlands to sequester phosphorus, a key outstanding issue 

concerns its long-term stability. In particular, phosphorus sequestered during 

high pollutant loading may be relatively unstable and easily remobilized 

following changes in nutrient status or hydrological regime i.e. permanently 

moist, dried, and re-wetted soils6. This is important, because phosphorus 

sequestered at times of high phosphorus could maintain eutrophic conditions 

and contribute to downstream phosphorus pollution many years after 

cessation of pollutant inputs to the wetland. Wetland vegetation and microbes 

can also convert labile inorganic phosphorus into organic phosphorus through 

uptake and storage, stabilize phosphorus in pore-water, and reduce 

phosphorus concentrations in the water column. However, long-term stable 

storage of sequestered phosphorus in the organic pool depends on the quality 

of the organic material accreted on the soil surface. Very little information 

exists on the chemical forms of sequestered phosphorus. In particular, there is 

almost no information on the forms and stability of organic forms of 

phosphorus in wetland soils, despite accretion of organic phosphorus being 

the most important mechanism of phosphorus sequestration in most 

wetlands7. 

The organic phosphorus forms in a range of wetland ecosystems and 

its relationships with soil physical and chemical properties have not been 

studied, but this shortfall will be addressed by employing state-of-the-art NMR 

spectroscopy to provide insight on forms of organic phosphorus and organic 

carbon in recently accreted (fused) and native soils in a range of geographic 

conditions. Compositional analysis of deep soil layers will be used to identify 

stable soil organic phosphorus compounds, which will be linked to organic 

carbon structures as they relate to organic matter stability under a range of 

environmental perturbations.  
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The main impediment to research into soil organic phosphorus has 

been analytical, because separation and identification of the myriad 

compounds that can be present has conventionally involved laborious, 

expensive, and often inaccurate procedures. However, recent advances in 

methodology, notably in analysis of phosphorus and carbon by nuclear 

magnetic resonance (NMR) spectroscopy, including improved extraction and 

compound identification8-12, means that more phosphorus than ever before 

can be identified and quantified accurately in soils. Information on the long-

term stability of sequestered phosphorus clearly represents a fundamental 

knowledge gap in our understanding of wetland ecosystems, which 

undermines our ability to predict their response to a changing environment. By 

fingerprinting organic phosphorus composition in a wide range of wetland soils 

using state-of-the-art NMR spectroscopy, we investigated the long-term stability 

of sequestered phosphorus compounds, and linked them to organic matter 

stability under a range of environmental perturbations.  

This research has provided detailed information on the composition and 

stability of SOC in forests, and phosphorus and carbon in wetlands. It has 

addressed key issues in forest management and of wetland biogeochemistry 

that are of fundamental importance to US agriculture. 
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CHAPTER 2 

 

NMR SPECTROSCOPY; BASIC PRINCIPLES AND   OPTIMIZATION 
STRATEGIES 

 

2.1 Introduction 

The major goal of NMR spectroscopy is determination of the 

composition and structure of matter. That is, providing information on types of 

nuclei occurring in the sample, the environment created by surrounding 

electrons, and the separations between the nuclei. In the NMR spectroscopy 

experiment, the sample (in liquid or soild state) is placed in a strong static 

magnetic field and irradiated with suitable electromagnetic frequencies. This 

causes transitions between the spin states of magnetically susceptible atomic 

nuclei. The frequencies and intensities of these transitions are then detected, 

producing a spectrum.  

Techniques for NMR of liquid state samples (LS-NMR) are much more 

straightforward than those for solid state samples, and were available more 

than 2 5  years earlier. It was not until many theoretical and practical problems 

were overcome in the late 1970s that the solid state NMR (SS-NMR) 

experiment became routinely used.  LS-NMR has better spectral resolution, 

but SS-NMR can provide valuable distance-dependent and orientation-

dependent information that is lost due to the rapid molecular motions in 
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liquids. While most NMR experiments use liquid state techniques, there are 

many samples, for example with membrane proteins, semi-crystalline, 

amorphous materials, and soils, where SS-NMR is the best (and only) choice1. 

2.1.1 Basic Principles of the NMR Experiment  

Nuclear Magnetic Resonance (NMR) spectroscopy is based on the 

property of some atomic nuclei that, when placed in a magnetic field, they 

absorb and emit electromagnetic radiation in the radio-frequency (RF) range. 

The absorption and emission of the RF energies is limited to narrow bands, 

corresponding to the precession frequencies of the nuclei in the external 

magnetic field. Analysis of these lines is the subject of NMR spectroscopy, 

which provides information on the electronic environment surrounding the 

nuclei and the spatial configuration of nearby the atoms.  

In order for a nucleus to be NMR-active, it must possess a nuclear spin. 

Nuclear spin is a special kind of magnetic moment that is in contrast to the 

classical angular momentum that a macroscopic body possesses when in 

motion (Figure 2.1). Nuclear spin is an intrinsic property of a atom that does 

not require motion. Most elemental nuclei have spin and can therefore be 

used in NMR studies. 

 

2.1.2  Chemical Shift Hamiltonian 

 

The chemical shift is probably the most important interaction described 

by NMR. Nuclei in the sample are surrounded by electrons. In the presence of 

the strong static magnetic field Bo, electrons near the nuclei create an induced 

magnetic field, Bi, that opposes the external static field (see Figure 2.2). The 

nuclear spin experiences a local field, Bloc, that is given by Bloc = Bo + Bi  
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The resulting field Bloc = Bo + Bi reflects the local environment of the site 

and is different for nuclei of the same element with different elements and 

functional elements attached to them. Because it is very sensitive to the local 

environment, it helps to distinguish spins with different chemical groups. For 

instance 13C nuclei from aromatic rings, CH3-, CH2- and COOH- groups have 

chemical shifts that are different enough to be distinguishable.  

 

2.1.3 One-dimensional Fourier Transform NMR 

 One-dimensional NMR experiments are the simplest to perform. The 

experiment is done by applying a broadband RF pulse and then acquiring the 

time domain free induction decay (FID) signal. After Fourier transformation, 

the 1D spectrum containing intensities of absorbed frequencies is obtained. 

The advantage of pulse NMR is that all the spins are excited simultaneously 

and the transient FID signal that is observed contains all  the frequencies of 

nuclei excited by the broadband RF excitation. This is in contrast to scanning 

the frequencies and recording the absorption (as was done in continuous 

wave NMR in the early days). In practice the NMR signal is not a continuous 

function defined for all times, but is acquired over a limited time at finite 

sampling intervals. A discrete rather than continuous Fourier transform is 

therefore used in practice.  

2.2 Solid State NMR vs. Liquid State NMR 

 

2.2.1 Magic Angle Spinning 

The difference between liquid-state (LS) and solid-state (SS) NMR is 

the degree of molecular motion. In liquids, the molecules are free to perform 

isotropic rotational and translational motions. Rotation is particularly important 

because it averages out NMR interactions that have orientation dependence. 

Thus, in liquids all the anisotropic interactions (dipole-dipole coupling, CSA) 
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are not directly observable resulting in spectral lines that are narrow and 

relatively well-resolved. 

In solid-state NMR, the situation is quite different. The rotational 

motions of the molecules are restricted, so most anisotropic interactions 

remain. Moreover, in the case of powder samples consisting of a huge number 

of tiny crystals; each crystallite has its own angular orientation. This results 

into broad spectral lines (low resolution, low intensity). (Figure 2.3 a) 

In order to generate a liquid-like spectrum, a, technique called magic-

angle spinning (MAS) is used2, 3 (Figure 2.3 b). The powder sample is placed 

in a rotor that is rotated about an axis that is tilted by an angle of 54.74° with 

respect to the z-axis of the laboratory frame and spun at a high rotation 

frequency.  This 54.74o is referred to as the magic angle because the 

molecular orientation dependence (relative to the static magnetic field) goes to 

zero. This is obvious from Equation 2.1, which defines the molecular orientation 

dependence. 

 (3cos2
θ -1) = 0  �  θ =  54.74o   2.1  

As a result of this procedure, spectral lines become narrow and liquid-like. 

 

2.2.1(a) Spinning Sidebands  

 

However, if the spinning frequency at MAS is not large enough relative to 

the applied static magnetic field, spinning sidebands will arise. The frequencies 

of these lines differ from the isotropic frequency by an integer multiple of the 

spinning frequency. (see Figures 2.4 and 2.5) Together with the isotropic peak, 

they contain much structural information. However, having several peaks 

instead of one leads to a crowded spectrum. 

There are ways to suppress these spinning sidebands. One of the most 

common is the use of the Total Sideband Suppression (TOSS) decoupling 

sequence TOSS was developed by Dixon4. In its original form, it consisted of 
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a sequence of four �pulses that occupied two rotation periods, applied after 

the Cross Polarization (CP) sequence. Due to carefully designed timing of' 

the pulses, the magnetization components are prepared in such a way that 

sidebands are suppressed. There have been many modifications of TOSS. 

Today, there are TOSS sequences with a number of pulses from four up to 

nine5-9. All of them give more or less comparable results. In Figure 2.6, the 

13C CP MAS spectra of a soil sample representing a mixture of forest litter is 

presented with (red) and without (black) TOSS. A spinning speed of 4 KHz 

was used through out all the experiments where the cross-polarization was 

optimized using a contact time array experiment. 

2.2.1(b) Effect of Spinning Speed 

 

Although higher MAS rates were known to decrease spinning side bands, 

they also decrease the efficiency of cross-polarization that becomes harder to 

optimize, resulting in a decrease in S/N. At low spinning speeds a better signal 

will be easier to get, but spinning side bands will occur. (Figure 2.7) 

 

2.2.2 Cross Polarization  

 

Many nuclei that are the subject of NMR experiments have relatively 

low gyromagnetic ratios. The lower the gyromagnetic ratio, the lower the 

sensitivity of the nucleus (see Table 2.1). The relatively low gyromagnetic ratio 

of carbon combined with its low natural abundance make solid state 13C NMR 

spectroscopy a challenge.   

Cross-polarization (CP)10 transfers magnetization from nuclei with large 

� (often 1H) to nuclei with smaller � (for example, 13C, 15N) and therefore 

provides enhanced sensitivity. The other problems associated with many 

nuclei with low gyromagnetic ratios and low natural abundances is that they 

tend to have longitudinal relaxation times (T1) that are much longer than for 
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the nuclei with high � and high natural abundance. CP allows the decrease 

of the pulse delay (the interval between subsequent experiments or 

transients) by allowing nuclei with long relaxation times (e.g. carbon) to 

relax through the more abundant, faster relaxing high � nuclei. In addition 

to these two main tasks, CP helps to reduce background signal (from the 

probe) and provides information about which spins are close in space. 

The CP-ramp sequence, also known as Variable Amplitude CP (VACP), 

has shown to be useful in increasing CP signal intensity, especially at MAS rates 

greater than 5 kHz, but had no effect on signal distribution11. (Figure 2.9 a,b).  

Contact time is the time when CP takes place. CP efficiency depends on 

the proximity of protons, and non-protonated carbons (e.g. aromatic and 

carboxylic C) require longer contact times than aliphatic and carbohydrate C. 

Unfortunately, the protonated carbons lose their intensity at long Contact Time 

(CT). Thus, while an increase in the CT will result in an increase in the aromatic 

and carboxyl peak intensities, there will be a decrease in alkyl and o-alkyl peak 

intensities. Therefore, a CT array experiment is required to find the best CT that 

will favor all functional group peaks (Figure 2.10, 2.11). A CT of 750 µsec was 

chosen for all our experiments. 

