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ABSTRACT 

Secondary organic aerosols (SOA) are derived from non- and semivolatile 

oxidation products of volatile organic compounds (VOCs), and are suggested to cause 

adverse effects on human health, visibility, and climate. Organic acids are often found in 

SOAs, and the acid-base neutralization of these species by low molecular weight amines 

may result in the formation of stable low volatility aminium salt products contributing to 

the growth of SOAs and even alteration of the aerosol properties. Moreover, both 

laboratory and field studies suggest that atmospheric amines may exist as aminium salts 

following neutralization reactions with acidic species; however, the mechanisms 

involved in these processes are still uncertain. 

In order to understand the mechanisms entailed in the growth of SOAs, the uptake 

of gaseous dimethylamine (DMA) and trimethylamine (TMA) on solid phase succinic 

acid and adipic acid was investigated by employing a laminar fast flow reactor coupled 

to an ion drift chemical ionization mass spectrometer (ID-CIMS). The heterogeneous 

uptake of amines on each acid was rapid and governed primarily by the steric effects of 

each amine and the acidity of each acid. The results show that acid-base reactions 

between organic acids and atmospheric amines could contribute to the formation of 

aminium carboxylate salts and in turn the growth of SOAs. 
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NOMENCLATURE 

SOA Secondary Organic Aerosol 

ID-CIMS Ion Drift-Chemical Ionization Mass Spectrometer 

DMA Dimethylamine 

MMA Monomethylamine 

TMA Trimethylamine 



vi 

TABLE OF CONTENTS 

Page 

ABSTRACT……………………………………………………………………… ii 

DEDICATION…………………………………………………………………… iii 

ACKNOWLEDGEMENTS……………………………………………………… iv 

NOMENCLATURE……………………………………………………………… v 

TABLE OF CONTENTS………………………………………………………… vi 

LIST OF FIGURES…………………………………………………………….... vii 

LIST OF TABLES……………………………………………………………….. viii 

1. INTRODUCTION…………………………………………………………… 1 

1.1 Secondary Organic Aerosols (SOAs)……………………………………. 3 
1.2 SOAs: Organic Acid Interactions………………………………………... 4 
1.3 SOAs: Alkylamine Interactions and Chemistry…………………………. 8 

2. MATERIALS AND METHODS……………………………………………. 19 

2.1 Heterogeneous Uptake Measurements…………………………………... 19 
2.2 Alkylamine Probe Depth………………………………………………… 23 

3. RESULTS AND DISCUSSION…………………………………………….. 25 

3.1 Uptake of Alkylamines on Succinic Acid and Adipic Acid………….… 25 
3.2 Heterogeneous Kinetics………………………………………………… 34 

4. CONCLUSIONS……………………………………………………………... 38 

REFERENCES………………………………………………………………….. 40 



vii 

LIST OF FIGURES 

FIGURE Page 

     1     Diagram of a low-pressure fast flow reactor coupled to an ID-CIMS.........      20 

 2     Diagram of organic acid cylinder coating procedure.…………………......      21 

3 Positive mode mass spectral profile of the reagent ion H3O
+ 

(m/z 19)…....      22

 4 Normalized selected ion mass spectral profiles of [DMA]·H+ (m/z 46) when 
exposed to a) 0.7 cm b) 1.7 cm c.) 2.7 cm d.) 3.7 cm e.) 4.7 cm of a 43 mg 
succinic acid coating respectively at 298 K and ~1.4 
torr….………………………………………………………………...........      26 

5 Normalized selected ion mass spectral profile of [DMA]·H+ (m/z 46) when 
exposed to a) 1.0 cm b) 2.0 cm c.) 3.0 cm d.) 4.0 cm e.) 5.0 cm of a 43 mg          
adipic acid coating respectively at 298 K and ~1.6torr.……...….……..…       28 

    6 Normalized selected ion mass spectral profile of [TMA]·H+ (m/z 60) when 
exposed to a) 1.7 cm b) 2.7 cm c.) 3.7 cm d.) 4.7 cm e.) 5.7 cm of a 41 mg 
succinic acid coating respectively at 298 K and ~1.4 torr.………………..      30 

    7     a) Initial and b) steady state alkylamine signal loss as a function of contact 
           time  when exposed to the succinic acid coating at 298 K and ~1.4 torr. 
           DMA (red circles): u = 576-585 cm s-1, t = 0.001-0.008 s; TMA  

                     (blue circles): u = 584-588 cm s-1, t = 0.003-0.010 s.……….……………..      34 

    8  a) Initial and b) steady state [DMA]·H+ signal loss as a function of contact 
  time when exposed to the succinic (black diamonds) and adipic acid  

   (purple diamonds) coatings at 298 K and ~1.4-1.6 torr. DMA signal loss as a 
  function of contact time when exposed to the adipic acid coating at 298 K 

          and ~1.6torr. DMA: u = 514-515cm s-1, t = 0.002-0.010 s............................     35 



viii 

LIST OF TABLES 

Page TABLE 

   1    Physical and Chemical Properties of Succinic Acid and Adipic Acid…........       18 

   2    Physical and Chemical Properties of Alkylamines ………………….……....       18 

   3    Estimated Alkylamine Uptake by Succinic Acid…………….……….……...       32 

   4    Estimated DMA Uptake by Organic Acid………………………........….…..       32 

   5    (γ0) and (γss) Uptake Coefficients of Amines on Succinic Acid.…………….       36 

   6    (γ0) and (γss) Uptake Coefficients of DMA on Organic Acid.…………….....       37 



1 

1. INTRODUCTION

Aerosols are suspensions of fine solids or liquids in the atmosphere, and are 

known to exist in sizes ranging from a few nanometers to several microns.1Atmospheric 

aerosols may exist in the form of primary aerosols, which are emitted directly into the 

atmosphere from natural sources (e.g. windblown plant particles, dust, sea spray, 

volcanic emissions, wildfires, etc.) or anthropogenic sources (e.g. biomass burning, 

industry, animal husbandry, etc.). 1 On the other hand, some pre-existing gaseous species 

in the atmosphere have the potential to undergo physical and chemical transformations 

to form secondary aerosols, a process   known as new particle formation.2 The new 

particle formation phenomenon not only pertains to the nucleation of atmospheric 

aerosols, but also the earliest stages of particle growth. Aerosol nucleation is essentially 

the formation of a molecular cluster that acts as a basis for the development of a new 

phase, i.e. the transformation of a molecule from gas to liquid to solid. Nucleation of 

new aerosol particles will typically begin with collisions between atoms or molecules in 

a pre-existing phase.2As the molecules collide, they gradually form larger more ordered 

particles. When considering the thermodynamics of the reaction, transforming from a 

less ordered to a more ordered phase would result in a decrease in both enthalpy and 

entropy. Therefore, the reaction would be exothermic and thermodynamically favorable 

according to the first law of thermodynamics. However, according to the second law of 

thermodynamics, the nucleation of the particle would be thermodynamically hindered by 

the entropy term, resulting in a free energy barrier that must be overcome before particle 

growth will become spontaneous. 
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The Kelvin effect also serves as a major limitation to the nucleation and growth 

of atmospheric nanoparticles, as the equilibrium vapor pressures above small particles 

are very high. However, a few species have been found to play important roles in the 

early stages of aerosol growth by forming stable low volatility products that minimize 

the curvature effect and promotes aerosol nucleation. Therefore, the nucleation rate of 

aerosols is directly related to the composition of the aerosols and the concentrations of 

the gaseous species participating in the event, in addition to the volatility and reactivity 

of the nucleating species.2 The formation of stable clusters is paramount in the 

nucleation of atmospheric nanoparticles. Studies suggest that sulfuric acid, amines, and 

organics synergistically contribute to the growth of aerosols in their earliest stages, since 

nucleation due to sulfuric acid alone does not explain new particle formation events 

atmospherically.3  

As a result of their various sizes and compositions, atmospheric aerosols have 

been concluded to decrease human visibility, and even cause adverse effects on human 

health. For instance, these particles cause respiratory and cardiovascular diseases in 

addition to exacerbating existing health conditions.4,5 There is even found to be a 

correlation between particulate matter concentrations and the human mortality rate.6,7  

