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𝐾𝑀 (𝐻2) = 𝐼𝑈𝑃𝐴𝐶 𝑚𝑎𝑠𝑠𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑[2.0000/2.01565]    (4) 

𝐾𝑀 (𝑂) = 𝐼𝑈𝑃𝐴𝐶 𝑚𝑎𝑠𝑠𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑[16.0000/15.99491]    (5) 

𝐾𝑀 (𝐶𝑂𝑂) = 𝐼𝑈𝑃𝐴𝐶 𝑚𝑎𝑠𝑠𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑[44.0000/43.98983]    (6) 

𝐾𝑀𝐷 = [𝑁𝑀 − 𝐾𝑀]                   (7) 

where KM = Kendrick mass, IUPAC mass = the exact peak mass measured based on the formula 

assigned, and NM = nominal mass. The plots displaying the Kendrick mass defect for H2, O, and 

COO, vs. the nominal Kendrick mass (Fig. 24), identify formulas differing from one another by a 

selected mass. Due to the expected reactivity of OH, Kendrick mass defect series were selected 

to show variations in the number of oxygen atoms, and carboxyl groups present, corresponding to 

differences in m/z of 16 and 44 respectively. Similarly, the addition, or removal of hydrogen 

(monatomic or diatomic) can be observed in formulas differing by an m/z of 2. Figure 24 shows 

representative H2, O, and COO KMD series from F5, accounting for roughly 25% of the total 

absorbance for the lignin extract.  The KMD series for oxygen and carboxyl groups show that new 

formulas in +OH treated lignin predominantly plot at higher nominal mass than the initial 

formulas present, consistent with the addition of oxygen functionality to existing formulas (Fig. 

7). KMD analysis for H2 series indicate the opposite to be occurring following OH treatment, with 

the majority of newly produced formulas occurring at the lower mass range of series compared to 

formulas initially present in lignin fractions. The frequently observed loss of hydrogen from initial 

formulas suggests proton abstraction by OH is widely occurring in all fractions, and is consistent 

with the decrease in H/C values in +OH fractions.   
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formulas present in +OH treated fractions are additionally consistent with formulas observed upon 

+OH treatment of the whole lignin extract (Waggoner et al., 2015).    

 In addition to the production of high O/C formulas, loss of the lower O/C formulas present 

in each fraction was observed for the majority +OH treated fractions (Fig. 21), similar to results 

from studies investigating the photochemical and bacterial degradation of DOM (Kujawinski et 

al., 2004). Formulas having O/C values <0.30 were not extensively removed from the more 

hydrophobic fractions (F5-F7), consistent with recent work suggesting OH preferentially reacts 

with hydroxyl substituted aromatic compounds having O/C values between 0.30-0.60, capable of 

serving as radical scavengers (Waggoner et al., 2017). Fractionation of the lignin extract further 

substantiates OH preferential reaction with lignin-like formulas falling within these O/C criteria, 

illustrated by the near complete removal of fractions that exclusively occupy this O/C range, F3-

F4, following +OH treatment. The more hydrophobic fractions (F5-F7) exhibit formulas that are 

largely conserved following OH treatment, possibly indicating a lack of aromatic hydroxyl 

substitution in fractions F5-F7 (Fig. 21). An additional observation is the roughly 60% loss of 

initial formulas from the most hydrophobic fraction (F8), falling outside of the reactive O/C range, 

and predominantly plotting in the aliphatic region (H/C >1.5) (Fig. 21). Loss of these formulas 

could be attributed to the presence of aliphatic alcohols in F8, capable of reacting with OH, and 

resulting in the generation of aliphatic radicals following proton abstraction (Alam et al., 2003).  

4.4 Reactivity of OH with lignin extract  

 The overall reactivity of OH toward various lignin fractions can be further assessed by 

examining the frequency at which formulas occur between fractions, as well as investigating the 

types of common mass loss from formulas. Figure 23 displays a number of changes to the 

frequency of formula occurrences observed in initial lignin extracts compared to +OH treated 
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lignin fractions. Following OH treatment, the most frequently observed formulas plot in the 

tannin-like/oxidized lignin region (O/C >0.60), in contrast to the initial lignin fractions where the 

most frequently occurring formulas are centered in the lignin-like region (0.30> O/C <0.60). The 

frequency of formulas observed in the tannin-like/oxidized lignin region for +OH treated fractions 

would suggest a common reaction pathway, independent of the initial polarity of the fraction. This 

could indicate that hydroxyl groups may be partially responsible for the difference in polarity 

observed by HPLC driving the fractionation/separation of the initial brown rot lignin extract. 

Additionally, the common endpoint of formulas, despite differences in the initial polarity between 

fractions ranging from hydrophilic to hydrophobic, could indicate a similar lignin core structure 

present in all fractions that is undergoing alteration. This further suggests that all fractions likely 

have a lignin origin, and do not likely have major contributions from other sources such as fungal 

biomass.  