 

2.2.3 High Power Proton Decoupling 

 

Magic angle spinning helps to remove the effects of anisotropic 

interactions. However, interaction of S-spins with protons is usually very 

strong and cannot be completely removed by MAS at any realistic rotation 

frequency. Residual dipolar couplings make spectral lines broad. Therefore, 

heteronuclear decoupling should be used. The H-channel (proton channel) is 

irradiated by a strong RF field in order to decouple the two spin species. With 

decoupling, the spectral lines get considerably narrower. The RF field applied to 

the X-channel (carbon channel) causes the polarization of X-spins to flip rapidly 

so that the time-average of the 1H-13C spin-spin interaction cancels out. 
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2.2.4 CP-MAS 13C NMR with Proton Decoupling; A Summary 

 

When using Cross-Polarization and Magic Angle Spinning (CP-MAS) with 

high power decoupling, almost all of the problems associated with obtaining NMR 

spectra of solids are addressed. The spectra that follow demonstrate the 

improvement each of these techniques brings to SS-NMR.  

 

2.3 Sensitivity and Quantitation 

 

Solid-state 13C NMR spectroscopy is one of the most powerful tools for the 

analysis of soil organic matter12-14. While it is simple to obtain a solid-state 13C 

NMR spectrum of soil organic matter, it is not trivial to obtain one with optimal 

sensitivity and quantitation. The traditional measures of NMR performance are 

resolution—the ability to identify separate resonances that have similar chemical 

shifts—and sensitivity—the ability to detect a signal above background noise. For 

the analysis of a heterogeneous material such as soil organic matter, a third 

measure—quantitation—is usually of even greater importance12, 15-19. 

Quantitation refers to the uniformity of sensitivity across different samples or 

across different chemical environments in the same sample. The main purpose 

of NMR analysis of soil organic matter is usually to determine the relative 

proportions of broad functional group classes, for example, alkyl, O-alkyl, 

aromatic, and carboxyl. The success of this approach relies on each 13C nucleus 

producing the same amount of NMR signal. Under ideal conditions, and barring 

certain interferences, each nucleus will produce the same amount of signal, 

regardless of its chemical environment11. However, in the case of solid-state 13C 

NMR spectra of soil organic matter, it is not always possible to guarantee the 

ideal conditions required to obtain quantitative spectra12, 15-22.  
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2.3.1 Effects of Important Variables on Quantitation 

 

There are a number of acquisition parameters that, if incorrectly set, can 

adversely affect sensitivity and quantitation. Many of these parameters are inter-

related, making the task of optimization quite complex.  

The defining characteristic of an NMR spectrometer is the strength of the 

magnetic field. Whereas in solution-state NMR spectroscopy the saying “bigger is 

better” is almost universally true, this is not the case for solid-state NMR 

spectroscopy. A stronger magnetic field does provide more signal per nucleus, 

but this advantage can be offset if higher rates of magic angle spinning (MAS) 

are required to overcome difficulties presented by spinning side bands (SSB)11. 

There are hardware limitations for magic angle spinning—faster spinning rates 

may only be possible with smaller volume rotors19, resulting in lower sensitivity. 

The efficiency of cross-polarization (CP) is also affected by the rate of magic 

angle spinning—at higher spinning speeds less CP signal is generated and this 

effect may not be consistent across the spectrum, i.e. some resonances can be 

more affected than others11. Thus both sensitivity and quantitation can be 

compromised at higher magnetic fields. Relaxation rates also are affected by 

both magnetic field strength15 and the rate of magic angle spinning. These 

relaxation rates have the potential to influence both sensitivity and quantitation in 

13C CP NMR spectra of soil organic matter. Sensitivity and quantitation are often 

competing goals, with optimization of one coming at the expense of the other. In 

early applications of 13C NMR to soil organic matter analysis, optimization of 

sensitivity had to take precedence in order to obtain a spectrum at all. However, 

large improvements in NMR hardware enabled the consideration of optimization 

of quantitation15. The Block Decay (BD) technique, otherwise known as direct 

polarization (DP),  has been shown to be more quantitatively reliable than CP for 

the analysis of soil organic matter18, 19. However, CP remains the most widely 

used solids technique on account of its much greater sensitivity. Recently, 
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techniques have been described both to improve the sensitivity of BD17, 19 and to 

improve the quantitation of CP23-25.  

 

2.3.2 Effects of Field Strength 

 

Choosing the ‘ideal’ magnetic field for solid-state 13C CP NMR analysis of 

soil organic matter is not trivial. Higher fields provide more signal per pulse, but 

this must be balanced against the need for higher MAS rates to limit problems 

caused by spinning side-bands. Magic angle spinning at rates above 5 kHz 

substantially diminish CP signal intensity of soil organic matter samples. The 

results of a study done by Smernik et. al11 show that the expected advantage of a 

400 MHz instrument over a 200-MHz instrument in terms of sensitivity is illusory. 

There was also no advantage of the higher field in terms of resolution. In terms of 

quantitation, the two instruments performed similarly—13C CP spectra acquired 

on a 200 MHz spectrometer with a MAS rate of 5 kHz and a 400 MHz 

spectrometer with a MAS rate of 10 kHz were remarkably similar (Figure 2.4 a,b). 

This was somewhat unexpected, as there is a long-held belief that higher MAS 

rates bias against slowly cross polarizing nuclei, and particularly aromatic 

carbon. Although there was some bias against carbonyl and aromatic carbon at 

the higher field, what Smernik et al. has seen was minor.  

 

2.4 Optimization 

 

2.4.1 Probes and Rotors 

 

In our experiments, we used a 7.5 mm probe because its volume is 9X 

greater than the 4 mm probe.  An increase in sample volume/mass greatly 

reduces acquisition times. For example, if an experiment takes less than a day 
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using the 7.5 mm rotor, using the 2.5 mm rotor will take up to 6 days to get 

almost the same S/N. But the problem is that the maximum spinning speed for 

the 7.5 mm probe is 7 KHz. To get rid of spinning side bands (SSB) we need to 

spin up to 16 KHz. By applying the Total Side Band Suppression (TOSS) 

sequence, we were able to use the 7.5 mm rotor and decreased our spectral 

acquisition times tremendously.  

 

2.4.2 Influence of Paramagnetics on 13C CPMAS NMR Spectra 

 

Paramagnetic elements cause very fast relaxation of the spins such that 

the signals of the nuclei that are chemically associated with them cannot be 

recorded. This would result in broad and low S/N peaks. Schilling and Cooper 

developed a treatment method that uses 2% HF/BF3 which reduces the 

paramagnetic effects as seen in Figure 2.15 (c). The chemical treatment method 

consists of mixing 15g of selected whole soil with 30mL of 2% HF/BF3 reagent 

allowed to stir for 1 hr. Mixture was vacuum filtered and washed with de-ionized 

water several times. This treatment was repeated with resultant residue for a 

total of 5 X 1 hr. and 2 X 24 hr. extraction time periods. Accumulated soil residue 

was oven-dried overnight at 60 oC and stored in glass vials until NMR analysis. 

 

2.5  Chemical Shift Regions of Interest  in  the  Solid State 13C NMR Spectra 

of Soil Organic Matter 

 

The power of Solid State 13C NMR is the ability to determine the relative 

abundance of functional groups present in Natural Organic Matter (NOM). These 

different constituents play a big role in different processes. Figure 2.16 below 

highlights the chemical shifts of different carbon functional groups of interest in 

soil geochemistry. Determining the relative abundances of these functional 

groups in soils from a variety of environments is one of the principal objectives of 

this dissertation.  
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Figures: 
 

 

Figure 2.1: The nuclei are pictured as bar magnets that are induced to precess 
in the presence of an external magnetic field, B0. Parallel and anti-parallel 
orientations are shown in the left and right, respectively. 
 
 

 
 
Figure 2.2: As the electron moves in its orbital, it generates a magnetic moment, 
µe. This circulating charge generates an induced magnetic field, Bi (oriented at 
right angle to r), that opposes B0. Bi opposes (is in opposite direction to) B0 
because electrons are negatively charged. Where r is the vector connecting the 

point of charge and the origin (the electron and nucleus, respectively), and θ is 
the angle between r and B0, 

 

Polysulfone                  Poly (ether sulfone) 

 
 
 
 
 
Figure 2.3: Effect of Magic Angle Spinning MAS for 2 different polymer 
compounds (a) without MAS (b) with MAS. 
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(Spectra are from Varian Inc.) 

 
Figure 2.3: Continued 
 

 
 

Figure 2.4: A broad spectral line produced by a static powder sample  

a)             

        

Figure 2.5: Solid-state powder spectra under (a) fast MAS and (b) slow MAS. 
 

(a) 

 (b) 
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b)  

        
 
Figure 2.5: Continued 

-50050100150200 (ppm)

4 khz with TOSS

4 khz without TOSS

 

 Figure 2.6: 13C CP-MAS at 4 KHz spectra of mixture litter soil sample: (red) with 
TOSS (black) without TOSS 
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-50050100150200

(ppm)

15 khz

5.5 khz

4 khz

Figure 2.7:  Spinning speed effect (green) 4 KHz, (red) 5.5 KHz, and (blue) 15 
KHz. 

Table 2.1: Description of some of the most commonly used nuclei in NMR.  

Nucleus Gyromagnetic ratio, (�)  Spin   Natural 
(107

 rad/Ts)      Abundance 
 

1H   26.7519    1/2   99.985 

2H   4.1066    1   0.015 

13C   6.7283    1/2   1.108 

15N   -2.7126    1/2   0.37 

31P   10.8394    1/2   100 
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a)

 

 

 

 

 

b)

 

Figure 2.8: (a) Cross-Polarization Pulse Sequence (b) Variable Amplitude Cross-
Polarization Pulse Sequence  
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a)

 

 
 
 
 
b)                 

             (Spectra are from Varian Inc.) 
 
 
 
Figure 2.9: Effect of Cross Polarization with high MAS (a) without Variable 
Amplitude CP, and (b) with VACP.  
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-50050100150200
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CT= 3000 µsec

CT= 1500 µsec

CT= 750 µsec

CT= 200 µsec

 

Figure 2.10: Contact Time array experiment for mixture litter soil sample. 
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Figure 2.11: Mixture litter soil Cross Polarization curve. 
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(Spectra are from Varian Inc.) 

 
 
Figure 2.12:  Glycine resolution depends upon the  effect of heteronuclear 
decoupler field strength. 
 
 
 

 
 

 
a) Direct polarization (No decoupling,, Static) 
 
 

 
 
Figure 2.13: Effect of CP, MAS and high power proton decoupling of 1,2-Bis-[4-
(2,2-dimethyl-[1,3]dioxolan-4-ylmethoxy)-phenyl]-ethane-1,2-dione. 
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b) Cross polarization (Low power decoupling,, Static) 
 
 

 
 
 
 
 
c) Cross polarization (High power decoupling,, Static) 
 
 

 
 
 
 
 
d) Solid—{CP-MAS 

    {High Power Decoupling 
 

0100200
 

                      

Figure 2.13: Continued 
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e) Liquid—{Direct Polarization-Static 
      {Low Power Decoupling 
 

 

0100200
 

(Spectra are from Varian Inc.) 
 
Figure 2.13: Continued 
 

 

 

Figure 2.14: 13C CP NMR spectra of high-char and low-char soils acquired under 
(a) 200MHz, 5KHz MAS and (b) 400MHz, 10KHz MAS. Smernik et. al11  
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Table 2.2: Probes and rotors available at the NMR facility in the Chemistry 
Department. 
 
