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Preface 
 

Some 43 months ago on a sunny summer day this journey to understand the aqueous phase 
reactions of few organic compounds began. Since then, it’s about the excitement and 

determination to setup a reaction, the desire to break the fortress of unknown, the hope of best 
results and the story of reaching to the new level of unknown. It is a script of life; exciting and 
bitter, smart and dumb, happy and sad, lucky and hapless. It’s for them who will take on the 

journey of unknown and attempt it toward another level. 

 

 

Chapter 2 represents a manuscript draft to be submitted for publication. The experiments 

and interpretation were completed by D.M. Ashraf Ul Habib with the supervision of Dr. 

Lynn R. Mazzoleni. Drs. Heather A. Rypkema and Tony N. Rogers provided helpful advice 

regarding the reaction kinetics. Drs. Marina Tanasova and Heather A. Rypkema provided 

helpful advice regarding the proposed reaction mechanisms. 

 

Chapter 3 represents a manuscript draft to be submitted for publication. The experiments 

and interpretation were completed by D. M. Ashraf Ul Habib with the supervision of Dr. 

Lynn R. Mazzoleni.  
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Abstract 
 

The aqueous phase processing of glyoxylic acid, pyruvic acid, oxalic acid and 

methylglyoxal was studied simulating dark and radical free atmospheric aqueous aerosol. 

A novel observation of the cleavage of a carbon-carbon bond in pyruvic acid and glyoxylic 

acid leading to their decarboxylation was made in the presence of ammonium salts but no 

decarboxylation was observed from oxalic acid. The empirical rate constants for 

decarboxylation were determined. The structure of the acid, ionic environment of solution 

and concentration of species found to affect the decarboxylation process. A tentative set of 

reaction mechanisms was proposed involving nucleophilic attack by ammonia on the 

carbonyl carbon leading to fragmentation of the carbon-carbon bond between the carbonyl 

and carboxyl carbons. Whereas, the formation of high molecular weight organic species 

was observed in the case of methylglyoxal. The elemental compositions of the species were 

determined. It was concluded that, additional pathways that are not currently known likely 

contribute to aqueous phase processing leading to high molecular weight organic species. 

Under similar conditions in atmospheric aerosol, the aqueous phase processing will 

markedly impact the physicochemical properties of aerosol. 
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Chapter 1: Introduction 
 

1.1 Atmospheric Aerosol and Processes 
 

1.1.1 Aerosol 

Particles suspended in air are commonly called aerosol and often the terms aerosol and 

particles are used interchangeably. The diameters of atmospheric aerosol (haze forming 

particles, fog droplet, etc.) may be in the range of 1 nm to 100 m. In comparison, the 

diameter of a typical molecule falls into a sub-nanometer regime. This means aerosol 

particles are essentially aggregates of molecules dispersed as liquid or solid or combination 

of both phases surrounded by gases.  

Aerosols can be directly emitted into the atmosphere and are called primary aerosol. Sea 

spray, pollen, dust are common examples of primary aerosol. On the other hand, secondary 

aerosol is formed in the atmosphere. Gases emitted into the atmosphere from natural and 

anthropogenic activities can undergo reactive processing (solar irradiation, reaction with 

O3, OH. and other species) resulting in products that often have lower vapor pressures. The 

lower vapor pressure species can either nucleate new particles or condense upon preexist-

ing particles and in both cases they are secondary aerosol. Sulfuric acid aerosol is an ex-

ample of secondary aerosol. A schematic of sources and processing of aerosol is given in 

Figure 1.1. 

Regardless of their formation, aerosol has a significant role in determining the planetary 

albedo, local and regional weather [IPCC, 2013], air quality [Fiore et al., 2012] and nutri-

ent cycling [Mahowald et al., 2011]. Aerosol provides a surface for the condensation of 

water vapor and consecutively leads to the formation of cloud, fog, mist and rain. The 
9 

 



magnitude of the impacts of aerosol on these atmospheric processes depends upon its 

chemical composition, size, morphology and number concentration [IPCC, 2013]. The 

composition of aerosol is highly variable in space and time. Also, each individual 

compound is constantly evolving and is scarce in terms of the amount available for analysis 

[Pöschl, 2005 and references therein]. This dynamic nature and scarcity of the sample 

poses a formidable analytical challenge toward understanding the composition and its 

evolution [Pöschl, 2005 and references therein]. This uncertainty of understanding the 

aerosol formation and composition translated in the uncertainty of our understanding on 

radiative forcing of our planet [IPCC, 2013]. 
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1.1.2 Aqueous Secondary Organic Aerosol (Aq-SOA)  

The composition of aerosol is broadly classified as inorganic and organic aerosol (Figure 

1.1). The organic fraction of aerosol is a collection of hundreds of organic compounds with 

a wide range of molecular weights and is commonly referred to as organic aerosol (OA). 

Incorporation of organic compounds into aerosol involves either primary or secondary 

processes or a combination of both. Secondary organic aerosol (SOA) is formed via the 

atmospheric processing of volatile organic compounds (VOC). VOCs regardless of their 

origin can interact with high energy solar radiation or react with O3, OH., etc. and may 

form species with lower vapor pressure leading to SOA formation. [Hallquist et al., 2009 

and references therein]. Usually, atmospheric SOA are oxidized species and may be found 

in the atmospheric aqueous phase (e.g., fog, cloud, wet aerosol, rain, etc.). The water-

soluble organic species may undergo further processing in aqueous phase leading to 

modified products which may remain in the particle phase upon droplet evaporation and 

are called aqueous secondary organic aerosol (Aq-SOA) [Ervens et al., 2011 and 

references therin].  

The global SOA has an estimated flux of 150 Tg C yr-1 [Hallquist et al., 2009 and 

references therein] and is believed to be formed from reactions of VOCs originating from 

biogenic (isoprene and other terpenes) and anthropogenic (aliphatic and aromatic organic 

compounds) activities. Recently, the global production of Aq-SOA from atmospheric 

aqueous phase was predicted to be 12.7 to 59.4 Tg Yr-1 with a burden of 0.09 to 0.51 Tg 

Yr-1 from small molecular weight water-soluble isoprene and other VOCs oxidation 

products [Lin G et al., 2014]. In the aqueous phase, water-soluble species can undergo 

further chemical transformation via accretion, oxidation and functionalization reactions 
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leading to a modification of the organic species. Water-soluble atmospheric organic matter 

is a complex array of thousands of compounds and is detected widely in particulate matter 

[Lin P et al., 2012], rain [Altieri et al., 2009a, 2009b], clouds [Zhao et al., 2013] and fogs 

[Mazzoleni et al., 2010]. Some of the Aq-SOA are low volatility and water-soluble organic 

acids (i.e., oxalic acid, pyruvic acid, glyoxylic acid, etc.) and are found to be present widely 

in the atmospheric gas and particle phase [Bao et al., 2012; Fu et al., 2013; Kawamura and 

Yasui, 2005; Kawamura et al., 2013; Kundu et al., 2010; Pavuluri et al., 2010; Wang et al., 

2006]. However, it is evident from estimations of current models [Lin G et al., 2014] that 

processing in the atmospheric aqueous phase and the consecutive fate of Aq-SOA is still 

not well understood and requires further study. 

Ammonium, sulfate and nitrate are three major inorganic species in atmospheric aerosol. 

These species are present in the atmospheric aerosol with water and organic compounds. 

However, it was only recently realized that inorganic ions such as ammonium participate 

(i.e., catalyze or react) in organic reactions [Ervens et al., 2011 and references therin]. 

Although the ammonium salts were shown to produce efficient light absorbing brown 

carbon species in bulk reactions of dicarbonyl species [Sareen et al., 2010; Shapiro et al., 

2009; Yasmeen et al., 2010], the composition of Aq-SOA formed from these reactions were 

not thoroughly investigated al molecular level. Moreover, to our best knowledge there is 

no study of dark interactions -oxo acids mimicking atmospheric 

aerosol phase.  

A study of dark aqueous phase processing -oxo acids in bulk solutions is presented in 

chapter 2 and a study of dark aqueous reaction of methylglyoxal is presented in chapter 3. 

Dark-radical free aqueous reaction systems consisting of ammonium sulfate and -oxo 
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acids or methylglyoxal were setup and the transformation of organics were studied. These 

studies will increase our understanding about the processing of small molecular weight 

carbonyl compound in bulk aqueous solution and consecutively enhance our knowledge 

about aging of organic compounds in aqueous phase. 
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Chapter 2: Decarboxylation of Pyruvic Acid and Glyoxylic Acid in 

Ammonium Salt Solutions as Aqueous Aerosol Mimics* 

 

 

 

 

 

Approved by Co-author/advisor Dr. Lynn R. Mazzoleni 

 

_________________________ 

 

 

 

 

 

* This chapter represents a manuscript draft to be submitted for publication. The experi-

ments and interpretation were completed by D.M. Ashraf Ul Habib with the supervision of 

Dr. Lynn R. Mazzoleni. Drs. Heather A. Rypkema and Tony N. Rogers provided helpful 

advice regarding the reaction kinetics. Drs. Marina Tanasova and Heather A. Rypkema 

provided helpful advice regarding the proposed reaction mechanisms. 
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2.1 Abstract 
 

We studied the interactions of glyoxylic acid, pyruvic acid and oxalic acid with ammonium 

and corresponding sodium salts in aqueous solutions simulating a dark and radical free 

atmospheric aqueous aerosol condition. Cleavage of a carbon-carbon bond in pyruvic acid 

and glyoxylic acid leading to the decarboxylation was observed in the presence of ammo-

nium salts but was not observed from oxalic acid. At the beginning of the reaction, the 

decarboxylation appeared to proceeding slower compare to the later stage of reaction. The 

empirical rate constants for decarboxylation in the reaction solutions were estimated using 

a ‘quasi-steady state’ model: (i) glyoxylic acid and ammonium sulfate was 3.3 (± 0.7)×10-

8 M-1 s-1; (ii) glyoxylic acid and ammonium nitrate was 1.4 (± 0.3)×10-8 M-1 s-1; (ii) gly-

oxylic acid and ammonium chloride was 1.9 (± 0.2)×10-8 M-1 s-1; and (iii) pyruvic acid and 

ammonium sulfate was 15.8 (± 0.4)×10-8 M-1 s-1. Negligible CO2 was observed in the 

experiments with the corresponding sodium salts indicating the ammonium ion or 

ammonia is facilitating the carbon-carbon bond cleavage leading to carboxyl fragmentation 

-oxo carboxylic acids. It was observed that pyruvic acid undergoes decarboxylation 

at least four times faster than that of glyoxylic acid under similar reaction conditions. This 

indicates that the structure of the acid plays an important role in the decarboxylation. In the 

case of pyruvic acid, the reaction is likely faster because of the inhibited hydration of the 

carbonyl moiety due to the inductive effect of the adjacent methyl group. A tentative set of 

reaction mechanisms is proposed involving nucleophilic attack by ammonia on the car-

bonyl carbon leading to fragmentation of the carbon-carbon bond between the carbonyl 

and carboxyl carbons. Similar carbon- -dicarbonyl 

16 
 



 

-oxo carboxylic acids. In the absence of 

photolysis and under limited availability of OH radicals, the decay of pyruvic acid can be 

dominated by the reaction with ammonium sulfate and can be an order of magnitude higher 

than the loss via reaction with the OH radical. Under similar conditions the reactions with 

-oxo carboxylic acids in the atmospheric 

aqueous phase.   
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2.2 Introduction 
 

Organic compounds compose a significant fraction of atmospheric aerosol [Kanakidou et 

al., 2005; Pöschl, 2005] with a substantial temporal and spatial variability [Baduel et al., 

2010; Decesari et al., 2006; Graham et al., 2003; Zhang et al., 2007]. The processing of 

the organics in the aerosol has a significant impact upon the physicochemical properties of 

the aerosol and its consecutive effect on our atmosphere [IPCC, 2013]. The organic fraction 

of the atmospheric aerosol is a complex mixture of numerous individual compounds 

[Goldstein et al., 2008; Hamilton et al., 2004; Kalberer et al., 2004; Reemtsma et al., 2006] 

and typically called organic aerosol. Organic aerosol originates from a wide range of 

natural and anthropogenic sources, where primary organic aerosol is emitted directly and 

the secondary organic aerosol (SOA) is formed in the atmosphere. Volatile organic com-

pounds (VOCs) can undergo reactions and/or series of reactions (oxidation, 

functionalization, accretion, etc.) to form products with lower vapor pressure; these 

products may then partition to the condensed phase to produce SOA [Hallquist et al., 2009; 

Kroll and Seinfeld, 2008]. In addition, processing of VOCs can produce highly oxygenated 

organic compounds such that they become appreciably water-soluble [Carlton et al., 2009]. 

However, the aqueous phase processing of water-soluble organic compounds only recently 

has been realized to be a contributor of secondary organic aerosol and aqueous-SOA is 

poorly understood in terms of their formation, composition, effect, and further processing 

[Ervens et al., 2011].  