 Figure 23 also displays the frequency of formulas most commonly lost from initial 

fractions, along with the frequency of new formulas present in each lignin fraction following OH 

treatment. As expected, the highest frequency of formulas removed coincides with the highest 

frequency of initially present formulas. However, formulas appearing in 4 or fewer fractions with 

O/C values <0.60 are found to be more efficiently removed. These initial formulas occur at lower 

frequency and are largely accounted for by fractions other than F5-F6, representing the most 

substantial portion of the lignin extract based on absorbance (Fig. 19). The efficient removal of 

these formulas could therefore indicate that alteration of lignin-like formulas, e.g. addition of 

hydroxyl or acidic functionality, makes these formulas more susceptible to further alteration by 

OH. The frequency of new formulas follows a similar trend to that seen with the conserved 

formulas (Fig. 23). The most commonly observed new formulas were those plotting in the tannin-
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like/oxidized lignin region. Again, the ability of these high O/C formulas to be generated from 

lignin fractions, having a range of different polarities, suggests a common pathway for their 

formation.  

New formulas present at low H/C values and having AImod values >0.67 are shown to be 

less frequent than the corresponding formulas in the tannin-like region. The most frequent of these 

condensed aromatic-like formulas formed following OH treatment of the most polar lignin 

fractions (F1-F4), further suggesting the presence of hydroxyl and acidic functionality could result 

in additional alteration to lignin formulas, specifically to the formation of condensed aromatic-like 

formulas as observed in natural DOM (Chen et al., 2014).  

 Mass differences between the initial and OH treated lignin fractions can additionally be 

used to gain some insight into potential reaction pathways through KMD analysis. The trends in 

the H2, O, and COO KMD series shown for fraction F5 (Fig. 24) can be observed throughout the 

lignin fractions.  KMD plots for O, and COO series show the prevalence of new formulas produced 

in +OH treated lignin fraction plotting at higher m/z than the formulas initially present. For the O 

KMD series, this would suggest, and is consistent with, the direct addition of OH to olefins or 

aromatic rings associated with lignin, resulting in the higher mass formulas observed (Goldstone 

et al., 2002; Walling, 1975). The direct addition of oxygen is also in good agreement with the 

general increase in magnitude weighted O/C values observed following OH treatment (Table 2). 

The higher mass formulas present in the COO KMD series, however, cannot be attributed to simple 

addition of OH. Addition of COO to initially present formulas, combined with an average 10% 

decrease in the AImod values across fractions F2-F8 (Table 2), suggests that OH addition to the 

aromatic ring of lignin results in cleavage of the aromatic ring to form di-acids, similar to those 

observed in the microbial degradation of lignin (Crawford and Crawford, 1980). These high O/C 
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di-acids could also potentially explain the formation of the condensed aromatic-like formulas 

(AImod >0.67) observed following OH treatment of polar fractions. It has been proposed previously 

that di-acids can undergo cyclization and condensations reactions to form condensed aromatic-like 

formulas observed in natural DOM, from lignin-like formulas (Waggoner et al., 2015). The DBE 

vs. C number plot shown in Figure 22 supports such a condensation/cyclization type pathway. 

Upon reaction with OH, a new set of formulas is observed in fractions F1 and F5 (Fig. 22) having 

higher DBE, corresponding to the condensed aromatic aromatic-like formulas. These new 

formulas plot at higher carbon numbers than initially present formulas, and would therefore be 

consistent with the condensation/cyclization pathway proposed previously that results in higher 

DBE, higher carbon number formulas (Waggoner et al., 2015).  

KMD analysis for H2 shows new formulas present in hydrogen series plotting at lower m/z 

when compared to formulas from initial fractions (Fig. 24). Loss of hydrogen from formulas in 

+OH treated lignin fractions indicate that OH is not only adding to lignin formulas, but also 

abstracting protons. Proton abstraction by OH would be consistent with the observed decrease in 

magnitude weighted H/C values observed (Table 2), as well as known reactions involving OH 

(Goldstone et al., 2002; Walling, 1975).  

5. CONCLUSIONS 

 The work presented here describes the possible alterations occurring to various polarity-

separated fractions of lignin upon exposure to OH. In the context of this study, lignin is meant to 

serve as an analog for tDOM, the fractionation of which allowed for the more thorough 

characterization of changes taking place following exposure to one of the dominant 

photochemically produced ROS encountered by tDOM upon export to aquatic systems. Results of 

this work indicate that oxygen content plays a key role in both the reactivity of lignin (tDOM) 
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toward OH, in addition to the types of new formulas observed following reaction with OH. 

Hydroxyl radical has been shown to readily alter lignin, spanning a range of polarities, to formulas 

resembling tannin-like compounds. Partially oxidized lignin-like formulas have additionally been 

suggested to be responsible for condensed aromatic-like formulas commonly observed in DOM 

samples.  While the relative contribution OH makes to the alteration of tDOM, compared to other 

ROS, cannot be fully assessed due to the complexity of reactions taking place in natural systems, 

this study attempts to provide information into the types of alterations that may be possible in 

various polarity components of a lignin extract, representing tDOM, upon exposure OH. More 

importantly, the results presented herein suggest that ROS are able to alter the molecular structure 

of lignin, e.g. ring-opening and condensations reactions, resulting in molecules lacking lignin 

phenols that would identify them as being derived from lignin. This then suggests that the loss of 

lignin biomarkers is not the result of complete mineralization as previously suggested, but rather 

the result of lignin being molecularly altered into oxidized forms that no longer bear the lignin 

biomarker signature following attack by ROS (Cory et al., 2010; Page et al., 2014; Ward and Cory, 

2016). 
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

 