On the global scale, reports have also established that aerosols directly and indirectly 

perturb the Earth's climate by absorbing and scattering incoming solar radiation.8 The 

indirect effects of aerosols are primarily attributed to atmospheric nanoparticles 

functioning as cloud condensation nuclei (CCN). Radiative forcing of aerosols accounts 
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for the greatest uncertainty when developing accurate climate models due to inadequate 

understanding of the properties, composition, and formation of these particles.9 

1.1 Secondary Organic Aerosols (SOAs) 

Organic species constitute a large fraction of aerosol particles,10 ranging from 20-

90% of the aerosol mass in the lower troposphere.11 Organic matter may be emitted into 

the atmosphere directly (primary organic aerosols) or form in the atmosphere creating 

secondary organic aerosols (SOAs). Much of the organic matter found in SOAs is 

derived from the photo-oxidation of volatile organic compounds (VOCs), which are 

emitted from diverse natural and anthropogenic sources.12,13 The products resulting from 

the photo-oxidation of VOCs are often comprised of hydroxyl, carbonyl, and carboxyl 

functional groups.14,15 These species often have higher molecular weights than the 

reaction precursors,16 and volatilities that are sometimes semi or non- in nature that 

facilitate transfer to the particle and condensed phases in addition to gas-particle 

partitioning of semivolatile species, and heterogeneous reactions.  

Recently, Wang et al. investigated the contribution of several organic vapors to 

the nucleation of aerosol particles in a sulfuric acid-water binary system. The chosen 

vapors--2,4-hexadienal, glyoxal, and trimethylamine--were exposed to nanoparticles (2-

20 nm) meanwhile the change in particle size was monitored using a nano-tandem 

DMA.17  The size distributions of polydisperse sulfuric acid nanoparticles before and 

after exposure to 2,4-hexadienal showed evidence that the presence of organics caused a 

shift in the size distributions of particles larger than 4 nm. The authors believed that the 

growth was a result of heterogeneous reactions, resulting in the formation of low 
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volatility oligomers, polymers, and alkylaminium sulphates for 2,4-hexadienal, glyoxal, 

and trimethylamine, respectively.19,20 While organic species are generally considered to 

play an integral part in the formation and growth of SOAs, the underlying mechanisms 

entailed in the nanoparticle growth processes are not well understood. However, it has 

been conjectured that particular organic compounds may participate in heterogeneous 

reactions, in which the products formed will expedite nanoparticle growth by 

overcoming the Kelvin barrier.21 

1.2 SOAs: Organic Acid Interactions 

Organic acids are important components of atmospheric aerosols,22-27 where 

dicarboxylic acids are the most abundant type of organic acids, being found in the urban, 

suburban, rural, and polar atmospheres.29-32  Dicarboxylic acids are known to contribute 

1-3% of the total particulate carbon in urban and semi-urban areas and can reach near or 

above 10% in remote marine environments.22,25,28,33 The general molecular formula for a 

dicarboxylic acid is HOOC-(CH2)n-COOH where n is the number of carbons. Oxalic, 

malonic, and succinic acids are generally the three most abundant dicarboxylic acids in 

the lower troposphere, contributing to more than a half of the total diacid mass 

concentration.24,25,33,34 Dicarboxylic acids may be emitted directly from anthropogenic 

(fossil fuel combustion, meat cooking) and biogenic (tropical forest environments, 

deciduous trees, coniferous trees, etc.) sources, or form through the photochemical 

conversion of precursors.23 For instance, glutaric and adipic acids in the atmosphere are 

a result of the oxidation cyclohexene of with O3,35 and pinonic acid is formed from the 
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oxidation of α-pinene found in forest particulate matter via reactions with OH and 

O3.36,37 

Organic acids have been shown to play significant roles in the formation and 

growth of atmospheric particles.38-40 The compositions of ambient nucleation mode 

aerosol particles in Tecamac, Mexico were measured using a TD-CIMS. The particles 

were 10-33 nm in diameter and exhibited the existence of carboxylic and hydroxy 

carboxylic organic acids.41 The average ion molar ratios for organic species showed that 

these components could play a major role in the growth of ambient particles.41 They may 

contribute to the formation and growth of SOAs by interacting with sulfuric acid-water 

binary systems,42,43 forming strong heterodimers with sulfuric acid,40 and condensing on 

to pre-existing particles due to their low volatilities.44 

Growth by condensation is a commonly acknowledged mechanism for 

nanoparticle development in the atmosphere, and the condensation of low volatility 

organic acids is proposed to be a likely mechanism for atmospheric nanoparticle 

growth.44 Since the saturation vapor pressures of organic trace gases were calculated to 

be quite large over nanometer sized particles,21 condensation may likely include the 

formation of hydrogen bonds between the organic species and H2SO4 and/or H2O 

comparable to that of sulfuric acid. Stable complexes have been concluded to form 

between mono- and dicarboxylic organic acids and sulfuric acid through double 

hydrogen bonding.19 This interaction may even lead to a decrease in free energy and 

intensify the subsequent condensation of H2SO4 and H2O positively charged and neutral 
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nanoparticles.43,45 Unfortunately, there are very few laboratory studies that investigate 

the condensation of organic acids directly onto atmospheric nanoparticles.   

Zhang et al. utilized a condensation particle counter (CPC) to evaluate the roles 

of several low-volatility organic acid vapors (e.g. benzoic, p-toluic, and m-toluic acids) 

when exposed to nanometer sized sulfuric acid aerosol particles produced in an aerosol 

chamber at 5 % RH. Following the addition of the low ppb level benzoic acid (0.1 and 

0.04 ppb), an increase in aerosol concentration was observed that greatly exceeded that 

of sulfuric acid in both high and low concentrations alone (8 × 109 and 6 × 109 

molecules cm–3, respectively). The aerosol particle size distributions displayed a 

noticeable shift to larger size ranges, providing evidence that the organic vapors 

enhanced not only sulfuric acid aerosol nucleation but also the growth of these 

nanoparticles.38 When plotting the particle concentrations versus the nucleation time, the 

nucleation rates of the organic acid/H2O/H2SO4 nucleation systems demonstrated a 

pronounced enhancement with at 5% RH, which lead them to believe that organic 

acid/H2SO4 interactions result in the formation of heteromolecular complexes, increasing 

the stability of the nanoparticle and therefore reducing the nucleation barrier and 

enhancing nanoparticle growth.38 However, when the concentrations of the organic acids 

were not present, increasing the concentrations of H2SO4 added also displayed an 

increase in the aerosol nucleation rate, showing the dependence of nucleation on the 

H2SO4/ H2O binary system. In 2009, Zhang et al. performed a similar study in which cis-

pinonic acid/H2O/H2SO4 nucleation was observed in an aerosol chamber to serve as a 

simulation for biogenic aerosol nucleation over forests. Particle size distributions 
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determined by a nano-differential mobility analyzer (DMA) again demonstrated the 

influence organic acid in the nucleation and growth of aerosol particles.39 Nucleation 

rates were also enhanced with the increased concentrations of the organic acid, but also 

when sulfuric acid increased with the organic acid concentrations remaining constant. 

