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ABSTRACT 

 

While high concentrations of pre-existing particles tend to inhibit new particle formation (NPF) in the atmosphere, 

severely polluted megacities around the world are becoming hot spots for the latter. We measured the particle number-size 

distributions with a Scanning Mobility Particle Sizer (SMPS) in the urban environment of Kanpur, India, and discovered 

that particle bursts occurred on 82% of the observation days, indicating that new particles frequently formed from gaseous 

precursors despite the relatively high concentrations of pre-existing particles. During such events, Aitken-mode particles 

contributed more than 50% of the total particle mass. Additionally, we used a high-resolution time-of-flight aerosol mass 

spectrometer (HR-ToF-AMS) to assess chemical changes in the sub-micron particles during NPF events. Because the 

HR-ToF-AMS can not detect particles smaller than 40 nm in diameter, however, it was not possible to investigate the 

chemistry driving the NPF. Our results indicated that oxygenated organic aerosols (OAs) constituted almost 77%—the 

largest fraction—of the sub-micron particles. The m/z 57 ion (C4H9
+), a tracer of hydrocarbon-like OA (HOA), displayed 

significantly enhanced signal intensity during all of the NPF event days. Moreover, the increased proportion of organic ions, 

m/z 44 (CO2
+), on these days suggested the presence of less volatile, highly oxidized OAs (LV-OOAs), revealing that the 

growth of new particles was mainly due to the condensation of low-volatility organic species. The substantially elevated 

signal intensity of amines (viz., CHN+, CH4N+, C2H4N+, C3H8N+, and C5H12N+) in the sub-micron aerosols during NPF 

further demonstrated that these nitrogen-containing organic compounds may have played a critical role in these events. Thus, 

our findings emphasize the relevance of amines to secondary aerosol formation in severely polluted urban environments. 
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INTRODUCTION 

 

Atmospheric ultrafine particles (typically diameter 

< 100 nm) have been the topic of immense attention since 

last two decades as it constitutes the largest fraction of the total 

particle number and mass budgets on a global scale (Kulmala 

et al., 2004; Spracklen et al., 2006). The major sources of 

ultrafine particles include direct emission (e.g., vehicular 

exhaust, biomass burning and industrial processes; Seigneur, 

2009) and secondary aerosol formation (as a result of gas-to-

particle conversion processes referred to as aerosol nucleation;  
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Zhang et al., 2012; Kulmala et al., 2013). The fraction of these 

newly formed particles may activate to cloud condensation 

nuclei (CCN) and ice nuclei (IN), in turn affecting cloud 

macro- and microphysical (Andreae and Rosenfeld, 2008; 

Sarangi et al., 2018) and precipitation properties (Zhang et 

al., 2007; Sarangi et al., 2017) on a regional to global scale. 

However, the modelling of CCN from anthropogenic aerosol 

sources in global climate models (Prenni et al., 2001; 

Spracklen et al., 2008; Pierce and Adams, 2009) is largely 

hindered by our limited understanding of secondary aerosol 

formation processes. The high concentration of anthropogenic 

ultrafine particles was also recently linked to respiratory 

hospitalizations in cities (Samoli et al., 2016). 

Highly polluted cities, especially in developing nations 

like India and China, are becoming hot spots of new particle 

formation (NPF) (Yu et al., 2017). In urban environments, 

sulfate, nitrate and organics were all shown to influence the 

growth of ultrafine particles (Smith et al., 2010; Bzdek et 

https://creativecommons.org/licenses/by/4.0/
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al., 2012; Salimi et al., 2015; Yu et al., 2017). Tao et al. 