1. CONCLUSIONS 

 The studies presented in this dissertation set out to further our understanding of how 

reactive oxygen species (ROS), mainly generated through photochemical processes, could 

potentially alter the terrestrial biopolymer lignin into compounds no longer recognized as having 

lignin origins, and ultimately resulting in an underestimation of lignin’s contribution to the vast 

pool of dissolved organic carbon (DOC) in the marine environment. Previous studies examining 

the presence of lignin biomarkers to determine the amount of lignin surviving export from rivers 

have suggested that less than 5% of oceanic DOC is attributed to lignin, with the majority of lignin 

being mineralized to CO2 (Hedges et al., 1997; Opsahl and Benner, 1997). By investigating the 

dominant ROS encountered by lignin during its export to marine systems, simulated under 

controlled laboratory conditions, I demonstrated that lignin could be altered by ROS to molecular 

species commonly observed in dissolved organic matter (DOM) that are not typically associated 

as being derived from lignin.  The findings from this work not only demonstrate that the molecular 

signature of lignin, e.g., lignin phenols, can be masked through reactions involving ROS, but also 

imply that the contribution of terrestrial organic matter, specifically lignin, to marine environments 

could be much greater than previously thought. With rivers worldwide exporting an estimated 0.2-

0.4 Gt of terrestrial DOC annually to the oceans, alteration of lignin to molecules present in oceanic 

DOC rather than lignin undergoing complete mineralization to CO2 could greatly impact models 
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involving both oceanic DOC as well as atmospheric CO2 estimates (Bianchi, 2011; Jaffe et al., 

2013).  

 In order to accomplish the goal of tracking the molecular level alterations occurring to 

lignin upon exposure to the various ROS, a number of advanced analytical techniques including; 

electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-

FTICR-MS), 1H nuclear magnet resonance (NMR), one and two dimensional gas chromatography 

mass spectrometry (GC-MS, GC x GC-MS), and high performance liquid chromatography 

(HPLC), were utilized both individually and in conjunction with one another throughout the 

studies presented here. The analysis of highly complex mixtures such as terrestrial DOM present 

unique analytical challenges, and therefore requires the use of a number of advanced techniques 

in order to effectively characterize such samples. ESI-FTICR-MS is one of the few techniques 

capable of additionally tracking molecular level alteration of such complex mixtures following 

exposure to ROS and was therefore uniquely suited for the studies presented in this work.  

 The work associated with this dissertation originated from the observation that terrestrial 

DOM, following extended photoirradiation, was able to form a number of new compounds 

including aliphatic and alicyclic-like compounds not typically associated with terrestrial DOM, 

along with condensed aromatic-like compounds previously thought to be predominantly formed 

through thermogenic processes. From these observations, I hypothesized that the lignin component 

of DOM could be responsible for the new compounds observed following photoirradiation, and 

that ROS generated through photochemical processes were responsible for the alterations 

observed. An alkali isolated sample of lignin was prepared using a brown-rotted Atlantic white 

cedar (Chamaecyparis thyoides) collected from the Great Dismal swamp (DS) in VA and 

compared to the DOM used in the photoirradiation studies by ESI-FTICR-MS. The results 
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indicated that the lignin extract and DOM sample had a high degree of similarity between formulas 

assigned, suggesting there to be a large lignin input in the DOM sample.  

 Hydroxyl radical (OH) is one of the main ROS present in sunlight waters, and is capable 

of reacting at near diffusion rates with organic matter. Upon reacting with OH, the lignin extract 

underwent a number of alterations as determined by ESI-FTICR-MS and NMR, when compared 

to the initial lignin. Hydroxyl radical treated lignin extract showed the formation of several new 

compound classes not initially present, including new aliphatic, alicyclic, and condensed aromatic-

like formulas in FTICR-MS. 1H NMR data helped support these findings with an increase in 

aliphatic resonance between 2-3 ppm, as well as a peak at 7.7 ppm indicating the possible presence 

of multi-ring systems following OH treatment. From these findings it was concluded that several 

compound classes not typically attributed to terrestrial organic matter, but which are frequently 

observed in DOM, could originate from lignin through reactions involving ROS, and in particular 

OH. This conclusion would additionally suggest that lignin, the commonly used biomarker for the 

presence of terrestrial organic matter, is likely underestimated in marine systems where lignin can 

undergo ROS mediated alteration upon export.  

 As OH is just one of many ROS present in sunlight waters, additional studies were 

conducted using singlet oxygen (1O2) and superoxide (O2
−) to obtain a more complete 

understanding of how ROS may alter lignin in the environment. The study shows that 1O2 

treatment of lignin results primarily in the formation of oxidized lignin formulas, which plot in the 

lignin and tannin regions upon analysis with FTICR-MS. Conventional lignin biomarker analysis 

using GC x GC-MS following tetramethylammonium hydroxide (TMAH) derivatization was 

additionally performed, and indicated substantial oxidative degradation had occurred as a result of 

1O2 treatment. These findings indicate that while 1O2 appears to degrade lignin based on 
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conventional analysis of biomarkers, 1O2 alone does not cause sufficient alteration to render lignin 

unrecognizable for techniques such as FTICR-MS.  