The results of both studies showed that differentiating the contribution of organic acids 

and sulfuric acid to the nucleation and growth of atmospheric particles without 

supplementary chemical analysis may prove to be difficult.39 Therefore, the chemical 

compositions of the nucleated nanoparticles were determined by way of a thermal 

desorption-ion drift-chemical ionization mass spectrometer (TD-ID-CIMS). The results 

obtained showed that H2SO4 and H2SO4-H2SO4 dimers were more abundant in the 3-13 

nm sized nucleated particles than cis-pinonic acid and cis-pinonic acid-H2SO4 

heterodimers with a ratio of 1000:1 even at comparable gas phase concentrations.39 

Condensation on nanoparticles is significantly limited because of the elevated 

equilibrium vapor pressures from the Kelvin curvature effect. Sulfuric acid condensation 

on newly nucleated particles is facilitated by the simultaneous condensation of water, 

which stabilizes the particle preventing evaporation. On the other hand, the condensation 

of low solubility organic species, such as cis-pinonic acid, on to newly nucleated 

particles is limited by the acid’s hydrophobic properties. Therefore, the earliest stages of 

aerosol growth to detectable sizes can be attributed to the formation of stabilized sulfuric 

acid-water complexes, while the organic acids catalyze subsequent growth via the 

formation of stable complexes with sulfuric acid. The notable increase in sulfuric acid 

aerosol particle sizes in the presence of organic acids is possibly because the enhanced 
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nucleation rates produce nanoparticles more rapidly allowing additional growth time for 

the particles.38,39 Because the enhancement from organics on the sulfuric acid-water 

binary system is comparable to that when ammonia is present,43,46 aerosol growth in the 

presence of organics may be the cause of the elevated concentrations of aerosols 

measured in polluted urban areas where VOCs exist in high concentrations.47-49 

1.3 SOAs: Alkylamine Interactions and Chemistry 

Atmospheric amines are also important organic components of atmospheric 

aerosols, being found in aerosol particles at various locations all over the world.50 They 

may even provide up to 20% of organic content in ambient particles.51 Amines are 

ammonia derivatives in which hydrogen atoms are replaced by carbon-based 

substituents, such as alkyl or aryl groups.  Low molecular weight aliphatic amines (1-6 

carbons), such as methylamine (MMA), dimethylamine (DMA), and trimethylamine 

(TMA), are the most abundant amines atmospherically with global emission values of 

83±26, 33±19, and 169±33 Gg N y-1.52Alkylamines are frequently emitted in the 

atmosphere, originating from biogenic and anthropogenic emissions not limited to 

biomass burning, animal husbandry, sewage treatment, and oceanic organisms.50 

Computational studies were performed which demonstrated that amines also 

have the ability to form strong hydrogen bonds with sulfuric acid that can assist in 

overcoming the nucleation free energy barrier, even more so than ammonia,53,54 a 

substance has been shown to increase binary nucleation rates, and neutralize sulfuric 

acid to form ammonium salts, contributing to the growth and stabilization of aerosols.2,55 
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Laboratory studies were also performed in order to ascertain the effects of atmospheric 

amines on new particle formation in comparison to ammonia.56-58  

Yu and coauthors performed a nucleation in which the ability of amines and 

ammonia to enhance H2SO4/ H2O particle nucleation were expressed in terms of an 

enhancement factor (EF), which was calculated by taking the ratio of the total particle 

number concentrations measured with and without the addition of each base via a 

particle size magnifier (PSM).58 The results of the study showed that sulfuric acid 

particles with diameters larger than 1nm were enhanced by DMA (0.7 ppbv) at constant 

RH of 32 and 18%. The enhancement initially showed dependence on the DMA present, 

but later transitioned to a dependence on the sulfuric acid concentrations. This shows 

evidence that DMA is involved in the nucleation of atmospheric aerosols, while sulfuric 

acid is the key nucleation precursor that drives the formation of sub-3nm particles, even 

in the presence of ppb level ternary bases.  Moreover, the formation of particles were 

enhanced in the presence of amines two orders of magnitude higher than ammonia when 

exposed to the sulfuric acid particles with diameters greater than 2 nm (7 x 106 

molecules cm -3 and RH of 32%). The enhancement by amines occurred in order of 

basicity, which suggests that acid-base reactions have key importance of in the 

nucleation of sulfuric acid aerosol particles. 

Amines also have the ability to enhance the nucleation rate of sulfuric acid 

aerosols, as shown by Erupe et al.56 A chemical ionization mass spectrometer (CIMS) 

was utilized to detect the change in nucleation rate of the sulfuric acid aerosols at 

increasing concentrations (5 × 106−1×108 molecules cm−3) within an RH range of 12-



 

 10 

41% in the presence of TMA at concentrations between 180-1350 pptv (from 4.5 x 109 

to 3.4 x 1010 molecules cm-3). With 480 pptv TMA present, the nucleation rate J 

increased in comparison to the nucleation rate when TMA is absent. The reported 

sulfuric acid particles present in the nucleating particles decreased from 4-6 without 

TMA to 4-5 with TMA depending on the RH value, implying that only one TMA 

molecule is present in the critical nucleus, similar to the addition of ammonia. Since 

atmospheric amine concentrations can range from 108-109 molecules cm-3 or higher 

depending on the proximity of sources,50 it is probable that amines may play a central 

part in atmospheric nucleation of sulfuric acid and water. Although amines have been 

shown to enhance aerosol nucleation in the presence of sulfuric acid, the means by 

which this phenomenon occurs is currently unknown. The nucleation could be enhanced 

as a result of overcoming the Kelvin effect via the formation of nonvolatile products, or 

enhancement could be due to overcoming the free energy barrier through the formation 

of strongly hydrogen-bonded clusters with sulfuric acid, since there is currently no 

means to distinguish the two processes. 

Atmospheric amines have been implicated to not only exceed the new particle 

enhancement of ammonia,56-58 but also play important roles in the growth of secondary 

aerosols. Although the global emission of amines is orders of magnitude lower than 

ammonia (50000±30000 Gg N y-1),59 amines have the potential to participate in 

multiphase reactions within bulk aerosol phases due to their high solubility and basicity. 

