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Abstract: In this study, PM, s samples from a traffic-influenced site in old Delhi were collected from January 2021 to June
2021 (January—March, 2021: months with regular activities; April-June, 2021: partially restricted months due to second
wave of pandemic) and analysed to assess noteworthy effect on their infrared (IR) spectral features and carbonaceous
content viz., organic carbon (OC) and elemental carbon (EC) and their sub-fractions with their link to major sources in the
vicinity of the sampling site of Delhi. Absorbance peaks for the structural and functional groups for previously identified
compounds associated with vehicular/combustion/biogenic emissions at the site were notable. Intensive peaks for C=C, C—
H, O-H and NH4NO; were observed on certain days pointing towards enhanced emission of the related compounds. Lower
spectral peaks were observed for March and first half of April probably due to transitioning meteorological variables and
imposed restrictions. Monthly variation in ratios, such as OC/EC, EC/TC and OM/OC, revealed about the probable
emission sources. Comparatively higher peaks/values were observed during January, February and June. The overall results

followed a general pattern of variation for regular days.
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1. Introduction

Air pollution has become one of the global problems today,
mainly, due to uncontrollable emissions of pollutants and
their toxic effects on biotic and abiotic factors of the
environment [1]. Once released into the atmosphere, the
particulate matter (PM) is either fresh or undergoes aged
deposition, traversion and secondary transformations which
determine the residence time of the aerosols in atmosphere,
thus affecting the ambient air quality [2-4]. Many studies
have been conducted in recent past to trace impairing and
lethal impacts of PM, 5 and their organic constituents on
fauna [5-9] as well as flora [10-12]. As a consequence,
many upgraded fuels [13] and purification techniques for
industrial emissions are being worked upon [14-16].
Organic constituents are considered as one of the most
abundant components of urban PM2.5 (up to 90%). Total
carbon consists of organic carbon (OC), elemental carbon
(EC) and inorganic carbon (IC). OC contains light-
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reflective species, whereas, EC consists of light-absorbing
species. IC is not considered at all in fine aerosol samples
because it is mainly associated with coarse particulate
matter (aerodynamic diameter, d, between 2.5 um and
10 pum) and is attributed to crust material [17]. EC (similar
to black carbon) (which substantially absorbs tropospheric
radiation, and cause visibility reduction), OC and sulphate
aerosols do principally trigger climate change via radiative
forcing since these can absorb as well as scatter radiations
(both, solar and terrestrial) [18-21]. EC are generated
predominantly by primary sources such as biomass burn-
ing/biogenic emissions and fossil fuel combustion,
whereas, many anthropogenic and biogenic sources, along
with secondary formations (mainly due to photo-oxidation)
from precursor gases (e.g., toluene, isoprene) contribute to
OC generation. Primary organic carbon (POC) and sec-
ondary organic carbon (SOC) constitute organic carbon in
PM. Fossil fuel combustion and biomass burning act as
direct emission source of POC in the ambient environment.
Volatile organic species actively get oxidised in the
atmosphere to SOC. The literature mentions to utilise
thermo-optical analysis (TOA) for measuring OC, EC and
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their fractional constituents in order to estimate secondary
organic aerosol (SOA) formation [22, 23] thereby, appor-
tioning definite sources at the site. Moreover, OC-EC sub-
fractions and OC/EC ratios have been found to be associ-
ated with different sources of emissions and physico-
chemical atmospheric processes [22, 24, 25]. EC and OP
(pyrolyzed carbon) can be detected by TOA due to their
absorption tendency, unlike the light scattering property of
OC [25]. Researchers have scarcely utilised Fourier trans-
form infrared (FTIR) spectroscopy technique to obtain
spectral signature of aerosol particles (both, PM;, and
PM, 5) for probable sources. This technique facilitates to
efficiently examine the entire sample for distinct peaks of
absorption related to definite chemical bonds and the
functional groups, qualitatively. Attenuated Total Reflec-
tance-Fourier Transform Infrared Spectrophotometer
(ATR-FTIR) enables to examine the aerosol samples in
their original state without prior preparation (extraction or
derivatization). This method is non-destructive and rapid,
and requires very small sample size (~ 2 mm?) [26, 27].
The sample portion is rightly deposited on the ATR-crystal
at which IR beam is incident at particular angle [27]. The
quartz filters can be probed at absorption or transmission
mode. In addition, the same filters can be examined for
other characteristic features. This becomes advantageous in
filter- and sampling- artefact reduction for studies. The
light scattering by PM is inhibited by applying sample
pressure tower (part of ATR accessory), thus eliminating
the interferences; this can be achieved better in absorption
mode of IR spectroscopy. Due to iteration of peaks at
different wave numbers for same functional group and
overlapped peaks for different functional groups at a single
wavenumber, it is difficult to apply calibration method for
quantification purposes [28]. However, some researchers
[28-30] have tried to quantify broad functional groups, but
no other way has been developed which could quantify
each specific functional group with accuracy. Gilardoni
et al. [31] measured and compared the OC and organic
matter (OM) concentrations (at Chebogue Point, Nova
Scotia, Canada, and Appledore Island, Maine, USA)
obtained by TOA and FTIR; they observed that linearity of
the correlations between OC and OM varied greatly. FTIR
would be practically more elucidative for samples from
areas having least probable sources of pollution. Studies
are available for qualitative studies of functional groups
present in aerosol samples [28, 29, 32-34]. As compared to
conventional lower resolution analytical techniques, the
penetration depth of IR beam is up to several microns [30],
thus, suitable for studying PM collected on filters or in
powdered form [26].