(2016) recently showed that heterogeneous uptake of 

amines via acid-base reactions can also contribute to particle 

growth during the NPF. Urban environments often experience 

severe air pollution episodes, owing to secondary aerosol 

formation from the atmospheric chemical processing of 

aerosol precursors. The long-range transported polluted 

plumes with elevated sulfuric acid concentrations (H2SO4) 

via oxidation of sulfur dioxide (SO2) can also influence the 

growth of ultrafine particles in remote locations (Creamean 

et al., 2011). Recent laboratory experiments showed that 

coupling between H2SO4 and large oxidized organic 

compounds is involved in both the formation and growth of 

ultrafine particles under ambient conditions (Schobesberger 

et al., 2013). A recent study showed that the H2SO4-

dimethylamine-H2O ternary nucleation system was able to 

explain the high NPF rates in an urban atmosphere of 

Shanghai, China (Yao et al., 2018). Previous measurements 

in diverse environments also detected dimethyl- and diethyl-

aminium salts (DMA+ and DEA+) in accumulation-mode 

particles collected during NPF events, such as Finland boreal 

forests (Mäkelä et al., 2003), downwind of the major bovine 

source (Sorooshian et al., 2008), marine air masses (Facchini 

et al., 2008), and urban areas (Sorooshian et al., 2007; 

Setyan et al., 2014). Several other studies have also indicated 

base compounds, associated with neutralization of H2SO4, 

contribute to the growth of ultrafine particles (Zhang et al., 

2004; Smith et al., 2010; Bzdek et al., 2011; Kirkby et al., 

2011; Dawson et al., 2012; Almeida et al., 2013). Laboratory 

experiments have further shown that amines have a greater 

impact on NPF than ammonia by clustering with and/or 

stabilizing H2SO4 clusters (Murphy et al., 2007; Kurtén et 

al., 2008; Erupe et al., 2011; Yu et al., 2012; Almeida et al., 

2013; Jen et al., 2014; Kürten et al., 2014). Numerical 

simulations also demonstrated that amines have a great ability 

in enhancing NPF rates even at low amine concentrations 

(few pptv) over the major source regions (Yu and Luo, 

2014) and may further affect secondary organic aerosol 

production via acid-base chemistry (Murphy et al., 2007). 

A recent study in the Indian Institute of Technology (IIT) 

Kanpur campus (hereafter referred to as IITK) showed that 

NPF occurs commonly in Kanpur (Kanawade et al., 2014c), 

even in the presence of high aerosol loading (Kanawade et 

al., 2014b). There are more than ten studies reporting the 

systematic characteristics of NPF events in India (Mönkkönen 

et al., 2005; Hyvärinen et al., 2010; Moorthy et al., 2011; 

Neitola et al., 2011; Siingh et al., 2013; Kanawade et al., 

2014a, b, c; Sobhan Kumar et al., 2014; Kamra et al., 2015; 

Babu et al., 2016; Leena et al., 2017), but size-resolved 

chemical composition of sub-micron aerosols during the NPF 

remains largely unknown. Here, we analyzed simultaneous 

measurements of the particle number-size distribution (PNSD) 

in the size range of 4.45–736.5 nm from TSI Scanning 

Mobility Particle Sizer (SMPS) and size-resolved chemical 

composition from Aerodyne high-resolution time-of-flight 

aerosol mass spectrometer (hereafter referred to as AMS). 

The main aim of this study is to provide some insights into 

the chemical composition of sub-micron aerosols during the 

NPF events in an urban atmosphere. 

METHODS 
 

We carried out aerosol measurements (via SMPS and AMS) 

at about 10 m above the ground at the IITK site (26.46° N, 

80.32° E, 125 m a.m.s.l.) during 30 March–15 April 2013 

(Fig. S1). Details of the sampling site, aerosol sampling 

(SMPS) procedures and data reduction methodologies are 

given elsewhere (Kanawade et al., 2014c). Briefly, we 

obtained PNSD in the size range of 4.45–736.5 nm using a 

set of two SMPS systems; a Long Differential Mobility 

Analyzer (LDMA; Model 3080; TSI Inc.) in combination 

with a butanol condensation particle counter (CPC; Model 

3775; TSI Inc.), and a Nano DMA (NDMA; Model 3085; 

TSI Inc.) with a butanol CPC (Model 3776; TSI Inc.), 

yielding one average PNSD at every 5 min time interval. 

