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LITERATURE REVIEW 

Pyrogenic organic matter (Py-OM) produced from the incomplete combustion of organic 

material, consists of an insoluble particulate fraction (pPy-OM) and a soluble (Py-DOM) 

fraction. The particulate fraction of Py-OM has been widely studied,1-4 however, estimates of the 

contribution of pyrogenic dissolved organic matter (Py-DOM) to global carbon flux has 

remained elusive due to significant knowledge gaps within the terrestrial aquatic dissolved 

organic matter (DOM) pool. Kim et al.5 provided the first definitive evidence of Py-DOM in 

terrestrial waters using ultra-high resolution mass spectrometry; fifty percent of DOM isolated 

from the fire-impacted Rio Negro branch of the Amazon River were identified as having a 

hydrogen-deficient molecular signature characteristic of thermally altered vegetative matter. 

Since then, global estimates conclude that roughly 10% of the 250 mega-metric tons of DOM in 

riverine systems is derived from thermally altered organic material.6 Furthermore, a projected 

62% increase in wildfire activity is expected in mid- to high-latitude regions.7 Thus, quantitative 

systematic studies are needed to elucidate both the short and long-term environmental 

implications of increasing fire sizes and the Py-DOM inputs associated with this change. 

Numerous studies have attempted to characterize Py-DOM from natural sources,5, 8-12 

however, few focus on feedstock and pyrolysis temperature effects on Py-DOM molecular 

structure.13-15 Nonetheless, some insight into molecular structure and functional group variation 

of Py-DOM obtained from a range of charred organic material can be gained from recent studies. 

Uchimaya et al.15 compared proportions of base extractable Py-DOM components from five 

pyrolyzed carbonaceous materials using fluorescence excitation-emission mapping (EEM) 

spectrophotometry coupled with parallel factor analysis (PARAFAC). The proportion of fulvic-

like component generally increased with increasing pyrolysis temperature (350 oC/400 oC, 500 

oC, 650 oC, 800 oC) to a maximum at 650 oC. In contrast, the proportion of a high molecular 
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weight humic-like component generally decreased with increasing temperature. Interestingly, a 

low molecular weight humic-like component was consistently identified at all pyrolysis 

temperatures except 500 oC Py-DOM – only lignin derived Py-DOM contained this component. 

In a separate study, Lin et al.16 identified higher proportions of low molecular weight 

neutrals in water extracts of sawdust pyrolyzed at 450 oC (45%) and 550 oC (37%). Additionally, 

lower temperature extracts contained four times the proportion of humics present in higher 

temperature extracts (16 % versus 4%), and fourteen times the proportion of lower molecular 

weight acids (42% versus 3%). Extracts from lower temperature Py-DOM was also more 

aromatic (4.8 versus 2.2), contained twice the proportion of biopolymers (13.7% versus 7.7%), 

and was 22 times more concentrated than higher temperature extracts (93412 ppb-OM versus 

4285 ppb-OM).  

It is widely accepted that thermal conversion of lignocellulose drives the characteristics 

of Py-DOM derived from herbaceous materials.2, 15, 17-19 Smith et al.20 observed a decrease in 

water soluble extracts from cellulose and lignin-derived Py-OM with increasing temperature 

(300 oC, 400 oC and 500 oC). The composition of these extracts however varied widely between 

materials and pyrolysis temperature. While the carboxylic acid content was similar for both 

materials, carbohydrates were only observed in cellulose. Cellulose also contained relatively 

fewer phenols and polycyclic aromatic hydrocarbons (PAHs) than lignin. As pyrolysis 

temperature increased the number of acids, phenols and carbohydrates identified in cellulose-

derived extracts decreased. In lignin material, phenols and acids identified decreased whereas 

PAHs remained constant. During pyrolysis, thermal conversion of lignin and cellulose occurs at 

different rates producing a heterogeneous suite of products and intermediates, hence structural 

classification of Py-DOM along a gradient remains ill-defined. 
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The solubility and hence mobility of Py-DOM is largely attributable to abiotic and biotic 

oxidation of aromatic ring structures which in turn depends on the chemical structure of Py-

OM.5, 21 As the aromaticity of Py-DOM increases with residence time it becomes increasingly 

susceptible to UV radiation. Stubbins et al.22 quantified the photo-lability of marine Py-DOM by 

examining the difference in benzenepolycarboxylic acid (BPCA) oxidation products before and 

after exposure to artificial irradiation. Photodegradation of Py-DOM occurred more rapidly than 

its unburnt parent material and was attributable mainly to a higher proportion of highly 

condensed aromatics. Approximately 20% of Py-DOM was degraded after two days with 95% of 

initial Py-DOM being lost after 28 days. Despite these findings, the rates at which this 

breakdown occurs, how it occurs and the factors influencing that photodegradation has not been 

elucidated. 

Photodegradation of Py-DOM is the major contributing factor to the breakdown of highly 

condensed aromatics into the more labile compounds favored by microbes.22 Oxidation (be it 

abiotic or biotic) of aromatic structures results in by-products that are more water-soluble and 

biologically labile providing energy and carbon for microbes in aquatic ecosystems.23 Kim et 

al.23 examined the changes in DOM molecular composition induced by microbial decomposition 

from two forested streams using ultra-high resolution mass spectrometry. Microbes preferentially 

degraded compounds with a higher O:C ratio; however, Py-DOM was more resistant to 

microbial degradation than unaltered DOM. Although the age and structure of this refractory 

carbon was undetermined, Abiven et al.24 noted a 40-55-fold increase in oxidized by-products of 

condensed aromatic structures released from 10-year old char as opposed to fresh char. 

Therefore, time is an important factor in determining the nature and properties of Py-DOM, and 

its microbial degradability. In addition Ward et al.25 noted the preferential partial photo-oxidation 

of Py-DOM versus DOM, yielding photoproducts of higher O/C ratio than the parent compound. 



4 
 

Approximately 68-91% of carbon in Py-DOM was partially oxidized by sunlight, thus 

highlighting the importance of photodegradation in the direct mineralization of Py-DOM and as 

a critical step in the production of microbially favored substrates. 

The rate of photodegradation of DOM and Py-DOM in terrestrial aquatic systems is 

contingent on variation in chemical structure.9, 25 In this study, the chemical structure of DOM 

and Py-DOM extracted from grass and wood material was investigated using fluorescence 

lifetime spectroscopy and ultra-high resolution mass spectrometry. The bulk rate of 

photodegradation of DOM/Py-DOM and the contributing components to that photodegradation, 

was also investigated using systematic changes in fluorescence behavior. Results of this study 

will provide new insights into the transformation and mobility DOM/Py-DOM in terrestrial 

aquatic systems and the environmental implications of an increased input of fire-altered DOM. 
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CHAPTER I  

CHARACTERISTICS OF PYROGENIC DISSOLVED ORGANIC MATTER (PY-DOM) AS 

ELUCIDATED THROUGH COMBINED PHOTON COUNTING AND ULTRA-HIGH 

RESOLUTION MASS SPECTROMETRY ANALYSES 

Introduction 

The average size of US wildfires has tripled over the past two decades (1995-2015) with 

a record 4.1 million total hectares burned by wildfires in 2015 (Fig. 1),26 producing roughly 20 

Megatons (1.8 x 1010 kg) of pyrogenic organic matter (Py-OM).27 This Py-OM has an insoluble 

particulate fraction (pPy-OM) and a soluble (Py-DOM) fraction. Particulate Py-OM is largely 

degraded in situ, however the dissolved component (Py-DOM) is mobile24 and subject to both 

abiotic (e.g. photodegradation and chemical oxidation) and biotic (e.g. microbial incorporation 

and respiration) reaction processes.28-30 Work by Abiven et al.24 suggests only minimal chemical 

modification of Py-DOM occurs in soil, however, recent estimates suggest that less than 50% of 

the 4 Megatons of Py-DOM entering US rivers and streams in 2015 will likely reach the ocean.1, 

6 The fact that only 50% of Py-DOM is expected to reach the ocean points to an unidentified 

riverine sink and/or significant aquatic transformation of Py-DOM during its transport. 