  Superoxide was shown to result in oxidized lignin formulas similar to those observed in 

1O2, and OH, with an additional unique set of formulas at a higher H/C (>1.40) ratio than 

conventional lignin, as well as a substantially decrease DBE based on data from FTICR-MS 

analysis. Biomarker analysis using TMAH; however, did not account for this alteration, suggesting 

minimal oxidative degradation had taken place following O2
− exposure. Careful analysis of 

FTICR-MS data resulted in the conclusion that O2
− was capable of both hydrogenation as well as 

proton abstraction from lignin. The alteration of lignin through hydrogenation not only results in 

loss of the phenolic component needed for biomarker analysis, but also makes lignin appear more 

aliphatic when analyzed by FTICR-MS, thereby making these formulas difficult to attribute to 

lignin.  

Comparing the FTICR-MS results of each ROS treatment with data obtained from a river 

transect revealed that significant percentages of new formulas generated from lignin were also 

present in the transect dataset. The prevalence of formulas matching those produced during 

individual ROS treatment of lignin, particularly the aliphatic formulas commonly attributed to 

marine DOM, strengthens the conclusion that ROS are important in the alteration of lignin during 

export to marine systems. An additional major finding came when comparing FTICR-MS data for 

all three ROS investigated collectively. Comparing the formulas removed following exposure to 

each ROS, in an effort to gain insight into the relatively reactivity, resulted in the determination 

that each ROS appears to preferentially react with different formulas present within the lignin 

sample. Investigation into the selectivity of each ROS revealed that differences in the number of 

oxygen atoms present in formulas appeared to be responsible for the selective alteration of lignin.  
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  As a result of the extensive alteration seen in the OH treatment of lignin, the final study 

discussed in this dissertation attempts to further narrow down the source of new formulas observed 

with particular interest in the condensed aromatic-like and aliphatic/alicyclic formulas. The 

observation that OH selectively reacts with the highest O/C formulas in the lignin sample lead me 

to the hypothesis that the highest oxygen content, most polar formulas were responsible for a large 

portion of the new formulas generated. To confirm this theory, HPLC was used to fractionate the 

lignin sample based on polarity prior to treatment with OH. FTICR-MS indicated that only polar 

fractions containing high O/C formulas (>0.60) resulted in the formation of condensed aromatic-

like formulas, however no fractions produced the aliphatic/alicyclic formulas observed during OH 

treatment of the unfractionated sample. From these results I can draw the conclusion that partially 

oxidized lignin formulas are responsible for the condensed aromatic-like formulas observed, 

whereas aliphatic formulas are likely the result of interactions between various polarity fractions.  

  

2. FUTURE WORK 

 Following the studies outlined in this dissertation there are a number of interesting research 

directions that could be pursued. A continuation of the HPLC study would be the most logical in 

an effort to ascertain the origin of aliphatic/alicyclic formulas observed in the OH treatment of the 

whole sample.  A study recombining various fractions could potentially answer some of the 

questions about these missing formulas, and also aid in furthering our understanding of the 

potential mechanisms behind their formation. Attempting to gain more structural information for 

each of the fractions would additionally be valuable toward understanding the mechanism 

associated with this process, and structural determination of complex mixtures with ion mobility 

coupled to FTICR-MS may soon be possible (Ahmed et al., 2014). Because lignin will not be 
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exposed to only a single ROS in the environment, subjecting a sample to successive treatments 

with different ROS and monitoring the changes could provide a valuable dataset to compare to 

DOM and potentially predict formulas originating from lignin as well.   

 In addition to continuing the work with natural samples, further work with model 

compounds could be useful in understanding the processes occurring. Lignin model compounds 

(dehydrogenase polymer, DHP), both isotopically labeled and non-labeled, could be synthesized 

and reacted with ROS to remove some of the complexity associated with natural samples. Using 

selectively labeled compounds would enable more detailed NMR studies to be conducted that 

could better elucidate potential structural alterations occurring to lignin following reaction with 

ROS. Integration of a label at the C-4 carbon of the aromatic ring for example would allow the 

reaction pathway proposed in Chapter II to be verified by monitoring for carboxylation at this 

position. The simplified reactions would then be easier to input into computer models to better 

predict reaction mechanisms and likely products in more complex natural systems.  Working with 

model compounds would also make the use of tandem mass spectrometry techniques much easier 

to generate structural information by allowing more precise isolation of masses, which is not 

currently possible do to the close proximity of other peaks in the mass spectrum. 
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APPENDIX B 

THERMALLY ASSISTED METHYLATION OF GLYCEROL BY 

TETRAMETHYLAMMOIUM HYDROXIDE THERMOCHEMOLYSIS 

 

 

PREFACE 

The contents of this Chapter was published in 2016 in Analytical and Applied Pyrolysis as 

part of a previous research project, and below is the full citation. See Appendix A for copyright 

permission. 

Waggoner, D.C. and Hatcher, P.G. (2016). Thermally assisted methylation of glycerol by 

tetramethylammonium hydroxide thermochemolysis. Journal of Analytical and Applied. 

Pyrolysis 122, 289-293. 