Among the suggested bulk aerosol reaction pathways are carbonyl-amine interactions, 

considering that carbonyl containing organic compounds are the most abundant in the 
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atmosphere, being emitted directly or forming as a result of the oxidation of organic 

compounds. Primary and secondary amines can undergo reactions with the carbonyl 

groups to form imine and enamine compounds.60 For instance, particle and solution 

phase reactions between glyoxal and MMA were measured.61 Solutions of glyoxal trimer 

dehydrate and 40% w/w MMA were prepared then dried in air for analysis of the bulk 

phase, or dried with humidified nitrogen to simulate cloud droplet evaporation. The 

results were analyzed using ESI-MS and high resolution TOF-MS. The result showed 

that the amines may act as a nucleophile and react with the glyoxal aldehyde to produce 

hydrated imines as the droplet dried. These imine compounds could either form imine 

dimers, imidazole compounds, or continue to dehydrate. The protonated imine dimers 

could incorporate varying amounts of water, resulting in 2nd generation imine products.61 

The imine dimers could then potentially react to form oligomers as the droplet continued 

to dry and evaporated excess MMA. This indicates that amines contribute to the increase 

in aerosol mass.61 Moreover, field studies have identified high molecular weight species 

in urban aerosols (Shanghai, China) are composed of a large fraction of organic species 

containing carbon–nitrogen bonds.62 It is suggested that amines react with carbonyl 

containing compounds to form organic salts, which could serve as an important 

mechanism for the formation of organic nitrogen in aerosols.62 It is highly probable that 

the reactions will be acid-catalyzed since multiple organic and inorganic acidic species 

are common in the atmospheric particle phase. 

Particulate amines may also react with gas-phase oxidants, such as ozone and OH 

radicals. The products will consequentially be more oxidized have higher or lower MW, 
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contributing to aging of organic aerosols.63 Zahardis et al. investigated the oxidation of 

particulate amines octadecylamine (ODA) and hexadecylamine (HDA) by ozone using a 

flow reactor based experiment utilizing photoelectron resonance capture ionization 

aerosol mass spectrometry (PERCI-AMS).64 Direct oxidation of amines yielded organic 

nitrogen compounds, while mixed oxidized sample particles of amines and oleic acid 

produced imines and amides which could contribute to the transformation of aerosol 

particles.64  

Heterogeneous reactions between condensed phase inorganic/organic acids have 

been recently recognized as an important mechanism for the production of organic 

nitrogen in the form of alkylaminium salts, contributing to the mass of SOAs.65-67 For 

example, amines have been shown to neutralize condensed sulfuric acid to form 

alkylaminium sulfates.65 The heterogeneous reactions of DMA, TMA, and MMA with 

sulfuric acid (59-82 wt%) were studied at 243 and 283 K in order to ascertain the 

function of amines in the growth of atmospheric aerosols through the formation of 

alkylaminium sulfates. Kinetics measurements of the reactions were examined in a low-

pressure fast flow reactor coupled to an ion drift-chemical ionization mass spectrometer 

(ID-CIMS).65 The uptake for all three amines was completely irreversible, resulting in 

uptake coefficients (γ) in the range of 2.0 x 10-2 to 4.4 x 10-2, increasing with an increase 

in sulfuric acid concentration. The results infer that the heterogeneous reactions of 

amines contribute efficiently to the growth of SOAs through acid-base neutralization.  

Although amines react proficiently with sulfuric acid to form stable clusters, 

amines exist in concentrations several orders of magnitude lower than that of ammonia, 
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which would imply that ammonia would be more likely to participate in heterogeneous 

reactions with sulfuric acid. However, amines have the ability to displace ammonia on 

sulfate and nitrate aerosols to form more stable alkylammonium salts.66,68,69 Lloyd and 

coauthors studied the reaction of TMA vapor when exposed to a polydisperse 

distribution of ammonium nitrate particles, 20-500 nm in diameter, using a flow tube 

reactor coupled to a laser desorption (LD) electron ionization (EI) TOF-AMS.68 In the 

absence of TMA vapor, ion peaks at m/z 17, 30 and 46 were observed indicating the 

presence of NH3
+, NO+, and NO2

+, respectively, which are commonly produced by a 

pulsed IR laser beam. However, when exposed to a high concentration of TMA vapor 

from a 45 wt% solutions, a complete exchange of ammonia for TMA was observed 

based on the absence of m/z 17 and the additions of m/z 58 and 59 (TMA).68  At a lower 

TMA vapor concentration (~500 ppb and a 23 s reaction time), a partial exchange of 

TMA was observed, and the initial reactive uptake coefficient was estimated to be 2 x 

10-3 at 20% RH.68 Furthermore, the heterogeneous reactions between gaseous MMA, 

DMA, and TMA by ammonium sulfate and ammonium bisulfate were studied at 293 K 

using a low pressure fast-flow reactor coupled to an ID-CIMS.66 The reaction between 

the alkylamines and ammonium bisulfate resulted in a completely irreversible acid-base 

neutralization reaction similar to that of sulfuric acid and amines65 with no increase in 

ammonia signal. However, all three amines exhibited a displacement reaction with 

ammonium sulfate in which ammonia was released, indicated by an increase in a 

protonated ammonia signal.66  The initial uptake coefficients for this reaction were on the 
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order of 2.6 x 10-2 to 3.4 x 10-2 and 6.0 x 10-3 to 2.3 x 10-4 for the steady state, decreasing 

with increasing methyl groups.66   

Because several studies suggest that alkylamines exist in the particle phase as 

alkylaminium salts,66-69,41 it is likely that the acid-base neutralization of prevalent 

dicarboxylic acids and low molecular weight amines will also result in the formation of 

low-volatility aminium carboxylate salts in aerosols.70 In 2012, Lui et al. investigated the 

heterogeneous uptake of MMA, DMA, and TMA at 298 K by citric and humic acid 

utilizing a Knudsen cell reactor coupled to a quadrupole mass spectrometer.67 The acid 

base reaction between the amines and the organic acids were confirmed resulting in 

observed uptake coefficients from 7.31±1.13 x 10−3, 6.65±0.49 x 10−3, and 5.82±0.68 x 

10−3 independent of sample mass for amines on citric acid for MMA, DMA, and TMA 

respectively.67  However, the uptake coefficients for amines on humic acid increased 

linearly with sample mass. While steric effects governed the reactivity between amines 

and the organic acids, citric acid demonstrated a higher reactivity than humic acid since 

it had a stronger acidity.67 Therefore, organic acids could potentially play a role in 

nanoparticle growth by heterogeneous reactions with gas-phase alkylamines and sulfuric 

acid, rather than solely influence particle growth by direct condensation into the existing 

particles. Additionally, Smith and co-authors utilized a TD-CIMS to analyze 

nanoparticle compositions from the US, Mexico and Finland, and confirmed the 

presence of alkylaminium carboxylate salts.41 TD-CIMS observations of a NFP event at 

an urban site in Tecamac, Mexico indicated the existence of aminium salts in 8-10 nm 

particles, contributing to ~47% of the detected ions. Particle analysis at a remote forested 
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(Hyytiala, Finland) and rural sites (Boulder, CO) exhibited aminium ion ration from 10-