Small molecular weight water-soluble -oxo carboxylic acids 

(pyruvic acid, glyoxylic acid, etc.) are abundant in the atmospheric gas and particle phase 
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[Bao et al., 2012; Fu P et al., 2013; Kawamura and Yasui, 2005; Kawamura et al., 2013; 

Kundu et al., 2010; Pavuluri et al., 2010; Wang et al., 2006]. These compounds are oxida-

tion products of isoprene and other volatile organic compounds [Carlton et al., 2009]. An 

annual glyoxylic acid production of 8.4 - 23.0 Tg in the atmospheric aqueous phase was 

estimated by Lin and coworkers [Lin G et al., 2014]. Also, the annual estimate of 

production of pyruvic acid is 0.5 to 1.8 Tg Yr-1 in the atmospheric aqueous phase [Lin G 

et al., 2014]. The reason for high annual budget -oxo acid is because methylglyoxal is 

readily oxidized to pyruvic acid (92% in cloud oxidation [Lim et al., 2005]), whereas 

glyoxylic acid can be formed from glyoxal [Carlton et al., 2009] (the estimated annual 

production of methylglyoxal and glyoxal are 140 Tg and 40 Tg [Fu T et al., 2008]). Both 

pyruvic and glyoxylic acid are anticipated to remain in the particle phase upon droplet 

evaporation contributing to the aqueous secondary organic aerosol (Aq-SOA) mass 

[Carlton et al., 2006; Ervens et al., 2004]. Also, pyruvic acid has been shown to undergo 

accretion reactions upon UV-Vis photolysis [Guzmán et al., 2006] and photo-chemical 

oxidation [Altieri et al., 2006] leading to higher molecular weight compounds. Similar 

results are anticipated for glyoxylic acid. In addition, the fragmentation (carbon-carbon 

bond cleavage) of pyruvic acid in the gas and aqueous phases has been studied widely, 

including: thermal decarboxylation [Saito et al., 1994; Yamamoto and Back, 1985], 

infrared and near infrared multiphoton photolysis [Larsen and Vaida, 2012; Plath et al., 

2009; Takahashi et al., 2008], UV-Vis induced photolysis [Griffith et al., 2013; Guzmán 

et al., 2006a, 2006b; Leermakers and Vesley, 1963; Reed Harris et al., 2014; Yamamoto 

and Back, 1985] and oxidation by hydroxyl radical [Boris et al., 2014; Mellouki and Mu, 

2003]. However, neither pyruvic acid nor glyoxylic acid was studied in the dark aqueous 
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phase in the presence of atmospherically relevant inorganic salts. Recently, the ammonium 

and carbonate ions were shown to catalyze aldol reactions in aqueous solution [Noziere et 

al., 2010]. In the presence of the ammonium salts, light absorbing species and Aq-SOA 

-dicarbonyl compounds as well [Sareen et al., 2010; Shapiro et al., 

2009; Yasmeen et al., 2010]. The aqueous oxidation of pyruvic acid in the presence of 

ammonium salts was recently shown to be faster than oxidation in pure water [Boris et al., 

2014]. Therefore, it is very important that we study the reaction of pyruvic acid and 

glyoxylic acid in the presence of inorganic ions to understand more about the chemical 

-oxo carboxylic acids in the aqueous phase. 

Organic compounds regardless of their source and physical presence (i.e., gas or condensed 

phases) are expected to be oxidized to CO2 or be removed from the atmosphere by wet or 

dry deposition. The conversion of organic compound to CO or CO2 during atmospheric 

oxidation is initiated by photolysis, reactions with OH or NO3 radicals, O3 and Cl atoms. 

A cascade of subsequent reactions ultimately leads to the formation of CO or CO2 

[Atkinson, 2007; Atkinson and Arey, 2003]. These reactions can proceed via cleavage of 

carbon-carbon bonds (fragmentation) or by the addition of polar functional groups to the 

parent compound without bond cleavage (functionalization) [Atkinson and Arey, 2003]. 

However to the best of our knowledge, there have not been any prior reports of carbon-

carbon bond fragmentation initiated from common atmospheric ammonium salts (i.e., 

ammonium sulfate, ammonium nitrate). 

In this work, we report the observations of carbon-carbon bond fragmentation in both py-

ruvic acid and glyoxylic acid leading to decarboxylation in the presence of ammonium salts 
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in dark solutions in the absence of known radical initiators. The kinetics of decarboxylation 

was studied with continuous monitoring of the evolved CO2 in the gas phase. 

 

2.3 Experimental 

 
2.3.1 Glassware and Chemicals 

All of the glassware was thoroughly washed, dried and baked at ~500 0C for more than 6 

hours. Pyruvic acid (98 % in water; ~14.1 M), glyoxylic acid (50 % in water; ~8.98 M) and 

oxalic acid (> 97.0%) were obtained from Sigma-Aldrich (St. Louis, MO) and were used 

without further purification. Pyruvic acid and glyoxylic acid were stored in a refrigerator 

(4-8 0C) until the time of use. All of the salts used in this study were ACS grade unless 

otherwise stated. Ammonium sulfate ( 99.0%) was obtained from Avantor Performance 

Materials (Center Valley, PA). Sodium sulfate ( 99.0%) was obtained from Sigma-

Aldrich (St. Louis, MO). Ammonium nitrate ( 99.0%) was obtained from Acros Organics 

(New Jersey, USA). Sodium nitrate ( 99.0%) was obtained from EMD Chemicals (Cur-

rently EMD Millipore, Gibbstown, NJ). Ammonium chloride ( 99.5%) was obtained from 

VWR International (West Chester, PA). Sodium chloride ( 99.0%) was obtained from 

Mallinckrodt Baker (Phillipsburg, NJ). Potassium chloride ( 99.4%) was obtained from 

Fisher Scientific (Fair Lawn, NJ). Ultrapure water was used in all of the experiments and 

was obtained from an ultrapure water purification system (Thermo Scientific Barnstead 

D7401 .cm. 
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2.3.2 Data Collection 

The modules for data collection were obtained from Vernier Software and Technology 

(Beaverton, OR). The pH of the solution was monitored using Vernier pH probe (pH-

BTA). The measurements of the mixing ratios of gas phase CO2 were performed using 

Vernier CO2-BTA probe. The data acquisition was performed using Vernier Lab Pro 

multichannel interface by Logger Pro software (Version 3.4.6) on a computer. 

 

2.3.3 Reaction Setup 

The reaction was carried out in a Pyrex 3-neck 500 mL round bottom flask. The flask was 

completely wrapped with black polythene and aluminum foil in order to block the UV-Vis 

light. The CO2 was measured in an adjacent chamber connected by Teflon® tubing with a 

CO2 sensor (Vernier CO2-BTA) inserted inside. The total volume of the air space for both 

chambers and tubing was ~1.4 L. The air was circulated between the chambers using a 

small oil free pump at 0.5 L min-1 (Hargraves K113-21-01, Parker Hannifin Corp, Moores-

ville, NC). Separate chambers were needed to avoid unwanted photolysis of pyruvic acid 

[Griffith et al., 2013; Leermakers and Vesley, 1963], because the Vernier CO2-BTA probe 

produces broadband light with wavelength extending into the absorption region of pyruvic 

acid [Lund Myhre and Nielsen, 2004]. All of the circulation tubing was wrapped with black 

polythene and aluminum foil to prohibit light intrusions during the experiments. Evolved 

CO2 gas was retained in the experimental setup using rubber stoppers for the probes and 

tubing. As soon as the organic acid was introduced to the solution, the setup was sealed 

using rubber stoppers. This was done so that, no gas can escape nor any gas can intrude 

into the closed chambers. A schematic of the setup and a photograph of the reaction system 
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are given in the supplemental information (Appendix, Figure A.1.6). A complete list of the 

experimental conditions is provided in Table 2.1. Each experiment is denoted with a 

number and hereafter the numbers are used to refer to the experiments. Stock solutions of 

4.00 M ammonium sulfate, 8.00 M ammonium nitrate, 5.00 M ammonium chloride, 3.00 

M sodium sulfate, 7.00 M sodium nitrate, 5.00 M sodium chloride, 4.00 M potassium 

chloride and 1.10 M oxalic acid were prepared and used for consistency throughout the 

experiments. An adequate amount of the solutions and water were mixed, so that after 

addition of the acid the desired inorganic ion and acid concentration in 100.0 mL reaction 

solution was reached. The solution was continuously stirred using a Teflon® coated 

magnetic stir bar (~2.9 cm long and ~0.8 cm thick) at 350 rpm. The background CO2 level 

was monitored prior to the addition of organic acid and only after the background CO2 

became stable, the acid was added. Afterward, the evolution of the gas phase CO2 

concentration was monitored along with the pH of the solution for 10 hours or until the 

CO2 detector became saturated. The pH of the solution and CO2 concentration were 

measured and recorded by Logger Pro software every six seconds. 
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2.3.4 Data Processing 

A batch of 17 sets of experiments with varied precursor organic acids, salts and their 

concentrations were conducted (Table 2.1, Table A.1.2). Each of the experiments was re-

peated at least 4 times to evaluate the reproducibility of the results. The gas phase concen-

tration of CO2 and the solution pH for each of the individual experiments were monitored 

for up to 10 hours or until the CO2 detector was saturated. The replicates were necessary 

because the temperature of the experiments was not controlled and could have fluctuated. 

The measured gas phase CO2 mixing ratios were used to study the kinetics of the decarbox-

ylation process. The CO2 diffusion from the solution to gas phase was assumed to be a 

faster process than the production of CO2 and virtually does not have any effect on the rate 

of decarboxylation. The kinetics of phase transfer is discussed in supplemental information 

(Appendix A.1.3). The gas phase mixing ratio of CO2 was converted to aqueous phase 

concentrations imagining all produced CO2 were to remain in the solution. Conversion of 

the measured gas phase mixing ratio to an aqueous phase CO2 concentration was performed 

for kinetic calculations and to relate the CO2 concentration to those of the other aqueous 

species. The calculations are available in the Appendix (A.1.1). The rates of the reaction, 

empirical reaction order with respect to each of the reactants and rate constant were 

calculated (Section 2.4.2.1). The values of CO2 from each replicated experiments were 

used to calculate the rate and empirical rate constants and is tabulated in Table 2.1 and 

Table A.1.2. The data presented here were not corrected to remove the variability 

associated with the laboratory temperature, which fluctuated (70-80 0F, according to the 

room thermostat) during the experiments. 
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2.4 Results and Discussion 
 

2.4.1 Decarboxylation from glyoxylic and pyruvic acid 

Glyoxylic, pyruvic and oxalic acids were studied in the presence of aqueous ammonium 

and aqueous sodium salt solutions simulating dark and radical free atmospheric aqueous 

aerosol conditions. The evolution of the averaged CO2 concentration with respect to 

reaction time is shown in Figure 2.1 for selected experiments. The reaction appears to have 

an ‘initial induction’ period and the rate appeared to be slower at the beginning of the 

reaction. Although the exact reason for the initial induction is not understood, all of the 

chemical reactions and their equilibrium along with other physical processes likely 

contribute to the initial induction period. However after the initial induction period, the 

production of CO2 becomes faster and linear. It is possibly due to the chosen time scale or 

it could be that the reaction reached to a ‘quasi steady state’. In each experiment, the pH of 

the solutions dropped sharply upon the addition of the organic acid and kept decreasing 

over time at a very slow rate (Appendix A.1.6) indicating a steady increase in the 

hydronium ion concentration from either the organic acid or the ammonium ion. Overall 

the CO2 concentrations steadily increased with respect to time for both pyruvic acid and 

glyoxylic acid in the presence of the ammonium salts, including: ammonium sulfate, 

ammonium nitrate and ammonium chloride (Figure 2.1A, 2.1C, 2.1H). Negligible amounts 

of CO2 were observed in the control experiments using the corresponding sodium salts 

(Figures 2.1B, 2.1D and 2.1E). The initial pH of the sodium salt solution was higher 

compared to the ammonium salt solution. At the higher pH values (> 6), the solution 

contains considerably higher HCO3
- ion and upon addition of the organic acids, the ionic 
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equilibrium of the solution quickly shifts such that HCO3
- converts to gaseous CO2 and 

contributes to a minor increase in the gas phase CO2 mixing ratio. Moreover, the major 

increase in the concentration of CO2 with time for all sodium salts takes place within the 

first half an hour upon the addition of the organic acids and no further increase in the 

concentration of CO2 was observed beyond the first hour. This indicates the observed 

increase is mainly due to a shift in the equilibrium between aqueous HCO3
- and gaseous 

CO2. Trace impurities in the ACS grade salts may also play a minor role, for example in 

the case of nitrate experiments (Figure 2.1C, 2.1D), nitrate salt can contain minute amount 

of nitrite and can contribute to the negligible decarboxylation. However, it is expected that 

all ACS grade salts contain similar impurities but decarboxylation was only observed in 

the presence of the ammonium salts (Figure 2.1). This implies the fragmentation of C-C 

bond between the carbonyl group and carboxylic acid group leading to decarboxylation of 

pyruvic and glyoxylic acid is facilitated by the ammonium cation (or its conjugate base 

ammonia) and not from self-dissociation or any trace impurities. To explore this further, 

we carried out experiments to evaluate the rate of decarboxylation with respect to: (i) 

precursor acids, (ii) inorganic salts, (iii) concentration and (iv) ionic strength. The 

determination of the rate of decarboxylation and other experiments are discussed in the 

following sections.  

 

2.4.2 Rate of the Decarboxylation and Order of the Reaction 
 
2.4.2.1  Derivation of the Rates of Decarboxylation  

Despite initial induction periods, the time profile of CO2 is approximately linear meaning 

the reaction reached to a ‘quasi steady state’ in the studied time periods. Therefore, we can 
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apply an initial rate method to determine the orders and rate constant of the reaction past 

the induction period. The induction period may be due to required time to bring all the 

processes to a ‘quasi steady state’. However, it is very much possible that the processes 

involved in the decarboxylation are more complex than thought and involve multiple equi-

libriums, which awaits further study. We plotted the data points for the variation of the 

concentration of CO2 with respect to time between 100.0 min to 199.9 min (or till end of 

data points) and then using a liner equation, curve fitted the data and took the value of the 

slope as the rate of decarboxylation (Figure 2.2 and Table 2.2). The advantage of using this 

method was it will reduce if not remove completely any contribution from dissolved 

impurities (i.e., HCO3
-, etc.) and also the measured rate will be for the period when the 

processes appears to be at a ‘quasi steady state’. It may be noted, in the case of experiment 

number 16 (pyruvic acid 1.0 M and ammonium sulfate 2.0 M) those data points were not 

available and the range used to determine the rate of decarboxylation was between 40.0 

min and 63.3 min. The derivation of the reaction rate was shown for experiment number 

13 (glyoxylic aicd 1.0 M and ammonium sulfate 4.0 M) in the Figure 2.2 and tabulated in 

Table 2.2. 
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Figure 2.2: The variation of concentration of CO2 with respect to time in experiment number 13 
(ammonium chloride 4.00 M and glyoxylic acid 1.00 M) between 100.0 min and 199.9 min. The plot 
of all data points may be found in Figure A.1.2. The data points (Figure 2.2) were fitted with a liner 
equation. The optimized equation and parameters were presented in the lower right hand side of the 
figure and are colored coded according to the color of the replicate analysis. The slope of each equation 
represents the rate of decarboxylation for each replicate and tabulated accordingly in Table 2.2. 