The mode diameter (i.e., local maximum of the particle size 

distribution) was obtained by fitting a lognormal distribution to 

the measured particle size distribution. Then, we calculated 

the particle growth rate (GR) during the NPF events by fitting 

a first-order polynomial line through the temporal evolution 

of the particle mode diameter (Dm, mode) and calculating its 

slope (Dal Maso et al., 2005). The coagulation sink (CoagS) 

determines how rapidly small particles are removed through 

coagulation by larger particles. CoagS matrix was calculated 

for all sizes (142 size bins) in the size range of 4.45–736.5 

nm based on the Kulmala et al. (2001) approach and then 

total CoagS was obtained. We measured trace gases (NOx, 

SO2, O3 and CO) and meteorological parameters (temperature, 

relative humidity, wind speed, and wind direction) 

simultaneously in the vicinity of aerosol measurement site 

(Fig. S1). The Thermo Scientific (USA) gas analyzers were 

installed in an air-conditioned laboratory on the top of an 

existing overhead water tank of 25 m height from the ground 

level, which was located about 50 m to the south of the 

aerosol instruments’ site. SO2 was measured using a pulsed 

fluorescence analyzer (Model 43i), with a minimum detection 

limit of < 0.5 ppb. NOx is measured using a chemiluminescence 

analyzer (Model 42i), with a minimum detection limit of 

0.4 ppb. O3 was measured using UV absorption analyzer 

(Model 49i), with a minimum detection limit of 1.0 ppb. CO 

was measured using a non-dispersive infrared gas filter 

correlation technique (Model 48i), with a minimum detection 

limit of 40.0 ppbv. The daily zero settings and weekly span 

checks were conducted for the best performance of gas 

analyzers. Meteorological parameters were measured 

simultaneously at the Indian Space Research Organization 

(ISRO)’s automatic weather station (AWS-ES, ISRO20) 

installed inside the IITK campus, which is located at about 

250 m to the north of the aerosol measurement site. Further 

details on gas analyzers and meteorological instruments can 

be found elsewhere (Gaur et al., 2014). 

We used an Aerodyne AMS to quantify the mass 

concentrations of non-refractory species including ammonium, 

sulfate, nitrate, chloride and total organic matter via thermal 

vaporization (typically at 600°C) and 70 eV electron-impact 

ionization (DeCarlo et al., 2006; Canagaratna et al., 2007). 

The AMS was run alternatively in V- and W-modes (time-

averaged mass resolution of 2903 and 4089 at m/z 184, 

respectively), each with 1 minute sampling time. Due to a 
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hard mirror malfunction, the W-mode data are not continuous. 

Therefore, we considered only the V-mode data in this 

study. We have calibrated the AMS for both the inlet flow 

and particle sizing at the beginning of measurements. We 

have also performed ionization efficiency calibration before, 

during, and after the measurements following standard 

protocols (Jimenez et al., 2003). Positive Matrix Factorization 

(PMF) analysis of organic HR mass spectra (m/z 12–300, 

V-mode) was carried out using the PMF v2.06 evaluation 

tool (Ulbrich et al., 2009; see supplementary text). More 

details on the AMS sampling procedures and data reduction 

methodologies can be found elsewhere (Chakraborty et al., 

2015). 

RESULTS AND DISCUSSION 

 

Identification of New Particle Formation Events 

Fig. 1 shows the temporal evolution of PNSDs, particle 

mode diameter, number concentration of nucleation-mode 

particles (N4-20) and total particles, CoagS, aerosol composition 

fractions from AMS, meteorological parameters (temperature, 

relative humidity, wind speed, wind direction, and solar 

radiation), and trace gases (SO2, NOx, O3 and CO). The 

regional NPF occurs in two distinct stages: i) formation of 

nanometer-sized critical clusters (i.e., 1–2 nm) from gaseous 

vapors and ii) subsequent growth of these stable clusters to 

large sizes by condensable vapors and/or particle-particle 

 

 

Fig. 1. Time evolution of (a) particle number-size distributions and particle mode diameter (Dp, mode); (b) number conc. of 

nucleation-mode particles (N4-20) and coagulation sink (CoagS); (c) total particle number concentration; (d) aerosol 

composition fraction from AMS; (e) temperature, relative humidity and solar radiation; (f) wind speed and wind direction; 