Chemical and structural variation in fire-altered organic material versus its unburnt 

counterpart8 suggest that the potential stability and interactions of Py-DOM in freshwater 

systems may be dominated by very different mechanisms than that of DOM. However, research 

focused on feedstock and pyrolysis temperature effects on Py-DOM molecular structure13-15 is 

still in its infancy. For example, a decrease in proportion of humics, low molecular weight acids, 

biopolymers, aromaticity and concentration with increasing pyrolysis temperature has been 

observed in water extractable DOM.16 In addition, thermal degradation of lignocellulose alters 
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molecular structure and functional group chemistry (e.g. phenolic, carboxylic etc.)20 producing a 

dynamic suite of products and intermediates, thus molecular characterization of Py-DOM 

remains indefinable. 

 

 
Figure 1. Recent trends in the number and average size of wildfires between 1990 and 2015.26 
 
 

Full characterization of Py-DOM has remained elusive due to inadequate resolution of 

DOM using current methods. Techniques such as Carbon Nuclear Magnetic Resonance (C-

NMR) spectroscopy,12, 31 provide bulk functional group characteristics (carboxylic acids, 

aliphatic chains) of DOM, however they cannot solely identify particular compounds within its 

structure.32 And while Gas Chromatography Mass Spectrometry (GC-MS) has been utilized to 
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examine Py-DOM,33 humic fragments require pyrolytic/chemolytic treatments prior to analysis,34 

due to their large size (> 500 Da) and polarity, thus limiting molecular structure/weight 

characterization.32, 35 The ultra-high resolution of Fourier transform ion cyclotron resonance 

mass spectrometry (FT-ICR MS) is ideal for resolving molecular level composition of complex 

macromolecules such as DOM36 and has provided a wealth of new insights into the molecular 

level characterization of Py-DOM.20, 25, 37 However few studies have investigated pyrolysis 

temperature dependent variation in Py-DOM.20 In addition, fluorescence spectroscopy, 

(particularly excitation emission matrix; EEM) is widely used for characterizing organic matter 

and provides a bulk view of fluorescence properties of components present within a particular 

spectral range38. While EEM has been widely used, fluorescence lifetime measurements are not 

prevalent, and have never been used in studies of Py-DOM. I utilized Time resolved fluorescence 

spectroscopy (lifetime measurements) to identify the chromophoric components contributing to 

fluorescence character of DOM. Lifetime measurements i.e. time-correlated single photon 

counting (TCSPC) is particularly advantageous over steady state measurements due to its 

insensitivity to conditions such as scattering, fluorophore concentration and turbidity.39 In 

addition, fluorescence lifetime measurements are ideal for resolving broad featureless spectra 

characteristic of DOM.39-40  

In this study, the chemical structure of solid phase extract DOM (SPE-DOM) and Py-

DOM (base-extractable fraction) extracted from grass and wood material pyrolyzed at 300 oC 

and 400 oC was investigated using TCSPC and FT-ICR MS. These techniques represent the 

analytical zenith of DOM, and to our knowledge this is the first study to utilize these techniques 

concurrently. The objective of this study was to provide molecular level characterization of the 

soluble fraction from charred and uncharred herbaceous feedstock to gain insight into potential 

ecosystem-reaction mechanisms of this increasing influx of fire-altered organic material. 
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Materials and Methods 

Preparation of charcoals and extraction of Py-DOM 

Charcoals were produced from Switchgrass (Panicum virgarum) and Eastern Cedar 

(Juniperus virginiana) sampled from the Fort Worth Nature Center (Fort Worth, TX, USA) in 

May 2016. Plant material was collected by hand and chosen due to the variation in vascular 

tissue and taxonomy [Switchgrass (angiosperm, non-woody, C4), Eastern red cedar 

(gymnosperm, woody, C3)]. In the laboratory, Switchgrass root was removed and samples were 

air dried for 24 hours. Subsequently, plant materials were cut into 1 inch pieces and oven dried at 

80 °C for 24 hours. Samples were then tightly packed into ceramic crucibles; crucibles were 

tightly wrapped in aluminum foil (to produce oxygen-limited conditions) and then charred in a 

Temco Type 1500 laboratory furnace (Thermo Electric, Dubuque, IA). Charring was from room 

temperature to the target pyrolysis temperatures of 300 °C or 400 °C at a ramp rate of 20-25 

°C/min and kept at target pyrolysis temperature for 1 h. After the 1 h pyrolysis period the oven 

was kept closed and allowed to cool to room temperature before the resulting charcoals were 

removed. Charcoals were then ground, sieved (250 μm) and stored in air-tight glass jars at room 

temperature. 

Extraction of Py-DOM from the charcoals followed the operationally-defined separation 

of soil organic matter into humic substances (humin, humic acid, and fulvic acid) based on 

solubility across different pH ranges.41 In this approach, humin is operationally-defined as being 

insoluble across the pH scale, fulvic acid (FA) as being soluble across the entire pH range, and 

humic acid (HA) as being base-, but not acid-soluble.42 Studies on DOM in the environment 

focus exclusively on the HA and FA fractions of organic matter. As such, both the HA and FA 

fractions were targeted in extracting Py-DOM from the charcoals. Between 1 and 2 g of charcoal 

were weighed into 50-mL centrifuge tubes and 40 mL of 0.1M NaOH added to make a charcoal-
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NaOH suspension. Charcoal-NaOH suspensions were shaken end-over-end on a rotational 

shaker for 24 h at room temperature, filtered (P8 filter paper; ThermoScientific,Waltham, MA), 

and the resulting Py-DOM-containing extract adjusted to pH 5 with 0.1 N HCl. This extract 

served as the stock solution for fluorescence. Extract pH was determined using a AB250 

benchtop meter (ThermoScientific, Waltham, MA) and was chosen to be in line with rainfall pH 

across the conterminous United States (4.9-6.4; Fig. 2).43 Py-DOM nomenclature was referenced 

by parent material abbreviation and pyrolysis temperature, thus Eastern Cedar and Switchgrass 

pyrolyzed a 300oC was referenced as EC300 and SG300 respectively. 

 

 
Figure 2. Map showing the pH of rainfall across the conterminous United States in 2015.43 
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Fluorescence spectra collection and time-resolved fluorescence spectroscopy 

Fluorescence emission spectra for each sample were collected in a 1 cm path length 

cuvette. All sample absorbances at UV365 were 0.20 ± 0.01 except EC400 which was 0.07 

(Evolution 220 UV-vis spectrophotometer; ThermoScientific,Waltham, MA). Fluorescence 

emission spectra for each sample were collected at an excitation wavelength of 405 nm and 

emission spectra observed between 430 nm and 700 nm (Varian Cary Eclipse fluorescence 

spectrophotometer). The fluorescence emission spectra for the 0.1 M NaOH solution was also 

collected with the sample and used to correct the sample spectra for Raman scattering effects. 

Steady state fluorescence spectra were used to determine suitable excitation and observation 

parameters for the lifetime measurements. Fluorescence lifetime was measured on a FluoTime 

300 fluorometer (PicoQuant, Inc.) using a 405 nm diode laser. The fluorometer was equipped 

with an ultrafast microchannel plate photomultiplier detector (MCPPMT) from Hamamatsu, Inc. 

The fluorescence lifetimes were measured in the magic angle (54.70) condition and data 

analyzed using FluoFit4 program from PicoQuant, Inc (Germany) using multi-exponential fitting 

model; 

            (1) 

where, αi is the amplitude of the decay of the ith component at time t and τi is the lifetime 

of the ith component. The intensity weighted average lifetime (τavg) were calculated using 

following equation; 

              where       (2) 
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FT-ICR MS analysis  

Stock solution of extracted DOM was acidified to pH ~ 2, and then passed through Bond 

Elut PPL cartridges as described in Dittmar el al. 2008.44 DOM adsorbed on the PPL cartridges 

were then eluted with 100% HPLC Optima grade methanol (MeOH).44 Extracted samples were 

further diluted to a final concentration of 20 mg L-1- C in MeOH for FT-ICR MS analysis.  

The SPE-DOM samples were directly infused (3.0 μL/min) into a Bruker 12T Tesla 

Bruker SolariX FT-ICR MS equipped with electrospray ionization source, and operated in 

negative mode (ESI-) (Bruker daltonics Inc, Billerica, MA, USA). Spectrum for each sample was 

collected at 400,000 resolving power (m/Δm50% at m/z 400), and averaged over 200 individual 

scans. The mass error after internal calibration was < 0.3 ppm. Elemental formulas were assigned 

to the calibrated masses using an in-house software based on the automated Compound 

Identification Algorithm described in Kujawinski and Behn,45 with an assignment tolerance of 1 

ppm. It should be noted that feature intensities observed with FT-ICR-MS cannot be directly 

equated to absolute concentrations.46 Therefore, samples analyzed with FT-ICR MS were 

examined based on presence/absence of detected features in each sample. 