 

Table 2.2: Derived data of rate of decarboxylation for experiment number 13. (Rate of 
decarboxylation is the slope of the fitted data in Figure 2.2) 

Exp. 13 Rate of decarboxylation, 
mM min-1 

Rate of decarboxylation 
× 108, M s-1 

Replicate 1 0.004825 8.04 
Replicate 2 0.004714 7.86 
Replicate 3 0.003950 6.58 
Replicate 4 0.004279 7.13 

 

2.4.2.2 Derivation of the Order of the Reaction 
Let us consider the following reaction: 

H(CO)COOH +  NH    CO + other products 

vrate = k × [NH4
+]  × [Glyoxylic acid]  … … … (E2.1) 
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constant 

 Now, if the concentration of NH4
+ is varied keeping concentration of glyoxylic acid 

constant then the equation E2.1 reduces to: 

vrate = k1 × [NH4
+]  … … … (E2.2) 

where, k1 = k × [Glyoxylic acid]  

Taking natural logarithm of the equation E2.2 we get, 

ln(vrate) = ln(k1 4
+]) … … … (E2.3) 

Now, A plot of ln(vrate) vs. ln([NH4
+]) would be a straight line and the slope of the line 

should be the order of the reaction with respect to NH4
+ ion.  

Similarly order of the reaction with respect to the other species may be derived.  

 

2.4.2.2.1 Determination of the Order with Respect to the NH4+ Ion 

The experiment sets of 1, 2, 3 and 9, 10, 11 kept the initial concentration glyoxylic acid 

constant but varied the initial concentration of ammonium ion. In these two cases we can 

apply equation E2.3 to obtain the order with respect to NH4
+. The derived data were tabu-

lated in Table 2.3 and Table 2.4. The natural logarithm of the rate of decarboxylation and 

the molar initial concentration of the ammonium ion were plotted in Figure 2.3. No 

corrections for activity were made and should be addressed in future investigation. The 

order with respect to ammonium is determined to be 0.8 and 1.1 in ammonium sulfate and 

ammonium nitrate experiment. For practical purposes, first order with respect to the 

ammonium ion will be used in the further calculations.  
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Table 2.3: Derived kinetic data for the reaction between ammonium sulfate and glyoxylic 
acid (experiment number 1, 2 and 3). 

Exp 
no. 

Replicate 
Number 

[NH4
+], 

M ln([NH4
+]) [glyoxylic 

acid], M 

Reaction 
rate × 108, 

M s-1 
ln(rate) 

1 

1 2.00 0.693147 1.00 7.7565 -16.3721 
2 2.00 0.693147 1.00 7.7151 -16.3775 
3 2.00 0.693147 1.00 7.8146 -16.3647 
4 2.00 0.693147 1.00 7.0767 -16.4639 

2 

1 4.00 1.386294 1.00 14.0076 -15.7811 
2 4.00 1.386294 1.00 11.9426 -15.9406 
3 4.00 1.386294 1.00 19.1444 -15.4687 
4 4.00 1.386294 1.00 12.0906 -15.9283 

3 

1 6.00 1.791759 1.00 15.1573 -15.7022 
2 6.00 1.791759 1.00 21.0429 -15.3741 
3 6.00 1.791759 1.00 26.1295 -15.1576 
4 6.00 1.791759 1.00 16.8648 -15.5954 
5 6.00 1.791759 1.00 14.1392 -15.7717 

 

Table 2.4: Derived kinetic data for the reaction between ammonium nitrate and glyoxylic 
acid (experiment number 9, 10 and 11). 

Exp 
no. 

Replicate 
Number 

[NH4
+], 

M ln([NH4
+]) [glyoxylic 

acid], M 
Reaction rate 
× 108, M s-1 ln(rate) 

9 

1 3.00 1.098612 1.00 4.1576 -16.9957 
2 3.00 1.098612 1.00 4.0960 -17.0107 
3 3.00 1.098612 1.00 4.5732 -16.9005 
4 3.00 1.098612 1.00 4.7335 -16.8660 

10 

1 4.00 1.386294 1.00 5.8393 -16.6561 
2 4.00 1.386294 1.00 5.3405 -16.7454 
3 4.00 1.386294 1.00 4.3643 -16.9472 
4 4.00 1.386294 1.00 5.7212 -16.6765 

11 

1 6.00 1.791759 1.00 7.8491 -16.3603 
2 6.00 1.791759 1.00 7.0465 -16.4681 
3 6.00 1.791759 1.00 11.4262 -15.9848 
4 6.00 1.791759 1.00 7.1391 -16.4551 
5 6.00 1.791759 1.00 12.6122 -15.8860 
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Figure 2.3: The natural logarithm of the rate of decarboxylation vs. the natural logarithm of the molar initial 
concentration of ammonium ion for experiment sets of 1, 2, 3 (ammonium sulfate and glyoxylic acid) and 9, 
10, 11(ammonium nitrate and glyoxylic acid). The linear fit of the data points was made and from the 
optimized parameters the slope was determined. The reaction order with respect to the ammonium ion is 0.8 
for the ammonium sulfate experiments and 1.1 for the ammonium nitrate experiments from the slopes. 

 
2.4.2.2.2 Determination of the Order with Respect to Glyoxylic Acid 

A plot of the natural logarithm of the rate of decarboxylation versus the natural logarithm 

of the initial concentration of glyoxylic acid was made for experiment numbers 2, 4 and 5 

(Figure 2.4). The derived order with respect to glyoxylic acid is 1.1 and is very close to 1. 

Thus, we used the first order with respect to glyoxylic acid for further calculations. 
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Figure 2.4: Plot of the natural logarithm of the rate of decarboxylation vs. the natural logarithm of the molar 
initial concentration of glyoxylic acid for the experiment set of 2, 4 and 5 (ammonium sulfate and glyoxylic 
acid). The slope of the fitted line is 1.1 and thus the reaction order with respect to glyoxylic acid is 1.1. 
 

2.4.2.2.3 Determination of the Order with Respect to Pyruvic Acid 

A plot of the natural logarithm of the rate of decarboxylation versus the natural logarithm 

of the initial concentration of pyruvic acid was made for the experiment numbers 15 and 

16 (Figure 2.5). The experiments were only done at two different concentrations and 

perhaps in future studies experiments can be performed with more varied concentrations. 

However, the derived order with respect to pyruvic acid is 1.5 with a clear deviation from 

an integer value. In congruence with the findings from glyoxylic acid experiments, we will 

use the first order with respect to pyruvic acid for further calculations. However, the order 

with respect to pyruvic acid should be reevaluated in future studies. 
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Figure 2.5: A plot of the natural logarithm of the rate of decarboxylation vs. the natural logarithm of the 
molar initial concentration of pyruvic acid for experiments 15 and 16 (ammonium sulfate and pyruvic acid). 
The slope of the fitted line is 1.5. 
 

2.4.3 Organic Acid Precursors and Concentration 

We studied the decarboxylation of pyruvic acid, glyoxylic acid and oxalic acid in the pres-

ence of ammonium and sodium salts. Although decarboxylation was observed for both of 

-oxo acids, it was not observed from oxalic acid (Exp. number 17, Figure 2.1H). 

Therefore, we designed the experiments to study the effect of concentration of the -oxo 

acids on decarboxylation. 

In the experiments 2, 4 and 5 (Table 2.1), the concentration of glyoxylic acid was varied 

while the concentration of ammonium sulfate was held constant at 2.00 M. In general, the 

rate of CO2 production was increased with the concentration of glyoxylic acid as shown in 
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Figure 2.6. The calculated reaction order with respect to glyoxylic acid was 1.1 (Section 

2.4.2.2.2) indicating the order of the reaction with respect to glyoxylic acid is a likely one.  

 
Figure 2.6: Evolution of CO2 production with time with different reaction conditions. The concentration of 
(NH4)2SO4 was 2.00 M in each of the cases here. Faster production of CO2 with increased initial 
concentrations of pyruvic and glyoxylic acid was observed. Shaded regions represent the standard deviation 
of the averaged experiments. The gas phase concentration of CO2 (ppm) was converted to the concentration 
of CO2 (mM) for the volume of the reaction solution. PA = Pyruvic acid and GA = Glyoxylic acid. 

 

In the experiments 15 and 16 (Table 2.1), the concentration of pyruvic acid was varied and 

the concentration of ammonium sulfate was held constant at 2.0 M. Similar to the experi-

ments with glyoxylic acid, the production of CO2 varied almost linearly with the concen-

tration of pyruvic acid (Figure 2.6, Table 2.1). However, the determination of the reaction 

order was not as straightforward as it was for glyoxylic acid. The reaction order with re-

spect to pyruvic acid was determined to be 1.5 indicating the possibility of a more complex 

process than previously described (Section 2.4.2.2.3). However in congruence with the 

observation of first order with respect to glyoxylic acid, we approximated the reaction order 
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with respect to pyruvic acid also to be 1 and perhaps future study will provide clarification 

on this issue.  

Pyruvic acid undergoes decarboxylation at a faster rate than glyoxylic acid (Figure 2.6). 

Specifically, for the reactions with ammonium sulfate the rate constant for pyruvic acid is 

at least 4 times faster than that of glyoxylic acid (Table 2.1). This indicates the molecular 

structure of the acid affects the rate of decarboxylation. In the aqueous solutions of both 

pyruvic and glyoxylic acid, the oxo group is anticipated to be hydrated. The predicted hy-

dration of glyoxylic acid in aqueous solution was 99.9% and for pyruvic acid 70% [Kerber 

and Fernando, 2010]. However, the hydration equilibrium constant for the carbonyl group 

depends on the inductive effect of adjacent groups [Buschmann et al., 1980] and is a func-

tion of the solution pH, temperature, concentration and other conditions [Pocker and 

Meany, 1970; Pocker et al., 1969]. Pyruvic acid is anticipated to be less hydrated than 

glyoxylic acid, because of the adjacent methyl group compared to the hydrogen atom of 

glyoxylic acid under similar conditions. This suggests the decarboxylation reaction likely 

proceeds via nucleophilic attack of the oxo group, which may be retarded by hydration of 

the carbonyl moiety forming a geminal diol (the hydrated form of the carbonyl group). This 

indicates the oxo group plays an important role in the observed decarboxylation. The 

necessity of activation of the carbonyl moiety in the -oxo acids leading to decarboxylation 

is further bolstered by the observations of no decarboxylation in the experiments with 

oxalic acid and ammonium sulfate (Figure 2.1). A set of potential reaction pathways of 

decarboxylation is given in section 2.4.6 (Scheme 2.1).  
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2.4.4 Inorganic Salts and Concentration 

-oxo acids and 

ammonium salts in the absence of any other known oxidants at the dark conditions. The 

observed changes in the CO2 concentrations from the reactions with sodium salts were at 

least one order of magnitude lower than the observed changes from the ammonium salt 

solutions (Figure 2.1) indicating the ammonium ion (or free ammonia) is involved in the 

decarboxylation reaction steps. The dependence of decarboxylation on the ammonium salts 

was explored in the next few experiments.  

 
Figure 2.7: The temporal production of CO2 from glyoxylic acid at varying concentration of ammonium 
sulfate. The concentration of glyoxylic acid (GA) is constant (1.00 M) for all experiments. The gas phase 
concentration of CO2 (ppm) was converted to an aqueous phase concentration of CO2 for the volume of the 
reaction solution. The shaded region represents the standard deviation of the averaged experiments.  
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Figure 2.8: Production of CO2 from glyoxylic acid with time at varied concentrations of ammonium nitrate. 
The concentration of glyoxylic acid (GA) is the same (1.00 M) in all cases. The gas phase concentration of 
CO2 (ppm) was converted to an aqueous phase concentration of CO2 for the volume of reaction solution. The 
shaded region represents the standard deviation the averaged experiments. 

The concentrations of ammonium sulfate (Experiments 1, 2 and 3) and ammonium nitrate 

(Experiments 9, 10 and 11) were varied, while the concentration of glyoxylic acid was held 

constant at 1.0 M. In these experiments, we observed an increase in the rate of decarboxy-

lation with an increase in the ammonium salt concentrations (Figure 2.7 and Figure 2.8). 

The rate of decarboxylation appeared to vary linearly with the initial concentration of the 

ammonium ion for each of the ammonium salts (Figure 2.4). No corrections for activity 

were made. The order of the reaction with respect to the ammonium cation in the reactions 

between glyoxylic acid and ammonium sulfate (Experiment no. 1, 2 and 3) was determined 

to be 0.80 (Section 2.4.2.2.1). For the reactions between glyoxylic acid and ammonium 

nitrate (Exp. 9, 10 and 11) an order of 1.1 with respect to the ammonium concentration was 

determined (Section 2.4.2.2.1). These calculations and observation indicate that decar-

boxylation is likely a first order reaction with respect to the ammonium cation. 
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Although decarboxylation was predominantly observed in all of the ammonium salts, a 

negligible increase in the gas phase concentration of CO2 was observed with each of the 

experiments containing sodium salts (Figure 2.1). As previously mentioned, this increase 

likely comes from the change in the solution pH upon the addition of the organic acid, 

which subsequently changes the solubility of aqueous CO2 (aqueous HCO3
- is rapidly 

converted to aqueous CO2 when the pH is lowered). Ammonia is known to attack the 

electron deficit carbonyl carbon because of its capability to donate electrons [Morrison and 

Boyd, 1992] leading to a nucleophilic addition product, which may initiate the 

decarboxylation process. The potential reaction pathways were given in section 2.4.6 

(Scheme 2.1). 