(g) NOx and SO2; and (h) CO and O3 at the IITK site during March–April 2013. 
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coagulation (Kulmala et al., 2013). Here, NPF event is 

identified by the presence of a distinctly new mode of 

particles less than 20 nm diameter size with a steady growth 

in particle size over at least 6 hours, thus particle number-

size distributions appearing as conventional noontime 

“banana-shaped” aerosol size growth. Particle bursts in the 

lower size range (4–20 nm) occurred on 14 days out of total 

17 sampled days (i.e., 82% of all observation days). NPF 

events are then classified into four types; strong (Type-I) 

and moderate to weak (Type-II), depending on the net rate 

of increase in N4-20 during the first hour of the event. The net 

rate of increase in N4-20 (dN4-20/dt) larger than 10,000 

particles cm–3 h–1 identifies strong events whereas dN4-20/dt 

smaller than 10,000 particles cm–3 h–1 identifies moderate to 

weak events. The Aitken-mode particle growth events and 

broken “banana-shaped” aerosol size growth events were 

put into Type-III whereas non-NPF events were assigned to 

Type-IV. Type-I events were observed on 3 consecutive 

days (4–6 April) whereas Type-II events were observed on 

29 March and 7, 11, 12 and 13 April (5 days). Type-III 

events were observed on 1, 2, 3, 8, 9 and 10 April (6 days) 

whereas Type-IV events were observed on 30, 31 March and 

14 April (3 days). Note that AMS measurements were not 

available on 29–30 March. A recent study at the same site 

has performed the detailed analysis of different types of 

NPF events using six weeks of measurements (Kanawade et 

al., 2014c).  

It is important to note that the AMS cannot detect particles 

smaller than 40 nm, below which particle nucleation and early 

growth occurs. Given this limitation, AMS measurements 

are not suitable to assess the chemistry driving NPF, which 

is not the focus of this study. However, the AMS measurements 

are still extremely useful to examine chemical composition 

of sub-micron aerosols during the NPF events and also the data 

obtained can be attributed to the growth of particles several 

hours after the nucleation (i.e., < 3 nm cluster formation) 

(Creamean et al., 2011; Setyan et al., 2014). The derived 

particle growth (GR) varied from 3.2 to 6.7 nm h–1 during 

the NPF events. With these growth rates, the significant 

fraction of newly formed particles (particularly on Type-I 

NPF event days) would eventually grow larger than the lowest 

detectable size by AMS within few hours after the nucleation, 

i.e., during afternoon hours when the photochemistry is at 

its peak. To establish this, we have calculated number 

concentration of particles of size between 40 nm and 100 

nm, and compared with N4-20 (Fig. S2). The rate of change 

in N4-20 is well captured by the subsequent rate of change in 

N40-100, suggesting that the major fraction of nucleation-

mode particles grew over the lowest detectable size of the 

AMS (i.e., 40 nm). There was no rain reported and sky was 

almost clear during the entire study period. The diurnal 

pattern of temperature and relative humidity did not change 

during the entire time period. The wind speed stayed mostly 

around 7 m s–1, and the prevailing wind direction was 

northwest. NOx showed usual early morning peak, whereas 

SO2 showed sharp increase in the morning hours and minor 

enhancements during evening hours, associated with the 

traffic hours. The O3 concentrations were highest during the 

noontime when the photochemistry is at its peak. 

Table 1 shows the summary statistics of particle number 

concentrations in different size modes for the entire 

observation period. The number concentrations of nucleation-

mode particles varied from 59 to 24.64 × 103 cm–3, with a 

mean and standard deviation values of 2.0 × 103 ± 2.75 × 

103 cm–3. The mean nucleation-mode particle concentrations 

were lower as compared to the observed at other semi-urban 

to urban sites (e.g., Wehner and Wiedensohler, 2003; 

Stanier et al., 2004; Wu et al., 2008; Kanawade et al., 2012) 

as well as regional background sites (e.g., Shen et al., 2011; 