 

1. INTRODUCTION 

  Glycerol, or 1,2,3-propanetriol, is a chemical used in a wide variety of fields including the 

pharmaceutical, food, and cosmetics industries (Johnson and Taconi, 2007). Until recently the 

demand for glycerol was largely satisfied using glycerol generated from propene and other non-

renewable petrochemical starting materials (García et al., 2014). The sources and availability of 

glycerol have since changed due to the growth of the biodiesel industry. With the dramatic increase 

in the price of petroleum on world markets, biodiesel production has experienced a steady increase 

worldwide (EPA, 2015). Conventional commercial biodiesel production mainly employs a 

transesterification process to convert a triacylglyceride (TAG) source, often vegetable oil, into 
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fatty acid methyl esters or FAME’s, which can be used as diesel fuel (Gerpen, 2005). The major 

by-product of the commercial biodiesel production process is glycerol, obtained in roughly 10% 

wt yields from the TAG source (Dasari et al., 2005). As biodiesel production soars into the billions 

of gallons annually, a large supply of glycerol has been generated and is due to increase 

significantly (Johnson and Taconi, 2007). A fast approaching problem will be finding a use for the 

ever-growing production of glycerol generated from the biodiesel industry.  

Because of the large volume of available glycerol, one growing area of interest is 

investigating the viability of glycerol and related derivatives for use as possible renewable sourced 

solvents. Glycerol itself as a solvent has been previously studied and found to be useful in a number 

of applications, however, the low solubility of hydrophobic compounds in glycerol limits its 

widespread use (Wolfson et al., 2007; Wolfson et al., 2011). To address the issue of solubility, 

many groups have derivatized glycerol to generate products with physical and chemical properties 

that make them more favorable as solvents. There currently exist a number of glycerol-based 

chemical processes that convert glycerol into higher value derivatives (Behr et al., 2008; Chang et 

al., 2012; Dasari et al., 2005; Di Serio et al., 2010; Díaz-Álvarez et al., 2011; García et al., 2010; 

Johnson and Taconi, 2007; Klepáčová et al., 2007; Pagliaro et al., 2007; Pariente et al., 2009) that 

could generate a higher commercial value. An approach used by several groups for the generation 

of useful solvents is alkylation to glycerol ethers, which have been shown to be useful in a number 

of oxidation and reduction reactions, as well as in biphasic catalytic systems (García-Marín et al., 

2009; García et al., 2010; García et al., 2014; Sutter et al., 2013). One method described by García 

et al. (2010) alkylates glycerol using methanol to produce a series of mono, di, and trimethoxy 

ethers of glycerol to test their use as green solvent alternatives. The alkylation described by Garcia 

utilizes an autoclave at autogenic pressure to carry out the reaction between glycerol and a variety 
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of alcohols. The alcohol used determines the alkyl chain length added to the glycerol backbone in 

the formation of the ether. An alternative method by Chang et al. (2012)  recently described the 

methylation of glycerol using dimethyl sulfate to produce mono, di, and trimethoxy ethers for use 

as possible new fuel oxygenates. The method used by Chang et al. (2012) is a stirred tank reaction 

where dimethyl sulfate and sodium hydroxide are added to glycerol to produce methoxylated 

glycerols. While the stirred tank method lends itself well to large-scale use, the reactants are added 

over the course of several (5) hours followed by a lengthy workup to separate the desired 

methoxylated glycerols.  

In the current paper, a new approach is described, shown below in Scheme 1, for the 

thermally assisted methylation of glycerol using tetramethylammonium hydroxide (TMAH). 

TMAH is the most commonly used thermochemolysis reagent, accounting for roughly 90% of 

thermochemolysis publications (Shadkami and Helleur, 2010). Thermally assisted methylation, 

sometimes referred to as thermochemolysis, has previously been used to examine polymers 

(Challinor, 1989, 1993), lignin (Hatcher and Clifford, 1994; McKinney et al., 1995), soil organic 

matter (Chefetz et al., 2000; Chefetz et al., 2002; Grasset et al., 2009), cuticular material (del Río 

and Hatcher, 1998; del Rio et al., 1998), and other forms of macromolecular natural organic matter 

(Challinor, 2001; Shadkami and Helleur, 2010). In these previous studies, the TMAH served to 

methylate polar pyrolysis products or to assist with the chemical degradation of natural and 

synthetic polymers to produce suites of methylated compounds amenable to gas chromatographic 

analysis. In the current study, we show that it can effectively methylate polar residues generated 

from transesterification processes used in the biofuel industry to render them volatile enough for 

the gas chromatography. Unlike other processes currently used to alkylate glycerol, methylation 

using TMAH can be accomplished rapidly and on a large scale using continuous flow reactors, 
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making it ideally suited to generating large quantities of products for use as solvents (Hatcher and 

Liu, 2009).  

 

 

Scheme A1.  Production of mono, di, and trimethoxy glycerol ether products from glycerol. 

 

2. MATERIALS AND METHODS 

 2.1. Pilot Scale reactors and operating procedures 

 Two continuous flow reactors were employed to evaluate the action of TMAH with 

glycerol. One was a fluidized bed reactor operated in the laboratory and the other was a horizontal 

wiped film reactor operated at a facility known as the ODU algal farm.  The fluidized bed reactor, 

a home-built device, provided much of the quantitative recovery information for this report while 

the pilot-scale thin film reactor provided the proof of concept for scaling up of the process.  
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A schematic diagram for the fluidized bed reactor is shown in Figure A1. The major component 

of the reactor is a Barnstead Thermolyne tube furnace model 21100. The reactor tube and 

connections were homemade and attached to a cold trap condenser from ACE glass incorporated. 