 
Probes   Rotors  Rotor Volumes Max. Spinning speed 

a) HXY  d) 2.5 mm rotor  11 �L   7.5 KHz 

b) HXY  e) 4.0 mm rotor  52 �L   18 KHz 

c) HXY  f) 7.5 mm rotor 450 �L  32 KHz 
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Schilling & Cooper, Analytica Chimica Acta, 508, 207-216, 2004 

 
Figure 2.15: 13C CPMAS spectra of treated soil samples: (a) 0.05M stannous 
chloride/HCl; (b) 4% (w/v) dithionite; (c) 2% HF/BF3. Improvement in S/N as well 
as the presence of an aliphatic peak at 20 ppm can be seen in the 2% HF/BF3 
treated sample.  
 

 
 
 
Figure 2.16: 13C CP-MAS Solis State NMR Spectrum of Typical Organic Matter 
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Alkyl (Lipids)       (0�50) ppm  

O-alkyl (Carbohydrates)      (50�110) ppm  

Aromatic (Lignin & Phenole)    (110�165) ppm  

Carboxyl/Amide (Carboxylic acid & Amine)   (165�200)ppm 

Carbonyl        (200�220) ppm 

Figure 2.16: Continued 
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CHAPTER 3 

 

CHARACTERIZATION OF SOIL ORGANIC CARBON 
POOLS BY ACID HYDROLYSIS 

 

3.1 Introduction 

 

Increasing carbon (C) sequestration in terrestrial ecosystems can offset 

the rise in atmospheric CO2
1-4. Forests represent a large and significant land-

base for the potential sequestration of soil organic carbon (SOC). With the trend 

toward a diminishing land base available for forest production, higher forest 

productivity per hectare is being promoted in the southeastern U.S. The result of 

increased productivity is increased C in the aboveground biomass and forest 

floor5-7. However, the influence of increased productivity on SOC is not as well 

documented or understood.  

A variety of methods are used to characterize SOC degradability. 

Characterization of SOC degradability encompasses chemical, biological and 

physical techniques. Labile pools are expected to respond most rapidly to 

environmental changes8. As a result of microbial decomposition, labile 

components of the residues are preferentially decomposed, resulting in small 

size particles and increased relative concentration of the more recalcitrant 

chemical compounds. The extent to which the decomposition proceeds will 

depend on the concentration of recalcitrant material and the degree to which the 

organic particles are protected from decomposition. Separation of SOC into pools 

can be useful in identifying and understanding differences in structure, function 

and bioavailability. This approach allows the identification of labile fractions and 

is an indicator of environmental changes on SOC dynamics. 
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Among the chemical methods used for measuring potential C 

mineralization is acid hydrolysis, which has been employed to distinguish 

between resistant and active C fractions. The most widely adopted procedure is 

the refluxing of soil in 6 M hydrochloric acid9-11. This technique has been shown 

to indicate the size of the recalcitrant SOC pool12, 13. The hydrolysable fraction is 

comprised of proteins, nucleic acids, and polysaccharides13-15 and some carboxyl 

C16, while the non-hydrolysable residue includes lignin and related compounds17, 

along with fats, waxes, resins and suberins13.  

According to Preston and Schnitzer16 about 90% (wt/wt) of the 

carbohydrates were removed after treatment with 6 M HCl, without significant 

changes in aliphatic, aromatic and remaining carboxyl groups. For comparison, 

Rovira and Vallejo13 concluded that while more labile components were removed 

by 6 M HCl, aromaticity of the C was increased in the remaining residue.  

Radiocarbon dating has determined that the fraction resistant to hydrolysis 

is older than the non-hydrolysable fraction9. The more “passive” C fraction may 

also contribute to the stable carbon pool in the soil, and consequently has an 

effect on what one would consider sequestered soil C18. 

Another technique used to assess labile pools of SOC is the hot-water 

extractable C method. The amount of C released after hot-water extraction was 

related to soil microbial biomass, CO2 evolution and microaggregation19, 20. Hot-

water is considered a mild agent that affects the C fraction involved in the short-

term binding of aggregates. However, the amount of C released after hot-water 

extraction is significantly lower than that released by acid hydrolysis21, 22.  Pugget 

et al.21 suggested that polysaccharides were only partly extracted with hot water 

and that carbohydrate-C recovery was lower compared to diluted and 

concentrated acid hydrolysis. The fraction of C extractable with hot water has 

shown to be mainly of microbial origin20. 

Although many different procedures have been described in the literature, 

there is a clear lack of uniformity in experimental conditions. For instance, Rovira 

and Vallejo12 suggested two methods using either hydrochloric acid (6 M) or 

sulfuric acid in a two-step procedure (2.5 M and 13 M). They further noted that 
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the first procedure was less affected by the mineral matrix. Schnitzer and 

Preston15 compared hydrolysis of humic and fulvic acids in 6 M hydrochloric acid 

and 12 M and 0.5 M sulfuric acid and found that both procedures removed amino 

acids and carbohydrates; however hydrochloric acid was more effective. When 

using HCl, the methods are quite variable. They range from 1 M HCl for 4 

hours10, 3M HCl for 18 hours23, and 6 M HCl from 6 hours24 to 16 hours25. It is 

possible that because of the differences in the hydrolysis procedures, distinctive 

but overlapping C pools are assessed by each method. The objectives of this 

study were to (i) assess changes in the quality of C pools using different 

extraction and hydrolysis procedures in two soils with contrasting SOC 

concentrations, collected from different landscape positions; and (ii) correlate 

labile and recalcitrant C pools with biochemical SOC attributes. This work was a 

collaboration with Dr. Maria Silveira of the Department of Soil Science, Institute 

of Food and Agricultural Sciences, University of Florida. Dr. Silveira collected the 

samples, carried out the hydrolysis experiments and measured basic soil 

chemical and biochemical parameters. 

 

3.2  Material and Methods 

 

3.2.1 Soil Samples 

 

The study site was at Fort Benning military training reservation, in west 

central Georgia south of the city of Columbus, Georgia and east of Phoenix City, 

Alabama. The climate is characterized by hot summers and mild winters, with an 

average annual rainfall of 1321 mm. The topography of the area is nearly level to 

gently sloping ridgetops, moderately steep and steep hillsides, and nearly level 

valleys along stream channels and other tributaries.  

Upland soils were Troup loamy sand (loamy, kaolinitic, thermic 

Grossarenic Kandiudults), covered by longleaf pine sandhill and planted pine 

communities, while wetland soils were Bibb sandy loam (coarse-loamy, siliceous, 
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active, acid, thermic Typic Fluvaquents), restricted to bottomlands along streams 

and creeks, covered by typically hardwood forests (wetlands). 

Twenty soil samples (0 to 20-cm depth) were collected in September 2003 

by Dr. Silveira from upland and wetland landscape positions. For each sampling 

location, 3 soil samples (20 cm depth) were collected in a 1-m2 plot using a one-

inch diameter soil probe, combined, and immediately stored on ice. In the 

laboratory, Dr. Silveira homogenized soil samples and removed visible live roots, 

and then stored in a refrigerator at 4oC in airtight, polyethylene containers until 

analyzed.  

 

3.2.2 Acid Hydrolysis 

 

Hydrolysis was carried out on air-dried triplicate soil samples from upland 

and wetlands using 6 M HCl or 1 M HCl, refluxed for 5 different reaction times 

between 2 to 24 hours at a temperature of105oC. Initially, only one sample from 

each landscape position was used to compare the efficiency of each method. 

Samples showed different organic carbon concentration and particle size 

composition. The 6 M HCl was also done at two soil (mass g) to solution (volume 

mL) ratios (1:50 and 1:25), while the 1 M HCl was only at one ratio (1:50).After 

this treatment, the residue was separated from the supernatant by centrifugation 

(10 minutes at a Relative Centrifugal Force (RCF) of 1790g), and washed with 

de-deionized water to remove any chlorine residue. The combined supernatant 

and washings were diluted to 100 mL with deionized water and kept at 4oC until 

analyzed for total hydrolysable organic C. Organic C in hydrolysates was 

analyzed using a Shimadzu TOC-5050. The remaining residue was dried at 

60oC. Total soil organic C of untreated and treated samples was measured by 

dry combustion using a Carlo Erba NA-1500 C.N.S analyzer (Haak-Buchler 

Instruments, Saddlebrook, NJ). From this data, a recalcitrant index (RI) was 

calculated based on the following equation13: (Figure 3.7) 

RIc (%) = (Unhydrolyzed C / Total SOC) * 100           (eq. 3.1)                                      
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3.2.3 Hot-Water Extraction 

 

The hot-water extractable C (HWC) was determined on air-dried samples 

collected from upland and wetland landscape positions using a modified method 

of Haynes and Francis20. Extraction was performed by removing water-soluble C 

by shaking 5 g of the sample with 30 mL of distilled water at 20oC for 30 minutes, 

centrifuging for 10 minutes at a Relative Centrifugal Force (RCF) of 1790g and 

filtering. Subsequently, the remaining residue was extracted with 30 mL of 

distilled water at 80oC for 2 to 24 hours. The sample was then centrifuged and 

filtered as described above. The extract was analyzed for total organic carbon. 

The residue was dried at 60oC and total C was determined by dry combustion. 

 

3.2.4 Characterization of the Recalcitrant Pool 

 

The recalcitrant (insoluble and/or unhydrolyzable) residue was 

characterized by solid-state 13C-CPMAS-NMR spectroscopy employing cross 

polarization (CP), magic angle spinning (MAS) and high power proton 

decoupling. Spectra were recorded at the Department of Chemistry and 

Biochemistry at Florida State University using a Varian Unity-Inova 500 MHz 

spectrometer operating at 125 MHz for carbon. Because of the relatively low 

carbon contents of these soils, samples were treated with HF/BF3 to reduce the 

effects of paramagnetic sites and increase carbon content through dissolution of 

the mineral matrix. These paramagnetic sites occur mainly as inorganic cations 

or organic free radicals, and their impact on the spectra of whole soils or soil 

components generated utilizing the cross polarization magic angle spinning 

technique (CP-MAS) can be manifested by broadened resonances and signal 

loss16. The HF/BF3 procedure and its effects on NMR spectral quality have been 

described previously26.  Fifteen grams of each sieved soil were placed into a 

125 mL polyethylene bottle (Nalgene, Rochester, NY) along with 30 mL of the 

appropriate treatment chemicals. A 2% HF/BF3  (Fisher Scientific, Fairlawn, NJ) 

solution (1.0M) was prepared following the method of Robl et al(Robl and Davis, 
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1993). Briefly, treatments were stirred for one hour and filtered through P5 

qualitative filter paper (Fisher Scientific, Fairlawn, NJ). Each soil was then 

washed five times with pure Millipore water (18MΩ) (Millipore, Bedford, MA) 

except in the case of dithionite, where a 0.05M HCl wash was incorporated prior 

to the water washes. Given the high proportion of sand involved with these soils, 

the “washed sand fraction” (> 75µm) was left behind in the initial filtering process 

after the soil organic matter associated with this fraction was removed. Each 

treatment was repeated for 4 X 1hr. and 2 X 24 hr. The “washed sand fraction” 

was removed from the untreated sample as well using only Millipore water. The 

soils were then homogenized and oven-dried at 60oC overnight and stored in 

glass vials until further analysis. 