Data analysis 

FT-ICR MS spectra were analyzed as a distribution revealing quantitative bulk 

characteristics that were otherwise unrecognizable from individual peak analysis. Only signals 

corresponding to carbon number (C#), atomic H/C ratio (H/C), atomic O/C ratio (O/C) and 

molecular weight (MW) were used in this study. Spectra signal for C#, H/C, O/C and MW was 

normalized to the highest signal and sorted in ascending order. Signal distributions were binned 

at selected intervals. (e.g. O/C ratio signal amplitudes were binned at every 0.1 incremental 

increase) then fitted using a cubic spline model in GraphPad Prism (version 6). The model was 

baseline corrected using the linear function in Omnic 8.0 software (ThermoScientific, Waltham, 
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MA.). Distribution curves were deconvoluted using peak analyzer function in OriginPro 

(Northampton, MA), fitted using a Gaussian model and component peaks were identified using 

2nd derivative function. Goodness of fit was estimated by the agreement of the original peak and 

peak fit of components. Component peak center and standard deviation was equivalent to the 

mean value (± SD), with area under peak representing proportion of mean value contributing to 

total signal. Only component peak centers representing more than 10% of total signal were 

plotted. 

Results and Discussion 

Insights from fluorescence photon counting spectroscopy 

Figure 3 shows steady state emission spectra obtained through the excitation of extracted 

DOM at 405 nm and observation of fluorescence emission between 430 and 700 nm. Steady state 

emission spectra for all DOM extracts showed a broad band with a maxima around 471nm ± 

10nm. In DOM extracts from uncharred samples (EC25 and SG25) the spectra had an additional, 

less pronounced band with an emission maxima around 660 nm. The band around 660 nm was 

consistent with the presence of pigment-like DOM while that with emission maxima around 471 

nm was consistent with the humic-like DOM.47 However, the broad nature of the band was 

reflective of a heterogeneous mixture of multiple fluorescent components.39 Broad peak maxima 

increased with increasing pyrolysis temperature in both materials and followed the order: EC400 

> SG400> EC300 > SG300 > SG0 > EC0, however emission spectra showed opposite 

directional shifts with temperature. Directional shifts in emission spectra are indicative of lignin-

derived organic chromophore re-configurations (coumarin, flavinoids, vanillin)39 such as 

molecular weight and aromaticity.48 In Eastern Cedar, a 20 nm blue-shift occurred upon 

pyrolysis (481 nm in EC0 to 461 nm in EC400) and in Switchgrass, peak was red-shifted by 

10nm (468 nm in SG0 to 478 nm in SG400). Possible causes of the blue-shift observed in 
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emission spectra of Eastern Cedar include structural changes such as a decrease in the number of 

aromatic rings, reduction of conjugated bonds in a chain structure, or conversion of a linear ring 

system to a non-linear ring; and functional group changes such as loss of carbonyl, hydroxyl and 

amine groups.49 Thus Eastern Cedar and Switchgrass extracts exhibit opposing structural and 

functional group characteristics with increasing pyrolysis temperature. 

 

 
Figure 3. Normalized steady state emission spectra of DOM extracted from Eastern Cedar and 
Switchgrass under different heat treatment temperatures; and Pahokee peat HA. All samples 
were excited at λ 405 nm. 
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Excitation and observation wavelengths for time-resolved fluorescence decay curves 

were 405 and 500 nm respectively. The 405 nm laser was chosen for its significantly higher 

energy output than other in house lasers, thus promising the best spectra. Time-resolved 

fluorescence decays were tail-fitted using a multi-exponential function, with three average 

amplitude lifetime components within the ranges of 0.3-0.7(τ1) ns, 1-3 ns (τ2) and 5-8 ns (τ3) 

(Table 1). Component lifetimes and percent contribution to amplitude average lifetime of 

unpyrolyzed material were like that of commercial Pahokee peat humic acid. Jimenez-Morais et 

al.39 observed similar lifetimes in DOM from riverine and marine sources excited at 337nm. 

Notably, in a later study using TCSPC, Boyle et al.40 observed three lifetime components in 

marine DOM and commercial HS ranging from 0-0.15 ns, 0.3-1.3 ns and 2.0-5.5 ns. Longer 

lifetimes observed in this study may be attributable to the more acidic environment of the 

fluorophore (ph ≈ 5) as opposed to neutral conditions employed by Boyle et al. HS are 

particularly sensitive to pH changes due to intra/inter-molecular interactions of fluorophore50 

thus influencing formation of aggregates and lengthening fluorescence. Despite the shorter 

lifetimes, proportions of commercial HS lifetime components at λex 400 nm/λobs 500 nm agreed 

well with those observed for unpyrolyzed material in this study. Slightly longer average and 

component lifetimes (representing a fraction of amplitude weighted lifetime) were observed in 

grass vs. wood material. In both materials, the shortest lifetime component represented the 

largest proportion of fluorophores (α1 = 60%) with mid and high lifetime components 

representing 30% (α2) and 10% (α3) respectively. Similarly, at λex 400nm/λobs 500nm, Boyle et 

al.40 identified lifetime proportions in Suwanee River Humic Acid and Suwanee River Fulvic 

Acid, of ≈ 65%, 25% and 10% for short, mid and long lifetime components respectively. 
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Average and component lifetimes increased with increasing pyrolysis temperature in both 

materials (Fig.  4 and 5). Upon pyrolysis, average lifetimes doubled in both wood and grass 

material, however minimal increase was observed in 400 oC relative to 300 oC Py-DOM. In 

wood material at 300 oC, α1 decreased to 41%, with a concomitant increase to 41% and 18% 

observed in α2 and α3 respectively (Fig. 6). Although component lifetimes increased in grass 

material at 300 oC, proportion of components remained relatively stable with minimal change in 

low and mid lifetime components (± 3%) and no change seen in high lifetime component. At 400 

oC, α1 decreased to 36% while α2 increased to 45%. In grass material, proportions of α1 decreased 

by 12% while α2 and α3 increased by 7% and 5% respectively. 

 

 
Figure 4. Average amplitude weighted lifetime of Eastern Cedar and Switchgrass DOM 
extracted under different heat treatment temperatures; and Pahokee peat HA. 
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Figure 5. Amplitude weighted component lifetime (τ) of DOM extracted from Eastern Cedar and 
Switchgrass under different heat treatment conditions; and Pahokee peat HA. 
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Figure 6. Amplitude weighted component proportions of DOM extracted from Eastern Cedar 
and Switchgrass under different heat treatment conditions and Pahokee peat HA. 
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The increase in average amplitude weighted lifetimes with pyrolysis is consistent with the 

breakdown of lignocellulose. The most common lignocellulose degradation pathways include 

demethylation, side-chain oxidation, and aromatic ring opening (+O2)51 hence the greater 

average lifetime observed in lignin-rich wood versus grass at 400 oC. A lower proportion of 

lignin compounds in grass material may also explain the minimal change observed between 300 

oC and 400 oC in grass material. Levoglucosan, a by-product of cellulose pyrolysis, may also 

increase fluorescence to a lesser extent. Also, formation of fluorescence decreasing carbonyl and 

carboxyl groups are characteristic of cellulose pyrolysis,52 therefore a greater proportion of these 

compounds may be present in grass material pyrolyzed at 400 oC. Lignocellulose degradation 

also explains the decrease in lower lifetime (τ1) population and increase in mid (τ2) and high 

lifetime (τ3) population. As long chain polymers and aromatic compounds are cleaved, formation 

of oxygenated substituents and monomeric phenols may be driving the increase in the proportion 

of mid (τ2) and high (τ3) lifetime components. 

Insights from Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) 

Figure 7 shows an example of distribution based method of analyzing FT-ICR MS 

spectra. Deconvolution of C#, H/C, O/C and MW distributions provided mean (± SD) 

component values and proportion of signal corresponding to the mean (Table 2). C# distribution 

was composed of two component peaks whereas H/C and O/C ratio were composed of three 

component peaks. Three to five peaks were identified in MW distributions. As previously 

mentioned, only component peaks representing more than 10% of the signal were plotted in this 

study. Van Krevelen plots for unpyrolyzed and pyrolyzed grass- and wood-derived DOM, 

compiled from the mean H/C and O/C ratios of deconvoluted curve are shown in Figure 8 and 9. 