Németh et al., 2018), but higher than remote sites in India 

(Moorthy et al., 2011; Kanawade et al., 2014a). The number 

concentrations of Aitken-mode particles varied from 1.23 × 

103 to 30.23 × 103 cm–3, with mean and standard deviation 

values of 5.27 × 103 ± 2.81 × 103 cm–3. Several studies 

reported the higher Aitken-mode than nucleation-mode particle 

number concentrations, particularly in urban environments 

(e.g., Hussein et al., 2004; Wu et al., 2008; Kanawade et al., 

2014c), because Aitken-mode particles not only constitute 

the grown freshly nucleated particles but also the primary 

emissions mainly from fossil- and bio-fuel combustion. The 

number concentration of accumulation-mode particles varied 

from 0.76 × 103 to 12.78 × 103 cm–3, with a mean and standard 

deviation values of 2.99 × 103 ± 1.58 × 103 cm–3. The ratio of 

Aitken-mode to accumulation-mode particles was 1.76, which 

is not surprising as newly formed particles can efficiently grow 

to Aitken-mode size and only a small fraction can reach size 

as large as accumulation mode (> 100 nm). The ratio value is 

within the range reported by previous studies at semi-urban 

and urban sites in India (Hyvärinen et al., 2010; Kanawade 

et al., 2014b). Overall, Aitken-mode particle number was 

higher than nucleation- and accumulation-mode particles.  

 

Source Apportionment of Organic Aerosols 

We performed Positive Matrix Factorization analysis on 

the organic HR mass spectra of AMS to investigate the 

sources and processes of organic aerosol (OA) during the 

 

Table 1. Summary statistics of number concentration of particles in different size modes. 

 Nucleation Aitken Accumulation Total 

Diameter range (nm) 4.45–20 20–100 100–736.5 4.45–736.5 

Mean (cm–3) 2,021 5,266 2,991 10,195 

Standard deviation  2,757 2,819 1,589 4,612 

Median (cm–3) 903 4,573 2,678 9,115 

Minimum (cm–3) 59 1,234 763 2,811 

Maximum (cm–3) 24,644 30,230 12,777 54,318 

Contribution (%) 19.8 51.6 29.3 100 
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observation period. PMF diagnostics with 1–4 factors and 

fpeak values ranging from –5 to +5, to get 3% change 

(Zhang et al., 2011) over the minimum Q/Qexp value for 

each factor, and the corresponding residual are presented in 

Fig. S3. Here, we used an “Improved-Ambient” elemental 

analysis method for the AMS mass spectra (Canagaratna et 

al., 2015). We determined 4 distinct factors namely: biomass 

burning OA (BBOA; O/C = 0.46), hydrocarbon-like OA 

(HOA; O/C = 0.06) mainly associated with local primary 

emissions, and two types of oxygenated OA (OOA; OOA-1 

and OOA-2, O/C = 0.72 and 0.55, respectively) (Fig. S4). 

The PMF analysis showed that oxygenated organic aerosols 

constituted the largest fraction of sub-micron aerosols 

followed by hydrocarbon-like OA and biomass burning OA 

during entire observation period (Fig. 2). m/z 57 ion (C4H9
+) 

has been identified as a tracer of HOA and largely associated 

with combustion-generated primary aerosols from traffic 

(Zhang et al., 2005; Canagaratna et al., 2010), whereas m/z 

60 (C2H4O2
+) and m/z 73 (C3H5O2

+) ions have been shown 

to be tracers of BBOA and associated with a mixture of both 

biomass burning and cooking aerosols (Aiken et al., 2009). 

We have calculated fractions of these variables relative to 

OA mass (fHOA, f57, f60, and f73) to examine traffic- and/or 

biomass-burning-emitted OA during the observed NPF 

events. Fig. 3 shows time evolution of fractions fHOA, f57, 

f60 and f73 during entire observation period. f60 and f73 

showed typical diurnal variation, with higher concentrations 

during nighttime than daytime, owing to near-surface sources 

and dilution effect. In contrast, f57 and fHOA showed 

elevated diurnal pattern. The traffic rush-hour enhancements in 

 

 

Fig. 2. Percentage of total OA obtained from the PMF 

analysis of the HR mass spectra for the time period of 

12:00–18:00 local time during the observation period.

both f57 and fHOA are clearly visible. The f57 and fHOA 

were significantly elevated on 5 April (Type-I NPF event), 

suggesting the possible source of combustion-generated 

primary OAs. A very good correlation between f57 and 

fHOA was also observed (R2 = 0.85). 