35%. The very presence of aminium salts in newly formed particles indicates that they 

may play an integral role in the development of secondary aerosols.41   

Although amines have been found to play an important role in the formation and 

growth of SOAs through heterogeneous and multiphase reactions with organic and 

inorganic compounds, very little is still known about the affects that the reaction 

products will have on the properties of the aerosols. However, recent laboratory studies 

have investigated the affects of alkylaminium sulfates on the hygroscopicity, stability, 

and optical properties of the resulting organic aerosol particles.41,71,72 Qui et al. measured 

the properties of five alkylaminium sulfates using a tandem differential mobility 

analyzer (TDMA) and an aerosol particle mass analyzer.71 The AAS aerosols exhibited a 

monotonic growth in the presence of increasing RH (10-90%) with no sign of a well-

defined deliquescence point, suggesting that AAS absorb water even at low RH. In 

comparison to the hygroscopic growth of AASs, ammonium sulfate (AS) had a clear 

deliquescence point at around 80% RH, but upon mixing with AASs, the deliquescence 

point corresponding to AS was lowered considerably, decreasing even lower with high 

AASs concentrations.71 This result clearly demonstrates the impact that AASs have on 

the hygroscopic behavior of aerosol particles.71 The thermostability of each AAS particle 

was also assessed from 25-200 ºC and compared to that of AS. All of the AAS volatized 

rapidly between 130-170ºC comparable to AS, but monomethylaminium sulfate 

(MMAS) volatized at a temperature much lower than determined. Therefore, the 

transition from AS to AAS must lead from a previously crystalline phase to that of an 
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amorphous phase, which improves water uptake and may enhance direct and indirect 

climate forcing.71 Moreover, Lavi et al. concluded that alkylaminium carboxylate salts 

yielded from organic acid-base reactions have high thermal stability and low volatility.73 

The vapor pressure of alkylaminium dicarboxylate salts was concluded to be ∼10−6 Pa, 

lower than their precursor acids, with vaporization enthalpy ranging 73-134 kJ mol-1.  

Alkylaminium monocarboxylate salts also show high thermal stability greater than the 

dicarboxylate salts, have been found to be protic ionic liquids at room temperature 

(RTPILs), and are more hygroscopic than ammonium sulfate (AS).73 It is likely that 

internally mixed particles containing highly hygroscopic alkylaminium carboxylate salts, 

such as alkylaminium acetate and propinonate, will enhance the hygroscopic nature of 

organic aerosols, influencing the optical properties.73 

Additionally, the hygroscopicity and optical properties of AASs were 

investigated using a hygroscopicity tandem differential mobility analyzer coupled to a 

cavity ring-down spectrometer with a nephelometer; the light extinction and scattering 

cross sections of 150 nm ethylaminium sulfate (EAS), diethylaminium sulfate (DEAS) 

and triethylaminium sulfate (TEAS) were measured from 2-85% RH.72 The measure 

light extinction and scattering cross sections at 2% RH displayed a small yet 

distinguishable absorption cross section, which is typically not seen in AS aerosols.74 As 

the RH increased (30-85 % RH), the absorption cross section began to become depressed 

due to and increase in the transparency of the aerosol and the increase in particle size.72 

Therefore, the extinction of AASs is dominated by scattering under high RH, but may 

exhibit absorptive properties under dry conditions. 
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Although many studies of SOAs have focused primarily on new particle 

formation (gas-to-particle conversion) and gas to particle partitioning mechanisms,4 

recent laboratory investigations show that heterogeneous reactions may contribute 

greatly to the aerosol formation and growth processes.65,67,71,75,76 In this study, the growth 

of SOAs was investigated by studying the heterogeneous uptake of alkylamines by 

particle phase succinic and adipic acids. The species were chosen due to their 

atmospheric prevalence, solubility, and low vapor pressure (Tables 1 and 2). The 

heterogeneous reaction kinetics were expressed as uptake coefficients, γ, describing the 

probability in which gas phase amines will be irreversibly lost due to collisions with the 

stationary acid particles. The resulting kinetic data will allow us to gain insight into 

whether the acid-base neutralization reactions are feasible and occur at a rate that 

expedites the growth of new and existing aerosols.  
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      Table 1. Physical and Chemical Properties of Succinic Acid and Adipic Acid 
          Succinic Acid Adipic Acid 

 

  

Molecular 
Weight 

 
         118.09 g/mol  

 
     146.14 g/mol 

 
77Solubility 

 in H2O, 25°C 
 

         8.3 x 104 mg/L 
 

3.2 x 102mg/L 
 

77Vapor 
Pressure, 30°C 

 
         6.90 x 10-7 torr 

 
1.50 x 10-7 torr 

 
pKa  (pKa2)          4.19 (5.48)      4.43 (5.41) 

   
 
 
 

Table 2. Physical and Chemical Properties of Alkylamines 
  Molecular 

Weight 
 

78VaporPressure,  
(20°C) 

 

79pKb 

 
DMA 
 
 
 
TMA 

      

 

 
45.08 g/mol 

 
 

 
59.11 g/mol 

     
  1.28x103 torr 

 
 

 
6.88x103 torr 

 
 
 

  
 3.36 

 
 

 
4.24 
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2. MATERIALS AND METHODS 

 2.1 Heterogeneous Uptake Measurements 

The heterogeneous reactions were studied using a low-pressure fast flow reactor 

coupled to an ion-drift chemical ionization mass spectrometer (ID-CIMS) (Figure 1). 

The ID-CIMS system entails a corona discharge ionization source, which is used to 

create positively charged reagent ions. The ions then react with the amine molecules in 

the drift tube followed by analyses by a quadrupole mass spectrometer. The flow reactor 

utilized a moveable injector, which facilitated alkylamine exposure to the organic acid 

samples. The flow reactor was coated with a layer of halocarbon wax to minimize the 

loss of amines to the reactor wall.80 High purity compressed helium was employed as the 

carrier gas, and all gas flows were monitored using calibrated electronic mass flow 

meters (Millipore Tylan 260 series). The combined gas flows exhibited flow velocities 

within 513-588 cm s-1. Table 1 gives the chemical and physical properties of all 

chemical species employed in this study. Pure DMA and TMA anhydrous gases 

(Aldrich, 99%) were diluted with ultra-high purity He by a two-step dilution. The 

dilution process entailed respectively adding alkylamines to a 2 L Pyrex bulb until an 

internal pressure ~2 torr was reached. The bulb was then pressurized to ~200 torr with 

He. The resulting mixture was then depressurized to ~3 torr, and then pressurized with 

He to ~375 torr. The final dilution resulted in a mixing ratio of ~80-90 ppm. Because the 

alkylamine gases did not stream from an online source, signal loss could be observed 

over the course of a single trial. To keep this loss at a minimum, the amine bulbs were 

replenished following about six independent experiments. 
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Figure 1. Diagram of a low-pressure fast flow reactor coupled to an ID-CIMS. 
 
 
 

A 12.5 cm sandblasted glass cylinder with an inner radius of ~0.82 cm was 

coated with a 10-25 wt. % succinic and adipic acid (Sigma-Aldrich) solutions, 

respectively (Figure 2). Because succinic acid has a low solubility in water, the succinic 

acid solution was warmed to medium heat in order to create the saturated acid solution. 