The uncharred Eastern Cedar (EC25) DOM had two distinct H/C components around 1.2 (± 0.3) 

and 1.8 (± 0.1); and two distinct O/C components around 0.20 (± 0.06) and 0.5 (± 0.07). Similar 
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H/C (1.1 ± 0.1; 1.6 ± 0.2) and O/C (0.20 ± 0.05; 0.6 ± 0.08) components were observed in the 

DOM from the uncharred Switchgrass (SG25) but there was an additional H/C and an O/C 

component centered at 1.0 ± 0.1 and 0.40 ± 0.07 respectively, that was present in SG25 but not 

EC25. In Eastern Cedar, H/C and O/C ratio components represented 9 and 91% of total signal 

respectively, whereas in grass material, 100% of signal was represented for both ratios. 

 

 

 

 
Figure 7. Binned FT-ICR MS spectra and distribution curve of Carbon number (C#), atomic H/C 
ratio (H/C) and atomic O/C ratio (O/C) for unpyrolyzed Switchgrass (SG25). 
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Figure 8. Van Krevelen diagram of Eastern Cedar DOM before and after pyrolysis. Points 
represent intersection of peak centers of deconvoluted H/C ratio (H/C) and O/C ratio (O/C) 
distribution curves with corresponding percent distribution. Different classes of organic matter 
were after Kuhnert et al.53 and Hertkorn et al.54 
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Figure 9. Van Krevelen diagram of Switchgrass DOM before and after pyrolysis. Points 
represent intersection of peak centers of deconvoluted H/C ratio (H/C) and O/C ratio (O/C) 
distribution curves with corresponding percent distribution. Different classes of organic matter 
were after Kuhnert et al.53 and Hertkorn et al.54 
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terpene/terpenoids (herein referred to collectively as terpenoids) dominating plant materials.13, 55-

58 Consistent with expectations for lignocellulose-rich feedstocks,33, 36, 59-60 phenolics accounted 

for the highest proportion of H/C and O/C FT-ICR MS signal in both EC25 and SG25 derived 

DOM (Fig. 8 and 9). The overall higher H/C ratios in DOM phenolics from SG25 (H/C = 1.6) 

versus that from EC25 (H/C = 1.1) is attributable to the fact that lignocellulose in grasses and 

other soft tissues is dominated by cinnamyl-type phenolics (cinnamyls) while that in hard tissues 

are dominated by syringyl-type phenolics (syringyls).2 For example, the H/C and O/C ratios in 

DOM phenolics from SG25 can be replicated by assuming that the FTI-CR MS signal is being 

obtained from syringic acid ([C9H10O5]n) or D-glucose dimers or monomers covalently bonded to 

syringic acid via glycosidic bonds (i.e. [O4H10C5C]n —O —[CC8H9O4]y). Similar glycosidic 

bonding between D-glucose subunits and cinnamyl alcohols could also account for the higher 

H/C and slightly lower O/C ratios in DOM phenolics in SG25, compared to that in EC25. For 

example, the binding of D-glucose units to sinapyl alcohol (C11H14O4); (i.e. [O4H10C5C]n —O —

[CC10H13O3]y) yields a H/C and O/C ratio of 1.4 and 0.5 respectively. 

In addition to phenolics, terpenoids were also significant components of DOM extracted 

from the uncharred EC and SG feedstocks (Fig. 8 and 9). Compared to phenols, these terpenoids 

had a lower O/C (~ 0.2 in both EC25 and SG25) with the higher relative proportions in EC25 

(35%) versus SG25 (17%) being consistent with a higher terpenoid content expected in conifer 

versus non-conifer feedstocks.61 The O/C signatures for terpenoids were all but absent from 

DOM extracted from EC and SG charcoals, produced at 300 or 400 oC. This was indicative of 

the pyrolysis process thermally altering the terpenoids through, 1) condensation into non-

dissolvable organic matter, 2) volatilization/mineralization to the gas phase, or 3) fragmentation 

and oxidation of larger molecules. The latter two possibilities are most likely in this study. 

Terpenoids are major contributors to the aromas plants produce and of such are expected to be 
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volatile upon pyrolysis. For example, α-pinene, a common terpenoid in conifers like Eastern 

Cedar has a boiling point of 155 oC62 and therefore would have been easily volatilized during 

pyrolysis. The high degree of unsaturation – and commensurate lack of condensed domains - in 

the chemical structure of terpenoids also make them particularly susceptible to cleavage during 

the charring process.63-64 Cleavage and fragmentation, via demethylation (the loss of CH3) and 

C-C chain or alicyclic ring breaking mechanisms of organic molecules in plant materials, are 

well established as dominant charring steps and would account for the loss in terpenoid signature 

in DOM from charred samples.65-66 The shift towards higher O/C ratios for any remaining 

“terpenoid-like” features (e.g. around 0.35 in EC300; Fig. 8) in charcoal-derived DOM suggests 

a more oxidized structure in remnants of thermal cleavage than in DOM extracted from 

unpyrolyzed materials. 

In contrast to terpenoids, O/C signatures for the phenolics (albeit thermally-transformed) 

were not significantly shifted with charring of the EC or SG feedstocks. Irrespective of the 

feedstock material, phenolics with O/C signatures around 0.5 dominated the DOM – accounting 

for 56, 64 and 95% of total O/C response in DOM extracted from EC25, EC300 and EC400; as 

well as 46, 94 and 90% in DOM extracted from SG25, SG300 and SG400 respectively. The 

general persistence of phenolics, and the increase in the relative proportion of those with O/C 

ratios around 0.5, was indicative of their preferential accumulation with pyrolysis. Such 

accumulation is congruent with the preferential loss of more thermally-labile components (e.g. 

terpenoids) and/or thermal alteration to yield a higher proportion of thermally-stable oxygen-rich 

phenolics. 

Thermal alteration to yield higher proportions of more thermally-stable oxygen-rich 

dissolved phenolics is well supported by observed changes in H/C ratios of phenolic components 

with increasing charring temperature (Fig. 8 and 9). For Eastern Cedar, the average H/C ratio of 
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the dominant phenolic component was 1.1, 1.0 and 0.8 in the DOM extracted from EC25, EC300 

and EC400, respectively.  With Switchgrass, the average H/C ratios for the dominant phenolic 

component in DOM from SG25, SG300 and SG400 were 1.6, 1.0 and 0.8 respectively.  The 

observed changes in H/C (-0.1 to -0.2 units) to those for O/C (<<< ± 0.1 units), with increased 

charring temperature, was reflective of net dehydrogenation (and hence net oxidation) of 

phenolic components in the extracted DOM. It is also worth noting that although DOM from 

EC300 and SG300 showed some evidence of other phenolic components with high average H/C 

ratio (H/C > 1.1; Fig. 8), EC400 and SG400 lacked these components; indicating an overall 

intensification of net dehydrogenation between charring temperatures.  

At charring temperatures ≤400 oC, net dehydrogenation (or net oxidation) in 

lignocellulose is due to the sequential or simultaneous demethylation (loss of CH3), 

demethenylation (loss of CH2), demethoxylation (loss of OCH3) and/or chemical dehydration 

(loss of OH and H) of hemicellulose, cellulose and lignin fractions.65-66 The net loss of H:O (or 

H:C) associated with these dehydrogenation mechanisms range between 2:1 to 3:1 with varying 

combinations being active and needed to explain observed changes in H/C and O/C in extracted 

DOM from different charcoals. For example, in Figure 8, the slight loss in O/C ratio of the 

dominant phenolic component in EC-derived DOM points to demethoxylation and/or chemical 

dehydration of lignocellulose as the primary mechanisms responsible for net dehydrogenation in 

EC300 and EC400 DOM compared to that extracted from EC25. Conversely, the slight increase 

in O/C ratio (with charring temperature) for the dominant phenolic component in SG-derived 

DOM reflects a higher degree of preservation of structural oxygen and points to demethylation 

and/or demethenylation of lignocellulose side chains as the primary mechanisms driving net 

dehydrogenation in SG300 and SG400 DOM. The eventual loss of components with H/C ratio > 

1.1 in DOM extracted from the 400 oC charcoals is attributable to the combined intensification of 
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these mechanisms on the side-chains of lignin subunits and the thermally-induced ring 

opening/disintegration of cellulose. 