 

Evolution of Organic Markers during the NPF Events 

The two important ions, m/z 44 (CO2
+) and m/z 43 

(mostly C2H3O+), can characterize the evolution of OA in 

the atmosphere (Ng et al., 2010). The ratio of fractions f44 

to f43 provides a measure of how the chemical functionality 

of the ambient OA evolves with oxidation (i.e., degree of 

oxidation). Higher f44 has been associated to less volatile, 

highly oxidized OA (LV-OOA) and lower f44 has been 

associated to semi-volatile, less oxidized OA (SV-OOA) 

(Ulbrich et al., 2009) so with aging f44/f43 ratio tends to 

increase significantly. In Fig. S5, we have plotted diurnal 

variation of fractions f43, f44 and the ratio of f44 to f43. An 

increase in f44 and f44/f43 and concurrent decrease in f43 

during the NPF event days suggest that significant fraction 

of the total OA mass might have consisted of less volatile, 

highly oxidized OA. However, on the 5 April NPF event, 

f44/f43 at very high aerosol loading agrees with the observed 

dominance of HOA during this day. 

A continuous flow-chamber experiment showed the 

maximum variability in chemical composition of aerosols 

for low OA loadings (< 15 µg m–3) compared to high loadings 

(Shilling et al., 2009). Furthermore, Ng et al. (2010, 2011) 

showed that freshly oxidized OAs (SV-OOA) occupy the 

lower right part of the triangular region of the f43 versus f44 

plot, while the more oxidized and subsequently more aged 

OA (LV-OOA) occupies upper left part of the triangle. 

Therefore, we have plotted f43 versus f44 for 10:00–18:00 

local time on all observation days in Fig. 4(b). The ambient 

OA components fall inside the triangular space proposed by 

Ng et al. (2010). The data before 10:00 and after 18:00 local 

time excluded deliberately in Fig. 4(b) to minimize the direct 

influence of morning and evening traffic hours, respectively 

and also, newly formed particles on NPF event days unlikely 

to generate sufficient signal at lowest detectable size by the 

AMS (i.e., diameter of 40 nm) before 10:00 local time. 

Overall, OAs appeared to be concentrated in the upper half 

of the triangular region suggesting more oxidized and/or 

aged OAs, except on 5 April. On this day, the OAs were 

concentrated in the lower left half of the triangular region, 

suggesting the occurrence of primary and less oxidized OAs 

 

 

Fig. 3. Time evolution of fractions f57, f60, f73, and fHOA during the entire observation period. 
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Fig. 4. (a) Scatter plot of f44 and organics loading and (b) scatter plot of f44 vs. f43, for 10:00–18:00 local time. The triangle 

from Ng et al. (2010) is drawn in (b) as a visual aid (grey lines). Each data point is 10 minute average. 

 

(Figs. 3 and S5). To further substantiate the source of primary 

OAson 5 April, f43 versus f44 re-plotted as a function of f57 

(Fig. S6). It can be seen that the primary emitted OAs with 

higher f57 lies in the lower left part of the triangular region 

on 5 April, indicative of the possible source of combustion-

generated primary OAs. Salimi et al. (2015) also showed 

that the particles originated from vehicular emissions cluster 

at the lower left corner of the triangular region, whereas 

particles originated from natural nucleation events cluster 

somewhere at the top of the triangle. This further suggests 

that the 5 April NPF event might have encountered large 

concentrations of ultrafine particles of primary source, 

particularly after 12:30 local time. A recent study also 

highlighted that NPF is not inevitably the major source of 

large number concentrations of ultrafine particles to the 

atmosphere, and that the large concentrations of ultrafine 

particles are direct result of traffic emissions in urban areas 

(Rönkkö et al., 2017). 