The sandblasted glass cylinder was held vertically as the acid solution was drawn 

through the cylinder by a vacuum line connected by a critical orifice. The organic acid 

coated cylinder was oriented in a horizontal position then dried by slowly rotating in 

ambient air. The dried cylinder resulted in a crystalline acid layer several milligrams in 

thickness. The independent uptake experiments were performed under dry conditions at 

a 298 K at an average flow reactor pressure between ~1.4-1.5 torr. 
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Figure 2. Diagram of organic acid cylinder coating procedure. 
 

 
 

Single ion monitoring of the protonated alkylamine signals were performed using 

a proton transfer ionization scheme,              

                                                                                                  (1) 

where A and AH+ represent the un-protonated and protonated forms of the alkylamine 

respectively. The [H3O+] reagent ion was produced by flowing charcoal filtered ambient 

air into a corona discharge ionization source. The DMA gas was monitored at its 

protonated peak m/z 46, and TMA was monitored at its protonated peak m/z 60. The 

hydronium ion [H3O+] was monitored at m/z 19 in order to account for any fluctuations 

in the amine signal due to an unstable reagent ion flow (Figure 3).  

 

A+H3O
+→ AH + +H2O
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Figure 3. Positive mode mass spectral profile of the reagent ion H3O
+ 

(m/z 19). 
 
 
 
 The heterogeneous kinetics of the alkylamine loss were expressed as the initial, 

γ0, and steady state, γss, uptake coefficients by employing equation (2)  

                                                                                                                     (2) 

where r is the radius of the sample tube, ω is the mean thermal speed, and  kr  represents 

the pseudo-first order rate constant.81 The first order rate constant kr was calculated from 

the equation,  

                                                             
                                                  (3) 
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where kobs is the observed first order rate constant, and kdiff  is the rate constant due to the 

gas phase diffusion of amines to the reactor wall (4).82 

 

                   𝑘  !"## =
!.!!!!"#$%/!"

!!
                     (4) 

Gas phase diffusion corrections were applied83 and diffusion coefficients were estimated 

according to.84 The observed first order rate constant, kobs, was given by equation (5), 

     

                                                                                                                (5)       

where u is the combined carrier flow velocity, l is the length of the sample tube that has 

been exposed to alkylamines, and Io is the initial signal intensity of the either amine; It  is 

the intensity of the amine signal at a given time.66 The total amine signal was corrected 

for background and unstable amine flow before calculations were performed. 

2.2 Alkylamine Probe Depth 

Recent works illustrate the various physical processes that are implicated in 

heterogeneous uptake, including penetration of the aerosol particle.84,85 When 

considering the total uptake of the alkylamine gas, the extended exposure period will 

allow sufficient time for the gas phase particles to not only saturate the surface of the 

acid coating, but also penetrate. Such a phenomenon was observed for the uptake of 

gaseous alkylamines by solid humic acid using a Knudsen cell reactor.67 In order to 

ascertain whether the amine molecules exhibit such behavior when exposed to the 

dicarboxylic acid coatings, the monolayer fractions of reacted succinic acid and adipic 

kobs =
u
l
ln Iº

It

!

"
#

$

%
&



24 

acid were estimated. In order to approximate these values, the number of organic acid 

molecules per unit area (AOA) was initially calculated by employing equation (6), where 

ρ and M are the density (g cm-3) and molecular weight (g mol-1) of the respective organic 

acids, and NA is Avogadro’s number. The results of equation (6) and the surface area of 

the sample cylinder were multiplied to give the estimated number of acid molecules 

available for uptake per monolayer of acid. 

𝐴!" =
!  ∙  !!  
!

!
! (6) 

The total amine molecules lost during uptake were estimated by converting the 

temporal profile of either protonated amine into a plot of the molecular flow rate 

(molecules s-1) versus time (s). The area of the uptake profile was then calculated 

resulting in the total number of amine molecules taken. Assuming that amines and 

dicarboxylic acids react in a 2:1 ratio, the monolayer fraction of the dicarboxylic acid 

reacted was determined by taking the ratio of the approximate number of acid molecules 

reacted (half of calculated amine molecules) to the number of exposed acid molecules 

available based on the injector distance. 
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3. RESULTS AND DISCUSSION

3.1 Uptake of Alkylamines on Succinic Acid and Adipic Acid 

The heterogeneous uptake of gaseous DMA by succinic acid is shown in Figure 

4. Once the protonated alkylamine signal had stabilized, the moveable injector was

withdrawn so that the succinic acid coating was exposed to the alkylamine gas. Figure 4 

shows the loss in DMA signal intensity upon exposure to 0.7-4.7 cm of the succinic acid 

coating. Upon immediate exposure to the sample surface, the DMA signal demonstrated 

an initial plunge around 30% of the original intensity (Figure 4a). Following the rapid 

initial interaction with the succinic acid coating, the amine signal began to recover 

asymptotically for ~200 s before gradually returning to ~10% of it’s original position, 

reaching a steady state. However, as the injector distance increased (Figures 4b-e), the 

change in DMA signal loss increased as well, concluding with a maximum initial 

decrease in amine signal as large as ~80% (Figure 4e). The signal recovered slowly for 

~800s before returning to a steady state, about 25% of initial signal intensity. 

Immediately following ~300 s of stabilization, the alkylamine exposure was terminated 

by returning the moveable injector to its initial position, which resulted in an abrupt 

increase in the DMA signal intensity observed in all five spectra, then a gradual decrease 

of the amine signal to about of the original intensity.  
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a) b)  

c) d)  

e)  

Figure 4. Normalized selected ion mass spectral profiles of [DMA]·H+ (m/z 46) when 
exposed to a) 0.7 cm b) 1.7 cm c.) 2.7 cm d.) 3.7 cm e.) 4.7 cm of a 43 mg succinic acid 
coating respectively at 298 K and ~1.4 torr. 
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The features shown by each profile imply that several processes occur between 

the alkylamine and the sample surface. The initial decay in amine signal could be 

attributed to the alkylamines contacting easily accessible sites on the surface of organic 

acid, such as steps and defects. The asymptotic recovery observed following the initial 

contact indicates that the succinic acid coating was not completely saturated with 

amines, therefore the uptake of amine may be limited by the diffusion of amines to the 

sample. On the other hand, the subsequent stabilization of the amine signal can be 

attributed to the amines saturating the entire surface of the acid coating, leaving no 

available acid molecules to uptake the remaining amines.  