 Approximately 250 mg of treated and dried soil were packed into a 7.5 mm 

solid state rotor (Doty Scientific, Columbia, SC) and spun at the magic angle at 4 

KHz. Spinning sidebands were eliminated using the total suppression of 

sidebands (TOSS) sequence27. A series of variable contact time experiments 

were carried out to determine the optimum cross polarization time, and these 

experiments indicated that a 750 µsec CP contact time yielded the most 

representative spectra. A 6.5 µs 90o pulse width and a recycle delay time of 2s 

were used throughout. Each sample required between 30,000 and 40,000 scans 

before sufficient signal/noise ratios could be obtained, resulting in spectral 

acquisition times of 15 – 20 hours. Chemical shifts were externally referenced to 

the 31 ppm methyl resonance of p-di-t-butylbenzene. Intensities over defined 

chemical shift windows were integrated to quantify selected soil carbon 

structures; these spectral windows and the structures they represent were28: 0–

30 ppm (CH3 alkyl), 30-50 ppm (CH2 alkyl), 50-60 ppm (N-alkyl and methoxy), 

60-70 ppm (alcohol and ether C), 75-105 ppm (O-alkyl and acetal), 110-150 ppm 

(unsubstituted and alkyl-substituted aromatic), 150-160 ppm (O-substituted 

aromatic or phenolic), 160–220 ppm (carbonyl C found in carboxylic acids, 

esters, amides, ketones and aldehydes).   

 



 

 34 

3.3  Results and Discussion 

 

3.3.1 Efficiency of Different Procedures to Extract Soluble C 

 

Extracted soluble C increased rapidly during the initial 2 h for all the 

treatments (Figure 3.1). After that, soluble C either increased slowly (1 M HCl 

and HWC), decreased slightly (6 M HCl 1:25 ratio) or remained constant (6 M 

HCl ratio 1:50). Similar results were observed by Xu et al.10. Increasing the 

soil:solution ratio from 1:25 to 1:50 for the 6 M HCl treatment did not increase the 

efficiency of the hydrolysis, suggesting that the chemical reactions involved in the 

hydrolysis process were primarily controlled by solid phase dissolution. 

Hydrolysis and hot water extraction resulted in the recovery of varying 

amounts of C. The overall efficiency of 1 M HCl in hydrolyzing C was statistically 

lower (P≤ 0.05) to that of 6 M HCl for both soils.  These results again support 

those obtained by Xu et al.10, who found that more resistant C-C bonds of 

organic matter were destroyed by 6 M HCl compared with 1 M HCl. The greater 

proportion of C released in 6 M hydrolisates suggests that more recalcitrant 

compounds were hydrolyzed by this strong reagent than that in 1 M HCl 

hydrolisates. The ratio of SOC to N was greater in 6 M HCl hydrolysate (C:N 

ratio= 31 for both soils) compared to the 1 M HCl (C:N ratio= 20 and   28 for 

wetland and upland soil, respectively). By contrast, the hot-water extraction was 

less effective in removing soluble C than the acid hydrolysis. From 1 to 4% of 

total C was extracted by hot-water in both soils compared to 18 to 32% of total C 

hydrolyzed by hydrochloric acid.  

 For the upland soil, 18 to 25% of the total C was hydrolyzed in 6 M and 1 

M HCl, while for wetland soil, this amount varied from 24 to 32% of the total soil 

C. These amounts agreed with Xu et al.10, who found from 29 to 34% of soil 

organic carbon hydrolyzed in 6 M HCl.  Paul et al.25 reported that the residue of 

acid hydrolysis contained between 23 to 70% of total C, and the great variability 

could be due the distinctive C quality and land use among the studied soils. 

Despite the higher total C concentration exhibited by the wetland soil, there was 



 

 35 

no significant difference in the percentages of the non-hydrolysable fractions of 

the soils.  

 On the whole, soils had a significant effect on the absolute amount of C 

hydrolyzed. In general, wetland soils exhibited higher concentrations of soluble 

organic C compared to upland soils (Figure 3.1). Possibly, this was due to the 

higher total C found in wetland soils, which resulted in a greater contribution of C 

for the labile fraction. 

   

3.3.2 Recalcitrant Pools of SOC 

 

13C NMR spectra of the original, untreated control samples are presented 

in Figure 3.2. It should be noted that 30,000 – 40,000 discrete scans and 15-20 

hours of spectral acquisition time were necessary to acquire these and the 

following spectra, even after pretreatment to remove paramagnetics and 

concentrate the organic carbon present. This illustrates the difficulty in 

characterizing the carbon pool in low-carbon soils such as those studied here. 

However, the HF/BF3 pretreatment used here, which is absolutely essential in 

order to acquire the NMR spectra, has been shown to remove little (< 15%) of the 

original organic carbon present. Furthermore, the effects are predictable and will 

impact each sample in an equivalent and reproducible manner26.  13C NMR 

spectroscopy after chemical pretreatment should thus be considered at least a 

semi-quantitative technique for comparing soil carbon residues after acid and hot 

water extractions. 

It is obvious from Figure 3.2 that the unextracted organic matter in these 

two soils is quite different. The upland soil Organic Matter (OM) exhibits a broad 

alkyl peak in the 30-50 ppm range, indicative of polymethylene carbon in aliphatic 

structures. Conversely, much of the alkyl carbon in the wetland soil OM appears 

to be terminal methyl carbon, possibly due to input from algae. The wetland soil 

OM also contains a very prominent methoxy and/or N-alkyl fraction (50-60 ppm) 

not seen in the upland soil OM. Both soils show large relative abundances of 

carbohydrate (75-105 ppm) and aromatic (110-160 ppm) carbon. O-substituted 
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aromatic carbon representative of lignin input is also observable in the wetland 

OM (15-160 ppm). Neither soil appears to contain much carbonyl carbon (160-

220 ppm). These differences in carbon functional types are quantitatively 

summarized in Figure 3.3.  

13C NMR spectra of the original control soils and residues after hot water 

and acid extractions are presented in Figure 3.4 and Figure 3.5. These spectra 

support the previous conclusions regarding effectiveness of the various 

extraction procedures. Hot water extraction seems to have little effect, as the 

spectra of these residues (Figure 3.4(b) and Figure 3.5(b)) are quite similar to the 

spectra of the unextracted soils (Figure 3.4(a) and Figure 3.5(a)). It should be 

noted that the similarity in spectra of soils before and after hot water extractions, 

when considered along with the data summarized in Figure 3.1, is a good 

indication of the reliability and precision of the NMR technique for characterizing 

carbon in low-carbon soils when it is combined with HF/BF3 pretreatment. 

Acid extraction, however, has a pronounced effect, producing residues 

with significantly different distributions of carbon functional groups than observed 

in the original soils and suggesting the removal of labile components (i.e. 

carbohydrates and amino acids) (peaks at 50-110 ppm) without major changes in 

the more recalcitrant fractions.. For the upland soil, one of the most dramatic 

effects is the appearance of a strong terminal methyl peak at ~15 ppm in the 

residue that was extracted with 1 M HCl (Figure 3.4(c)). This change is likely due 

to extraction of labile carbohydrate and aromatic material, resulting in 

concentration of the unextractable lipid-like alkyl carbon. Additionally, conversion 

of some O-type carbon to terminal methyl carbon upon hydrolysis of the bonds 

that link the labile material to the unextractable residue may also be occuring. 

There is also a discernable methoxy/N-alkyl peak at 55 ppm16 in the 1 M HCl 

extracted residue not observed in the unextracted soil. Extraction with 6 M HCl 

produces similar if somewhat more dramatic effects (Figure 3.4(d)), although the 

methoxy/N-alkyl peak is greatly reduced compared to the 1 m HCl extracted 

residue. 
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Even though the qualitative character of the wetland OM is quite different 

than the upland OM, acid hydrolysis appears to have quite similar effects, with 

residues that are altered from the original OM in the same way. Comparison of 

Figure 3.5(a) and (c) demonstrates loss of carbohydrate (75-105 ppm) and 

aromatic (110-160 ppm) carbon and concentration of aliphatic carbon, 

particularly in the terminal methyl form (0-30 ppm). The same intense methoxy/N-

alkyl peak peak seen in the spectrum of the 1M HCl extracted upland OM residue 

(50-60 ppm) is also present in the extracted wetland OM spectrum. For both 

soils, this peak is diminished after 6 M HCl extraction (Figure 3.4(d) and (Figure 

3.5(d)).  

These results are consistent with other observations reported in the 

literature24. Acid hydrolysis also removed the peaks at 85 ppm in both soils, 

which are primarily assigned to carbohydrates15, and the total amount of 

polysaccharides (60-110 ppm region of the spectra) was considerably reduced.  

Comprehensive changes in the composition of recalcitrant soil carbon can 

be more easily identified by integrating over spectral windows representative of 

the main carbon functional groups present and summarizing these areas in a 

histogram. (Figure 3.6). Several previous studies have identified alkyl, O-alkyl 

and aromatic contents as key indicators of soil organic matter decomposition28-30, 

and we will use the same parameters here;  integration of peak areas between 0-

50, 50-105, and 110-160 ppm generated relative abundances of alkyl, O-alkyl 

and aromatic carbon, respectively. 

Inspection of Figure 3.6(a) indicates that the upland soil is largely 

unaffected by the hot water extraction. However, the 1 M HCl hydrolysis removes 

some aromatic material, while hydrolysis with 6 M HCl at a 1:50 soil to solution 

ratio is required to significantly reduce the carbohydrate content of the upland soil 

OM. The acid extractions appear to have about the same effect on the aromatic 

fraction, while the decreasing O-alkyl fraction in the 6 M HCl 1:50 extracted 

residue is compensated by an increasing alkyl content. After acid hydrolysis with 

the 6 M HCl at a 1:50 soil to solution ratio, the soil carbon is predominately alkyl, 

with a significant amount of aromatic C and much less carbohydrate C than the 
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original sample. A similar pattern was also observed by Rovira and Vallejo13, who 

suggested that aliphatic carbons in alkyl chains are associated with the 0-45 ppm 

region of the spectra. These alkyl carbons in long aliphatic chains are strongly 

resistant to degradation16 and, consequently hardly solubilized by acid hydrolysis. 

 The trends in carbon functional types in the wetland soil after various 

treatments are somewhat different. Although O-alkyl carbon is significantly 

reduced by the acid extractions, it appears that the 1 M HCl hydrolysis is about 

as efficient as the stronger 6 M treatments, unlike what was observed with the 

upland soil. In addition, acid extractions appear to produce an increase in 

aromaticity in the wetland soil, with little change in alkyl carbon content, again in 

contrast to what was observed with the upland soil.     

Carbon aromaticity, calculated by using the integrated areas associated with 

aromatic C (110-160 ppm) as percentage of the total areas (0-220 ppm), 

increased as result of hydrolysis with HCl in wetland soils residues.  Contrarily, 

the aromaticities of the upland residues were less affected by acid hydrolysis and 

remained similar to that of the control soil. Possibly the aromatic units of the 

upland soil were more resistant to acid hydrolysis than those in the wetland soil. 

Differences in total C concentrations, soil quality inputs and landscape position 

may also affect the composition of the SOC in the upland soil compared to the 

wetland soil. It appears that for the upland soil the acid hydrolysis with HCl 

concentrated principally the aliphatic C fraction (peaks at 13-14 ppm), whereas 

the same extraction concentrated principally the aromatic C fraction in the 

wetland soil. 