 
Figure 2.9: Production of CO2 from glyoxylic acid with time and varied inorganic salt composition. The 
concentration glyoxylic acid (GA) is the same in all cases. The concentrations of ammonium nitrate and 
ammonium chloride are 4.0 M and both of them are 1:1 electrolyte. The gas phase concentration of CO2 
(ppm) was converted to an aqueous phase concentration of CO2 for the volume of the reaction solution. The 
shaded region represents the standard deviation of the averaged experiments.  
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A dissimilar rate of decarboxylation was observed (Figure 2.9) in the experiments with 

equal molar concentrations of ammonium nitrate (Experiment 10) and ammonium chloride 

(Experiment 13). A slower rate of CO2 production was observed in the experiments with 

ammonium nitrate than ammonium chloride (Figure 2.9, Table 2.1). This could arise from 

one of the following factors: (i) the ionic composition, (ii) the pH of the reaction solution, 

and (iii) the concentration of free ammonia. It is likely that the difference in the salt com-

position most likely causes a difference in the solution environment, the major differences, 

however, were observed in terms of the pH and the free ammonia concentration. The pH 

of the ammonium nitrate reaction solution was 1.35 and the pH of ammonium chloride 

reaction solution was 1.16, but the impact of the solution pH on decarboxylation is not 

known. The concentration of free ammonia in solutions of ammonium nitrate and ammo-

nium chloride were calculated to be 2.1×10-8 M and 1.3×10-8 M using the aerosol thermo-

dynamic model, E-AIM [Clegg et al., 1998] (as presented in the Appendix Table A.1.3). 

The amount of free ammonia is higher (~1.6 fold) in the ammonium nitrate solution. In 

contrast, we observed a higher rate of decarboxylation (~1.4 times) in the experiments with 

ammonium chloride compared to the experiments with ammonium nitrate. This suggests 

that the decarboxylation is not solely controlled by the nucleophilic addition of ammonia 

to carbonyl moiety, but rather it is likely a function of multiple reaction parameters (i.e., 

solution pH, ionic strength, etc.) and further study is needed. 

 

2.4.5 Effect of Ionic Strength 

The rate of decarboxylation of glyoxylic acid was studied at different solution ionic 

strengths (Experiments 2 and 8). In these experiments, the concentrations of glyoxylic acid 
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and ammonium sulfate were kept constant but potassium chloride was added to Experiment 

8 to modify the ionic strength of the reaction solution. It should be noted that the pH of 

both of the solutions are not the same after addition of the acids. However, potassium 

chloride is a neutral electrolyte and is not expected to participate in the decarboxylation 

reaction since no decarboxylation was observed in case of NaCl (Figure 2.1B). The ionic 

strength was calculated using the following equation  =    (E2.4) 

where, Ci is the molar concentration of ‘i’ ion and z is the number of charges of the ‘i’ ion.  

 

Figure 2.10: Temporal production of CO2 from glyoxylic acid at varied ionic strengths with ammonium 
sulfate. The concentration of ammonium sulfate and glyoxylic acid (GA) is the same (2.00 M and 1.00 M) 
in both cases. The gas phase concentration of CO2 (ppm) was converted to an aqueous phase concentration 
of CO2 for the volume of the reaction solution. The shaded region represents the standard deviation of the 
averaged experiments. 

 

The ionic strengths of the experimental solutions are 6.0 M and 7.0 M for Experiment 2 

and Experiment 8, respectively. We have taken the major ions of the solution into con-

sideration and contribution from hydronium ions and organic anions were neglected. The 
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pH of the solution was generally ~2 and thus the concentration of H3O+ was ~0.01 M which 

is much lower than that of ammonium or other major ions. The organic acids in the present 

study have low dissociation constants (i.e., pKa of glyoxylic acid and pyruvic are 3.19 and 

2.39 [Kerber and Fernando, 2010]), therefore, the contribution in the total ionic strength 

from the organic anions is likely much lower. However, from the comparison shown in 

Figure 2.6, it is evident that an increased ionic strength leads to a faster rate of 

decarboxylation (Table 2.1). In addition, a faster rate of decarboxylation was observed in 

the experiments with ammonium sulfate compared to the other ammonium salt solutions 

studied here for a given ammonium ion concentration. The experiments 2, 10 and 13 have 

the same ammonium ion concentration (4.00 M), but the ionic strength is higher for the 

ammonium sulfate solution (6.0 M) compared to ionic strength of ammonium chloride or 

ammonium nitrate (4.0 M) (Table A.1.2). The faster rate of decarboxylation as observed in 

the experiments with ammonium sulfate (Experiment 2, Table 2.1 & A.1.2) could be a 

result of the increased ionic strength. This indicates the involvement of ionic species in the 

rate limiting reaction step [Laidler, 1987]. This rate limiting step is likely either a reaction 

between two same charge ionic species or a reaction between an ionic species and a neutral 

species [Laidler, 1987]. However, we are not certain whether the increased rate is due to 

stabilization of a transition state or the increased availability of the active reactants at higher 

ionic strength. Further studies are required to answer these questions. 
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2.4.6 Mechanism of Decarboxylation 

Free ammonia is present in the ammonium salt solution and it can react with the carbonyl 

functional group via nucleophilic reaction. Recently, the formation of imidazole com-

pounds from glyoxal (the -dicarbonyl for glyoxylic acid) in aqueous 

ammonium sulfate was reported and it is believed that the imidazole is formed via di-imine 

pathways [Galloway et al., 2009; Kua et al., 2011]. Even if the formation of a mono-imine 

-oxo acids, it is not clear how this can cause carbon-carbon 

bond cleavage leading to decarboxylation.  

 
Scheme 2.1: The potential pathways of carbon-carbon bond fragmentation in dark radical free aqueous solu-
tions. A) Zwitterion intermediate, B) stable C-N bond formation and C) Concerted proton transfer toward C-
C bond cleavage 
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Takahashi and co-workers [Takahashi et al., 2008] reported that gas phase vibrationally 

excited pyruvic acid (trans-cis configuration) undergoes a unimolecular decarboxylation 

via hydrogen atom chattering. However, we anticipate the solution phase reaction 

mechanism to be different than the gas phase reaction mechanism. Moreover, we did not 

observe any significant decarboxylation with any of the sodium salts, therefore, the 

documented mechanism for gas phase decarboxylation [Takahashi et al., 2008] is unlikely 

to be applicable to the aqueous phase decarboxylation in the presence of the ammonium 

salts. One of the studies of gas phase thermal dissociation of pyruvic acid showed that 

decarboxylation happens through a transition state with a 5-member ring formation [Saito 

et al., 1994], but it is not very clear how ammonium/ammonia can contribute to that kind 

of pathway. However the observations of CO2 production from pyruvic acid and glyoxylic 

acid with the ammonium salts and the negligible decarboxylation with the sodium salts 

indicates, the active participation of ammonium or ammonia in the decarboxylation 

process. The absence of decarboxylation in the case of oxalic acid with ammonium sulfate 

(Experiment No. 17, Figure 2.1H) indicates decarboxylation requires the carbonyl group. 

Thus, -oxo carboxylic acid proceeds via nucleophilic 

attack on the carbonyl carbon by ammonia. Apart from the role of ammonium/ammonia, 

other reaction parameters also affect the decarboxylation and further study is warranted. 

Some potential reaction mechanisms of decarboxylation involving the nucleophilic attack 

of ammonia on the carbonyl carbon leading to carbon-carbon bond fragmentation between 

the carbonyl carbon and carboxyl carbon are given in Scheme 2.1. Scheme 2.1A involves 

the formation of a ‘zwitterion’ intermediate via ‘hydrogen chattering’, which consecutively 

weakens the C-C bond leading to fragmentation. Scheme 2.1B shows the potential 
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formation of a stable C-N bond leading to carbon-carbon bond scission. Scheme 2.1C 

shows a potential concerted pathway of the transfer of hydrogen and cleavage of the 

carbon-carbon bond. It should be noted that at present, these are speculative reaction 

schemes and it is yet to be proved which pathway is most likely responsible for 

decarboxylation. Further studies are needed in order to understand the pathway through 

which decarboxylation proceeds in dark and radical free aqueous ammonium salt solutions. 

2.5 Atmospheric Relevance 

A recent study of the gas and particle phase concentrations of the carboxylic acids at a 

suburban location showed that up to 65% of the total pyruvic acid and up to 85% of the 

total glyoxylic acid was present in the particle phase with some diurnal and seasonal 

variability [Bao et al., 2012] -oxo acids are structurally very similar to 

other at -dicarbonyls. Thus, knowledge of the 

condensed phase processing of glyoxylic and pyruvic acid is necessary to increase the 

understanding of the overall properties of atmospheric aerosol.  

The aqueous phase chemistry of ammonium/ammonia with carbonyl compounds has re-

ceived much attention recently and the reason for this is its participation in the formation 

of light absorbing accretion products [Ervens et al., 2011]. However, it is still not certain 

how ammonium or ammonia is participating in the formation new products possibily 

contributing to changes in aerosol physical properties. This study indicates 

ammonium/ammonia is facilitating carbon-carbon bond cleavage leading to a 

- - -dicarbonyls are 
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very similar classes of compounds, similar carbon-carbon bond cleavage may possible in 

-dicarbonyls and ammonium salt.  

Organic oxygen content is often represented by the elemental ratio of oxygen to carbon 

(O/C) and is an important parameter to determine physicochemical properties of the or-

ganic fraction of aerosol [Pang et al., 2006]. It has been widely shown and accepted that 

atmospheric functionalization reactions of organic compounds in the gas or condensed 

phases will increase the oxygen content, which can be translated into increased particulate 

organic oxygen content [Aiken et al., 2008; Kroll et al., 2009; Presto et al., 2009]. In addi-

tion, multigenerational heterogeneous OH radical oxidation of organic aerosol can lead to 

fragmentation of organic compounds leading to a loss of particulate carbon keeping the 

particulate oxygen content unchanged leading to an increased O/C [Kroll et al., 2009]. 

Similar results are anticipated with other radical reactions. Particulate organic oxygen con-

tent can be reduced by condensation reactions such as esterification and aldol condensation 

[Kundu et al., 2012], whereas accretion reactions such as aldol addition and acetal 

formation are unlikely to have an effect on the organic oxygen content. This study of dark 

-oxo carboxylic acids in the presence of 

ammonium indicates removal of 1 carbon and 2 oxygen atoms upon decarboxylation 

-oxo carboxylic acid. 

Thus, these reactions will likely lead to a reduction in the O/C ratio of aqueous organic 

aerosol. 

Atmo -oxo acids are likely subjected to UV-Vis photolysis or OH 

radical oxidation. Using a simple box model, Reed Harris et al. (2014) estimated the major 
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loss pathway of atmospheric pyruvic acid is via aqueous phase UV-Vis photolysis and 

reaction with hydroxyl radical under high water loading condition (cloud, fog, etc.). The 

rate constant for aqueous phase oxidation of pyruvic acid by OH radicals was reported to 

be 1×108 M-1 s-1 at 298 K [Ervens et al., 2003], but the concentration of OH radicals in the 

atmospheric condensed phase is expected to be highly variable ranging between 8.0×10-12 

M and 2.9×10-16 M [Herrmann et al., 2010]. Conversely, ammonium may be present in the 

aqueous phase at its saturation concentration (~8 M in a deliquesced (NH4)2SO4 particle) 

to sub-milimolar concentration (rain drop). This indicates the loss rate of pyruvic acid in 

the aqueous phase via reactions with ammonium can be greater than one order of 

magnitude compared to the reactions with hydroxyl radicals (see more details in Appendix 

A.1.5). Where our comparison was for a 1.5 M ammonium sulfate aqueous aerosol at a 

given aqueous phase concentration of pyruvic acid and low concentration of hydroxyl 

radical (during night time). Therefore, during the night time (in the absence of photolysis) 

and under reduced availability of hydroxyl radicals, the ammonium salt pathway presented 

here represents a major sink for pyruvic acid and other -oxo carboxylic acids. 

 

2.6 Conclusions 

-oxo carboxylic acids are oxidation products of isoprene and other hydrocarbons and 

are abundant both in gas and particle phases. Their processing in the aqueous phase can 

affect the physicochemical properties of atmospheric aerosol. We studied the aqueous aer-

-oxo carboxylic acids in three ammonium salt solutions and three 

sodium salt solutions in the absence of UV-Vis radiation and hydroxyl radicals. A cleavage 

of the carbon-carbon bond leading to the decarboxylation from both pyruvic and glyoxylic 
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acid was observed in the presence of ammonium salts. The empirical rate constants for 

decarboxylation of each of the reactant pairs were calculated and presented in Table 2.1 

and Table A.1.2. Pyruvic acid was observed to undergo faster decarboxylation indicating 

the structure contributes to the rate of the reactions resulting in decarboxylation. In 

addition, the ionic strength of the solution contributed to a considerable increase in the rate 

of decarboxylation. The decarboxylation was found to be first order with respect to the 

oxo-acids and a similar relationship was observed with respect to the ammonium ion 

concentration. Negligible production of CO2 was observed in the experiments with sodium 

salts indicating ammonium facilitates the carbon-carbon bond cleavage leading to 

decarboxylation. Similar carbon-carbon bond cleav -dicarbonyl 

-oxo carboxylic acids and abundant in the 

atmospheric gas and condensed phases. Comparison of reaction rates indicates in the 

absence of UV-Vis photolysis and under limited availability of OH radical, the reaction 

-oxo carboxylic acids. A potential 

set of reaction mechanisms for the decarboxylation -oxo carboxylic acids based on the 

current observations was presented. This reaction is likely initiated by nucleophilic attack 

on the unhydrated carbonyl carbon by ammonia leading to a multiple potential way of 

carbon-carbon bond scission. The reaction mechanism of decarboxylation in ammonium 

salt solutions and other effects of the reaction conditions (i.e., pH, temperature, activity in 

concentrated solution, etc.) however, are not well understood and further investigation is 

required. 
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3.1 Abstract 

Aerosols are trace but important constituents of our atmosphere containing variable 

amounts of inorganic salts, organic and refractory carbon and liquid water. The composi-

tion of atmospheric aerosol is expected to significantly change with partitioning and aque-

ous chemical reactions in the presence of liquid water. To evaluate this, the molecular 

composition of aqueous secondary organic aerosol (Aq-SOA) formed in the dark aqueous 

reactions between methylglyoxal and ammonium sulfate in a simulated aqueous aerosol 

solution was studied. Electrospray ionization Fourier transform ion cyclotron resonance 

(FT-ICR) mass spectrometry was used to identify the Aq-SOA products. Overall, the Aq-

SOA is a complex mixture of products indicating a complex array of aqueous chemical 

reactions. Elemental compositions of CHO, CHNO, CHOS and CHNOS species were iden-

tified. Out of 448 species, 47% are CHNO compounds, 43% are CHO compounds and rest 

are organo-sulfur species. In congruence with earlier studies, a fraction of the Aq-SOA 

products are likely formed through accretion reactions such as: aldol, acetal and hydration 

reaction. However, a significant fraction of Aq-SOA products suggest there is additional 

processing and it is likely contributing to the formation of complex array of products. In 

the atmosphere, such reactions could modify physicochemical properties of aerosol in a 

much more complex way and is needed to be studied further.  
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3.2 Introduction 

Atmospheric aerosol plays an important role in the earth’s climate [IPCC, 2013], air quality 

[Fiore et al., 2012], nutrient cycles [Mahowald et al., 2011] and human health [Cassee et 

al., 2013]. Aerosol interacts in complex ways with the incoming radiation and thus, their 

composition and microphysical properties are important climate parameters [IPCC, 2013]. 