Once the injector was slid downstream, there was an abrupt increase in amine 

signal. This phenomenon implies that some amine molecules had been physically 

adsorbed on the succinic acid surface and were consequentially released to contribute to 

the existing amine signal. Several uptake measurements were conducted over the same 

sample surface, resulting in uptake comparable to an unreacted surface each time. This 

shows that not all of the succinic acid reacts upon exposure. Moreover, the desorption 

peak appeared to have a smaller area than that of the uptake curve, concluding that a 

large fraction of the gas phase amines were irreversibly lost due to reactive uptake, while 

the remaining fraction of the DMA signal lost was a result of the physical adsorption.  
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a) b)

c) d)

e)

Figure 5. Normalized selected ion mass spectral profile of [DMA]·H+ (m/z 46) when 
exposed to a) 1.0 cm b) 2.0 cm c.) 3.0 cm d.) 4.0 cm e.) 5.0 cm of a 43 mg adipic acid 
coating respectively at 298 K and ~1.6torr.  
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Figure 5 depicts the loss in DMA signal intensity upon exposure to 1.0-5.0 cm of 

an adipic acid coating. The DMA signal experienced a rapid decay just as with succinic 

acid. However, upon exposure to the sample surface, the DMA signal demonstrated an 

initial plunge of only ~15% of the initial amine signal intensity (Figure 5a). Following 

the rapid initial interaction with the adipic acid coating, the amine signal began to 

recover for ~10 s until reaching a steady, returning to ~5% of it’s original position. As 

with succinic acid, the change in DMA signal loss increased with the injector distance 

(Figures 5b-e), resulting in a maximum initial decrease in amine signal of about ~30% 

(Figure 5e). The amine signal recovered asymptotically for ~250 s before being restored 

to about 5% of initial signal intensity. Immediately following ~300 s of stabilization, the 

alkylamine exposure was terminated by returning the moveable injector to its initial 

position, resulting in a minimal increase in the DMA signal intensity. The increase in 

amine signal was comparable to the loss during initial uptake. The signal then quickly 

decayed to the initial amine intensity. 

The uptake profiles for DMA on adipic acid share similar features with the signal 

loss and recovery shown in Figure 4. However, the uptake of amines by adipic acid for 

the initial and steady state are not as pronounced, and the area of desorption signal was 

comparable to that shown by the uptake signal loss. The features in the adipic acid 

profiles suggest that accommodation dominates the uptake; therefore, the amines likely 

adsorb to the surface of the adipic acid coating at a more rapid rate than reaction, and 

then are quickly released.  
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a) b)

c) d)

e)

Figure 6. Normalized selected ion mass spectral profile of [TMA]·H+ (m/z 60) when 
exposed to a) 1.7 cm b) 2.7 cm c.) 3.7 cm d.) 4.7 cm e.) 5.7 cm of a 41 mg succinic acid 
coating respectively at 298 K and ~1.4 torr. 
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The heterogeneous loss in TMA signal intensity upon exposure to 1.7-5.7 cm of 

succinic acid is illustrated in Figure 6. In Figure 6a, the loss of TMA to 1.7 cm of 

succinic acid was minor. The initial exposure presented a 20% decrease in the amine 

signal, but there was no sign of asymptotic recovery since the signal immediately 

returned to the original intensity. Figures 6a-e show the increase in signal intensity with 

injector distance, despite the minimal uptake in Figure 6a. The signal loss in Figure 6e 

displays uptake features to that shown in Figure 4, but the uptake is not as pronounced 

with an initial decrease in amine signal of ~70%. The signal recovered for about 300 s 

until achieving a steady state at ~30% of the signal. Subsequent to ~300 s of steady state 

exposure, the moveable injector was retracted. Features showing an amine signal 

increase were realized followed by a gradual decline to the original intensity.  

The uptake of TMA was not as pronounced initially, but the loss became more 

substantial as the exposure distance increased. It is likely that the exposure time for 

TMA of the succinic acid was not sufficient for reaction in Figure 6a. This phenomenon 

could be due to the increase in methyl groups inhibiting contact with the sample surface 

in comparison to DMA. However, with an increased exposure time, the uptake of 

succinic acid was dominated by irreversible loss, showing minor desorption after the 

injector is retracted.  
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Table 3. Estimated Alkylamine	  Uptake by Succinic Acid 

a
Concentration of alkylamines in the fast flow reactor at ~1.4-1.6 torr. 

b
Mass of acid

coated to a sample tube.
 c
Monolayer fraction of the organic acid layer that participated in

the uptake event. The error corresponds to one standard deviation (1σ) based on 5 
independent measurements on a single film. 

Table 4. Estimated DMA Uptake by Organic Acid 

aConcentration of alkylamines in the fast flow reactor at ~1.4-1.6 torr. bMass of acid 
coated to a sample tube. cMonolayer fraction of the organic acid layer that participated in 
the uptake event. The error corresponds to one standard deviation (1σ) based on 5 
independent measurements on a single film. 

 ! [Amine]a 

    (x109 molecules cm-3)!
sample 
coatingb     

(mg)!
FOA

c!

DMA!
TMA!

8.23±0.096 
8.16±0.076!

43!
41!

0.278±0.101!
0.085±0.068!

 ! [Amine]a   
(x109 molecules cm-3)!

sample 
coatingb     

(mg)!
FOA

c!

Succinic Acid!
Adipic Acid ! 8.23±0.096 

8.51±0.297 
43!
43 

0.278±0.101!
0.038±0.026 
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In order to determine the probe depth of each alkylamine into the organic acid 

surface, the monolayer fractions of the acid layers penetrated as a function of amine 

concentration and sample size are reported in Tables 3 and 4. In Table 3, the values 

indicate that only about one third of a succinic acid monolayer uptakes DMA. In 

comparison, TMA only interacts with about 10% of the succinic acid available. Because 

less than a single layer of acid molecules participate in uptake, it is highly probable that 

the DMA and TMA molecules do not diffuse into the particle. This behavior implies that 

the uptake of amines by succinic acid occurs strictly on the sample surface. The 

differences in the values estimated for DMA and TMA is expected to be due to the 

number of methyl groups on each amine limiting the capacity of each to saturate the 

sample surface. Because TMA is larger, having three methyl groups, fewer molecules of 

TMA will be able to cover the surface, limiting the uptake of the gaseous amine. 

Table 4 shows the difference in the probe depth of amines with respect to the 

identity of the acid involved. The adipic acid surface appears to uptake less than 5% of 

the amine molecules exposed, which is about six times less than that of succinic acid. 

The value determined give evidence that the properties of the acid involved may also 

play a role in the acid base chemistry, despite the strong basicity of the alkylamines. 
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3.2 Heterogeneous Kinetics 

Figure 7.  a) Initial and b) steady state alkylamine signal loss as a function of contact 
time when exposed to the succinic acid coating at 298 K and ~1.4 torr. DMA (red 
circles): u = 576-585 cm s-1, t = 0.001-0.008 s; TMA (blue circles): u = 584-588 cm s-1, t 
= 0.003-0.010 s. 

Since the signal loss of each alkylamine increased with the injector distance, it 

could be assumed that the acid-base interactions are time dependent. In order to 

determine the rate in which the acid-base neutralization reactions occur, the amine signal 

loss corresponding to the initial and steady state exposure to succinic acid and adipic 

acid was plotted versus the exposure distance converted into a contact time. The slope of 

the line determined the observed first order rate constants for each reaction.  

Figure 7 illustrates the initial and steady sate signal loss of DMA and TMA on 

succinic acid. The decays in amine signal follow first order kinetics, denoted by the 

linear relationship between the signal loss and time. Both the steady state and initial 

signal loss display dominance in reaction rate with respect to the number of methyl 
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groups on each amine. This suggests that the factors that control the saturation capacity 

of each onto the sample surface also govern the reactivity of each amine. It is assumed 

that the additional methyl groups limit the reactivity of the amines by causing the lone 

pairs on the nitrogen atom to be less accessible. 