The ability of 6 M HCl to characterize SOC quality showed to be superior 

compared to the other procedures. Moreover, because acid hydrolysis protocols 

could be greatly improved by reducing the hydrolysis time, the 1:50 soil:solution 

ratio, which was not affected by the length of time, was chosen to assess SOC 

degradability in a large set of samples.  
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3.4  Conclusions 

 

 This study demonstrated that acid hydrolysis with HCl can provide 

meaningful estimates of labile C pools size in soils. This technique is simple to 

perform and gives repeatable and unambiguous results. Solid state 13C NMR 

spectra indicate that the acid hydrolysis removes primarily the more labile 

components of the SOC and the residue left after the chemical treatment was 

composed of more humified (recalcitrant) compounds.  
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 Figures: 

 
(a) Upland 

 

(b) Wetland  

 

 
Figure 3.1: Soluble organic C released by different treatments as a function of 
time. 
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Figure 3.2: 13C NMR spectra of original soil control samples: (a) upland soil, (b) 
wetland soil.
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Figure 3.3: Relative distributions of major carbon functional groups in original soil 
control samples: (a) upland soil, (b) wetland soil. See text (3.2.4) for description 
of functional groups represented by each chemical shift.
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Figure 3.4: 13C NMR spectra of upland soil sample residues: (a) unextracted 
control, (b) hot water extract.
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Figure 3.4: 13C NMR spectra of upland soil sample residues: (c) 1 M HCl, (d) 6 M 
HCl 1:50 solution ratio.
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Figure 3.5.: 13C NMR spectra of wetland soil sample residues: (a) unextracted 
control, (b) hot water extract.
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Figure 3.5: 13C NMR spectra of wetland soil sample residues: (c) 1 M HCl, (d) 6 
M HCl 1:25 solution ratio.
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Figure 3.6: Relative distributions of major carbon functional groups in soils 
before and after hot water and acid extractions. (a) upland soil, (b) wetland soil.
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Figure 3.7: Recalcitrant C index estimated for eighteen sites. 
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CHAPTER 4 
 

 
NMR and MASS SPECTROMETRY OF PHOSPHOROUS IN WETLANDS 

 
 
4.1  Introduction  

 

Tree islands are considered key indicators of the health of the Florida 

Everglades ecosystem because of their sensitivity to both flooding and drought 

conditions. These areas are also important areas of biodiversity within the 

Everglades, and serve as rookeries for many wading birds. They are a sink for 

nutrients (especially phosphorus) and are thought to play an important role in 

regulating nutrient dynamics in the entire wetland1. Although management 

strategies to restore and even create tree islands are being formulated, the 

published data on the age, developmental history, geochemistry, and response 

to hydrologic alterations of tree islands in the Everglades is limited.  

Total phosphorus (TP) concentrations have been observed in soils on tree 

islands at levels greatly in excess of that observed in the surrounding marsh2. 

The high levels of soil TP on tree island heads is hypothesized to originate from 

bird guano, although oxidation of soil carbon may also play a role. Phosphorus 

concentrations in soil porewater are low relative to the high levels of soil TP, 

suggesting that the TP deposited on tree islands is relatively inert to normal 

microbial recycling. Downcore profiles of TP in tree island soils (cores from tree 

island heads and tails) show considerable variation over time, suggesting that the 

flux of phosphorus to individual tree islands may be variable in response to 

changes in bird populations. Thus, profiles of soil TP in dated cores from tree 

islands may provide a proxy for following historical changes in bird populations in 
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various portions of the ecosystem. In order to use this approach, however, it is 

necessary to establish a link between the soil TP on tree islands and bird guano.  

Tree islands also offer a unique opportunity to better understand 

phosphorus sequestration in wetlands. Phosphorus sequestration is defined as 

the capacity to remove water column phosphorus through physical, chemical, 

and biological processes, and retain it in forms not readily released under normal 

conditions. Wetlands not only store nutrients, but also transform them from 

biologically available forms into non-available forms and vice-versa, thus 

affecting the stability of sequestered phosphorus3.  

A key outstanding issue, however, concerns the long-term stability of 

sequestered phosphorus. In particular, phosphorus sequestered during high 

pollutant loading may be relatively unstable and easily remobilized following 

changes in nutrient status or hydrological regime4, thus maintaining eutrophic 

conditions and contributing to downstream phosphorus pollution many years after 

cessation of pollutant inputs to the wetland. Wetland vegetation and microbes 

can also convert labile inorganic phosphorus into organic phosphorus through 

uptake and storage, stabilize phosphorus in pore-water, and reduce phosphorus 

concentrations in the water column. Unfortunately, very little information exists on 

the chemical forms of sequestered phosphorus (i.e. inorganic vs. organic), and 

almost no information on the forms and stability of organic phosphorus, despite 

accretion of organic phosphorus being the most important mechanism of 

phosphorus sequestration in most wetlands5. However, there is little doubt that 

long-term storage of sequestered phosphorus in soil organic carbon depends on 

the quality of the organic material accreted on the soil surface.  

Information on the long-term stability of sequestered phosphorus clearly 

represents a fundamental knowledge gap in our understanding of wetland 

ecosystems, which undermines our ability to predict their response to a changing 

environment. The main impediment to research into the stability of soil organic 

phosphorus has been analytical, since separation and identification of the myriad 

compounds that can be present has conventionally involved laborious, 

expensive, and often inaccurate procedures. However, recent advances in 
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methodology, notably in analysis of phosphorus by nuclear magnetic resonance 

(NMR) spectroscopy and high resolution mass spectrometry, and improved 

extraction and compound identification, mean that more phosphorus than ever 

before can be identified and quantified accurately in soils6-12.  

We have analyzed phosphorus in one core from the “head” of Rescue 

Strand Tree Island in the Everglades (Figure 4.1). Heads of tree islands exhibit 

higher soil total P concentrations than near or far “tails”. This core was sectioned 

into downcore sub-samples over 2 cm intervals by the US Geological Survey lab 

in Reston, VA, and the phosphorus extracted from these downcore sediment 

horizons analyzed by 
31

P nuclear magnetic resonance (NMR) spectroscopy and 

high resolution mass spectrometry. Additionally, 10 surface soil samples were 

extracted and analyzed using the same techniques, as were sediment horizons 

from a core obtained in an adjacent marsh where no wading birds have 

habituated. The resulting spectra were evaluated for the presence of inorganic 

and organic phosphorus compounds specific for use as biomarkers of bird 

habitation, and as indicators of historical fluctuations in bird populations within 

the Everglades. One surface sample was also analyzed before and after 

hydrofluoric acid treatment to see how much of the organic phosphorus was 

associated with the stable soil organic carbon pool.  

 

4.2  Methods  

 

4.2.1 Phosphorus Extraction  

 

Phosphorus was extracted from surface samples and sediment horizons 

with 0.5 M NaOH and 0.1 M EDTA. NaOH is the most efficient extracting solvent 

for phosphorus8, and EDTA is sometimes necessary to release the phosphorus 

from paramagnetic ions that broaden and dampen NMR signals6. Samples were 

first dried in a vacuum oven at room temperature and ground to fine powder. Five 

g of dried soil and 100 mL extracting solution [50 mL of 0.5 M NaOH + 50 mL of 

0.1 M EDTA] were mixed in a 125 mL Erlenmeyer flask at room temperature 
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overnight with occasional stirring. Slurries were then centrifuged at a Relative 

Centrifugal Force (RCF) of 1790g to separate the solution from the soil. 

Supernatants were freeze-dried, and then 1 g of the freeze-dried extract mixed 

with 2.5 mL of D
2
O, vortexed for 2 min, and transferred into 10 mL NMR tubes 

and refrigerated until used for NMR spectroscopy. A separate 1 g portion was 

dissolved in a solvent containing 80% 0.01 M ammonium bicarbonate/20% 

methanol until used for mass spectrometry analyses.  

 

4.2.2 Acid Pretreatments 

 

Previous work with low-carbon soil samples indicated that hydrofluoric 

acid (10% HF)/boric acid pretreatment (see 3.2.4) removed much of the soil 

inorganic matrix, including paramagnetic iron, concentrating carbon and 

producing much higher quality 
13

C NMR spectra13. This same pretreatment was 

tried here to see if the same improvements in 
31

P NMR spectral quality would 

result.  

 

4.2.3 
31

P NMR Solution Spectroscopy  

 

31

P NMR spectra were obtained using a 300 MHz Bruker high resolution 

NMR spectrometer operating at 121.5 MHz for phosphorus. Signals were 

acquired with a 45
o 

pulse and 1.5 sec. delay; acquisition time was 410 msec. The 

31

P spectra were proton decoupled using an inverse-gated pulse sequence to 

overcome the nuclear Overhauser enhancement and achieve quantitative 

results. Accumulation times ranged from 3 to 26 hours and were dependent on 

the length of time necessary to achieve a strong signal-to-noise ratio. Peak areas 

were determined by integration over predetermined spectral regions using 

software included with the Bruker instrument. All chemical shifts are expressed in 

ppm and referenced to an external standard of 85% H
3
PO

4
. Peak assignments 



 

 53 

followed those of Turner and Condron (2003): 6 to 8 ppm, orthophosphate (o-P); 

4 to 6 ppm, orthophosphate monoesters (o-P monoesters); 2 to 1 ppm, 

phospholipids (P-lipids); 1.0 to -1.0 ppm, DNA; -3.0 to -4.5 ppm, polyphosphates 

(poly-P).  

 

4.2.4 High Performance Size Exclusion Chromatography with Mass 

Spectrometry Detection  

 

Several core and surface extracts were selected for additional mass 

spectrometry (MS) analysis preceded by a high performance size exclusion 

chromatography (HP-SEC) separation. This work was done by Matt Heerboth, a 

fellow graduate student in our group. The HP-SEC was carried out on a 

Beckman-Coulter System Gold liquid chromatograph with a PL-Aquagel-OH 

column (Polymer Laboratories, Shropshire, UK; 300 X 7.5 cm i.d.) This column 

has a nominal separation range of 100-30000 Da. The mobile phase was 

composed of 80%/20% (v/v) of water/methanol, with the aqueous component 

buffered with 0.01 M ammonium bicarbonate. The flow rate was 0.3 mL/min. UV 

absorbance of column eluents was monitored at 254 nm.  

Continuous mass spectra of the LC effluent were obtained on a JEOL 

AccuTOF time-of-flight mass spectrometer equipped with an electrospray 

ionization source. This is a single-stage reflectron mass analyzer with a mass 

resolution of ~6000. All experiments were carried out in negative-ion mode with 

the ESI needle voltage at -2000 V and skimmer cone voltages at 60 and 100V. 

The mass range scanned was 60-1000 m/z.  

 

4.3  Results  

 

4.3.1 Tree Island Surface Samples  
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Figure 4.2 contains a 
31

P NMR spectrum of phosphorus extracts from one 

surface site at the Rescue Strand tree island. This spectrum is representative of 

all those observed with these tree island surface extracts. It should be noted that 

we have truncated the intense inorganic o-phosphate peak in this and other 

spectra so that the other, less-intense peaks could be visualized. However, this 

truncation is for visualization purposes only, and does not affect quantitative 

estimates of the relative abundances of various phosphorus species. The 

histogram in Figure 4.3(a) summarizes the relative abundances of phosphorus 

species in the replicate surface samples. Orthophosphate dominates, accounting 

for ~ 75 – 85% of the phosphorus present. The dominant form of organic P 

present is o-phosphate monoesters, with detectable amounts of P-lipids and 

DNA.  

Quantitative estimates of relative amounts of organic forms of phosphorus 

in the surface samples can be better described if the o-P peak is removed from 

the histogram (Figure 4.3(b)). The data in Figure 4.3(b) again suggest that o-P 

monoesters are the dominant form of organic-P, representing ~ 10 – 16% of the 

TP present. Smaller quantities of P-lipids and DNA are detected as well. The 

individual monoesters present can be identified through scale-expansion of the 

monoester region of the Rescue Strand tree island surface extract spectrum 

(Figure 4.4). This region is dominated by phosphatidic acid at ~ 5.5 ppm and �-

glycerophosphate at ~ 5.2 ppm, with smaller amounts of RNA degradation 

products. These are the same o-P monoesters identified in Everglades treatment 

wetlands by TURNER et al.8  

 

4.3.2 Tree Island Core Samples  

 

Figure 4.5 contains 
31

P NMR spectra of phosphorus extracts from core 

horizons at 0-2, 6-8 and 12-14 cm. These spectra are representative of all those 

produced by these core samples. The intense o-phosphate peak has been 

truncated in these spectra as well. It should be noted that the signal-to-noise 
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(S/N) ratios of spectra of core samples at 14-16, 16-18, 18-20 and 20-26 cm are 

not as high as those of spectra from the nearer-surface horizons, but this did not 

affect quantitation of the relative peak intensities.  