Despite the similarity in hydrogen and oxygen character of wood and grass material, key 

differences were observable in the proportion of these components. At 300 oC, the most 

dominant component of grass material accounted for 20% more of H/C ratio distribution signal 

and 30% more of O/C ratio distribution signal than wood material. The dominance of this 

component in grass relative to wood material may be attributable to the higher proportion of 

hemi-cellulose/cellulose in grass material. Switchgrass is composed of a higher percent of labile 

hemicellulosic carbohydrates (30% hemicellulose) than Eastern Cedar (19% hemicellulose)67-68. 

Hemicellulose is largely degraded at 300 oC, however, cellulose compounds begin to degrade at 

315 oC and is mostly degraded by 400 oC after which lignin degradation is dominant.66  The 

greater thermal resistance of wood relative to grass material, as well as the lower hemicellulosic 

content, suggests that degradation of this labile fraction is more protected in wood material hence 

its presence at 300 oC. At 400 oC, low H/C ratio component accounted for 40-54% of signal 

distribution while low O/C ratio component dominated Py-DOM structure accounting for 90-

95% of signal distribution. Py-DOM of Eastern Cedar and Switchgrass showed a greater loss in 

H/C relative to O/C and moved towards a carboxyl-rich alicyclic configuration with increasing 

temperature. Thermal alteration reduces H/C ratio by fragmentation and dehydration of parent 

material, converting O-alkyl C to Furan-like structures.57, 60 Furthermore, Kramer et al.12 also 

identified the presence of hydrogen deficient oxygenated structures (e.g. carboxylics) in 

pyrolyzed humic acids. Terpenoids have also been identified as precursors for the formation of 

carboxyl-rich alicyclic molecules (CRAMS).64, 69 Hence upon pyrolysis, terpene compounds (21-

71% of H/C distribution and 17-35% of O/C distribution) may drive the formation of CRAMS. 

Both wood and grass displayed a greater loss in H/C relative to O/C, and assumed similar 
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structures at 400 oC. H/C ratios dropped from 1.2 and 1.6 in unpyrolyzed wood and grass 

material respectively, to 0.8 in pyrolyzed material. The dominant high H/C ratio component and 

the greater loss of H/C seen in grass material compared to wood material is attributable to higher 

proportion of carbohydrates in cellulose-rich material and lower thermal resistance.  

Formulas and associated molecular weights calculated from C#, H/C and O/C ratio are 

presented in Table 3. Molecular weights ranged from 359 Da to 784 Da in Eastern Cedar and 

from 336 Da to 666 Da in Switchgrass, and were consistent with that of DOM in a forested 

watershed.70 Calculated molecular weights may be slightly underestimated as nitrogen, sulfur, 

phosphorous and sodium distribution curves were not included in formula calculations. Formulas 

of calculated compounds and the two most abundant components from MW distribution curve 

are presented in Figure 10. The two most abundant components of MW distribution curve 

consisted of a dominant lower molecular weight fraction and a less dominant higher molecular 

weight fraction. These components represented a combined minimum of 83% (EC25) to a 

combined maximum of 99% (EC400) of total signal. All calculated molecular weights fell within 

one standard deviation of the two most abundant components from MW distribution curve 

except in unpyrolyzed material (50% and 73% of calculated molecular weights for EC25 and 

SG25 respectively). 

 

Table 3. Calculated molecular formulas and weights for uncharred and pyrolyzed Eastern Cedar 
and Switchgrass material. 

Sample Molecular formula (CxHyOz) Molecular weight (Da) 

EC25 C24H28O5 396 
 C24H42O5 410 
 C24H28O12 508 
 C24H42O12 522 
 C36H42O8 602 
 C36H64O8 624 
 C36H42O18 762 
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Sample Molecular formula (CxHyOz) Molecular weight (Da) 

 C36H64O18 784 
   
EC300 C19H19O7 359 
 C19H25O7 365 
 C19H34O7 374 
 C19H19O9 391 
 C19H25O9 397 
 C19H34O9 406 
 C26H26O9 482 
 C26H34O9 490 
 C19H47O9 503 
 C26H26O13 546 
 C26H34O13 554 
 C19H47O13 567 
   
EC400 C18H11O9 371 
 C18H15O9 375 
 C18H21O9 381 
 C27H15O13 547 
 C27H17O13 549 
 C27H32O13 564 
   
SG25 C21H20O4 336 
 C21H24O4 340 
 C21H33O4 349 
 C21H20O9 416 
 C21H24O9 420 
 C21H33O9 429 
 C21H20O12 464 
 C21H24O12 468 
 C29H28O6 472 
 C29H32O6 476 
 C21H33O12 477 
 C29H46O6 490 
 C29H28O12 568 
 C29H32O12 572 
 C29H46O12 586 
 C29H28O17 648 
 C29H32O17 652 
 C29H46O17 666 
   
SG300 C19H19O9 391 
 C19H26O9 398 
 C26H26O12 530 
 C26H35O12 539 
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Sample Molecular formula (CxHyOz) Molecular weight (Da) 

   
SG400 C18H11O9 371 
 C18H14O9 374 
 C18H20O9 380 
 C27H16O14 564 
 C27H21O14 569 
 C27H30O14 578 

 
 

By combining ratio distributions and molecular weight distribution curves, the molecular 

formula and mass of each sample can be reasonably inferred. For example, in EC25, the two 

most abundant MW components, representing a combined 83% of signal distribution were 410 ± 

39 Da and 490 ± 40. Additionally, the calculated molecular formula of compounds falling within 

one standard deviation of these components was C24H28-42O5-12. Therefore, it can be inferred that 

compounds with a molecular formula of C24H28-42O5-12 and a mass range between 371-530 Da is 

most representative of EC25. Likewise, in SG25, most compounds have a molecular formula and 

weight of C21-29H20-46O4-12 and 347-633 Da respectively. In pyrolyzed material, DOM had the 

following molecular formulas and weights: C19-26H19-47O7-13 in EC300 (297-621 Da); C19-26H19-

35O9-12 in SG300 (302-629 Da); C18-27H11-32O9-13 in EC400 (294-623 Da) and C18-27H11-30O9-14 in 

SG400 (309-610 Da). The dominance of oxygenated compounds (CxHyOz) agreed well with 

previously published studies of DOM in terrestrial and marine aquatic systems.11, 51 
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Figure 10.  Two most dominant components of molecular weight distribution curve (± 1 SD) 
and calculated molecular weights (x) from Carbon number (C#), atomic H/C ratio (H/C) and 
atomic O/C ratio (O/C) for Eastern Cedar and Switchgrass. 
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CHAPTER II 

ENERGY-DEPENDENT RESPONSE OF PYROGENIC DISSOLVED ORGANIC MATTER 

(PY-DOM) AS ELUCIDATED THROUGH STEADY STATE AND TIME RESOLVED 

FLUORESCENCE SPECTROSCOPY 

Introduction 

The reactivity and hence susceptibility to degradation of Py-DOM is predominantly a 

function of feedstock chemistry and pyrolysis conditions71-73 with lightly charred plant materials 

being more susceptible than their more condensed counterparts.74 Biotic degradation of Py-DOM 

is well understood,75-76 however its abiotic transformation (e.g. via photodegradation) is not. The 

more aromatic nature of Py-DOM compared to non-pyrogenic DOM has been suggested as a key 

factor in its photodegradability with more aromatic Py-DOM being more photo-reactive and 

producing the more labile compounds favored by microbes.22, 25 Stubbins et al.22 reported a 95% 

decrease in marine Py-DOM after 28 days of artificial irradiation compared to 76% in DOM. 

However as noted in Chapter I, and other studies,9, 11, 77-78 Py-DOM of wood and grass material 

contain a significant proportion of highly oxygenated carboxylic-rich alicyclic molecules 

(CRAM). In addition, photodegradation of Py-DOM produces highly oxidized compounds of 

unknown reactivity.25 Consequently, despite improved estimates of Py-DOM in aquatic 

environments,6, 79-82 significant knowledge gaps exist with respect to the rate and mechanistic 

aspects of their photodegradation. 

Chapter I highlighted key differences in the components of base extracted DOM/Py-

DOM as a function of pyrolysis and feedstock using fluorescence spectroscopy and FT-ICR MS. 