Figure 8. a) Initial and b) steady state [DMA]·H+ signal loss as a function of contact time 
when exposed to the succinic (black diamonds) and adipic acid (purple diamonds) 
coatings at 298 K and ~1.4-1.6 torr. DMA signal loss as a function of contact time when 
exposed to the adipic acid coating at 298 K and ~1.6torr. DMA: u = 514-515cm s-1, t = 
0.002-0.010 s. 

Considering that the uptake of DMA differs between succinic acid and adipic 

acid, other factors beside the diffusion of the amines may play a role in the reactivity. 

The steady state and initial signal loss of DMA by succinic and adipic acid is depicted in 

Figure 8. The observed rate constants for succinic acid are about three times higher than 

those for adipic acid in either case. Both acids are aliphatic straight chain dicarboxylic 

acids (two carbon atom difference) with comparably low vapor pressures (10-7 torr) at 

room temperature. However, succinic acid has a pka1 of 4.19, while adipic acid has a 

y = 9.3527x + 0.0246 
R² = 0.99311 

y = 2.9556x + 0.0271 
R² = 0.96488 

0.0E+000 

2.0E-002 

4.0E-002 

6.0E-002 

8.0E-002 

1.0E-001 

1.2E-001 

1.4E-001 

0.000 0.002 0.004 0.006 0.008 0.010 

SS
 (l

0/I
t) 

Contact time, s 

SA 

AA 

Linear (SA) 

Linear (AA) 

y = 103.01x + 0.136 
R² = 0.97384 

y = 39.341x + 0.0956 
R² = 0.95922 

0.0E+00 

2.0E-01 

4.0E-01 

6.0E-01 

8.0E-01 

1.0E+00 

1.2E+00 

1.4E+00 

0.000 0.002 0.004 0.006 0.008 0.010 

I(
I 0

/I t
) 

Contact time, s a)# b)#



36 

pka1 of 4.43. Although the physical properties of succinic acid and adipic acid are 

similar, succinic acid is more acidic, which causes this species to be more reactive 

towards DMA. Thus, the properties of the organic acids, in addition to those of the 

alkylamines, may influence the progress of the acid base reactions. 

After applying the diffusion correction to the observed rate constants (3), the 

pseudo-first order rate constants were determined and utilized to calculate the steady 

state and initial uptake coefficients for each amine. The results fare shown in Table 5. 

The initial uptake is fast with average uptake coefficients of (4.92±3.68) x10-3and 

(3.66±2.23) x10-3 for DMA and TMA respectively, in addition to (1.81±0.37) x10-3 for 

DMA on adipic acid  (Table 6). These values denote the rapid neutralization of the 

succinic acid upon immediate exposure. These values estimated are comparable to the 

observed uptake coefficients reported for the reaction of alkylamines with citric acid: 

7.31±1.13 x10−3, 6.65±0.49 x10−3, and 5.82±0.68 x10−3 for MMA, DMA, and TMA 

respectively.67 The rate of the acid-base reaction is also comparable to the uptake 

coefficient reported for the reaction of TMA with polydisperse nitric acid particles at 

20% RH (2x10-3). 

68Table 5. (γ0) and (γss) Uptake Coefficients of Amines on Succinic Acid.a

aThe error corresponds to one standard deviation (1σ) based on 10  independent 
measurements for TMA and DMA respectively. 

 ! γ ss (x10-4)! γ0 (x10-3)!
DMA!
TMA!

4.13±2.90 
3.55±2.58!

4.92±3.68!
3.66±2.23!
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The steady state uptake was less rapid exhibiting uptake coefficients of 

(4.13±2.90) x10-4 and (3.55±2.28) x10-4 for DMA and TMA, respectively, and 

(1.31±1.22) x10-4 for DMA on adipic acid. These values suggest that during the steady 

state exposure, much of the succinic acid surface has been saturated, which will in turn 

lower the reaction rate of the remaining amines. Qui et al. reported steady state uptake 

coefficients for MMA, DMA, and TMA on ammonium sulfate of (6.0±1.2) x10-3,  

(9.4±2.2) x10-4, and (2.3±0.4) x10-4, decreasing with increasing methyl groups.66 

Because the reaction kinetics between dicarboxylic acids and alkylamines are 

comparable to those of sulfates and nitrates, which are very important components to 

atmospheric aerosols, neutralization of organic acids could serve as an important 

mechanism for the formation of particulate nitrogen in SOAs. 

Table 6. (γ0) and (γss) Uptake Coefficients of DMA on Organic Acid.a 

aThe error corresponds to one standard deviation (1σ) based on 10  independent 
measurements. 

 ! γ ss (x10-4)! γ0 (x10-3)!
Adipic Acid 

Succinic Acid 
1.31±1.22 
4.13±2.90 

1.81±0.37 
4.92±3.68!
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4. CONCLUSIONS

Interest in SOAs is continuing to increase because of the need to establish national 

air quality standards for fine particles, assess aerosol impacts on public health, and 

ascertain the affects of composition on CCN development.  Although organic species are 

generally believed to contribute to the growth of aerosols, being found in aerosol 

particles of sizes as small as 10 nm atmospherically,87,88 the identities of the species 

involved are poorly understood, as well as the processes leading to growth due to the 

complex nature of the reactions.89,90 Because organic acids are often discovered in 

SOAs, acid-base neutralization by low molecular weight amines is likely to produce 

stable low volatility alkylaminium salt products that contribute to the growth of SOAs in 

addition to altering aerosol optical and hygroscopic properties.73  

A laminar fast flow reactor coupled to an ID-CIMS was used to assess the 

uptake of gaseous DMA and TMA on solid phase succinic acid and adipic acid. The 

heterogeneous uptake of amines on each acid occurred rapidly, resulting in uptake 

coefficients that denote comparable reactivity to common atmospheric aerosol 

components. The acid-base neutralization was governed primarily by the steric effects of 

each amine, and the acidity of each acid. The reaction was also limited to the outermost 

layer of the acid coating. In addition to DMA and TMA, the heterogeneous reactions of 

methylamine (MA) with succinic and adipic acids respectively are needed in order to 

properly assess the effects of the amine basicity and steric behavior on the reaction 

kinetics.  
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Although dicarboxylic acids are classified as water soluble organic compounds, 

the most abundant particle phase dicarboxylic acids were reported to have deliquescence 

points higher than 90%, which includes succinic and adipic acid particles that have no 

observed deliquescence below 93% at 30°C, agreeing well with a predicted 

deliquescence around 99% RH.77 Thus, dicarboxylic acids are likely to exist in aerosol 

particles in the crystalline phase, allowing them to serve as available sites for the uptake 

of atmospheric amines under dry conditions. Nonetheless, the composition of 

atmospheric particles can also influence salt formation by amine if stronger, or more 

prevalent, inorganic acids exist on the atmospheric particle. 

Although amines react proficiently with organic acids, ammonia is still the 

dominant basic species atmospherically.50 Unless the organic acids are directly located 

near amine emission sources, the neutralization reactions will occur predominantly by 

ammonia. However, if ammonia and exist in concentrations of the same order of 

magnitude as amines, alkylaminium salt formation is predicted to be the dominant 

mechanism.70 
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