The reactor is prepared by adding ~ 30 grams of clean sand (US Silica) to the reaction tube and 

assembling the reactor. The temperature of the tube furnace is set and is held constant at 330°C 

throughout each run. Nitrogen gas is passed through the reaction tube (approximately 60mL/min) 

to fluidize the sand before injecting the sample. The sample is prepared by mixing TMAH (25% 

in methanol) with glycerol in various molar ratios with a slight excess of TMAH. Once mixed, 

sample can be injected in a continuous feed mode using a peristaltic pump (Fischer Scientific 

variable flow mini pump model 3389). Products are volatilized and carried through the reactor 

before being collected in the cold trap condenser. 

 

 

 

Fig. A1. Schematic diagram of fluidized bed reactor displaying configuration and collection point. 
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A horizontal thin film reactor, Rototherm© model E, purchased from Artisan Industries, 

Inc. was used for pilot-scale testing. The reactor consists of a hot oil jacketed 1 ft 2 contact area 

reaction chamber with rotating blades, refrigerated condenser, and liquid nitrogen cold trap all 

connected serially to vacuum pumps as shown in Figure A2. The trial reactions are prepared by 

mixing glycerol with TMAH (25% in methanol) in various molar ratios with a slight excess of 

TMAH. This mixture is injected in a continuous feed mode using a peristaltic pump at a rate of 

3.8 gallons/hr at 200 torr and a hot oil temperature of 330°C that provides the required heat for the 

reaction zone. The mono, di, and trimethoxy glycerols are collected at the condenser trap along 

with the majority of methanol. Following thermochemolysis, the TMAH consumed in the reaction 

forms trimethyl amine (TMA), which is highly volatile and is collected mainly in the cold trap 

along with excess methanol. The resulting product mixture is then purified to individual 

compounds using distillation. 
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Fig. A2. Schematic diagram of Rototherm model E reactor displaying configuration and sample 

collection points.  

 

2.1.1 Reagent ratio impact on continuous flow reactors 

Several tests were conducted to evaluate the influence of reagent ratios on product 

distributions. Two approaches were employed, one involving variations in the molar ratio of 

TMAH to glycerol by adjustment to the amounts of TMAH, and the other involving a multi-step 

serial addition of TMAH to glycerol. Our objective was to determine conditions that might be 

employed to select higher proportions of one methoxylated glycerol over the others in the process. 

In the case of the serial addition strategy, feedstocks were prepared by mixing TMAH with glycerol 

in a 1:1 molar ratio and injected into the reactors using the same conditions as described above. 

Products trapped in the condensers of both the fluidized bed reactor and thin film reactor were then 

mixed with another molar equivalent of TMAH in methanol based on the original feed amount of 

glycerol and reprocessed through the reactors . This strategy was repeated for a third time only on 
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the fluidized bed reactor to effectively represent the equivalent of adding a 3:1 molar ratio of 

TMAH to glycerol. Single pass experiments for 1:1, 2:1 and 3:1 molar ratios of TMAH to glycerol 

were also prepared and processed through the reactors. The products trapped in the condenser from 

each trial are analyzed via GC x GC-MS as described below. 

2.1.2 Performance of the reaction with crude glycerol 

Crude glycerol obtained directly from an operating biodiesel facility contains variable amounts 

of free fatty acids, TAGs and fatty acid methyl esters because the refinery operators utilize the 

crude glycerol as a scrubber to remove free fatty acids from the vegetable oil feedstock prior to 

transesterification. This crude glycerol also contains fatty acid methyl esters due to the incomplete 

phase separation of glycerol from biodiesel following transesterification in the refinery. 

Experiments were performed to determine the applicability of the methylation reaction for treating 

crude glycerol. TMAH was mixed with unrefined crude glycerol in a 3:1 molar ratio and injected 

into the horizontal thin film reactor under identical conditions as for pure glycerol. Samples were 

analyzed using GC x GC-MS as described below. It is important to mention that without prior 

knowledge of the amounts of glycerol in the crude glycerol we cannot fully evaluate the efficiency 

for methylation. Our purpose was mainly to determine if crude glycerol could be processed without 

problems. 

2.2 Laboratory-scale sealed tube reactions. 

  Additional thermochemolysis reactions were performed on a small scale in custom made 

glass tubes to qualitatively establish the validity of our hypothesis that glycerol can be methylated 

using TMAH. TMAH was mixed with Glycerol in a 3:1 molar ratio. Using a micropipette, 100μL 

of the glycerol-TMAH solution was added to glass reaction tubes, which were then connected to 
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a vacuum line where any excess vapor was removed. Under vacuum the tubes were then flame 

sealed using a propane-oxygen torch before being placed in an oven at temperature to induce 

reaction, which was complete within 2 minutes. The tubes were removed from the oven and 

allowed to cool before being opened using a glass file. The sample was then taken up using 

methanol for analysis on GC x GC-MS.  Temperatures at 50ºC increments ranging from 300-

500°C were tested to find the optimal conditions for the reaction in sealed tubes. All tubes were 

prepared using the same mixture of TMAH-glycerol in a 3:1 molar ratio.  

To test the need for methanol in the reaction, sealed tube experiments were also conducted 

using glycerol and solid TMAH pentahydrate (Acros). Solid TMAH pentahydrate was added to 

glycerol in a 3:1 molar ratio and warmed to dissolve. The mixture was vortexed to homogenize 

before pipetting into glass tubes. The tubes were sealed and let stand at 350°C for 2 minutes prior 

to analysis described below.  