This Chapter identifies systematic changes in the fluorescence behavior of different Py-DOM (in 

response to solar exposure) to develop quantitative perturbation-response relationships under 

conditions of varying exposure duration, and solution chemistry. Both steady state and time-
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resolved fluorescence spectroscopy measurements were utilized to elucidate the bulk rate of 

photodegradation and the underlying components contributing to its photodegradation. Specific 

focus will be placed, on the monitoring of changes in the operationally defined fulvic-like 

(soluble under all pH conditions) and humic-like (soluble only under basic pH conditions) 

components of Py-DOM extracted from a natural grass-derived and a wood-derived charcoal. 

Materials and Methods 

Preparation of charcoals and extraction of Py-DOM 

 Plant material was sampled from the Fort Worth Nature Center (Fort Worth, TX, USA) in 

January 2017. Material preparation prior to charring was as outlined in Chapter I (pg. 8). 

Samples were then tightly placed into quartz tubes; tubes were tightly wrapped in aluminum foil 

(to produce oxygen-limited conditions) and then charred in a laboratory tube furnace 

(Thermolyne, Dubuque, IA). Charring was from room temperature to the target pyrolysis 

temperatures of 400 °C at a ramp rate of 25-30 °C/min and kept at target pyrolysis temperature 

for 1 h. After the one hour pyrolysis period, the furnace was kept closed and allowed to cool to 

room temperature before the resulting charcoals were removed. Charcoals were then ground, 

sieved (250 μm) and stored in air-tight glass jars at room temperature. 

Pyrolysis of feedstock produces a suite of (partially) oxidized lignocellulose products of 

varying solubility, thus, varying rates of photodegradation is expected among different Py-DOM 

and between DOM and Py-DOM.13, 83 For example, humic substances (humic acid and fulvic 

acid) possess common aromatic/aliphatic structures and functional groups such as carboxyls and 

phenols, however, the size and configuration of these compounds vary.32 As such, both the 

humic acid and fulvic acid  fractions were targeted in extracting Py-DOM from the charcoals. 

DOM from feedstock and charred samples were extracted using ultra-high quality water (18MΩ; 

ThermoScientific, Waltham, MA) and 0.1M NaOH. Between 1 and 2 g of charcoal were 
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weighed into 50-mL centrifuge tubes and 40 ml of extractant added to make an unaltered 

feedstock/charcoal-extractant suspension. Two DOM extraction approaches were initially tested. 

One with unaltered feedstock/charcoal-extractant suspensions shaken on a horizontal shaker for 

24 h at room temperature and another using microwave-assisted extraction (8 oC/min to 80 oC 

and held for 1.5 h). For both extractants (water and NaOH), microwave assisted yielded more 

DOM. As such, this technique was chosen. Following microwave-assisted extraction, samples 

were vacuum filtered (0.7μm glass fiber filter; Pall Corporation, NY) and the resulting DOM/Py-

DOM-containing extract used as the stock solution for fluorescence experiments.  DOM/Py-

DOM nomenclature was referenced by parent material abbreviation, pyrolysis temperature, and 

extractant, thus Eastern Cedar pyrolyzed a 400 oC and extracted using water was referenced as 

EC400W while that extracted using NaOH was referenced as EC400B. 

Sample irradiation 

 Stock solution for photodegradation experiments were diluted with ultra-high quality 

water to 200 mL and adjusted to pH 5 using 0.1 N HCL. Photodegradation experiments were 

conducted in specialized quartz tubes built in house. Internal and outside diameter of quartz 

tubes was 21 mm and 25 mm respectively, with an internal volume of ≈ 125 ml. Light-exposed 

and dark control treatments (wrapped in aluminum foil) were filled with 100mL of stock 

solution, crimped and placed in autoclave at 121 oC for 30 min. A 20G syringe needle was 

placed in septa of each tube to facilitate the release of any accumulated gases. After autoclaving, 

samples were placed in a dark container to cool to room temperature. A specially designed 

plywood box measuring 4ft x 4ft x 1ft (LXWXH) was built to hold quartz tubes exposed to 

sunlight. Box was placed in direct sunlight and 2 ml of sample was collected in triplicate after 

1h, 2h, 4h, 6h, and 8h (Fig.11). Solar irradiance was recorded at 5 min intervals using a solar 

irradiance meter (Seaward, Tampa, FL) and was typical with that expected in March in the area 
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(16.2-18 MJ m-2; Fig. 12).84 Absorbance (UV-vis), steady state fluorescence, and fluorescence 

lifetime measurements were carried out concurrently with triplicate sampling. 

 

 
Figure 11. Quartz tubes containing Py-DOM/DOM extracts of Eastern Cedar and extracts 
exposed to solar radiation. Solar irradiance meter (pictured in yellow) recorded at 5 minute 
intervals. 
 
 
Absorbance, steady state fluorescence and time-resolved fluorescence measurements  

All absorbance and fluorescence measurements were done at a path length of 1 cm. For 

absorbance, samples were measured at wavelengths of 254, 365 and 405nm prior to sunlight 

exposure and at each sampling interval (1h, 2h, 4h, 6h and 8h) using an Evolution 220 UV-vis 

spectrophotometer (ThermoScientific, Waltham, MA). The ratio of absorbance at λabs 254 nm 

(E2) to λabs 365 nm (E3) were used to calculate the E2:E3 indicator; a UV-vis proxy of DOM 

size and structure, with an increase in E2:E3 ratio indicating a decrease in molecular size and 
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aromaticity.85 Steady state fluorescence emission spectra for each sample were collected at an 

excitation wavelength of 405 nm and observed between emission wavelengths of 430 nm and 

700 nm (Cary Eclipse fluorescence spectrophotometer; Varian Inc., Palo Alto, CA). The 

fluorescence emission spectra for both the 0.1 M NaOH solution and water was used to correct 

the sample spectra for Raman scattering effects. Steady state fluorescence spectra were used to 

determine suitable excitation and observation parameters for the lifetime measurements. 

Fluorescence lifetime measurements followed the same procedure as outlined in Chapter I (pg. 

10). 

 

 
Figure 12. Average energy (kW h m-2 d-1) in March across the conterminous United States 
between 1998 and 2005.84 
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Results and Discussion 

Energy-induced changes to bulk characteristics of extracts 

Prior to exposure, sample absorbance at 254 nm ranged from 0.347 in SG400B to 1.26 in 

EC25W and from 0.064 in EC400B to 0.189 in EC25W at 365 nm. Values of E2:E3 for Eastern 

Cedar followed the order (EC25B (3.44) < EC400W (5.80) < EC25W (6.67) ≈ EC400B (6.83). 

In Switchgrass, E2:E3 ascended in the order SG400W (2.64) < SG400B (3.61) < SG25W (4.15) 

< SG25B (5.39). In general, E2:E3 was higher in base- versus water-extracted DOM, 

unpyrolyzed versus pyrolyzed DOM and wood versus grass DOM. The exception to this trend 

was seen in EC25B which had a lower E2:E3 than EC25W, EC400B and SG25B respectively. 

The lower E2:E3 may be due to the high proportion of terpene compounds present in base-

extracts of Eastern Cedar identified by ultra-high resolution mass spectrometry in Chapter I. 

Base extracts of Eastern Cedar contain a higher proportion of humics than water extracts; in 

addition, terpene compounds are largely degraded by 400 oC and would also be more prevalent 

in conifer versus non-conifer feedstock. Therefore, terpene compounds are expected to be more 

prevalent in base- versus water-extracted, pyrolyzed versus unpyrolyzed and conifer versus non-

conifer feedstock DOM. It is not always explicit as to whether E2:E3 is a better indicator of 

molecular size and/or aromaticity in this sample set. For example, results suggest that base-

extracted DOM, pyrolyzed DOM and wood DOM generally contains smaller and/or less 

aromatic components than water-extracted DOM, unpyrolyzed DOM and grass DOM 

respectively. However, while smaller, less aromatic compounds is expected in pyrolyzed versus 

unpyrolyzed materials, such a trend is not expected in base- versus water-extracted and wood 

versus grass DOM. 