First half (i.e., January to March) of the study period
signified unlock phase, whereas later half (i.e., April to
June) signified partial lockdown due to re-emergence of
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COVID-19 (second wave) [35]. First half of the study
period witnessed enhanced levels of PM, s, in Old Delhi
region, as compared to usual trend as per the Continuous
Ambient Air Quality Monitoring (CAAQM) data of Cen-
tral Pollution Control Board (CPCB), India [36].

Delhi is listed among the world’s top polluted cities.
Since Old Delhi region has numerous sources of atmo-
spheric pollutants [37, 38] and resources are available to
sample and analyse atmospheric aerosols at the study area.
Therefore, it has been attempted to identify contributions
from probable sources of organic and inorganic functional
groups present in collected PM, s samples. Few studies
have been reported in Delhi. Mishra et al. [39] and Goel
et al. [40] performed qualitative and quantitative estimation
of ambient PM, s samples employing FTIR spectroscopic
technique in New Delhi. However, no such studies have
been reported in the Old Delhi region. The previous study
in this region, undertaken by the same group has reported
OC-EC content, its sub-fractions and related ratios in
PM, 5 [37]. Hence, it was intended to study the variations
in spectral features, OC, EC, their sub-fractions and certain
derived ratios keeping in view the different phases during
the study period.

2. Methodology
2.1. Study Area

Delhi is the capital city with dense population (~ 16.8
million or 11,320 persons per square kilometre in 2011)
and lakhs of manufacturing units spreading over ~ 1483
km? as per the Census 2011 and Economic Survey of Delhi,
2018-19 [41]. Numerous manufacturing units of automo-
bile parts are in the vicinity of the sampling site. PM, 5
sampling was carried out at approximately 20 m height
above the ground level at Indira Gandhi Delhi Technical
University for Women (IGDTUW) Campus (28.66 N,
77.23 E) (Fig. 1) in Delhi, India. The campus is having
Inter-State Bus Terminal (ISBT) in its close proximity
(aerial distance ~ 400 m) and is surrounded with busy
highways, government offices and residential areas. Hence,
traffic influence on the collected samples is highly expected
at this site. Previous studies [42—47] have reported for
various combustion sources of PM at this site.

2.2. Sampling of PM, 5

Sampling of PM,s (d, < 2.5 um) was conducted at
IGDTUW Campus, Delhi by deploying fine particulate
sampler (Model: Envirotech APM 550). Pre-combusted (at
550 °C) Quartz Fibre Filters (QFFs; 47 mm diameter) were
utilised for PM, 5 sampling and was carried out for 24 h
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Fig. 1 Sampling site (IGDTUW) in Old Delhi region

(starting at 10:00 a.m.) twice a week from January—June,
2021. The filters (QFFs) were routinely desiccated for 24 h
before and after sample loading, and stored at — 27 °C till
analysis. The sampling protocol, data quality assurance,
and control measures were adopted from the previous work
[3, 4, 37, 38, 42—-46]. Four representative samples in each
month (n = 4) of the study period were selected for FTIR
and OC-EC analyses.

2.3. Measurement
2.3.1. PM; s and Meteorological Parameters

PM, 5 mass (pg) was measured using gravimetric method.
This was calculated by finding the difference between
weight of loaded and unloaded QFFs. The obtained PM, 5
mass (1g) was divided by the total volume of air passed
while sampling in order to determine PM, 5 concentration
(ug m™).