The histogram in Figure 4.6(a) summarizes the relative abundances of 

phosphorus species in representative core horizon samples. Orthophosphate 

again dominates, accounting for ~ 75 – 85% of the phosphorus present. As with 

surface samples, the dominant organic form of P present is o-phosphate 

monoesters, and there are detectable amounts of P-lipids and DNA. This relative 

increase in o-P monoesters is quite visible when the o-phosphate peak intensity 

is removed from the histogram (Figure 4.6(b)). The o-P monoesters represent ~ 

18% of the total P present in the 20-26 cm horizon.  

 

4.3.3 Adjacent Marsh Core Samples  

 

It might be reasonable to conclude that these patterns in phosphorus 

speciation in the Rescue Strand tree island surface and core samples originate 

from bird habitation over about a thousand years2. However, such a conclusion 

requires consideration of the general nature of phosphorus speciation in the 

Everglades. We therefore analyzed phosphorus speciation in a core from an 

adjacent marsh with no evidence of past bird habitation. Spectra of phosphorus 

extracts from surface soils in the tree island and adjacent marsh soils are 

compared in Figure 4.7. It should be noted that the absolute intensities of these 

two spectra are scaled equally so that semi-quantitative comparisons can be 

made. From these spectra it is clear that TP signal intensities are much lower in 

the marsh, as expected based on TP measurements2. However, there is a 

significant difference in the phosphorus speciation with depth in the marsh, as 

demonstrated by the histograms in Figure 4.8. At comparable depths, there is 

much less o-phosphate in the surface marsh and significantly more poly- and 

pyro-phosphate in the deeper marsh sediments when compared to the tree 

island sediments.  
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4.3.4 Effects of Acid Pretreatments  

 

Figure 4.9 contains 
31

P NMR spectra of an extract from composite surface 

samples before and after pretreatment with HF/boric acid. Again, absolute 

intensities of the two spectra are scaled equally so as to allow semi-quantitative 

comparisons. Hydrofluoric acid pretreatment removes much of the soil inorganic 

matrix, including paramagnetic iron, concentrating stable soil carbon13. Such an 

extraction would be expected to remove much of the phosphorus present, 

particularly organic phosphorus that is bound to cationic sorption sites such as 

calcium and iron14, 15. This was not the result we observed, however. Significant 

decreases in the inorganic-P are noted (decreased intensity of the ortho-

phosphate at 6.5 ppm; polyphosphates at -3.5 ppm), but most if not all of the 

organic phosphorus is unaffected. This suggests that in these tree island soils, 

most organic-phosphorus is a part of the stable soil carbon pool and most likely 

efficiently sequestered.  

 

4.3.5 Liquid Chromatography - Mass Spectrometry Analyses  

 

The 
31

P NMR spectra observed in both tree island and marsh sediments 

are qualitatively similar to spectra of phosphorus extracts from soils in other 

regions of the Everglades8, 9. One surprising result from detailed analyses of the 

phosphate monoester regions of all 
31

P Everglades spectra (e.g., Figure 4.4) is a 

lack of any signals from inositol phosphates, in particular inositol 

hexakisphosphate (phytic acid). In most soils, inositol phosphates are the most 

dominant class of phosphate monoesters, and phytic acid is the most dominant 

form of such compounds. However, in the soils we have analyzed, the primary 

phosphate monoesters are hydrolysis products of phospholipids.  

In order to evaluate whether inositol phosphates are truly absent, or 

merely present below detection limits provided by NMR, we analyzed several 

extracts by size exclusion chromatography with mass spectrometry detection. 
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We have shown previously that inositol phosphates can be observed quite nicely 

by high resolution time-of-flight MS12. However, because they do not ionize very 

efficiently in an electrospray ionization source, a preliminary separation step is 

valuable in removing much of the interfering dissolved organic carbon 

background. Using a size exclusion chromatographic separation and selected ion 

monitoring at an appropriate mass, inositol mono- and hexakis phosphate can be 

unequivocally identified.  

Figure 4.10 contains selected size exclusion chromatograms with UV and 

selected ion mass spectrometry detection of the Rescue Strand tree island 

surface soil extract. Figure 4.10(a) is the UV chromatogram detected at 254 nm. 

For this column operated under these conditions, the total exclusion volume 

(molecules with m/z > 30,000 Dalton) occurs at ~ 16 minutes, and the total 

permeation volume (molecules with m/z < 100 Da) at ~ 22 minutes. This 

chromatogram represents essentially all of the organic material in the extract. 

Figure 4.10(b) is the selected ion mass chromatogram at m/z 659, the molecular 

ion peak (M-H)
- 

for phytic acid. Figure 4.10(c) is the selected ion mass 

chromatogram at m/z 79, which corresponds to PO
3

-

, a degradation fragment that 

is formed during electrospray ionization of phytic acid and other monophosphate 

esters16.  

While we cannot at this point estimate the concentration of 

hexakisphosphate (phytic acid) in this soil, we are quite confident it is indeed 

present based on several observations. The signal intensities of both the 659 and 

79 ions are well above acceptable S/N ratios, there is simultaneous appearance 

of the parent (659) and fragment (79) ions in the mass chromatogram, and the 

retention time of this 659 and 79 m/z couple is quite similar to SEC retention 

times of phytic acid standards previously observed12. Clearly, phytic acid is 

present in these samples, albeit in low quantities that are below NMR detection 

limits.  
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4.4  Discussion  

 

4.4.1 Sources and Speciation of Phosphorus in Everglades Tree Islands  

 

There is little doubt that wading birds, and to some extent the nature of 

hydroperiods in Everglades tree islands, together play an important role in 

concentrating phosphorus in tree island head soils2. Comparisons of 
31

P NMR 

spectra of extracts from tree island surface soils and from soils in an adjacent 

marsh suggest that the excess P is deposited primarily as o-phosphate. 

However, it also appears from our work that this excess phosphorus is rapidly 

redistributed by the vegetation present and converted to forms quite similar to 

those observed in the adjacent marshes. There are thus no stable phosphorus 

compounds that could be used as biomarkers to identify historical fluctuations in 

bird populations. Furthermore, the excess soil P present seems quite inert to 

microbial recycling, based on NMR profiling of down-core sediment extracts and 

the relatively low concentrations of dissolved phosphorus observed in the pore 

waters of these soils.  

 

4.4.2 Stability of Sequestered Phosphorous  

 

NMR profiling of extracts from the sediment core representing about 1,000 

years of depositional history in the Rescue Strand tree island suggests that both 

o-phosphate and most organic-P species are quite stable. Indeed, there are only 

minor fluctuations in the relative abundances of phosphorus species in this core. 

The pattern in relatively higher abundance of o-phosphate observed in the tree 

island soils is preserved with depth, and this pattern is different than that 

observed in the adjacent marsh sediment where o-phosphate is 20 – 30% less in 

relative abundance and organic-P makes up much more of the TP pool. We can 

at this point only speculate regarding the mechanisms underlying these 

differences, but nutrient availability must surely play a role.  
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Comparison of 
31

P NMR spectra before and after hydrofluoric acid 

treatment of Rescue Strand tree island soil reveals much about the stability of the 

TP pool. It appears that most if not all of the organic-P is sequestered in the 

stable organic carbon fraction of the soil and thus likely resistant to any 

significant recycling. This observation is in agreement with the low TP values 

noted in the pore waters of the soils. What is surprising about these data is the 

relatively large amount of ortho-P that is sequestered in this non-HF extractable 

soil fraction. We know of no mechanism to account for such an inclusion of 

negatively-charged phosphate into soil carbon. The fact that this non-reactive 

phosphorus is sequestered in a surface soil also suggests that either the 

mechanism responsible is quite fast, or the phosphorus is deposited in largely 

refractory forms.  

 

4.4.3 Inositol Phosphates  

 

Mass spectrometry revealed for the first time the presence of inositol 

hexakisphosphate (phytic acid) in Everglades soils. Phytic acid had not been 

detected before in these soils, in stark contrast to what is generally observed in 

other soils where phytic acid dominates the organic-P pool. Turner suggested 

that this might be due to a lack of sorption sites that would otherwise concentrate 

phytic acid as other more soluble organic-P compounds were removed during the 

repeated flooding events that occur in the Everglades. Alternatively, 

decomposition of inositol phosphates might be accelerated by the anaerobic 

conditions prevalent in the Everglades17, as has been observed in marine 

sediments18. 

Our data suggest an alternative explanation. Because of the stability of the 

entire phosphorus pool in these soils, phytic acid, which generally constitutes a 

small fraction of the phosphorus deposited in soils, is simply at too low a 

concentration to be seen by conventional 
31

P NMR. Unlike most soils, where a 

variety of physical, chemical and biological processes tend to remove 
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phosphorus not strongly bound to particles, in these tree island soils the entire 

phosphorus pool is rapidly sequestered in a non-recyclable soil carbon 

component. Thus, phytic acid is not selectively concentrated and remains at 

sufficiently low concentrations so as to be non-detectable by 
31

P NMR.  

 

4.5  Conclusions  

 

This work has demonstrated that the relatively high phosphorus input to 

Rescue Strand Nuthouse tree island “head” soils, initially mostly in the form of o-

phosphate, is either refractory when deposited or rapidly recycled by the native 

vegetation into a stable phosphorus pool largely resistant to re-utilization by 

plants or microbes. This stable phosphorus pool is likely a part of the non-

reactive soil organic carbon component. The relative distributions of various 

phosphorus species change little over the 1000 years of depositional history 

characterized here. Phytic acid is present, but at such low concentrations that 

previous studies using 
31

P NMR could not detect it.  



 

 61 

 Figures  

 

 
Figure 4.1: Location of Nuthouse Tree Island in Water Conservation Area 3B, 
Florida Everglades. (map was  provided by South Florida Water Management 
District) 
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Figure 4.2: 31P NMR Spectra of Surface Extract, Sample 6, Nuthouse Tree 
Island. Phosphorus extracted with 0.25 M NaOH and 0.05 M EDTA. 31P NMR 
spectra acquired with a 300 MHz (121.5 MHz for P) Bruker spectrometer. 
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Figure 4.3: (a) Typical relative abundances of phosphorus species in surface 
sample extracts as determined by 31P NMR.  
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Figure 4.3: (b) Typical relative abundances of organic phosphorus species in surface 

sample extracts after inorganic o-P peak intensity removed. 