Unraveling the molecular composition of aerosol is one of the key analytical challenges 

that preclude the quantification of aerosol’s impacts [Pöschl, 2005; Seinfeld and Pandis, 

2006]. Organic aerosol (OA) is a complex mixture of numerous individual compounds 

[Goldstein et al., 2008; Hamilton et al., 2004; Kalberer et al., 2004; Reemtsma et al., 2006] 

and is highly variable in temporal and spatial scales [Zhang et al., 2007]. The incorporation 

of organics into aerosol involves chemical transformation of volatile organic compounds 

(VOCs) of biogenic or anthropogenic origins [Hallquist et al., 2009]. Gas phase oxidation 

and functionalization reactions of VOCs lead to such products which can partition to the 

particle phase and contribute in the aerosol organic mass [Hallquist et al., 2009]. Some of 

the products from oxidation of VOCs have fewer carbons than the parent compounds but 

higher oxygen content (i.e., glyoxal, methylglyoxal, glycoaldehyde, glyoxylic acid, etc.) 

and are highly water soluble (high Henry’s law constant) that they can contribute to 

aqueous secondary organic aerosol [Carlton et al., 2009]. In the aqueous phase, organic 

compounds can react further and contribute to the modification of physicochemical 

properties of aerosol [Ervens et al., 2011; Galloway et al., 2009; Nozière and Esteve, 2005; 

Sareen et al., 2013]. Unfortunately, aqueous phase processing of water soluble organic 

compounds and subsequent physicochemical modification of aerosol is still a largely 

unknown phenomena (i.e., molecular identity, quantification) and further studies were 
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warranted to address the aqueous phase processing leading to the production of Aq-SOA 

[Ervens et al., 2011; Hallquist et al., 2009]. 

Methylglyoxal (2-oxopropanal) is a semi-volatile water-soluble oxidation product of iso-

prene and other VOCs and the estimated annual production is 140 Tg yr-1 [Fu et al., 2008]. 

It has been detected in the aerosol phase of various ambient samples from remote to urban 

locations [Kawamura et al., 1996; Kawamura et al., 2013; Kundu et al., 2010; Wang et al., 

2006]. Its highly reactive nature and effective Henry’s law constant of 3.7 x 103 M atm-1 

[Betterton and Hoffmann, 1988] make it important to study of its aqueous phase dynamics 

and production of Aq-SOA. Photochemical oxidation of methylglyoxal in the aqueous 

phase was shown to produce low volatile organic acids [Altieri et al., 2008; Tan et al., 

2010] and oligomer species [Altieri et al., 2008] leading to Aq-SOA. Several studies sug-

gested that methylglyoxal can produce higher molecular weight low volatility species via 

acetal/hemiacetal and aldol condensation pathways in the absence of photochemical oxi-

dation [De Haan et al., 2009; Kalberer et al., 2004; Zhao J et al., 2006] (See also Table 

A.2.1). However, the molecular identity of the products only was partially documented 

using infrared spectrometry [Loeffler et al., 2006], low-resolution mass spectrometry (i.e., 

ESI-MS [De Haan et al., 2009; Kalberer et al., 2004; Yasmeen et al., 2010]) and aerosol 

mass spectrometry (e.g. Aerosol-CIMS [Sareen et al., 2010] and HR-ToF-AMS [De Haan 

et al., 2009]). The studies of glyoxal and methylglyoxal in the ammonium salt solution 

suggest (i) the formation of organo-nitrogen species [Galloway et al., 2009; Nozière et al., 

2008; Sareen et al., 2010; Shapiro et al., 2009] and (ii) light absorbing species [Sareen et 

al., 2010; Shapiro et al., 2009], although the species responsible for increased light 

absorption are not very well understood. In addition, comprehensive experimental 
54 

 



 

determination of identities of the high molecular weight Aq-SOA products (from 

processing of glyoxal and methylglyoxal in aqueous phase) is still missing in the literature. 

Therefore, the detailed molecular level characterization will be useful to enhance our 

knowledge about the nonradical aqueous aerosol processing (absence of photolysis, OH, 

H2O2, O3, etc.) of methylglyoxal in the presence of aqueous ammonium sulfate solution.  

Mass spectrometry (MS) is a robust analytical technique for analyzing complex samples. 

Fourier transform ion cyclotron resonance (FT-ICR) provides ultrahigh resolution 

(>100,000 at m/z 400) in the mass measurement of ions enabling unequivocal assignment 

of molecular formula of an ion and is described in detail in the literature [Marshall et al., 

1998; Xian et al., 2012]. Electrospray ionization (ESI) coupled with FT-ICR has been 

widely used to analyze complex mixture of organic compounds due to its high sensitivity 

and superior mass measurement accuracy [Altieri et al., 2009a; D'Andrilli et al., 2010; 

Koch et al., 2005; Kujawinski et al., 2001; Kundu et al., 2012; Mazzoleni et al., 2010; 

Putman et al., 2012; Schmitt-Kopplin et al., 2010; Sleighter and Hatcher, 2008; Stenson et 

al., 2003; Zhao Y et al., 2013]. ESI is a soft ionization method in which intact quasi-

molecular ions of polar species are produced from solution [Bruins, 1998; Cech and Enke, 

2001; Gross, 2011]. Subsequent data analysis using different tools such as van Krevelen 

diagram, Kendrick mass defect analysis, etc. provide insight of the array of the compounds 

[Reemtsma, 2009] and product formation [Kundu et al., 2012]. 

Aqueous phase reactions of methylglyoxal are still not very well understood and the Aq-

SOA formed from methylglyoxal in aqueous phase requires detailed molecular 

characterization in order to understand the dark aqueous phase processing. For this reason, 
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we studied the Aq-SOA composition from the reaction between methylglyoxal and ammo-

nium sulfate in bulk solutions using ESI FT-ICR MS. Here, we present the molecular char-

acterization of the complex array of high molecular weight products formed from the reac-

tion between methylglyoxal and ammonium sulfate in dark aqueous phase.  

 

3.3 Methods 
 
3.3.1 Glassware and Chemicals 

All glassware was thoroughly washed, dried and baked overnight at 500 0C. Ammonium 

sulfate with 99.9% purity was obtained from VWR International (West Chester, PA). 

Methylglyoxal, 40% w/w (5.6 M), was obtained from Sigma-Aldrich (St. Louis, MO) and 

was used without further purification. Methylglyoxal was stored in a refrigerator (4-8 0C) 

until the time of use. The LC-MS grade (Optima™) water, methanol, acetonitrile (ACN) 

were obtained from Fisher Scientific (Fair Lawn, NJ). Solid phase extraction (SPE) car-

tridges (6 mL) consisting of 100 mg Strata-X reversed phase polymer were obtained from 

Phenomenex (Torrance, CA). 

 

3.3.2 Aqueous SOA Sample Preparation  

A 4.0 M ammonium sulfate solution was prepared as a stock solution and used for the 

reactions. Methylglyoxal solution was taken out of the refrigerator and allowed to come to 

room temperature before use. 5.0 mL of 4.0 M ammonium sulfate solution and 3.2 mL 

water (ACS grade, Sigma-Aldrich, St. Louis, MO) was taken inside of a 15 mL dark brown 

amber glass vial. To avoid photolysis, the amber vials were wrapped with aluminum foil. 

Methylglyoxal was added (1.8 mL) and the final concentrations of methylglyoxal and 

56 
 



 

ammonium sulfate became 1.0 M and 2.0 M, respectively. The reactions took place in the 

dark at room temperature for 24 hrs. After 24 hrs, 1.0 mL of the reaction solution was taken 

and diluted with 9.0 mL of water for the extraction of the high molecular weight products 

using the reverse phase SPE procedure from Mazzoleni et al., 2012. The SPE cartridges 

were pre-conditioned with 2 mL ACN, 2 mL methanol and 3 mL water (OptimaTM) in 

sequence. After the introduction of the reaction solution to the SPE cartridge, the cartridge 

was rinsed with 3 mL of water. Then 2.0 mL of aqueous ACN (90% v/v in water) was 

applied to extract the retained high molecular weight products into a 2 mL prebaked vial. 

Usage of methanol during extraction was avoided because it can lead to modified product 

by reacting with carbonyl functional group [Bateman et al., 2008]. The sample was kept at 

~ -20 0C until ESI FT-ICR MS analysis. The SPE procedure was necessary to remove 

inorganic ions and unreacted methylglyoxal from the sample to avoid ESI artifacts. Two 

control experiments were performed by taking (i) only methylglyoxal at 1.0 M and (ii) only 

ammonium sulfate at 2.0 M. The control experiments also went through the same 

experimental procedure as mentioned above before ESI FT-ICR MS analyses were carried 

out. 

 

3.3.3 Ultrahigh Resolution ESI FT-ICR MS Analysis 

Ultrahigh resolution mass spectrometry was performed at the Woods Hole Oceanographic 

Institution using a 7 T hybrid FT-ICR MS (LTQ FT Ultra, Thermo Scientific) equipped 

with an ESI source using the procedure described in an earlier work [Mazzoleni et al., 

2010]. ESI was optimized to yield a stable current with a 20 times sample dilution using 
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min-1 into the ESI interface. The applied voltage of ESI was -3.6 kV and negatively charged 

quasi-molecular ions were generated. The sample delivery apparatus was flushed after each 

run with a minimum of of 100% acetonitrile and aqueous acetonitrile (contains 

10% v/v water). The flushing of the ESI interface was necessary to avoid sample carry over 

and to attain background noise level. Negative ion mass spectra were collected in the range 

of 100 < m/z < 1000 with the mass resolving power set at 400,000 (defined at m/z 400). 

Automatic gain control was used to consistently fill the instrument with the same number 

of ions (n = 1 x 106) for each acquisition to avoid space charge effects from over filling the 

mass analyzer. The instrument was externally calibrated in negative ion mode with a stand-

ard solution of sodium dodecyl sulfate and taurocholic acid, and the resulting mass accu-

racy was better than 2 ppm. Over 200 individual mass spectra were collected and stored as 

time domain transients by use of Thermo Xcalibur software.  

 

3.3.4 Assignment of Molecular Formulas  

Ultrahigh resolution FT-ICR MS transients were post-processed using Composer software 

(Sierra Analytics, Modesto, CA) as previously described [Mazzoleni et al., 2010]. Briefly, 

~200 transient files for each of the analyses were co-added to increase the analyte S/N 

[Stenson et al., 2003]. The molecular formula calculator was set to allow 2-70 carbon at-

oms, 2-140 hydrogen atoms, 1-30 oxygen atoms, 0-3 nitrogen atoms, 0-1 sulfur atom with 

up to 25 double bond equivalents (DBE) for the negative ion analysis. DBE is a metric for 

measurement of unsaturation of a species and is the number of double bonds and rings in 

a molecule. The DBE of a species is determined using the following equation: 

DBE = c – h/2 + n/2 + 1      (1) 
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where c, h and n comes from each elemental composition, CcHhNnOoSs 

Two formula extensions (CH2O and CH2) and a de novo cut off at m/z 500 were used. 

Where de novo cutoff at m/z 500 means formulas will not be assigned to the detected 

masses above m/z 500 unless the formula is an extension of the formulas (CH2O or CH2), 

assigned below m/z 500.    

We obtained molecular formulas and classified them as CHO, CHNO, CHOS and CHNOS 

compounds, where each letter in the compound classes represents the elements of the mo-

lecular formulas. Molecular formula were assigned only to the peaks which had a signal-

to-noise ratio >10. The assigned monoisotopic molecular formulas were confirmed by the 

presence of 13C and 34S containing molecular formulas. For example, the existence of the 

molecular formula 12CcHhOo was confirmed by the presence of 13C1
12Cc-1HhOo and likewise 

for the molecular formula 12CcHhNnOo
32S, was confirmed by the presence of both 13C1

12Cc-

1HhNnOo
32S and 12CcHhNnOo

34S. To increase the confidence in the assignment of molecular 

formula, the relative intensity for the peaks with 13C and 34S atom was set to be 100% (± 

40%) of the theoretical abundance. The absolute relative error of the formulas was better 

than 3 ppm (Figure A.2.1). Every molecular formula reported in this study satisfied these 

stringent methods. The final list of the molecular formulas was prepared after subtracting 

common molecular formulas identified in the control samples (methylglyoxal control and 

ammonium sulfate control). A total of 448 new molecular formulas were identified in the 

dark aqueous experimental solution of ammonium sulfate and methylglyoxal.  
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3.4 Results and Discussion 
 
3.4.1 Overview and Mass Spectra  

Overall, 448 new individual molecular formulas were detected in the reaction between am-

monium sulfate and methylglyoxal from the ultrahigh resolution mass spectrometry anal-

yses. These new formulas were not detected in any of the control experiments allowing us 

to study the Aq-SOA composition resulting from the bulk phase reactions of methylglyoxal 

in presence of ammonium sulfate. The majority of the detected compounds are CHNO 

compounds (47%) followed by CHO (43%), CHOS (9%) and CHNOS (1%). The 

reconstructed mass spectra of monoisotopic species are shown in Figure 3.1. The detected 

species ranges between m/z 100 and m/z 900 and are negative ions. The spectrum indicates 

a complex array of Aq-SOA from the aqueous phase processing of methylglyoxal in bulk 

aqueous phase. The detection of negative ions indicates an abundance of electronegative 

functional groups involving oxygen, which are easily deprotonated during ionization. As 

shown in Figure 3.1 most of the detected species are CHO and CHNO compounds (purple 

and light green color bars in the figure) and will be discussed in the next sections.  
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Figure 3.1: Reconstructed mass spectra of Aq-SOA formed from methylglyoxal in the presence of 
ammonium sulfate. The Aq-SOA formed in the dark reaction and detected as negative quasi-molecular ions 
in ESI FT-ICR MS experiments. The mass window ranges from m/z 100 to m/z 900. Note the broken scale 
at vertical axis. All peaks which were also detected in the control experiments were removed. The color 
represents the compound class and same color scheme is used throughout the text. 