Daily meteorological data were obtained from the
CAAQM data repository of CPCB, India [36]. Meteoro-
logical data include temperature (°C), relative humidity
(%), precipitation (mm) and wind speed (m/sec).

2.3.2. EC and OC

The OC and EC concentrations (sub-fractions of OC and
EC) of PM, 5 samples were examined by Thermal/Optical
Carbon Analyzer (Model: DRI 2001A) on a ~ 0.536 cm?
filter punch from the loaded QFFs applying Interagency
Monitoring  of  Protected  Visual  Environments
(IMPROVE)-A protocol [37, 46]. The instrument operates
by evolving carbon fractions and converting these to CO,
(at each temperature step) under varying temperature and
oxidation environments and further quantifying the liber-
ated CH, using flame ionisation detector (FID). OC vola-
tilizes to its sub-fractions at temperature ramps of 140 °C
(OC1), 280 °C (0C2), 480 °C (OC3) and 580 °C (OC4) in
pure helium atmosphere (non-oxidising). Combustion of
EC takes place at 580 °C (EC1), 740 °C (EC2) and 840 °C
(EC3) in helium (98%) and oxygen (2%) atmosphere.
Instrument calibration is performed by analysing CO,,
balance helium gas and known amount of potassium
hydrogen phthalate. The principle, calibration procedure
and standard used are discussed in our previous publica-
tions [42—-46]. To assess the OM content in the samples, the
measured OC values were multiplied with a conversion
factor of 1.8. This conversion factor is applicable to urban
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areas considering extent of OM oxidation, formation of
SOA and ageing of aerosols [46—48].

2.3.3. ATR-FTIR Analyses

In this study, qualitative analysis of functional groups and
present bond information in the aerosol samples were taken
using FTIR spectrometer (Model: SHIMADZU FTIR
IRAffinity-1S). The instrument was operated using
LabSolutionsIR software in order to visualise the spectra
for each sample. An ATR (QUEST ATR) accessory
(Diamond crystal) coupled with the equipment was utilised
to acquire spectral data. A small circular fragment
(~ 2 mm diameter) of the loaded sample was pressed onto
the ATR crystal; hence, directly exposed to the IR radia-
tion. Since, the samples were to be analysed for other
chemical and physical parameters, IR spectra from a single
location on the filters could be obtained. Same was applied
to scan the blank filters and standard filters to acquire
primary sources of information of spectral peaks of aerosol
samples. The spectra of fine particulate matter were
acquired within region of 3500-500 cm™' with 4 cm™"
resolutions and 100 scans. Molecular vibrations and rota-
tions caused due to IR absorption are uniquely attributed to
structure and bond strength of each molecule. Also,
absorption is proportional to concentration [49], therefore,
spectra of unloaded filter were subtracted from the loaded
one to plot final spectrum. An instrumental blank was
scanned after every 8 sample scans. Ethanol was used to
clean the ATR crystal and was let to dry-up completely
before each scan to avoid any contamination. Skipping this
step may reflect repeated peaks for -OH groups, and could
mislead the results.

3. Results and Discussions
3.1. Variation in PM, 5 and Meteorological Parameters

Figure 2 depicts trend of variation in PM, 5 concentration
and wind speed. PM, 5 shows rise in concentration during
January, April and June when the wind speed was lower.
Similar trend was observed for February, March and May
when PM, s concentration was lower with higher wind
speed. Figure 3 shows variation of Temperature (°C),
Relative humidity (RH) (%) and Precipitation (mm) from
January to June. Low temperature and high RH during
January and February assisted in SOA formation. Figure 3
infers increased RH, lower wind speed and decreased
temperature during January which is favourable condition
for restricting PM movement. This could have led to
aggravation of PM in January as represented in Fig. 2.
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However, during later period, i.e., after March, lower PM, 5
levels might be due to effect of imposed restrictions.

The trends of variation in temperature and OC/EC ratio
(Sect. 3.4) have been found quite similar. This indicates the
impact of temperature on photo-chemical conversion of
organic species in the atmosphere.