Another use of the E2:E3 proxy is in the assessment of photodegradation extent.77 Hence 

E2:E3 values at each sampling interval can be used to estimate the relative size/aromaticity of 
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materials with increasing solar exposure. Figure 13 shows irradiance curve plotted from 

integration of energy measurements taken at 5 min. intervals. Total energy input after 1h, 2h, 4h, 

6h and 8h was 1.3, 3.4, 9.1, 15.1 and 19.2 MJ m-2 respectively (Table 4). Except for EC25W, 

E2:E3 increased with increasing sunlight exposure consistent with an increase in the proportion 

of smaller and/or less aromatic components and pointing to evidence for photodegradation via 

the preferential breakdown of large, aromatic structures (Fig. 14). In EC25W, E2:E3 increased 

after 1 h but decreased thereafter. While this does not exclude photodegradation in EC25W, it 

suggests a different mechanism than in other extracts. 

 

 
Figure 13. Integrated irradiance measurements taken at 5min interval. Labelled points on curve 
indicate sampling times. 
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Figure 14. E2:E3 of Eastern Cedar and Switchgrass extracts at select sample intervals (0h, 1h, 4 
h and 8h). 
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Table 4. Sampling times and corresponding incident energy during that period. 
Time (hours) Energy input (MJ m-2) 

0 0 
1 1.32 
2 3.44 
4 9.09 
6 15.1 
8 19.2 

 
 

Steady state emission spectra (λex 405 nm) collected at each sampling interval and 

revealed a broad peak centered around 440 nm – 470 nm in all samples, consistent with that 

expected of a heterogeneous mixture of multiple fluorescent components.39 A second peak, 

centered at 520 nm was observed only in EC25B and was not seen in spectra after 1 h of 

exposure. Given the small change in E2:E3 ratio over the same period, (Fig. 14), it is unlikely 

that the loss of this second peak is associated with any drastic shifts in molecular size/aromaticity 

of DOM. For quantitative spectral comparison, temporal fluorescence intensity (I) of each 

sample (0h, 1h, 2h, 4h, 6h, 8h) was divided by the initial fluorescence intensity (I0) and presented 

as I/I0. In all samples, I/I0 decreased after 8 hours of exposure and was fitted using a non-linear 

regression one phase decay model or an initial plateau constrained one phase decay model (for 

EC25B) represented by: 

 

(1)  

or 

(2)  

 

where x0 is the time at which the decay begins, β is the y value at infinite times, and ϕ is the 

pseudo-first order rate constant of the reaction. Other parameters derived from the model include 
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the half-life (t1/2) of the reaction, and the degraded fraction (DOMdeg) computed as 1 – residual, 

where residual refers to remaining DOM after 8 hours of exposure. 

Model fit parameters for all samples are presented in Table 5. Pyrolysis and extractant 

had no effect on DOMdeg however DOM from EC samples were more photodegraded than that 

from Switchgrass after 8 hours of sunlight exposure (Fig. 15). Switchgrass samples, lost roughly 

49 to 55% of DOM after 19.2 MJ m-2 of energy input over 8 h compared to EC samples which 

lost 72 to 85% for the same energy input over the same period. The greatest loss was observed in 

EC25W. This was surprising because the E2:E3 ratio of EC25W decreased only slightly after 

19.2 MJ m-2, suggesting a slight increase in molecular size/aromaticity. However, as previously 

mentioned, E2:E3 of EC25W increased after 1.3 MJ m-2 energy input. This decrease in 

size/aromaticity after 1 h agrees well with the comparatively short t1/2 (0.45 h) and high ϕ (1.55 

h-1) which suggest that a large fraction of EC25W was degraded within 1 h (1.3 MJ m-2). 

 

Table 5. Photodegradation model fit parameters for Eastern Cedar and Switchgrass. DOMdeg 
calculated as 1-resiudal where residual refers to the remaining DOM after 8 hours.  

Materials Parameters 
Eastern Cedar DOMdeg t1/2 (h) Rate ϕ (h-1) R2 

EC25W 0.85(±0.01) 0.45 1.55(±0.12) 0.998 

EC400W 0.72(±0.03) 1.51 0.46(±0.06) 0.994 

EC25B 0.75(±0.03) 1.05 0.66(±0.13) 0.998 

EC400B 0.72(±0.02) 1.39 0.50(±0.05) 0.997 
Switchgrass     

SG25W 0.52(±0.00) 0.71 0.98(±0.04) 0.998 

SG400W 0.51(±0.06) 1.21 0.57(±0.20) 0.949 

SG25B 0.49(±0.02) 0.43 1.61(±0.36) 0.984 

SG400B 0.55(±0.13) 0.96 0.72(±0.13) 0.983 
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Values of ϕ were inversely related to t1/2 such that water-extracted pyrolyzed Eastern 

Cedar had the lowest ϕ (0.46 ± 0.06) and longest t1/2 (1.51) while base-extracted unpyrolyzed 

Switchgrass had the highest ϕ (1.61 ± 0.36) and shortest t1/2 (0.43). It should be noted however, 

that standard error of ϕ for pyrolyzed material indicated no significant difference between 

EC400W and SG400W as well as EC400B and SG400B. All half-lives except EC25B were less 

than 2 h thereby suggesting that less than 3.44 MJ m-2 of energy was required to degrade 50% of 

initial DOM. Switchgrass samples had a higher ϕ and shorter t1/2 than Eastern Cedar samples in 

similar treatments except in unpyrolyzed water extracts. These results suggest that although 

DOMdeg was higher in wood than in grass, the structure and composition of grass extracts 

degrade more readily than wood material. Unpyrolyzed material showed a higher susceptibility 

to photodegradation than pyrolyzed samples, having both a higher ϕ and shorter t1/2, however 

standard error indicated no statistical difference between ϕ of EC25B (0.66 ± 0.13) and EC400B 

(0.50 ± 0.05). Extractant had minimal effect on the photodegradability of DOM in pyrolyzed 

extracts, however in unpyrolyzed samples, the opposite is true. EC25B had a higher ϕ and 

shorter t1/2 than EC25W, however, in grass material, SG25W had a lower ϕ and longer t1/2 than 

SG25B. 
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Figure 15. Non-linear regression curve fit of I/I0 for Eastern Cedar and Switchgrass over an 8-
hour period of sunlight exposure. 
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Energy-induced component specific response 

Time-resolved fluorescence measurements were performed under standard conditions as 

described previously with an excitation wavelength at λex 405 nm and the emission was 

monitored at λobs 500 nm. Amplitude average lifetimes were 1.4 (EC25B), 2.4 (EC25W), 4.1 

(EC400B) and 4.5 ns (EC400W) for DOM extracted from Eastern Cedar and 1.7 (SG25B), 2.3 

(SG25W), 2.9 (SG400B), and 3.2 ns (SG400W) for that extracted from Switchgrass (Table 6). In 

general, amplitude average lifetimes were longer in pyrolyzed material, water extracted DOM, 

and wood feedstock (except in EC25B) than in unpyrolyzed material, base-extracted DOM and 

grass feedstock respectively. Deconvolution of multi-exponential fluorescence decay curve 

revealed three components with amplitude weighted lifetimes of: 0.4-1.2 ns (τ1), 2-5 ns (τ2) and 

5-11 ns (τ3). Each component followed a similar trend with regards to extractant, material and 

pyrolysis as seen in amplitude average lifetimes (i.e., lifetimes were longer in pyrolyzed 

material, water extracted DOM, and wood feedstock for each component). The proportion of 

fluorophores contributing to the total amplitude weighted fluorescence followed the order α1 > 

α2 > α3 except in EC25W and EC400W extracts which followed the order α2 > α1 > α3. 

After 8 hours of exposure, both τ1 and τ2 decreased, whereas τ3 generally increased in all 

samples except EC25B (Fig. 16, 17 and 18). In general, percent change in α was higher in 

unpyrolyzed samples than in pyrolyzed samples indicating that fluorophores in DOM from 

unpyrolyzed materials were more responsive to solar inputs than DOM from pyrolyzed materials 

(Fig. 19, 20, 21 and 22). For example, in EC25W, 19 MJ m-2 of energy input decreased α2 and α3 

by 56% and 28% respectively, however, in EC400W, the same energy input decreased α2 and α3 

by only 10% and 4% respectively. Photodegradation of components in Eastern Cedar material 

was also influenced by extractant. Both α2 and α3 were photodegraded in EC25W and EC25B, 

however, energy required to degrade α3 was higher in base than in water extracts. In EC25W, 
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24% of α3 was lost after 1.3 MJ m-2 energy input, however, in EC25B, no loss was observed 

below 9.1 MJ m-2 and only 8% was lost after 19.2 MJ m-2. 