The presence of H2O, CH2O homologous series were observed in the analysis of respective

Kendrick mass (KM) (Figure 3.2). All of the species in one homologous series have an 

identical Kendrick mass defect (KMD) when that homologue base is chosen as the 

Kendrick Mass Base. Thus, one can study an array of products for the presence of more 

than one homologous series. It may be noted ‘homologous series’ in our discussion merely 

indicates a relationship of the extension unit in the molecular formula and does not pertain 

to the structural description of the molecule. The KMDs are a unique property and will be 

constant when they are plotted against any variables. This means if KMDa (KMD taking 

‘a’ as the Kendrick Mass base) is plotted against KMDb then we can easily visualize the 

presence of more than one homologous series, which may be done by two different plots 

otherwise. 
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Figure 3.2: Kendrick analysis plot of Aq-SOA formed form methylglyoxal in the presence of ammonium 
sulfate in a dark aqueous solution. The horizontal axis represents the Kendrick mass defect with H2O as the 
Kendrick base and vertical axis represents the Kendrick mass defect with CH2O as the Kendrick base. (Panel 
A) All of the species are shown. (Panel B) Zoomed in to a subsection of the horizontal axis to show the H2O 
homologous series. The species aligned and parallel to the y-axis have the same Kendrick mass defect and 
hence are related by an integer number of H2O units indicating hydration reactions likely take place. (Panel 
C) Zoomed in to a subsection of the vertical axis to show the CH2O homologous series. The species which 
are aligned and parallel to the x-axis have the same Kendrick mass defect and hence are related by an integer 
number of CH2O units. (See also Figures A.2.3 & A.2.4). 

Two KMDs are plotted against each other in Figure 3.2. On the x-axis the KMD with H2O 

as the Kendrick base and on the y-axis KMD with CH2O as the Kendrick base. We observe 

many species to be oriented parallel to the axes (Figure 3.2B and 3.2C). The species that 

orientate themselves parallel to y-axis (Figure 3.2B) have identical Kendrick mass defects 

with H2O as the Kendrick base. These species represent H2O homologous series, meaning 

there is only an H2O group difference between two consecutive species on that line. The 

H2O series suggest hydration of the carbonyl functional groups forming diols (Appendix, 

Scheme A.2.1). In addition, dehydration of alcohol/acetal groups leads to the formation of 

carbon-carbon double bonds via condensation pathways (Scheme A.2.2); these species are 

likely to contribute to the water KMD series as well. The species with the parallel 
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orientation to x-axis (Figure 3.2C) have identical KMD using CH2O as Kendrick base and 

represent CH2O homologous series. CH2O homologous series were observed in rain over 

northeastern United States [Altieri et al., 2009b] and laboratory generated secondary 

organic aerosol [Kundu et al., 2012]. However, the chemical reason for observation of 

CH2O series in the Aq-SOA products of the reaction between methylglyoxal and am-

monium sulfate is not understood. 

 The CH2 homologous series were found to be present with shorter extensions than those 

found in atmospheric fog and cloud water samples [Mazzoleni et al., 2010; Zhao Y et al., 

2013] and laboratory generated SOA samples [Kundu et al., 2012]. The presence of a larger 

carbon backbone hydrocarbon (e.g., isoprene, monoterpene, etc.) and radical reactants 

likely facilitate the formation of extended series of CH2. However, methylglyoxal has only 

three carbons and two of them are as carbonyl carbon and thus products with shorter CH2 

homologous are expected (Figure A.2.5).  

The observation of O (oxygen) homologous series was reported previously by Kundu and 

coworkers [Kundu et al., 2012] based on a study of laboratory generated SOA from limo-

nene ozonolysis using ultrahigh resolution FTICR-MS. They suggested it might be associ-

ated with oxidation of compounds in the presence of ozone. In our case, although, we do 

not anticipate oxidation to take place, the presence of O-homologous series is an interesting 

aspect of this Aq-SOA (Figure A.2.6). In addition, the presence of O homologous series in 

the products may be observed from the disproportion reaction of methylglyoxal such as 

Cannizzaro reaction [De Haan et al., 2009]. The reaction leads to both an alcohol and a 

carboxylic acid species. Thus oxidized and reduced products are observed at the same time 
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from one compound and leading to a generation of O-homologous series. The Cannizzaro 

reaction typically takes place under strongly basic conditions on the aldehyde functional 

-hydrogen [Carey and Sundberg, 2008]. However, the pH of our 

reaction solution was about 3 thus the Cannizzaro reaction is unlikely to take place in this 

aqueous phase and further study is required.  

Table 3.1: Bulk properties of Aq-SOA formed in the dark reaction between ammonium 
sulfate and methylglyoxal. (Standard deviation or the range is given in the parenthesis) 

 CHO CHNO CHOS CHNOS 

Number of species 193 209 40 6 

Average O/C 0.55 
(± 0.14) 

0.51 
(± 0.16) 

0.85 
(± 0.17) 

0.88 
(± 0.05) 

Average H/C 1.17 
(± 0.20) 

1.24 
(± 0.18) 

1.43 
(± 0.21) 

1.50 
(± 0.13) 

Average double bond 
equivalent 10 (± 3) 8 (± 2) 6 (± 3) 5 (± 1) 

Average number of carbon 
atoms in the formulas 

22 
(6-35) 

17 
(6-34) 

18 
(11-29) 

14 
(12-16) 

Average number of oxygen 
atoms in the formulas 

12 
(2-23) 

9 
(1-18) 

15 
(2-20) 

12 
(10-14) 
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Figure 3.3: Variation of the DBE (top) and oxygen content (bottom) with the number of carbon atoms of the 
Aq-SOA species detected in ESI FT-ICR MS formed from methylglyoxal in the dark ammonium sulfate 
solution. 

3.4.2 CHO Compounds 

A total of 193 CHO compound were observed as negative ion in ESI FT-ICR MS analysis 

of Aq-SOA formed from the reaction between methylglyoxal and ammonium sulfate. 

Overall, the DBE ranges from 2 to 16 for the CHO compounds with a range of 6 to 35

carbon atoms in the molecular formulas (Figure 3.3). The number of oxygen atoms in the 

molecular formulas varies from 2 to 23 across the CHO compounds (Figure 3.3). These 

indicate the degree of unsaturation and the oxygen content are increasing with the number 

of carbon atoms (Figure 3.3), which is consistent with accretion reactions of methylglyoxal. 

In addition, we observed the degree of oxidation and hydrogenation varies for each carbon 
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number (Figure A.2.9) suggesting multiple reaction pathways have occurred including 

accretion, hydration, dehydration, and oxidation.  

 

Figure 3.4: van Krevelen plot of the Aq-SOA formed from methylglyoxal in dark ammonium sulfate 
solution. CHO, CHNO, CHOS and CHNOS are presented in the panel A, B, C and D, respectively. In each 
panel each of the compounds were presented in colors while others are in gray scale for comparison. The size 
of the bubble represents the analyte relative abundance. (See also Figure A.2.8) 

The CHO compounds are presented as the ratio of their consisting elements in Figure 3.4A, 

commonly called van Krevelen diagram. The oxygen-to-carbon ratios (O/C) for each of 

the molecular formula range between 0.25 and 1.0 (Figure 3.4A) with an average O/C value 

of 0.55 ± 0.14 (Table 3.1). Most of the higher relative abundance species are in the range 

of 0.4 to 0.8. From ultrahigh resolution analyses, a varying distribution of O/C were 

reported for various atmospheric samples (e.g., 0.35 for HULIS fraction of PM 2.5 [Lin et 
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al., 2012], 0.62 for cloud water sample [Zhao Y et al., 2013], 0.7 for continental rain water 

[Altieri et al., 2009a]). However, Altieri and coworkers [2008] reported average O/C to be 

0.69, where they conducted photochemical oxidation of methylglyoxal. Lower O/C (0.55 

± 0.14) was expected in our products due to the absence of any photochemical oxidant 

(OH, NO3, etc.). The hydrogen-to-carbon ratio (H/C) ranges from 0.6 to 1.7 (Figure 3.4A) 

with the averages of 1.17 ± 0.20 (Table 3.1) for CHO compounds. The lower H/C values 

could be a consequence of having carbonyl functional moieties leading to higher O/C but 

lower H/C. Also, highly oxygenated CHO compounds (lower H/C) were likely be detected 

more efficiently in the negative ion experiment. There are some linear trends apparent in 

the van Krevelen plots (Figure 3.4). Linearity originates from the quantized valence of the 

atoms [Kim et al., 2003]. In Figure 3.4, the points that appear to be on a hypothetical line 

with an intercept of 2 on vertical axis represent CH2 molecular formula extensions 

[Mazzoleni et al., 2010]. The hydration (or dehydration) series are observed in the points, 

which may form a line passing through the origin (zero intercept) with a slope of 2 and 

parallel to it in the van Krevelen diagram. Oxidation and reduction lines are parallel to x- 

and y-axis, respectively. In Figure 3.4, the point where O/C = 0.67 and H/C =1.33 repre-

sents all of the oligomer species from methylglyoxal formed via classic pathways (i.e., 

aldol addition, acetal formation, etc.) in ammonium sulfate solution with ‘zero’ net hydra-

tion (no hydration or dehydration). It may be noted again, we had removed the formulas of 

all species those were present in the two control experiments. Therefore, the existence of 

this point (0.67, 1.33) certainly indicates a higher degree of oligomerization in the presence 

of ammonium sulfate compared to only methylglyoxal alone in the aqueous phase and is 
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consistent with earlier work of Noziere et al. (2010) where they suggested aldol reaction 

being facilitated by inorganic ions.  

A few CHO compounds are located in the so-called ‘aromatic region’ (O/C < 0.5 and H/C 

<1) of the van Krevelen plot [Koch et al., 2005]. However, the presence of some species 

in the aromatic region of the van Krevelen plot can also arise from completely non-aro-

matic compound [Koch et al., 2005]. For example, C24H22O11 was assigned to m/z 

485.1097 and has an H/C value of 0.92 and an O/C value of 0.45 and is located in the 

‘aromatic region’ of van Krevelen plot. One of the many potential formation pathways and 

structure of this species is shown in Scheme A.2.2 (Appendix A.2). It should be noted, we 

do not rule out the possibility of other reaction pathways leading to the same molecular 

formulas with different structures. In the structure of C24H22O11 multiple carbon-carbon 

double bonds are proposed from aldol condensation reaction. Aldol condensation reactions 

were reported to be catalyzed by ammonium ions [Noziere et al., 2010]. Similar reactions 

could lead to the formation of the polyunsaturated aliphatic species and may appear in the 

‘aromatic region’ of the van Krevelen plot.  

Earlier studies reported acetal and aldol reactions are responsible for the formation of 

higher molecular weight compounds and summarized in Appendix (Table A.2.1). If we 

consider hydration, aldol, acetal pathways are responsible for the product formation from 

methylglyoxal in presence of ammonium sulfate, these pathways are equally applicable in 

case of blank methylglyoxal solution from a qualitative perspective. That is why we 

removed the molecular formulas detected in the methylglyoxal control mass spectrometric 

experiment. This indicates, in the presence of ammonium sulfate there should not be any 
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CHO compounds if hydration, aldol, acetal pathways are the only product formation 

pathways. However, we identified 193 new CHO species and only a few of them are 

coming from a higher degree of oligomerization as discussed above indicating the 

existence of additional pathway and is required to study further.  

 

3.4.3 CHNO Compounds 

CHNO compounds are the major class of species formed in the reaction between 

methylglyoxal and ammonium sulfate in the range of 100 < m/z < 900 (Figure 3.1). 

However, 87% of all CHNO species are within 100 < m/z < 500 indicating fewer molecular 

formulas beyond m/z 500. This is a consequence of being conservative in our formula 

assignment of the CHNO compounds, where we applied a de novo cutoff at m/z 500. The 

Kendrick analysis using H2O as a Kendrick mass base indicates that there is a considerable 

contribution of the hydration reaction to the array of CHNO compounds (Figure 3.2 and 

Figure A.2.4). The >C=O can undergo hydration at varying degree and presence of multiple 

>C=O will increase the range of hydration. This indicates hydration and dehydration 

reactions are likely to markedly impact the physicochemical properties of aerosol. 

Although shorter in elongations compared to the CHO species, we observed the existence 

of CH2O, CH2, O and C3H4O2 homologous series (Figures A.2.3 to A.2.7). Because of the 

presence of fewer species across the mass range, only short homologous series were 

observed in Kendrick plots. The double bond equivalents of CHNO species range from 2 

to 20 with a number average of 8 and are lower than average DBE of CHO compounds 

(Table 3.1). This indicates the CHNO is likely more saturated compared to CHO Aq-SOA 

species. The average hydrogen-to-carbon ratio for CHNO species was 1.24 ± 0.18 (Table 
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3.1). The van Krevelen diagram representing CHNO compound class (Figure 3.4B) also 

indicates CHNO compounds are much more hydrogenated than the CHO compounds. This 

apparent excess hydrogen could come from ammonia-ammonium equilibration, which is 

likely to be involved in the aqueous production of nitrogen containing species. The average 

oxygen-to-carbon ratio is 0.51 ± 0.16 and is slightly lower than CHO compounds. The 

formation of compounds containing nitrogen atoms could come from the reaction of 

ammonia and carbonyl functional group via nucleophilic addition of ammonia to carbonyl 

moiety [Carey and Sundberg, 2008]. This addition product could undergo subsequent 

dehydration to form carbon-nitrogen double bonds to produce imines [Carey and 

Sundberg, 2008]. Glyoxal (CHO-CHO), a very similar compound to methylglyoxal, was 

reported to produce nitrogenous species via the formation of imines [Galloway et al., 2009] 

and similar reactions are anticipated to happen in this study. The formation of imine will 

convert >C=O to >C=N- increasing the organic nitrogen content at the expense of oxygen 

and may explain why we observe decreased oxygen-to-carbon ratio in the CHNO 

compounds compared to the CHO compounds (Table 3.1).  