 

Evidence of Nitrogen-containing Organic Compounds in 

Sub-micron Aerosols 

To infer the role of nitrogen-containing compounds 

during NPF and non-NPF events, the mass concentration of 

nitrogen-containing fragments (CxHyN+), m/z 86 ion 

(C5H12N+) and m/z 18 ion (NH4
+) are plotted in Fig. 5. The 

morning and evening hour enhancements in CxHyN+ and 

C5H12N+ coincides with the traffic rush hours, analogous to 

the diurnal pattern observed for f57 and HOA (Fig. 3). 

Significant enhancement of CxHyN+ in sub-micron particles 

during NPF events suggests that this class of compounds 

could play an important role in aerosol formation and 

growth processes. A recent study also indicated the likely 

presence of alkyl amines in sub-micron aerosols during the 

NPF events in a mixed-urban-biogenic environment, with 

significant enhancements in nitrogen-containing organic ions 

(Setyan et al., 2014). Furthermore, the concurrent increase in 

ammonium in sub-micron particles (Fig. 5) plausibly suggests 

that ammonium together with sulfate involved in the initial 

growth of ultrafine particles, forming ammonium sulfate 

and ammonium bisulfate. Although, the previous studies 

have expressed the significance of aminium salt formation 

in ambient aerosols (Pratt et al., 2009; Smith et al., 2010) 

via displacing ammonium with aminium species in secondary 

organic aerosol (Murphy et al., 2007), and such exchange of 

ammonium in sub-micron aerosols by aminium salt is 

expected to occur within a few hours (Lloyd et al., 2009). A 

significant enhancement of CxHyN+ on the 5 April NPF 

event day suggests that such chemical transformation within 

sub-micron aerosols is possible. At urban sites, gas-phase 

ammonia concentrations range from sub-ppbv to tens-of-

ppbv level, whereas amines concentrations are typically 

found in the range of pptv to tens of pptv (Hanson et al., 

2011; Dawson et al., 2014; You et al., 2014). Considering a 

higher ambient concentration and large uptake coefficient 

for ammonia than those for amines (Wang et al., 2010), it is 

plausible that sulfate acidic particles will be dominantly 

neutralized by ammonia. But, recent laboratory experiments 

by Liggio et al. (2011) indicated that the reactive uptake 

coefficient for uptake of ammonia by acidic sulfate aerosols 

decreases with increasing OA mass and it is possible that the 

heterogeneous reaction of alkyl amines leads to the efficient 

growth of more acidic particles during the NPF event (Wang 

et al., 2010). 

Furthermore, we have calculated averaged mass spectra 

of CxHyN+ and CxHyNOz
+ fragments to examine the chemical 

composition of sub-micron aerosols for the Type-I, Type-II 

NPF and Type-IV non-NPF event days (Fig. 6). Quantitative 

analysis of the aerosol chemical composition showed that 

generally, amine family (CxHyN+) ions were present in sub-

micron aerosols during Type-I and Type-II NPF events, 

with significantly enhanced signal intensity of amine family 

ions during Type-I NPF events (Fig. 6(a)). For instance, 

significantly enhanced signal intensity for amine families 

such m/z 30 CH4N+ and m/z 42 C2H4N+ can be seen, with 

about more than twofold signal intensity on 5 April 

compared to that of other Type-I or Type-II NPF event days. 

We observed increased signals for other noticeable amine 

fragments too (i.e., m/z 58 C3H8N+, m/z 70 C4H8N+, and m/z 

86 C5H12N+) on Type-I NPF event days as compared to non-

NPF event days. While these fragments in ambient aerosols 

are shown to be expected from trimethylamine (Silva et al., 

2008), secondary organic aerosol chamber experiment 
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Fig. 5. Diurnal variation of mass concentrations of nitrogen-containing fragments (CxHyN+), m/z 86 ion (C5H12N+) and m/z 

18 ion (NH4
+) on observed non-NPF (marked by red rectangle) and NPF (blue rectangle) event days. 