2.3 Product Analysis 

 The products collected from the fluidized bed reactor, horizontal thin film reactor, and 

sealed tube experiments were injected, using the split mode, into a GC x GC coupled to a time of 

flight mass spectrometer (LECO Pegasus 4D).  The analyses were carried out with an autosampler 

(CTC Analytics) integrated to the GC system (Agilent Technologies, 6890N) fitted with a thermal 

modulation assembly. The columns used were a 30m x 0.25 mm i.d. RTX-5 first dimension 

column, and 1m x 0.1 mm i.d. RXI-17 second dimension column.  Helium was used as a carrier 

gas and adjusted for constant flow throughout the run. The temperature program used consisted of 

an initial temperature of 40°C ramping to 200°C  at 10°C min-1
 followed by a 30°C min-1ramp to 

a final temperature of 280°C after a 1 µL sample injection. Peak areas were measured by the 
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Pegasus software and identification of the products was via mass spectral comparisons to NIST 

library spectra.  

 Fractional distillation was used to purify each of the methoxylated glycerols to generate 

internal mass spectral libraries in cases where the NIST library was ineffective. These authentic 

standards were confirmed by both 1H and 13C NMR using a 400 MHz NMR system located in the 

College of Sciences Major Instrumentation Cluster (COSMIC) at ODU.  

3. RESULTS AND DISCUSSION 

Thermochemolysis of glycerol with TMAH in 3:1 molar ratios using the pilot-plant thin 

film reactor, fluidized bed reactor, and the laboratory-scale sealed tube reactors, leads to the 

production of 4 ethers, as shown in Figure 3, including one mono-methylated glycerol, 3-methoxy-

1,2-propanediol (3-MDP), two di-methylated glycerols, 1,3-dimethoxy-2-propanol (1,3-DMP) and 

1,2-dimethoxy-3-propanol (1,2-DMP), and one tri-methylated ether, 1,2,3-trimethoxy propane 

(TMP). Other structural isomers are possible but not observed or recognized. 
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Fig. A3. GC x GC-MS total ion current plot of TMAH reacted with glycerol in 2:1 molar ratio 

showing presence of methoxylated glycerols. The abscissa scale is seconds of elution time on the 

primary column while the ordinate is elution time on the more polar column. 

 

3.1 Effect of Temperature 

 As shown in Figure A4, the product distribution for the thermally assisted methylation of 

glycerol using TMAH is relatively constant over the temperature range tested. GC x GC-MS shows 

the percentage of reactant glycerol converted to glycerol ethers to be approximately 60% of the 

glycerol input for each temperature point, suggesting that temperature variation has a minimal 

influence on the reaction process. Temperatures below the set point of the GC injection port 

(280°C) are not included as additional reaction could potentially occur, thereby invalidating any 

data obtained. It is important to mention that the yields in sealed tubes are systematically lower 

than we observe in the pilot-scale reactor discussed below. We believe that this is attributable to a 

less efficient mass transfer in sealed tubes. The sealed tubes are none-the-less useful for rapid 

laboratory-scale testing of the reaction.  
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Fig. A4. Percent of glycerol converted to 1,3-dimethoxy-2-propanol (1,3-DMP), 1,2,3-trimethoxy 

propane (TMP), 1,2-dihydroxy-3-methoxy propane (3-MDP), and 1,2-dimethoxy-3-propanol (1,2-

DMP) from sealed tube experiments over temperature range. 

 

3.2 Need for Methanol 

 While the majority of methanol was removed via vaccuum line to conduct the sealed tube 

reactions, residual methanol was still present. To verify that methanol is not integral to the 

methylation of glycerol, sealed tube experiments using methanol free solid TMAH pentahydrate 

were performed to generate glycerol ethers. The resulting data (Figure A5) shows the production 

of  3-MDP,  1,2-DMP, 1,3-DMP,  and TMP. The generation of glycerol ethers in a methanol free 

system supports the fact that TMAH is methylating glycerol directly, and that methanol is not 

required or directly involved in the methylation process.  

0

5

10

15

20

25

30

35

40

45

300 350 400 450 500

%
 C

o
n

ve
rs

io
n

Temperature (°C)

1,3-DMP

TMP

3-MDP

1,2-DMP



129 

 

 

Fig. A5. GC x GC-MS total ion current plot of glycerol reacted with solid TMAH in 1:3 molar 

ratio showing presence of methoxylated glycerols. The abscissa scale is seconds of elution time 

on the primary column while the ordinate is elution time on the more polar column. 

 

3.3 Effects of Varying Amounts of TMAH and Serial Addition. 

 In an effort to determine if the reaction could be tuned to favor one product, various molar 

ratios of reactants were tested in both the fluidized bed and thin film reactors. Due to the proximity 

of the fluidized bed reactor to the laboratory we found it more convenient to show quantitative 

results from this reactor system, even though the same type of testing was done on the thin film 

reactor at a larger scale. Reliable product yields could be better controlled with the fluidized bed 

reactor compared with the thin-film reactor where significant dead volumes limit the measurement 

accuracy for product recoveries on small-scale trials. Figure A6 shows the resulting product 

distribution when TMAH was reacted with glycerol in a 1:1, 2:1, and 3:1 molar ratio fashion in 

the fluidized bed reactor. As expected, the more highly substituted glycerol ethers are produced to 

a greater extent as the ratio of TMAH to glycerol increases. The product distribution however, 
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does not considerably favor one product over another for the molar ratios tested, but rather shows 

a mixture of the mono,di, and tri-substituted products. The lack of complete conversion to the fully 

substituted TMP product, even in the presence of a stochiometric excess of TMAH, suggested 

insufficient contact time between reagents during thermochemolysis.  