3.2. Variations in OC and EC

Figure 4a shows monthly average variation in OC and EC
which exhibited decreasing trend from January to June
ranging from 41.8 + 18.3 to 9.8 + 2.2 pg/m’ for OC, and
between 6.8 & 8.4 and 2.7 + 0.8 ug/m’ for EC (& stan-
dard deviation). Despite decreasing trend from January to
June, there was slight increase in OC and EC values during
April which is similar to that observed by Gadi et al. [37].
No strange meteorological impact was observed during
April; hence, it might occur due to emissions from
anthropogenic sources. Since the sampling location is close
to ISBT and highways, a significant contribution from
vehicular emission is expected. In addition to meteoro-
logical impacts, there are other sources of direct emissions
as well, such as biogenic sources of emission and resi-
dential wood combustion during winter. This gives rise in
concentrations of POC [50, 51]. The variation of contri-
bution of OC and EC in PM, 5 followed an uneven trend
throughout the duration; with a dip during February and
slight increase during March.

In this study, anthropogenic emissions contributed, the
most, to EC. EC is inert, thermally stable and possess
resistance to atmospheric oxidation. This allows it to stay
longer and be transported in the atmosphere. In comparison
to OC, EC showed reduced monthly variation (Fig. 4a).
However, it shows declining trend similar to OC. Since, EC
acts as a marker for vehicular sources of emissions, lower
values of it during April to June is justified due to restricted
commercial activities after March due to re-emergence of
COVID-19 pandemic. From Fig. 2, 4a, b, it is inferred that
despite lower PM, 5, OC and EC levels there is higher per
cent composition of OC and EC in PM,s. However,
73.3 £+ 4.4% of TC is attributed to OC, rest 26.7 £+ 4.4% is
contributed by EC (Fig. 4b) for which the obtained FTIR
spectra of PM, 5 samples (as discussed in next section)
exhibited sharp peaks with intense absorption.

3.3. Variations in OC and EC Sub-fractions

Monthly variations in OC and EC sub-fractions have been
presented in Fig. 5. Presence of volatile organic com-
pounds (VOCs) is associated to significant OC1 (higher
values during January: 12.2 + 4.8 pg/m*) and OC2 frac-
tions  (January: 7.2 4 2.8 ug/m® and  February:
7.7 4+ 1.5 pg/m®) and are likely to form secondary
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Fig. 3 Daily variation in temperature (°C), Relative humidity (%) and precipitation (mm) during the study period

products due to atmospheric conversion [52, 53]. Mean-
while, OC?2 is also the representative of contribution from
fossil fuel combustion and long-range biomass burning
emissions which is in agreement with presence of SOC.
Another important fraction, OP shows much higher values
during January and February as compared to rest of the

duration (averaging to 9.8 £ 2.6 pg/m?), denoting incom-
plete combustion due to biomass burning and cooking.
OC3 fraction indicates gasoline sources, nearby biomass
burning and LPG exhaust (which is a common domestic
source). Its contribution is surprisingly higher as compared
to other OC fractions, during the imposed lockdown period
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period

probably due to increased biomass burning and cooking
emissions in the vicinity of the site. Presence of OC4 has
been attributed to road dust [46, 53] which has been
reflected in the FTIR results (as explained in Sect. 3.7).
This may be the reason for OC4 being the least varying
OC-fraction among all the four fractions (OC1-OC4).
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Low EC fractional abundance, as compared to OC
fractions, especially EC2, indicates for reduced contribu-
tions from coking related factories/plants [24, 53].

Local biomass burning emission is also attributed to
char EC (cEC = EC1 — OP) [20, 23] and soot EC
(sEC = EC2 + EC3) is indicative of diesel emissions.
During normal days, there were many nearby sources such
as street-food vendors and sidewalk dwellers, which may
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contribute to cEC during January to March. As presented in
Fig. 6, char-EC correlated strongly (R2 = 0.94) with total
EC unlike soot-EC (R? = 0.12). This indicated for biogenic
emissions as the major contributor in EC-fraction
[46, 51, 54].