 

 

Fig. 6. Averaged mass spectra of (a) CxHyN+ and (b) CxHyOzN+ fragments for time period 12:00–18:00 local time on Type-I 

(strong), Type-II (moderate to weak) and Type-IV (non-NPF) events. 

 

revealed that it is a combined signal from nitrate, and 

fragment of amines and amino acids (Murphy et al., 2007). 

The mass spectra listed by the NIST chemistry web book 

also show a strong peak at m/z 30 for higher alkyamines. 

The average mass spectra also showed small enhancements 

at m/z 55, 67 and 79 (CxH5N+ ions) indicative of nitrile- 

and/or pyridine-type fragments. Since biomass-burning- 

and/or residential-cooking-generated organic aerosols were 

not evident at our site, perhaps traffic emissions could be the 

source of these compounds, especially on 5 April, which 

thought to be under the influence of traffic plume. CxHyOzN+ 

families (i.e., m/z 59, C2H5NO and m/z 72, C3H7NO) also 

showed enhanced signal intensity, especially on 5 April 

(Fig. 6(b)) as compared to Type-II NPF and Type-IV non-

NPF event days. 

 

CONCLUSIONS 

 

We conducted simultaneous measurements via SMPS 

(TSI Inc.) and HR-ToF-AMS (Aerodyne) to investigate the 

chemical properties of sub-micron aerosols during new 

particle formation (NPF) events at a highly polluted urban 

site, Kanpur, on the Indo-Gangetic Plain in India. The 

particle number-size distributions showed that regional NPF 

events occurred very frequently (on the observation days) in 

Kanpur under conditions with relatively high aerosol loading. 

During these events, the particle growth rate varied from 2.7 

to 6.7 nm h–1. As the AMS can not detect particles smaller 

than 40 nm in diameter, our study was not intended to 

address the chemistry driving the NPF. Our analysis of the 

AMS-measured organic mass spectra indicated that 

oxygenated organic aerosols, including hydrocarbon-like 

organic aerosol (HOA) and biomass burning organic aerosol 

(BBOA), which formed the largest and the second largest 

fraction, respectively, constituted approximately 75% of the 

total sub-micron aerosol mass on NPF event days. The 

BBOA tracers m/z 60 and m/z 73 showed typical diurnal 

patterns with enhanced signal intensity during peak traffic 

hours, whereas the HOA tracer m/z 57 displayed substantially 

elevated intensity during all of the NPF event days. 
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Furthermore, we examined the evolution of organic 

markers, such as m/z 44 and m/z 43, on the event days. The 

increase in the m/z 43 fraction (f43) and the decreases in the 

m/z 44 fraction (f44) and the f44/f43 ratio suggest that the 

growth of new particles is likely driven by the condensation 

of less volatile and highly oxidized organic compounds. As 

a result, a rapidly decreasing f44 along with an increasing OA 

mass load during NPF event days was observed. However, an 

NPF event on 5 April exhibited both a noontime decrease in 

f44 and an increase in the f44/f43 ratio, indicating the 

presence of semi-volatile, less oxidized—and therefore 

primary—organic species in the total OA mass. This 

difference is illustrated by a scatter plot depicting f43 versus 

f44; the OA fractions on 5 April populate the lower left 

corner of a triangular region, unlike the fractions from the 

rest of the observation period, which are concentrated in the 

upper half of this region. In general, though, nitrogen-

containing organic ions (viz., CHN+, CH4N+, C2H4N+, 

C3H8N+, and C5H12N+) dominate the composition of sub-

micron aerosols during NPF, which demonstrates the critical 

role of amine fragments in this process. 

In spite of high concentrations of pre-existing aerosols, 

observations in urban environments confirm the frequent 

occurrence of NPF, which must be considered when 

quantifying its effects on the climate, especially in cities. To 

identify the species that contribute to particle formation and 

growth, the chemistry and dynamics of atmospheric 

ultrafine particles must be evaluated by conducting direct 

measurements using state-of-the-art instrumentation 

techniques for ultrafine particles. 
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