About 72% of all CHNO species contain only one nitrogen atom indicating fewer cases of 

the incorporation of multiple nitrogen atoms to the Aq-SOA. Out of 59 multiple nitrogen 

containing CHNO species, 9 contain 3 nitrogen atoms and the rest of them contain 2 nitro-

gen atoms. Although imidazole formation was suggested from the reaction between gly-

oxal and ammonia [Galloway et al., 2009; Yu et al., 2011], the detected CHNO compounds 

are less likely to be imidazole compounds. Imidazole compounds are slightly basic and 

would more likely be detected as positive ion. Although we do not rule out the possibility 

of multiple functional group enabling them be ionized and detected in both positive and 
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negative ion analysis, the confirmation of the nature of these polynitrogenous CHNO 

compounds awaits future study. 

 

3.4.4 CHOS and CHNOS Compounds 

The organosulfur species represent 10% of the total detected species and are classified as 

CHOS and CHNOS compounds. A total of 40 species were detected as CHOS compounds 

and 6 species as detected as CHNOS compounds. The average hydrogen-to-carbon ratios 

of CHOS and CHNOS are 1.43 ± 0.21 and 1.50 ± 0.13, respectively (Table 3.1). In com-

parison, the average H/C of both CHOS and CHNOS is higher than the other two non-

sulfur compound classes but the reason was not understood. The sulfur containing species 

contain higher oxygen-to-carbon ratios compare to CHO and CHNO compounds. The av-

erage values of oxygen-to-carbon ratios were 0.85 ± 0.17 for CHOS and 0.88 ± 0.05 for 

CHNOS compounds (Table 3.1). This indicates the organosulfur compounds may contain 

strong electronegative functional moiety such as organosulfate functional group leading to 

a higher oxygen-to-carbon ratios and also efficient detection as negative ions in the mass 

spectrometric analysis. In contrast, organosulfate compounds reported to form from gly-

oxal under UV irradiated conditions and no organosulfur production was observed under 

dark condition [Galloway et al., 2009]. The abundance of sulfate ions in the aqueous phase 

should play a role in the production of organosulfur compounds; however, the incorpora-

tion of the sulfur containing functional group to an organic moiety should be addressed 

with further investigations. 
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3.5 Conclusions 

We carried out dark reactions in bulk aqueous phase solutions of methylglyoxal (1.0 M) 

and ammonium sulfate (2.0 M) mimicking dark aqueous aerosol. We let the reaction run 

for 24 hours and then separated the products from the reactants using solid phase extraction. 

Then we acquired accurate mass measurements of the Aq-SOA products using ultrahigh 

resolution ESI FT-ICR MS. The ultrahigh resolution mass spectrometry analyses show that 

a large number of high molecular weight species are formed in the dark aqueous phase 

reactions. A total of 448 new molecular formulas were determined from the negative ion 

ESI FT-ICR MS spectra. The detected species were classified as CHO, CHNO, CHOS and 

CHNOS species. The CHNO compounds were the major fraction (47%) of the Aq-SOA 

products followed by CHO (43%) compounds (Table 3.1). In addition, 46 organosulfur 

species (CHOS and CHNOS) were detected as well. Because of the abundance of the 

electronegative oxygen atoms in the precursor molecule methylglyoxal, the Aq-SOA 

products also enriched in oxygen content leading to efficient ionization and detection as 

negative ion in the ESI FT-ICR MS analysis. The diversity of the species of the compound 

classes indicates multiple reaction pathways leading to a complex array of Aq-SOA 

products. We observed the presence of multiple homologous series across the Aq-SOA 

products suggesting complex pathways are involved in the Aq-SOA formation. Am-

monium sulfate is highly abundant in the atmosphere. It is apparent ammonium sulfate can 

lead to a complex array of reactions to produce complex Aq-SOA. The processing of car-

bonyls in presence of ammonium sulfate will modify the aerosol composition and physical 

properties much more complex way than currently understood. In order to understand the 
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additional formation pathways leading to a complex array of the Aq-SOA products in the 

absence of any other radical precursor or photolysis, further investigation is needed. 
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Chapter 4: Conclusions 
 

Aerosol in the atmosphere is ubiquitous and plays an important role in the earth’s energy 

balance. The uncertainty in the aerosol chemical composition and dynamics contributes to 

the uncertainty in our understanding of radiative transfer. The low molecular weight highly 

oxygenated organic compounds in the current studies are oxidation products of isoprene 

and other volatile organic compounds and may be present in the atmospheric aqueous 

phase. Thus aqueous phase processing of these compounds is likely to have a marked 

impact on the aerosol physicochemical properties but very little are known about these 

aqueous phase dynamics. The aqueous phase processing of glyoxylic acid, pyruvic acid, 

oxalic acid and methylglyoxal was studied simulating a dark and radical free aqueous 

aerosol condition.  

Overall, the aqueous phase reactions in the dark and radical free conditions contribute to 

the chemical evolution of aerosol. A novel carbon-carbon bond cleavage in pyruvic acid 

and glyoxylic acid leading to their decarboxylation was observed in the presence of 

ammonium salts but no decarboxylation was observed from oxalic acid. The empirical rate 

constants of decarboxylation were determined and summarized in Chapter 2. The structure 

of the acid, ionic environment of solution and concentration of species were found to affect 

the decarboxylation process. Although not thoroughly understood, a tentative set of 

reaction mechanisms was proposed involving nucleophilic attack by ammonia on the 

carbonyl carbon leading to fragmentation of the carbon-carbon bond between the carbonyl 

and carboxyl carbons. In contrast, formation of nitrogen and/or sulfur containing Aq-SOA 

74 
 



 

was observed in case of methylglyoxal. The elemental composition of the Aq-SOA species 

was determined. It was hypothesized that in addition to the known classical pathways, 

unknown pathways also likely contribute to the formation of Aq-SOA. Under similar 

conditions the aqueous phase processing is likely to impact the physicochemical properties 

of aerosol. However, further studies are required to better understand these complex 

processes. 
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Appendix 
 

A.1 Supplemental Information: Decarboxylation of Pyruvic Acid and 
Glyoxylic Acid in Ammonium Salt Solutions as Aqueous Aerosol Mimics  

 
A.1.1  Conversion of Mixing Ratio of CO2  

The mixing ratio of CO2 was measured in gas phase throughout the experiments. Kinetic 

studies require us to convert the gas phase mixing ratio to concentration of CO2 in per unit 

volume of reaction solution and shown in subsequent sections. 

 
A.1.1.1  Experimental Parameters 

We have the following experimental parameters at standard temperature and pressure: 

1. Volume of air space above solution = 1.4 L (A calculation was shown using 1.4 L. 

Actual measured volume of the flasks used were 1.411 L and 1.388 L) 

2. Temperature  25 0C (range was 70 to 80 0 F) 

3. Volume of solution = 100.0 mL 

4. CO2 mixing ratio in the air above solution, measured in ppm with respect to time 

 

A.1.1.2  Conversion of the Measured CO2 in Moles 

Let the mixing ratio of CO2 in ppm = y × 10-6 moles of CO2 in 1 mole of air. Now, we 

apply the ideal gas law to determine the number of moles of air in the air space above the 

reaction solution: 

=  = 5.7 × 10-2 mol 
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where, P = 1 atm, V = 1.4 L, R = 0.08205746 atm L mol-1 K-1 and T = 298 K. 

Similarly, the number of moles of CO2 for y mixing ratio in 1.4 L air at 1 atm and 298 K 

temperature,  

( ) =  × 10  ×  5.7 × 10  mol =  ×  5.7 × 10  mol 

where, an increase in the mixing ratio of CO2 up to 5000ppm which is upper limit of our 

detector causing a negligible increase in the pressure of the system. 

 

A.1.1.3  Calculation of the Total CO2  

The closed system contains both gas and aqueous phases. 

CO2 is present in a closed gas-aqueous system according to the following equilibrium: 

CO2 (g) + H2O (l)  CO2.H2O ( )  HCO3
- (aq) + H+ (aq)  CO3

2- (aq) + H+ (aq) 

i) The aqueous phase concentration of CO2.H2O (aq) is given by 

[CO2.H2O (aq)] = × = 3.4 × 10  M atm-1 × × 10  atm 

= × 3.4 × 10  M 

where, = 3.4 × 10  M atm-1 and × 10  atm. 

For a 100 mL volume, the number of moles of CO2.H2O (aq) is 

( ) = × 3.4 × 10 × 100 × 10  mol = × 3.4 × 10  mol 

ii) Concentration of HCO3
- (aq) is given by 
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[HCO3
- (aq)] = 

× × [ ]  = × 1.4 × 10  M 

where, K1 is the equilibrium constant = 4.3×10-7 M at 298 K and [H+] = 10-3 M (at pH = 

3.0). [HCO3
- (aq)] will be lower for lower pH values. 

 The number of moles of HCO3
- (aq) is 

( ) = × 1.4 × 10  mol 

iii) Similarly, the number of moles of CO3
2- (aq) is 

( )= × 6.5 × 10  mol 

Therefore, ( ) > ( ) >> ( ). Thus, total number of moles of all CO2 spe-

cies in the aqueous phase can be approximated by 

    ( ) 
Now, if we imagine all the CO2 that were produced from decarboxylation reaction remains 

in the solution (in reality CO2 are distributed between gas and solution phase) and then we 

can derive an aqueous phase concentration of CO2 and observe the change of concentration 

of it with time. 

We calculate the moles of CO2 in unit volume of reactant (aqueous phase concentration of 

CO2 if all CO2 would have remained in the solution). This conversion is to calculate the 

production of CO2 per unit time in per unit volume of reactant solution. That will have all 

the concentration at the same unit and will be helpful to obtain rate constant of decarbox-

ylation. 
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Concentration of CO2 in unit volume of reaction solution =          

=        +           

=  × . ×   × .  ×  ×  = y × 6.04 × 10-4 mM 

A.1.2 Plot of the Raw and Derived Data for Experiment Number 13 (Table 2.1). 

 
Figure A.1.1: Variation of the pH of the reaction solution and the mixing ratio of gas phase CO2 above the 
solution of 1.0 M glyoxylic acid and 3.0 M NH4Cl reaction (Experiment Number 13, raw data). The reaction 
solution volume is 100.0 mL and the volume of the air space is 1.41 L. The reaction started at 0.0 min in all 
cases when we introduced glyoxylic acid into the solution. As soon as the acid was added the pH drops 
sharply. 
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Figure A.1.2: Variation in the concentration of CO2 per liter of the reaction solution (as if all CO2 remains 
in the aqueous phase) of 1.0 M glyoxylic acid and 3.0 M NH4Cl reaction (Experiment Number 13, processed 
data). 

 
Figure A.1.3: Variation of the average concentration of CO2 in per liter of reaction solution for the experiment 
with 1.0 M glyoxylic acid and 3.0 M NH4Cl reaction (Experiment Number 13, processed averaged data). The 
shade represents the standard deviation from the replicate analysis (4 replicate). 
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A.1.3 Kinetics of the Phase Transfer of CO2 

CO2 is produced in the solution and it is transported to the gas phase and then we measured 

its mixing ratio in gas phase. If we can produce all of the CO2 at once in the solution and 

then allow it to diffuse to the gas phase, then we can observe the kinetics of the phase 

transfer of CO2 from the aqueous phase to the gas phase. In the phase transfer, CO2 obeys 

laws of mass transfer through an interface and the equilibrium concentration will be 

established according to Henry’s law. For our reaction setup selected variables remain 

unchanged (i.e., area, phase, turbulence, etc.) and reduction in the variables allows us to 

study the phase transfer process of CO2 as a first order process, according to the following 

equation:  

Concentration of CO2 in the gas phase = (1 ) … … … E-A.1 

Where, a is the maximum concentration; t is time in minute and k is the constant of phase 

transfer process for the present experimental setup and this constant is applicable to the 

current study only. 

 Na2CO3 solution was mixed in 100 mL of water and stirred continuously 

using Teflon® coated magnetic stir bar (~2.9 cm long and ~0.8 cm thick) at 350 rpm. A 3.0 

mL of 1 M sulfuric acid solution was introduced to the sodium carbonate solution so that 

the pH of the solution suddenly drops to below 2. The evolution of gas phase CO2 was 

monitored using CO2 probe same as other experiments. The reason for doing this is because 

the addition of excess acid will force all of the dissolved CO3
2- and HCO3

- to CO2.H2O (aq) 

as discussed in previous section (A.1.1). The CO2.H2O will be forced to establish 

equilibrium with the gas phase CO2 according to Henry’s law. Then it will allow us to 
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study the kinetics of phase transfer of CO2 from aqueous phase to gas phase under 

experimental condition (i.e., temperature, agitation of the solution from magnetic stir bar 

spinning at 350 rpm, etc.) 

Figure A.1.4: The temporal evolution of the gas phase concentration of CO2 produced from the reaction 
between sodium carbonate and sulfuric acid. Panel A to D represents indicated replicated analysis profile. 
The green points represent the observed value and black line is the fitted line according to the equation E-
A.1. The R2 value for the regression is given in the respective panel. 

We monitored the evolution of CO2 in the gas phase and fitted the concentration of CO2

with a first order increment process and obtained the phase transfer process constant from 

the optimized parameter. In Figure 4, the time profile of the gas phase CO2 was plotted 

from the reaction between sodium carbonate and sulfuric acid. The green points are the 
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measured value and the black lines are fitted curve using the first order increment equation 

(E-A.1). The optimized phase transfer constant is tabulated in Table A.1.1. 