3.4. Variation in OC/EC and EC/TC Ratios

The trend of variations for OC/EC ratio and temperature
were quite similar. This indicated the impact of tempera-
ture on photo-chemical conversion of organic species in the
atmosphere. The OC/EC ratio would be higher if the
average OC concentration is higher; it seems to be asso-
ciated with their regional or long-range transport. The
significant linear correlation (R2 = 0.94) between OC and
EC indicates similar sources of emissions. The Q-Q plot
for OC and EC showed that the sample data were not
normally distributed. The points showed the deviation of
the data from the straight fitted line (Fig. 7a, b). However,
these plots followed similar pattern indicating their higher
correlation. Earlier, Gadi et al. [37] had observed high
correlation with R? = 0.83 (Fig. 7c) at the selected site. As
discussed in Sect. 3.2, OC and EC showed declining trend

throughout the studied duration, but the monthly average of
OC/EC ratios ranged between 2.2 £ 0.2 to 3.8 £ 04
(Fig. 8). This indicates that the ratio in June tended to reach
beyond 4 which represents contribution from wood and
coal combustion [55, 56]. Arithmetically, this may also be
attributed to more decrease in EC concentrations as com-
pared to OC concentrations. Furthermore, this might be due
to regional influence of SOC generated by agricultural
burning. The values of OC/EC ratio between 1.5 and 4 is
indicative of gasoline-driven vehicles [55, 56]. During May
and June, the biomass is used by local residents for cooking
purposes only and not for residential heating, hence, there
might be influence of traffic and biogenic emissions. This
has also been indicated by slight increase in EC/TC ratio
(Fig. 8) during May & June (May > June) indicating diesel
emissions [30]. This was probably due to increase in
transportation and commercial activities due to plying of
vehicles and medical exigency and other emergency ser-
vices during that duration. Trend of increase in EC/TC
value was observed from January to June ranging between
0.28 and 0.32, which increased with increase in fresh
emissions [52, 60]. This infers more SOA contributions
during unlock phase.
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3.5. Estimation of Primary Organic Carbon (POC)
and Secondary Organic Carbon (SOC)

In order to understand the contributions from primary
sources or secondary formation of organic aerosols, the
widely used EC tracer method has been applied here. The
POC and SOC concentrations were estimated using the
formula [48], where (OC/EC)y;, is the minimum value of
OC/EC ratio in the sample dataset:

POC = EC * (OC/EC)
SOC = OC — POC

(1)
(2)

Figure 9 shows a declining trend of monthly values for
POC and SOC estimation ranging from 32.1 &+ 12.7 to
14.0 & 3.2 and from 11.9 4+ 4.6 to 1.3 £ 1.0, respectively,
for the studied duration. Since, it is the harvesting time for
winter crops in the adjacent region of the sampling area,
stubble-burning may influence the SOC values during June.
SOC also indicates the longer atmospheric residence of
biogenic—(e.g., isoprenes, terpenes) and petrogenic-VOCs
(e.g., aromatics, aliphatics, carbonyls) [57]. This may be
correlated with comparatively higher SOC levels during
period of unlock. Higher values for POC during January
and February, in comparison to SOC, reflects
comparatively more fresh contributions to ambient
aerosols. As observed, both the variables showed gradual
decrease till June.

min
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3.6. Estimation of OM/OC Ratio

Xing et al. [58], in their study designated an OM/OC ratio
of 1.4-1.6 for urban areas and 2.1 for rural sites. In this
study, January depicted much higher OM/OC ratio
(4.0 £ 1.7) than rest of the months as shown in Fig. 9. This
may be correlated with biogenic emissions due to resi-
dential heating and favourable meteorological conditions,
for less traversion of pollutants, during January. It can be
high due to high sugar content and carboxylic acid content
[59] as reflected in the IR spectra of active period
(Sect. 3.7; Fig. 10). The OM/OC ratio also depends upon
the volatility and gas-particle partitioning, thereby, ageing
of the aerosol [60]. Therefore, the SOC and OM/OC ratio
obtained for partial lockdown duration indicates the con-
tribution of secondary and aged particulate matter in the
ambient air at the sampling site.

3.7. ATR-FTIR Analysis of PM, 5

As per the qualitative analysis of ambient PM, s almost
similar peaks were observed in all samples from January to
June (2021) suggesting similarity in structural and func-
tional groups. However, the peak intensity varied as a
function of meteorological variables and prevailing/absent
sources. The identified functional groups and bonds (ab-
sorption spectra) as function of wave numbers have been
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listed in Table 1. Absorbance analyses of samples show
that they can be classified according to band similarity. The
absorbance spectra of ambient aerosols demonstrate the

functionalities which belong to major classes of organic/
inorganic compounds and are attributable to definite
emission sources. It is well established that the abundance
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Fig. 10 Representative FTIR
spectra of PM, 5 samples during
a normal and b partial lockdown
days at sampling site in Old
Delhi region for the studied 0.6 4
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of chemical functionalities depends upon the emission-
source properties as well as meteorological factors. Fig-
ure 10a, b shows the representative FTIR spectra of PM, 5
samples during unlock and partial lockdown days, respec-
tively. Absorbance between ~ 3600 and 3700 cm™' rep-
resent dust and minerals present in the PM samples