 To increase the contact time between reagents without significantly increasing the amount 

of TMAH used, serial addition experiments were conducted utilizing the same overal ratio of 

TMAH to glycerol as the single pass runs. Figure A6 shows the diffences in product distribution 

between serial and batch additon of TMAH under the same run condition. As anticipated, adding 

TMAH in a serial manner greatly influenced the distribution of products when compared to the 

same amount of TMAH for a single pass run. The result of adding a 2:1 molar ratio of TMAH in 

a serial fashion for example, generates products with a similar composition to that of the 3:1 batch 

addition while using one third less TMAH. The sucsessive 3:1 serial addition results in the desired 

production of predominately TMP with only small amounts of less substituted products. This data 

would suggest that if so desired, exclusively TMP could potentially be produced if TMAH were 

added in a serial fashion, without using large excesses of reagents.   
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Fig. A6. GC-MS total ion current chromatograms depicting product distribution for various 

TMAH to glycerol ratios and feed methods. Products generated via serial addition of TMAH to 

glycerol are labeled as serial, while products from single pass runs are indicated as batch. The 1:1 

batch and serial runs are represented by one chromatogram as the run conditions used for both are 

the same.  

 

 The specific product distribution for the run conditions depicted in Figure A6 can be seen 

in Table A1 below. While the overall conversion for the serial addition experiments appears to be 

low, it should be noted that after rinsing the reactor with methanol, an additional 29% of products 

were recovered. It is likely that similar results would be obtained after the first and second serial 

additions, however this was not performed, as the primary purpose of this experiment was to form 

the fully substituted TMP product. The overall yield for the 3:1 serial addition of TMAH to 

glycerol is therefore 82.5%, with TMP accounting for 75.7% of converted glycerol. The 2:1 and 

500 550 600 650 700 750 800
Time (s)

2:1 Batch
1:1 Batch

3:1 Serial

2:1 Serial

3:1 Batch



132 

 

3:1 batch addition experiments on the other hand produced 15% and 30% TMP respectively, 

confirming that serial addition does generate more TMP without using excess amounts of reagents.   

 

Table A1. Percentage of glycerol input converted to each of the methoxylated glycerol products 

for the molar ratios and reagent addition methods tested using the fluidized bed reactor. 

                                                 % Conversion of Glycerol to Methoxylated Glycerol Products 

 1,3-DMP TMP 1-MDP 1,2-DMP Conversion (%) 

1:1 Serial addition  3.63 1.36 25.32 5.64 35.94 

2:1 Serial addition  4.70 31.73 0.00 6.87 43.30 

3:1 Serial addition  2.16 49.36 0.00 2.26 53.78 

Reactor rinse following 3:1 0.86 26.36 0.00 1.49 28.71 

2:1 Batch addition 31.18 15.56 12.06 35.93 94.73 

3:1 Batch addition 18.24 30.36 7.49 22.58 78.66 

 

 

The overall conversion efficiency of the continuous feed reactors is also greater than that 

seen in the sealed tube experiments described earlier. While the sealed tube reactions resulted in 

glycerol conversion of approximately 60%, the continuous feed reactors have conversions of 

roughly 80-90%. The larger reagent volumes, presence of solvent, and the reactor design in the 

larger reactor experiments are credited with the significant increase in the conversion process.  

3.4 Crude Glycerol Reaction 

 Unrefined glycerol was tested to determine if the presence of impurities from a biodiesel 

product stream would influence the ability of TMAH to generate methoxylated glycerols. As 
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illustrated in Figure A7, TMAH effectively converts crude glycerol into methoxylated glycerol 

ethers. The additional peaks present are those of FAME’s remaining in the glycerol after 

preliminary separation during the biodiesel production process. Comparing these results to those 

of pure glycerol under the same reaction conditions, it is noteworthy that the product distribution 

of methoxylated glycerols is found to be very similar using crude glycerol; indicating impurities 

(free fatty acids, TAGs, and any other possible impurities) have little to no effect on the reaction. 

 

 

 

Fig. A7. GC x GC-MS total ion current plot of crude glycerol reacted with TMAH in a 1:3 molar 

ratio showing the presence of methoxylated glycerol ethers as well as fatty acid methyl esters.  
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4. CONCLUSIONS 

  While analytical pyrolysis is most frequently used for the structural characterization of 

hard to analyze compounds, here TMAH thermochemolysis has been demonstrated to be capable 

of rapidly methylating glycerol to produce a mixture of mono, di, and tri-methoxylated products 

that can be used as potential renewable solvents. The methoxylated glycerols obtained in this 

reaction have previously been demonstrated to be useful in a variety of applications and are 

therefore considered to be of greater value than glycerol. The efficient conversion (80-90%) of 

glycerol to higher value products in a continuous flow thermochemolysis process was readily 

achieved at temperatures greater than 250ºC and a 3:1 molar ratio of TMAH to glycerol. It has also 

been demonstrated that the distribution of methoxylated products can be roughly controlled 

through alteration of reagent ratios and introduction methods. While other methods exist to 

produce methoxylated glycerol ethers, the continuous flow process described here is ideally suited 

for the commercial scale production of solvents needed to meet current demand.  
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