 

 

 
 
Figure 4.4: Isolated o-P monoester region of 31P NMR Spectra of  0-2 cm 
Nuthouse tree island sediments. 
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Figure 4.5: 31P NMR spectra of phosphorus extracts from Nuthouse tree island 
core horizons at 0-2 cm (top); 6-8 cm (middle); 12-14 cm (bottom). 
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Figure 4.6: (a) Typical relative abundances of phosphorus species in sediment 
sample extracts as determined by 31P NMR.  
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Figure 4.6: (b) Typical relative abundances of organic phosphorus species in 
sediment sample extracts after inorganic o-P peak intensity removed. 
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Figure 4.7: Comparison of 31P NMR spectra of phosphorus extracts of tree 
Island (top) and adjacent marsh (b) surface soils (bottom).    
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Figure 4.8: Relative abundances of organic P species in adjacent marsh 
sediments.
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Figure 4.9: Comparison of 
31

P NMR spectra of extracts from Rescue Strand tree 
island before treatment with hydrofluoric acid/boric acid. 
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Figure 4.9: Comparison of 
31

P NMR spectra of extracts from Rescue Strand tree 
island after treatment with hydrofluoric acid/boric acid. 
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Figure 4.10: Size exclusion chromatograms of extract from Nuthouse tree island 
sediment horizon 0-2 cm. (a) UV chromatogram monitored at 254 nm. 
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Figure 4.10: (b) selected ion mass chromatogram monitored at mass 659. 
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Figure 4.10: (c) selected ion mass chromatogram monitored at mass 79. 
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CHAPTER 5 
 
 

ASSESSMENT OF THE USE OF HYDROFLUORIC ACID 
PRETREATMENTS TO DEFINE PHOSPHORUS SEQUESTRATION IN 

WETLAND SOILS 

 

5.1  Introduction 

 Most studies of phosphorus retention in soils have focused on 

inorganic phosphate, and very little information exists on organic phosphorus 

compounds in wetland soils. Since wetland vegetation, periphyton, and 

microbes take up labile inorganic phosphate from the water column and 

convert it into organic compounds in their tissue, much of the phosphorus that 

is retained in wetlands is organic. For a long time, phosphate monoesters 

were thought to be the most abundant functional class of organic 

phosphorus, constituting >90% of the total organic phosphorus1, 2.  They 

occur mainly as inositol phosphates, predominantly myo-inositol 

hexakisphosphate (phytic acid), but also a range of lower esters and 

stereoisomers3, 4.  Phosphate diesters such as DNA and phospholipids were 

observed in smaller quantities, typically <10% of the organic phosphorus5-8.  

However, Turner, Newman et al. 20069 recently challenged those prevailing 

assumptions, suggesting that most of monoesters observed were actually the 

hydrolysis products of diesters formed during strong base extraction of soils. 

Phosphonates have also been detected in some wet acidic soils5, but do not 

appear to be quantitatively important in neutral or alkaline soils.  Inorganic 
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phosphates that require hydrolysis before plant uptake (pyro- and 

polyphosphate) have also been detected. These compounds probably 

originate from microbial activity, and are expected to be relatively labile, but 

there is little information on their origin and function.   

 Soil organic phosphorus composition does not reflect organic 

phosphorus inputs to the soil, which are dominated by phosphate diesters 

derived from plant and microbial remains.  For example, nucleic acids 

constitute around 60% of the intracellular phosphorus in fungi and bacteria10, 

while phospholipids are the major form of organic phosphorus in fresh plant 

tissue11.  In contrast, inositol phosphates constitute only a small proportion of 

the total organic phosphorus inputs, originating mainly from plant seeds, 

despite being the major class of soil organic phosphorus4.  This disparity 

between the composition of organic phosphorus forms measured in the soil 

and those constituting the majority of the organic phosphorus in fresh inputs 

to the system probably arises through differential stabilization of the different 

compounds in the soil, and has important implications for their sequestration 

in wetland soils.  Sorption of organic phosphorus usually occurs through 

interactions with the phosphate group, which carries the dominant charge on 

most such compounds12.  As a result, simple phosphate monoesters (e.g., 

sugar phosphates) with a single phosphate moiety are only weakly sorbed; 

similarly, the low charge density of phosphate diesters affords only weak 

adsorption (although they can be strongly sorbed in soils of pH <5)13.  

However, with six phosphate groups, phytic acid undergoes extensive 

interaction, being adsorbed to clays, or precipitated with soil minerals such as 

sesquioxides of Fe and Al12, 14.  This means that it undergoes preferential 

stabilization, and can even displace inorganic phosphate into solution by 

competing successfully for the same binding sites15, 16.  These differences in 

behavior among the various soil organic phosphorus compounds almost 

certainly influence their retention in wetland soils. 
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 The long-term stability of this organic phosphorus in soil following 

decomposition of plant and microbial remains depends in part on the quality 

of the organic material, because different organic phosphates behave 

markedly differently in soils17. Processes regulating the stabilization of 

organic phosphorus in wetland soils are intimately linked with soil organic 

carbon structures. Linking carbon and phosphorus is therefore considered a 

key aspect of any effort to understand soil organic phosphorus 

stabilization18. For example, processes involved in the sequestration and 

stabilization of phosphorus in wetland soils are likely to be strongly 

influenced by incorporation into recalcitrant humic structures. Carbon 

compounds in plant tissue degrade at markedly different rates, so 

information on soil organic carbon structure can provide important clues 

about the extent and processes of organic matter decomposition and 

stabilization in soils. For example, most plant-derived carbohydrates are 

readily degraded in soils19, whereas more recalcitrant compounds become 

stabilized and may persist in the soil for many thousands of years20. 

Chemical information on organic matter is currently limited for wetland soils, 

but detailed information can be obtained using solid-state 13C nuclear 

magnetic resonance with cross-polarization magic angle spinning (CPMAS 

13C NMR), a powerful tool in studying the composition and decomposition of 

soil organic matter21-27. The technique provides chemical information on soil 

organic matter in situ, and has clear advantages over conventional chemical 

procedures which can involve lengthy and often inefficient extractions that 

can alter the compounds under investigation28. 

 We are collaborating on a multi-disciplinary study to determine the 

long term sequestration of phosphorus in wetlands. In this dissertation we 

describe our initial efforts to link organic phosphorus and organic carbon 

stability in soils representing one geographical wetland with variable 

hydrogeomorphic characteristics. Our approach is to combine solution 31P 

and solid state 13C nuclear magnetic resonance (NMR) spectroscopy of 
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wetland soils before and after hydrofluoric acid (HF) treatment. Geochemists 

have long used HF to concentrate stable organic carbon in soils prior to solid 

state 13C NMR spectroscopy. Hydrofluoric acid pretreatment removes much 

of the soil inorganic matrix, including paramagnetic iron, concentrating stable 

soil carbon29. Such an extraction would thus be expected to remove much of 

the phosphorus present, particularly any organic phosphorus that is bound to 

cationic sorption sites such as calcium and iron30, 31. Our hypothesis is that 

phosphorus strongly chelated to metals (e.g. Fe) will be removed during HF 

treatment, and that which remains must be a part of this stable organic 

fraction and therefore represents a pool of sequestered organic phosphorus 

resistant to remobilization.   

 

5.2  Experimental Methods 

 

5.2.1 Acid Pretreatments 

 

This same pretreatment was used in this study to evaluate the quantity 

and quality of organic phosphorus that is a part of the stable, non-extractable 

carbon pool (see 3.2.4). Alkaline-extractable phosphorus was obtained before 

and after this acid pretreatment. 

 

5.2.2 31P NMR Solution Spectroscopy 

 

Five g of the freeze-dried soil extract [50 mL of 0.5 M NaOH + 50 mL 

of 0.1 M EDTA]  was mixed with 2.5 mL of D2O, transferred in 10 mL NMR 

tubes and refrigerated until used for NMR spectroscopy. 31P NMR spectra 

were obtained using a 300 MHz Bruker high resolution NMR spectrometer 

operating at 121.5 MHz for phosphorus. Signals were acquired with a 45o 

pulse and 1.5 sec. delay; acquisition time was 410 msec. Peak areas were 

determined by integration over predetermined spectral regions using software 

included with the Bruker instrument. All chemical shifts are expressed in ppm 
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and referenced to an external standard of 85% H3PO4. An internal standard 

of methylene diphosphonic acid (MDPA) was used for quantification purposes 

which has a chemical shift of ~ 18.2 ppm. It should be noted that a stem 

coaxial insert was used as an inner tube in the 10 mm NMR sample tube to 

position the internal standard in magnetic field without mixing it with the 

sample (Figure 5.1).  Peak assignments followed those of Turner et al. (2003) 

Table 1. 

 

Table 5.1: 31P peak assignments. 

PPM Compound Class Abbreviation

15 - 20 phosphonate P-Phonate

6 - 8 orthophosphate O-P

3 - 6 phosphate monoester,  O-P mono

inositol monophosphate

1 - (-1) DNA, RNA DNA

phosphate diesters

phospholipids

(-3) - (-6) pyrophosphate Pyro

(-20) polyphosphate Poly
 

 

5.2.3 13C Solid State NMR Spectroscopy 

 

Soil samples were characterized by Solid State 13C-CPMAS-NMR 

spectroscopy employing cross polarization (CP), magic angle spinning (MAS) 

and high power proton decoupling. Spectra were recorded at the Department 

of Chemistry and Biochemistry at Florida State University using a Varian 

Unity-Inova 500 MHz spectrometer operating at 125 MHz for carbon. 

Because of the relatively low carbon contents of these soils, it was necessary 

to treat them with 10% HF to reduce the effects of paramagnetic sites and 

increase carbon content through dissolution of the mineral matrix. These 

paramagnetic sites occur mainly as inorganic cations or organic free radicals, 
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and their impact on the spectra of whole soils or soil components generated 

utilizing the cross polarization magic angle spinning technique (CP-MAS) can 

be manifested by broadened resonances and signal loss32.  

 Approximately 600 mg of treated and dried soil were packed with 

100 mg of an internal standard of Sodium Trimethyl Silanolate (Na-TMS) into 

a 7.5 mm solid state rotor (Doty Scientific, Columbia, SC) and spun at the 

magic angle at 4 KHz. It should be noted that the sample and the internal 

standard were mixed to form a homogeneous mixture before packing it in the 

rotor. Spinning sidebands were eliminated using the total suppression of 

sidebands (TOSS) sequence33. A series of variable contact time experiments 

was carried out to determine the optimum cross polarization time, and these 

experiments indicated that a 750 µsec CP contact time yielded the most 

representative spectra. A 6.5 µs 90o pulse width and a recycle delay time of 

2s were used throughout. Each sample required between 32,000 and 45,000 

scans before sufficient signal/noise ratios could be obtained, resulting in 

spectral acquisition times of 18 – 25 hours. Chemical shifts were internally 

referenced to the 0 ppm methyl resonance of Na-TMS. Glycine was also 

used as an external reference to 41.5 ppm. Intensities over defined chemical 

shift windows were integrated to quantify selected soil carbon structures; 

these spectral windows and the structures they represent were27; 0-50 ppm  

(alkyl C), 50-110 ppm (O-alkyl C), 110-160 ppm (aromatic C),160–220 ppm 

(carbonyl C found in carboxylic acids, esters, amides, ketones and 

aldehydes).   

 Because of the inherent variability in the responses of various 

resonances in 13C CP-MAS NMR spectra, the integrated intensity across 

each of the spectral windows was normalized by the added internal standard 

peak. We recognize that such normalizations will not generate truly 

quantitative spectra because of variations in cross polarization efficiency and 

subtraction of spinning sidebands which are not corrected using just the   

internal standard. However, such a procedure does allow relative 

comparisons between samples run under identical conditions. While our 
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estimates of carbon functional group distributions may not be absolutely 

correct, relative comparisons are possible. We refer to this normalized 

approach as semi-quantitative solid state 13C NMR spectra.  

 

5.2.4 Study Sites 

 

The sites discussed in this presentation are ‘isolated’ depressional 

wetlands within improved Bahia pastures of the ‘Larson’ ranches, situated 

north of Lake Okeechobee (see Figure 5.2). Soil samples were obtained from 

each site along 3 transects radiating out from the wetland centers. Data are 

presented here on samples collected from the zones considered ‘shallow’ 

and ‘deep’ marsh, with an average difference in hydro period of 125-280 

days.  The shallow marsh soil sample taken along the east transect is 

identified as E1, while that along the west transect as W1. The deep marsh 

soil samples are identified in a similar way as E2 and W2. 