 

 
Figure 16. Component 1 lifetimes for Eastern Cedar and Switchgrass at sampling intervals of 0h, 
1h, 4h, and 8h. 
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Figure 17. Component 2 lifetimes for Eastern Cedar and Switchgrass at sampling intervals of 0h, 
1h, 4h, and 8h. 
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Figure 18. Component 3 lifetimes for Eastern Cedar and Switchgrass at sampling intervals of 0h, 
1h, 4h, and 8h. 
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The energy-induced, component-specific responses of unpyrolyzed material agreed well 

with bulk fluorescence character. Trends in DOMdeg agreed well with α2, suggesting that bulk 

changes are driven by this component. Trend in ϕ values were consistent with trends in α3, 

indicative of the response of this component limiting the rate of reaction and hence kinetics of 

photodegradation.  In unpyrolyzed samples, α2 decreased by 56%, 22%, 37% and 3% in EC25W, 

SG25W, EC25B and SG25B respectively after 19.2 MJ m-2 energy input. During that same 

period α3 decreased by 28%, 4%, 8% and 12% in EC25W, SG25W, EC25B and SG25B 

respectively. No loss in α3 was observed in SG25W and EC25B prior to 19.2 MJ m-2. This 

suggested that at least in unpyrolyzed material, component 2 was most photodegradable and 

component 3 had the highest contribution to the reaction rate constant. Discrepancies observed in 

bulk fluorescence measurements of EC25B were also observed in component lifetimes (τ1 and τ3) 

and amplitude weighted fractions (α1 and α3) of EC25B. In the first hour of exposure, an increase 

in τ1 and a decrease in τ3, coincided with the loss of the fluorescence emission peak centered at 

520 nm, and the β region of non-linear regression curve fit. The cause of these discrepancies was 

unknown; however, while there was no increase in α1 after 1 h (1.3 MJ m-2), α3 increased by 

100%, thus making the α3 component the most likely reason for those observed bulk 

discrepancies. Changes in α of pyrolyzed samples were not as pronounced as in unpyrolyzed 

samples. The most notable component-specific responses observed in pyrolyzed samples were 1) 

fractionable loss in α1 after 1 h that was not observed in unpyrolyzed samples (maximum of 7% 

in EC400B); 2) an increase in energy input required to photodegrade α2; and 3) minimal losses 

observed in α3 with no loss observed in grass material. 
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Figure 19. Effect of sunlight exposure on fluorophore population (α) of water-extracted Eastern 
Cedar. Note difference in y axis scale. 
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Figure 20. Effect of sunlight exposure on fluorophore population (α) of base-extracted Eastern 
Cedar. Note difference in y axis scale. 
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Figure 21. Effect of sunlight exposure on fluorophore population (α) water-extracted 
Switchgrass. 
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Figure 22. Effect of sunlight exposure on fluorophore population (α) of base-extracted 
Switchgrass.  
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CHAPTER III 

CONCLUSIONS 

Base-extracted DOM/Py-DOM from Eastern Cedar and Switchgrass were characterized 

using time-correlated single photon counting (TCSPC) and Fourier transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS). Time-correlated single photon counting revealed a 

low, mid and high lifetime component similar to that observed in terrestrial aquatic and marine 

systems.39 Higher molecular weight fraction and low lifetime component (τ1) possibly represents 

polyaromatic lignin backbone of humic substances. Average and component lifetimes increased 

with increasing pyrolysis temperature; whereas fluorophore population, as indicated by 

amplitude weighted lifetime proportion (α), increased with pyrolysis temperature in mid and high 

lifetime component but decreased in low lifetime component. The principal drivers of average 

and component lifetimes were lignocellulose degradation products. Hence increase in 

fluorophore population may be attributable to cleavage of polymeric lignin phenols and 

levoglucosan formation, whereas carboxyl/carbonyl groups may be responsible for decrease of 

lifetime component. 

Although it is difficult to establish the specific components driving variation in DOM vs. 

Py-DOM character, the behavior of component fractions observed using FT-ICR MS agreed well 

with the component fractions using lifetime spectroscopy. Unpyrolyzed material was dominated 

by phenolic and terpenoid compounds. Phenolic compounds in unpyrolyzed grass material 

dominated by cinnamyls, was more hydrogen rich than in wood material which was dominated 

by syringyls. Proportion of terpenoids was higher in wood versus grass material but was mostly 

absent from both materials upon pyrolysis. Thermal cleavage and fragmentation of long chain 

and/or alicyclic terpene compounds was responsible for the loss of this component and the shift 

of DOM to a more oxidized structure upon pyrolysis. A net-dehydration observed in both 
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materials upon pyrolysis shifted the molecular structure of the phenolic component to a more 

thermally-stable oxidized configuration. The fragmentation and net-dehydration of wood and 

grass material shifted the composition of samples to a carboxylic-rich alicyclic configuration 

with increasing pyrolysis temperature. Both wood and grass samples were comprised of a low 

and a high molecular weight component which decreased upon pyrolysis. However, similar MW 

was observed in components from pyrolyzed sample extracts suggesting that despite the 

alteration of the soluble component of plant material upon charring, no significant modification 

occurs upon further pyrolysis. This was supported by proposed molecular formulas which 

showed significant variation in carbon and hydrogen number upon pyrolysis, however little 

variation was observed between charred extracts. 

In photodegradation experiments, UV-vis absorbance measurements and steady state 

fluorescence spectra provided a good overview of bulk characteristics of samples and changes in 

DOM size and structure. The E2:E3 proxy for molecular size and aromaticity, was not found to 

be a robust method for tracing energy-induced changes to molecular size and/or aromaticity of 

samples as a function of extractant, feedstock material, and pyrolysis. The following conclusions 

can be made regarding bulk sample composition and the effect of energy input on bulk 

characteristics of DOM samples: 1) base extracts, wood feedstock, and unpyrolyzed material 

contained compounds of lower molecular weight/aromaticity than water extracts, grass 

feedstock, and pyrolyzed material respectively; 2) sunlight exposure decreased molecular 

weight/aromaticity in all samples; 3) degraded fraction was most dependent on feedstock 

material with a higher proportion of photodegradable compounds in wood than in grass material 

and;  4) rate of photodegradation varied highly as a function of pyrolysis in all samples and 

extractant in unpyrolyzed samples. 
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Photodegradability of lifetime components in unpyrolyzed material agreed well with ϕ 

and DOMdeg parameters obtained from I/I0 model fit. Component 1 was most resistant and 

increased with energy input. Component 3 was the greatest contributor to ϕ whereas component 

2 was most photodegradable. Fluorescence lifetimes of pyrolyzed material was less responsive to 

energy input than unpyrolyzed material, however, key differences were observed between 

unpyrolyzed and pyrolyzed extracts. Thermal alteration of material reduced the resistance of 

component 1, with minimal loss observed in all pyrolyzed samples, while component 2 and 3 

showed an increased resistance to energy input. 

An increase in thermally-stable oxidized products such as carboxylic-rich alicyclic 

molecules (CRAMS) upon pyrolysis is expected to enhance DOM interaction with ionic 

constituents in solution through mechanisms such as cation and anion exchange, protonation, 

cation-bridging, ion-pair formation and ligand exchange.86 This highly oxidized Py-DOM is 

more resistant to microbial degradation and photodegradation than DOM. Ultimately, an increase 

in Py-DOM input in terrestrial aquatic systems points to decreased rates of carbon 

mineralization, and therefore a reduction in the contribution of terrestrial DOM to the deep 

ocean. 
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Quantitative systematic studies are needed to elucidate the both short and long-term 

environmental implications of increasing pyrogenic dissolved organic matter (Py-DOM) inputs 

associated with projected increase in wildfire activity over the next century. Time-resolved 

fluorescence spectroscopy and Fourier transform ion cyclotron resonance were used to 

characterize extracts of unaltered and pyrolyzed wood and plant material. Upon pyrolysis, 

extracts shifted from a predominantly phenolic signature to a carboxylic-rich alicyclic 

configuration. Photodegradation of extracts was commensurate with solar energy exposure. The 

rate of photodegradation and the degradable fraction of DOM was component driven. Results of 

this study point to a disproportionate energy-induced response in components common to 

lignocellulose-derived DOM. Further studies are required to elucidate the mechanistic aspect of 

photodegradation of DOM, and Py-DOM as relates to energy input. 