Table A.1.1: Derived kinetic data of the phase transfer of CO2 from the aqueous 
phase to the gas phase generated from the reaction between sodium carbonate 
and sulfuric acid 

Na2CO3 + 
H2SO4 

Phase transfer 
constant, min-1 

Phase transfer 
constant, s-1 

Average phase 
transfer constant, s-1 

Replicate 1 0.125 0.002083 

1.9±0.2×10-3 Replicate 2 0.123 0.002050 
Replicate 3 0.106 0.001767 
Replicate 4 0.108 0.00180 

 
 
A.1.4  Rate of the Decarboxylation and Order of the Reaction 

Derivation of the rate of the reaction and order with respect to ammonium ion, glyoxylic 

acid and pyruvic acid was shown in Chapter 2. Here we will show the determination of 

order with respect to ammonia, which is in equilibrium with ammonium ion. The kinetic 

data of individual replicate for each experiment are tabulated in Table A.1.2 

  
A.1.4.1  Determination of Order with Respect to Ammonia 

Ammonia is present in minute amounts in the solutions in equilibrium with ammonium 

ions. Therefore, we calculated the concentration of free ammonia in solution using an 

aerosol thermodynamic model (E-AIM) and the values are tabulated in Table A.1.3. It may 

be noted that throughout our experiments we used molar concentration unit but the E-AIM 

model uses molal concentration unit and hence, the values of concentration of free 

ammonia is an approximate value not exact value. The natural logarithm of the average 

rate of decarboxylation versus the natural logarithm of the molar concentration of free 

ammonia were plotted in Figure A.1.5 for the experiment set 1, 2 and 3 (Panel A) and for 
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the experiment set 9, 10 and 11 (Panel C). No corrections were made to get the activity of 

the species. The optimized slopes were 0.5 and -2.1 meaning the order with respect to 

ammonia is highly deviated from any positive integer value and the reason for this is not 

understood and awaits clarification with future investigation.  

 
Figure A.1.5: Plot of the natural logarithm of the average rates of decarboxylation vs. the natural logarithm 
of the concentration of free ammonia for experiment sets 1, 2, 3 (ammonium sulfate and glyoxylic acid) in 
the ‘panel A’ and 9, 10, 11 (ammonium nitrate and glyoxylic acid) in the ‘panel C’. Panel B is for the 
comparison purpose, which is the plot of the natural logarithm of the average rate of decarboxylation vs. 
natural logarithm of initial concentration of ammonium ion. The linear fit of data points was made and from 
the optimized parameter the slope was determined to be 0.5 (Panel A) and -2.1 (Panel C) from ammonium 
sulfate and ammonium nitrate experiments. The slopes in panel B are equivalent with the slopes from Figure 
2.3. 
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A.1.5 Reaction Rates for Pyruvic Acid: OH Radical Reaction vs. Aqueous Ammo-

nium Sulfate Reaction 

The lowest modeled concentration of OH radical is 2.9×10-16 M [Herrmann et al., 2010]. 

Considering, a concentration of ammonium ion in deliquesced aerosol particles is at least 

3 M (note, the saturated concentration of ammonium sulfate is > 4.0 M).  

Rate constant of pyruvic acid with OH radical, kOH = 1×108 M-1 s-1 [Ervens et al., 2003]. 

Rate constant of pyruvic acid with ammonium sulfate, kpa+(NH4)2SO4 = 15.8×10-8 M-1 s-1 

[This work]. 

Therefore, for any given concentration of pyruvic acid, 2.9×10-16 M OH radical 

concentration and 3 M ammonium ion concentration in a deliquesced particle.  

The ratio of rate of reaction between them = 
( )   

 = 3 × 15.8 × 102.9 × 10 × 1 × 10 = 16.3
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Figure A.1.8: A temporal variation of solution pH (dashed black line) and hydronium ion concentration 
(purple line) of the reaction solution between glyoxylic acid (GA) and ammonium nitrate (AN). A) AN-3.0 
M + GA-1.0 M, B) AN-4.0 M + GA-1.0 M and C) AN-6.0 M + GA-1.0 M. The shaded region represents the 
standard deviation from the replicated analyses.  
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Figure A.1.9: The temporal variation of the pH (black dashed line) and the concentration of the hydronium 
ion (purple line) in the reaction solution of ammonium sulfate (AS) and other organic acids. A) Pyruvic acid 
(1.0 M) + AS (2.0 M), B) pyruvic acid (0.5 M) + AS (2.0 M) and C) oxalic acid (0.6 M) + AS (2.0 M). 
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Figure A.1.10: The temporal variation of the pH (dashed black line) and the hydronium ion concentration 
(purple line) of the reaction solution of glyoxylic acid (1.0 M) in chloride salts. A) Reactions with ammonium 
chloride (4.0 M) and B) Reactions with sodium chloride (4.0 M). The shaded region represents the standard 
deviation from the replicated analyses. 
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Figure A.1.11: The evolution of the pH (dashed black line) and the hydronium ion concentration (purple 
line) of the reaction solution of glyoxylic acid (1.0 M) in ammonium sulfate (2.0 M) at various ionic strengths, 

  The shaded region represents the standard deviation from the four replicated 
analyses. 
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Figure A.1.12: The temporal evolution of the pH (dashed black line) and the hydronium ion concentration 
(purple line) of the control experiments with sodium salts. A) Na2SO4 (2.0 M) + glyoxylic acid (1.0 M), B) 
Na2SO4 (2.0 M) + glyoxylic acid (0.7 M) and C) NaNO3 (6.0 M) + glyoxylic acid (1.0 M). . The shaded 
region represents the standard deviation from four replicated analyses. 
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A.2 Supplemental Information: Ultrahigh Resolution FT-ICR Mass 
Spectrometry Characterization of Aqueous SOA Formed in Dark Reac-
tion of Methylglyoxal and Ammonium Sulfate 

 

A.2.1 Supplemental Schemes 

 

Scheme A.2.1: Hydration of methylglyoxal. In the 40% methylglyoxal solution monohydrate exists as a 
higher fraction. 

 

Scheme A.2.2: Possible formation of C24H22O11 and relevant hydrated compounds via aldol condensation 
pathway (only one structure is shown, other structures are possible). The peaks for all these C24 was 

detected in the ESI FT-ICR MS experiment. 
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A.2.2 Supplemental Table 

Table A.2.1: Summery of previous studies of methylglyoxal in aqueous phase 

Authors Reaction setup Observation Conclusion 

Kalberer 

et al., 

2004 

LDI-MS of methyl-

glyoxal solution 

Oligomers, mono-hydrated 

oligomers and di hydrated 

oligomers up to m/z 723 

Methylglyoxal self-

oligomerization could 

contributes to SOA 

mass 

Loeffler 

et al., 

2006 

to 1000 mM) were 

allowed to evaporate 

under controlled hu-

midity on a diamond 

window of FT-ATR-

IR 

Drying increased absorp-

tion in the region where 

C=O and C-O would ab-

sorb. Upon evaporation of 

droplet, absorption at C=O 

band increased more than 

C-O in the beginning, 

which was reversed later in 

time. 

Upon evaporation for-

mation of monohy-

drate caused relatively 

faster increase of ab-

sorption in C=O band. 

Further evaporation 

caused oligomer for-

mation via acetal 

pathway. 
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Table A.2.1: Continued 

Authors Reaction setup Observation Conclusion 

Kroll et 

al., 2005 

Methylglyoxal uptake to 

(NH4)2SO4 or acidified 

(NH4)2SO4 poly-dispersed 

particle in a static environ-

mental chamber. Uptake 

was monitored using DMA, 

CPC and AMS. 

No particle or 

organic growth 

was observed 

Methylglyoxal is unlikely 

be heterogeneously 

uptake on (NH4)2SO4 

particle. 

J Zhao 

et al., 

2006 

Uptake of methylglyoxal on 

acidic seed particle (55-

85% H2SO4) in flow tube. 

Uptake was monitored us-

ing ID-CIMS. 

Uptake of 

methylglyoxal 

decrease upon 

the increment of 

concentration of 

H2SO4. 

Acidity was unlikely cat-

alyzing the uptake. Effec-

tive Henry’s law constant 

was determined at differ-

ent temperature for vari-

ous acid levels. 

Hydration and acetal re-

action leading to di-ox-

olane formation facili-

tated the uptake 
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Table A.2.1: Continued 

Authors Reaction setup Observation Conclusion 

Altieri et 

al., 2008 

Photochemical oxidation 

(UV) of methylglyoxal (2 

mM) by H2O2 at pH 4.2-

4.5 then mass 

spectrometry were done 

using low resolution ESI-

MS and ultra high 

resolution ESI-FTICR-

MS 

High abundance of Ox-

alic acid. Low 

abundance of pyruvic 

acid, glyoxylic acid. 

Increment of peak 

abundance at higher mo-

lecular peak up to ~69 

mins and gradual de-

crease afterward. 

Production of oxalic 

acid by photooxidation 

reaction of methylgly-

oxal. Oligomers 

formed by 

esterification of or-

ganic acids having reg-

ular intervals C3H4O2. 

Tan et 

al., 2010 

Methylglyoxal (30-3000 

oxidation by H2O2 and 

UV-light in presence or 

absence H2SO4 then he 

samples were introduced 

into IC-ESI-MS. Based on 

relative ion abundance at 

different time a model was 

constructed ad tested. 

Rapid decrease of 

(+)m/z 131 (claimed to 

be coming from 

methylglyoxal!?) and 

matched with model 

prediction. Formations 

of pyruvic acid, 

glyoxylic acid, oxalic 

acid, mesoxalic acid 

were observed. 

Model predicted con-

centration in a close 

manner at lower con-

centration 

experiments. However, 

at higher concentration 

experiment indicted 

the model lacks other 

unknown chemical 

pathways. 
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Table A.2.1: Continued 

Authors Reaction setup Observation Conclusion 

De 

Haan et 

al., 2009 

1) Methylglyoxal solu-

tion was nebulized 

pneumatically or ultra-

sonically and then dried 

at variable rate and then 

HR-ToF-AMS was used 

to study the organic con-

tent of the aerosol. 2) 

Methylglyoxal solution 

dried at ambient condi-

tion and then upon redis-

solving in water applied 

to ESI source to get a 

fragment free mass 

spectra. 3) 1H, 13C, 

HMQC NMR of 0.5 M 

methylglyoxal in D2O 

1) Several fragment 

species was observed 

and assigned formula 

below m/z 200 from 

HR-ToF-AMS data 

2) Species as high as 

m/z 585 was ob-

served along with 

regular interval of 

peak separation, 

128. 

3)Peaks in NMR 

spectra similar to hy-

droxyacetone and py-

ruvic acid 

Upon evaporation al-

dol condensation path-

way was concluded to 

be the dominant path-

ways catalyzed by py-

ruvic acid. Where py-

ruvic acid formed via 

disproportion reaction 

of methylglyoxal. For-

mation of higher mo-

lecular weight species 

involved reaction of 

both methylglyoxal 

and hydroxyacetone 

having carbon atoms 

multiples of 3 
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Table A.2.1: Continued 

Authors Reaction setup Observation Conclusion 

Sareen 

et al., 

2010 

Methylglyoxal (0-2.0 M) 

were allowed to react in-

dividually with 

(NH4)2SO4, NaCl, 

Na2SO4 and NH4NO3 in 

acidic condition (pH=0-

5). UV-Vis spectra were 

collected at different 

time. Mass spectra of 

products were collected 

using Aerosol-CIMS. 

Surface tensions of the so-

lutions were measured. 

Theoretical calculations 

of absorption of light by 

different hypothetical 

products were performed. 

UV-Vis absorption 

by products increased 

with time most in-

tensely with 

(NH4)2SO4. For-

mations of high mo-

lecular weight spe-

cies were observed. 

Organonitrogen and 

organosulfate species 

thought to be formed 

as well. Surface ten-

sion of the solution 

was decreased upon 

addition of methyl-

glyoxal. 

Methylglyoxal can 

contribute to the 

modified absorptive 

organic mass in the 

aqueous phase via al-

dol addition and aldol 

condensation reac-

tion. 
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Table A.2.1: Continued 

Authors Reaction setup Observation Conclusion 

Yasmeen 

et al., 

2010 

Methylglyoxal (1 mM) 

and (NH4)2SO4 (10-4 to 

10-5 M) was allowed to 

react at the dark-acidic 

condition (pH = 3-5) at 

15 0C at variable ionic 

strength. At different 

time interval aliquot 

sample were taken and 

diluted with methanol 

up to twice of taken vol-

ume. Then mass spectra 

and tandem mass spec-

tra was taken using an q-

ion trap ESI MS. 

Species were ob-

served to be between 

m/z 200 and m/z 800 

having multiple pat-

tern of mass interval 

72). Tandem MS ex-

periment showed 

losses of one or more 

H2O, one or more 

methanol and 72 Da 

mass losses. 

Higher pH (4-5) fa-

vored aldol reactions 

over hydration/acetal 

pathways. Whereas pH 

below 3.5 the scenario 

was reversed. 
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A.2.3 Supplemental Figures 

 

Figure A.2.1: Variation of the absolute relative error with m/z. Absolute relative error increases with the 
increment of m/z but was less than 3 ppm. Classes of compounds are color-coded. 
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Figure A.2.2: Frequency of molecular formulas containing various numbers of carbon atoms. (Top) CHO 
species have higher frequencies at higher numbers of carbon atoms. (Middle) CHNO species have higher 
frequencies at lower numbers of carbon atoms. (Bottom) Sulfur containing species occur at the lower 
numbers of carbon atoms. Note that the scale on the vertical axis varies with species. 
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Figure A.2.8: van Krevelen plot of the CHO, CHNO, CHOS and CHNOS species formed from the dark 
reaction of methylglyoxal in the presence of ammonium sulfate. The compound classes are separated in the 
2-D space of van Krevelen Plot. The size of the bubble represents the analyte relative abundance.
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