 

5.3  Results 

 

5.3.1 Effects of Acid Pretreatments on Soil Phosphorus Content and 

Composition 

 

Figure 5.3 contains 31P NMR spectra of soil extracts from the Larson 

shallow marsh site before (a) and after (b) HF treatment. The water content of 

this soil is 6.5%. Figure 5.4 contain analogous spectra, but with the internal 

standard MDPA inserted into the sample as described. We show these two 

spectra to verify that incorporating the MDPA standard had no effect on the 

sample spectra.   

There are clear differences in both the quantitative and qualitative 

character of phosphorus in this soil after the acid treatment. Pyrophosphates 

are essentially completely removed and a phosphonate peak appears at 19.5 

ppm. The inorganic o-phosphate peak also shifts from 7.5 to 4.5 ppm. That 
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this peak at 4.5 ppm is indeed the o-phosphate resonance was verified by 

adding 1 ml of 1N NaOH to the W1 sample extract after the acid pretreatment 

Figure 5.5.The lower pH after  HF treatment causes this shift in the 

orthophosphate peak, a phenomenon observed by O'Neill, Sargent et al. 

1980; Adams and Byrne 198934, 35. The organic ortho-phosphate monoesters 

(overlapping peaks at 4-6 ppm) and DNA (peak at 0.5 ppm) are largely 

unaffected. The relative distribution of monoesters does appear to change 

somewhat, however (Figure 5.6 (a)). Similar trends are observed in the 

shallow marsh, western transect soil (Figure 5.6 (b)), although the distribution 

of ortho-phosphate monoesters are somewhat different than what is observed 

in the eastern sample.  

Trends in phosphorus speciation before and after acid treatment for 

the deep marsh soils are summarized in Figure 5.7. While there are some 

differences between these data and those for the shallow marsh soils, at this 

point we cannot identify any significant trends. What is apparent, however, is 

that in these soils, a significant fraction of phosphorus is retained in the 

carbon matrix after the HF extraction. Furthermore, with the exception of 

pyrophosphate, the HF treatment does not selectively remove any particular 

form of P. Inorganic and organic phosphorus are removed with roughly the 

same efficiency. These results are in stark contrast to those observed by 

(Smernik and Dougherty 2007)36 in their study of pasture soils. In that work 

between 60 and 85% of the total P was removed by the HF treatment, most 

of it within the first hour of the treatment. Furthermore, the HF treatment was 

more effective at removing ortho phosphate than the organic phosphates, 

with as little as 1-2% of the ortho phosphate left after the treatment. These 

authors did confirm the stability of organic phosphorus during the HF 

treatment, with only slight hydrolysis of ATP noted.  

In agreement with previous studies of soils using NMR in the 

Everglades region of Florida (chapter 4), we observed no phytic acid (inositol 

hexakisphosphate) in these samples9, 37. To insure that the phytic acid 

resonances were not being missed because of shifts due to changing pH 
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conditions in the extract, we acquired 31P NMR spectra at various pH 

conditions that mimicked those generated during these experiments (Figure 

5.8). While it is clear that the characteristic phytic acid resonances do move 

around, we still did not observe any of these in our sample spectra.   

 

5.3.2 13C NMR spectra 

 

13C spectra for the east transect soil samples are displayed in Figure 

5.9 (a), while those for the west transect are in Figure 5.9 (b). Normalized 

spectral window intensities are summarized in Figure 5.10. Because the 

internal standard peak is responding to a constant quantity of added carbon, 

we can say that we are seeing more carbon in spectra of the samples from 

the east transect relative to those in the west transect. The integrated peak 

intensities summarized in Figure 5.10 suggest that there is more carbon 

observed in the shallow marsh soils (E1 and W1), and the O-alkyl component 

in the shallow marsh soils is significantly higher than in the deep soils. 

  

5.4  Conclusions  

 

31P spectra of alkaline-extractable phosphorus from shallow and deep 

marsh soils at both sites before and after HF treatment clearly indicate that 

much of the phosphorus present is resistant to the acid treatment. This stable 

phosphorus includes most of the major classes of soil phosphorus, the 

notable exception being pyrophosphate. Most of the organic phosphorus is 

DNA and o-phosphate monoesters, probably the remnants o-phosphate 

diesters from marsh plants. Pyrophosphate is totally removed and there is an 

appearance of a phosphonate peak. These results suggest to us that 

sequestration of phosphorus in these marshes is not the result of strong 

binding to cationic sites in the inorganic soil matrix, but rather tightly linked to 

soil carbon ‘humification’, the process that converts labile biopolymers into 

stable geopolymers. 
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13C NMR spectra indicate that, while there are differences in the 

amount of carbon observed by NMR along the east and west transects, the 

distributions of various types of carbon are similar. More carbon is observed 

in the shallow marsh soils, particularly more O-alkyl carbon. 31P NMR has 

revealed phosphorus compounds in all soils that respond similarly to HF 

treatments. 13C NMR indicate a stable soil carbon pool in each marsh soil that 

is quantitatively and qualitatively similar. Taken together, these results 

reinforce our premise that phosphorus sequestration in these low-mineral 

marsh soils is related to carbon stabilization.    
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Figure 5.1: Stem coaxial insert (Picture is from Wilmad-Labglass Inc.) 
http://wilmad-labglass.com/group/2093) 
 

 
 
Figure 5.2: Location of the study sites (map was provided by South Florida 
Water Management District) 
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(a) 

-10-50510152025 ppm

 
(b) 

-10-50510152025 ppm

 
Figure 5.3: 31P NMR spectra of shallow marsh soil (E1) extract (a) before and (b) 
after soils were treated with HF. 
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(a) 
 

(b)

-50510152025 ppm

-50510152025 ppm

 
Figure 5.4: 31P NMR spectra of shallow marsh soil (E1) extract (a) before and (b) 
after soils were treated with HF. These spectra include internal standard (MDPA) 
peak at ~18.2 ppm. 



 

 83 

(a) 

-50510152025 ppm
 

 
(b) 

-50510152025 ppm
 

 
Figure 5.5: 31P NMR spectra of shallow marsh soil (W1) extract (a) after soils 
were treated with HF and (b) after addition of 1 mL of 1N NaOH to extract. 
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Figure 5.6: Distributions of phosphorus species in marsh soil extracts along the 
east transect. (a) shallow soils (E1b) before and (E1a) after HF treatment; (b) 
deep soils (E2b) before and (E2a) after HF treatment. 
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Figure 5.7: Distributions of phosphorus species in marsh soil extracts along the 
west transect. (a) shallow soils (W1b) before and (W1a) after HF treatment; (b) 
deep soils (W2b) before and (W2a) after HF treatment. 
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(c) 
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Figure 5.8: 31P NMR spectra of phytic acid at various pH. (a) 0.75 N NaOH  
(b) 0.5 N NaOH (c) 0.1 NaOH (d) No NaOH 
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-50050100150200250300 ppm

  
Figure 5.9: 13C NMR spectra of shallow (E1 – top) and deep (E2 – bottom) 
marsh soils. Na-TMS internal standard peak is at 0 ppm.  
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Figure 5.10: Comparison of carbon functional group distributions in shallow and 
deep marsh soils: east transect (top), west transect (bottom). 
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CHAPTER 6 
 

CONCLUSIONS 
 

 

Chemically stable fractions of soil organic carbon (SOC) may contribute to 

soil C sequestration, and thus be important for the global carbon budget. Soil 

organic carbon characterization was studied using different acid hydrolysis 

methods (1 M and 6 M HCl) and hot water extraction in two coastal plain soils 

collected from different landscape positions. The residues after the chemical 

treatments were analyzed by solid state 13C nuclear magnetic resonance (NMR) 

spectroscopy to investigate the changes in the structural composition. This study 

demonstrates the effectiveness of acid hydrolysis treatment with HCl for 

estimating the labile pools of SOC. Between 1 to 4% of total C was extracted by 

hot-water in both soils compared to 18 to 32% of total C hydrolyzed by HCl. 

Wetland soils released much more C than the upland soils for all treatments, due 

to greater total C concentration. Although there were quantitative differences in 

the amount of C released, both soils showed similar percentages of non-

hydrolysable carbon (18-25% of total C for upland soil, and 24-32% of total C for 

wetland soil). The NMR spectra of the residues after acid hydrolysis indicated the 

removal of labile components (i.e. carbohydrates and amino acids), and the 

ability of 6 M HCl to characterize SOC quality appeared to be superior compared 

to the 1 M HCl hydrolysis and hot water extraction. Labile C pools estimated by 

acid hydrolysis with 6 M HCl were strongly correlated with biochemical methods 

(microbial C biomass and CO2 evolution), and could be a useful tool for 

estimating more labile pools of SOC. 

There is now widespread interest in the use of wetlands to treat nutrient-

rich surface waters and prevent downstream eutrophication. Wetlands not only 
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store nutrients such as phosphorus, but also transform them between biologically 

available and non-available forms.  One key outstanding issue remains, however; 

the long-term stability of phosphorus once it is incorporated into treatment 

wetland soils.  In particular, phosphorus sequestered during high pollutant 

loading may be relatively unstable and easily remobilized following changes in 

nutrient status or hydrological regime.  Organic compounds are a major 

component of the sequestered phosphorus within both natural and artificial 

wetlands, but the forms and stability of these compounds are seldom known.  

A lack of suitable analytical techniques has contributed to this dearth of 

knowledge regarding the stability of soil organic phosphorus. We analyzed 

phosphorus in soils from the “head” of Rescue Strand Tree Island and an 

adjacent marsh in the Florida Everglades by 
31

P nuclear magnetic resonance 

(NMR) spectroscopy and high resolution mass spectrometry. Tree islands are 

important areas of biodiversity within the Everglades and offer a unique 

opportunity to study phosphorus sequestration because they are exposed to high 

phosphorus loads and appear to be natural nutrient sinks.  

31

P NMR profiling of extracts from surface and sediment samples in the 

tree island indicate that phosphorus input to Rescue Strand tree island soils is 

mostly in the form of inorganic ortho-phosphate and is either refractory when 

deposited or rapidly recycled by the native vegetation into a stable phosphorus 

pool largely resistant to re-utilization by plants or microbes. Mass spectrometry 

analysis revealed the presence of inositol hexakisphosphate (phytic acid), a 

common organic monophosphate ester not previously observed before in 

Everglades soils.  

The final project described in this thesis involved an effort to link organic 

phosphorus and organic carbon stability in soils representing a geographical and 

hydrogeomorphic range of wetlands. Our approach was to combine 31P and solid 

state 13C NMR spectroscopy analyses of wetland soils before and after 

hydrofluoric acid (HF) treatment. Geochemists have long used HF to concentrate 

stable organic C in soils prior to solid state 13C NMR analysis, since such 

treatments efficiently remove much of the inorganic matrix, particularly 
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paramagnetic metal cations such as Fe(II). Since phosphates, including organic 

phosphates, are known to bind strongly to cations in soils, our hypothesis is that 

any phosphorus removed by the HF treatment must represent the ‘strongly 

bound’ fraction, while that remaining after HF treatment must be a part of the soil 

carbon pool. In contrast to previous observations of such treatments on pasture 

soils, our results indicate that these wetland soils do not selectively bind 

orthophosphate. Both orthophosphate and organic phosphate monoesters 

appear to be bound to approximately the same extent. Polyphosphates and 

pyrophosphates are removed by the treatment, indicating these forms will be 

most strongly bound to soils and least resistant to re-mobilization. Solid state 13C 

NMR data reveal relatively low levels of carboxyl functional groups in these soils, 

and it is these groups that are known to be the most active metal-binding sites, 

one possible explanation for lower phosphate binding tendencies of the wetland 

soils.  
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