[24, 47, 53]. However, it has not been emphasised in this
study because no major dust-events were observed around
the sampling site. 3130-3550 cm™' range is an intensive
feature of O-H stretch in alcohols/phenols and acids. In
addition to O-H stretching, the spectra within
2600-3000 cm ™' indicate absorption by saturated C—H
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Table 1 Peaks of functional and structural groups identified in PM, 5 samples for January—June, 2021

S. no. Wavenumber (1/cm) Identified groups References
1. 3600-3700 cm ™! Dust and minerals [24, 47, 53]
2. 3310-3320 cm ™! Alkyne C-H stretch [31, 63]
3. 3130-3550 cm ™! O-H from alcohols & polysaccharides [31]

4. 3000 cm~! and 3150 cm™! C=C-H from unsaturated chains and aromatic rings [62]

5. 2600-3000 cm™ Saturated C-H [31]

6. 2960 cm™! Asymmetric stretching of aliphatic CH, [26]

7. 2916 cm™! Aromatic C-C-H [28, 33]
8. 2852-2922 cm ! Aliphatic C-C-H stretches [28]

9. 2850 cm ™! Aliphatic CH stretch [26]

10. 2100-2260 cm™ Acetylene C=C bonds [63]

11. 1735 cm™! Ester and carbonyl [26]

12. 1735 cm™! Acid carbonyl C=0 [31, 50]
13. 1716 cm™! Non-acid carbonyl C=0 [33]

14. 1700 cm™" and 1770 cm™' Corresponds to vibration of carbonyl groups of carboxylic acids [63]

15. 1705 cm™! Aldehydic and ketonic carbonyl C=0 [32]

16. 1654 cm™! Carboxyl C=0 [50, 63]
17. 16501690 cm™" Amide [33]

18. 1630 cm™! Aromatic amides and organic amine and nitrate [2]

19. 1606 cm™" Aromatic C=C [28]

20. 1596 cm™" Aromatic C=C [33]

21. 1580-1650 cm ™! NH, group of amino acids or amines [26]

22. 1530-1600 cm ™! C—C inter-ring stretches of nitro-PAHs [26]

23. 1521-1591 cm™" Nitro-group asymmetric stretching [26]

24. 1508 cm ™! Aromatic nitro group [26]

25. 1450 cm™" Aliphatic C-C-H [26]

26. 1435 cm™! Aromatic C-C-H [28, 33]
27. 1410-1440 cm™" and 3020-3048 cm ™! Ammonium ions [34]

28. 1350 cm ™" Nitro-group symmetric stretching [26, 27]
29. 1335-1410 cm ™! Nitrate ions [28]

30. 1300 cm ™! C-N stretches [26, 70]
31. 1300 cm™'—1500 cm ™! Biomass burning emission [65]

32. 1280 cm™! Organonitrates [65, 66]
33. 1100 cm™" and 600 cm ™" Sulphate ions [27]

34. 1087 cm™! Asymmetric stretching vibration of sulphate ions [45, 66]
35. 1000 cm™" Asymmetric stretching vibration of O-Si-O [49]

36. 800 cm ™! bending vibration of O-Si-O [66]

37. 780 cm™! C-H out-of-plane bends [33]

38. 610-680 cm ™! Alkyne C-H stretch [63]

39. 500670 cm ™! Black carbon [70]

40. 400-500 cm™! Brown carbon [70]

stretch [28]. O-H stretch vibrations in this region are
mainly due to alcohols and sugars originating from bio-
genic sources and biomass burning emissions and shows
wide shoulder at 3400 cm™' [27, 29]. Band structures
between 3000 and 3150 cm™' are good indicators of
unsaturated (C=C-H) and aromatic rings in the sample
[61]. Both symmetric and asymmetric stretching of CH,
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(aliphatic) groups are responsible for peak at 2960 cm™" in
few samples, whereas aliphatic C—-C—H group shows peak
at 1450 cm™'. Sharp absorbance peaks observed at
2850 cm™' are indicative of aliphatic C—H stretching
vibration from ambient aerosols [31]. The absorbance
peaks between 2000 and 2750 cm ™' have not been iden-
tified in most of the reported literature; however, a study



Identification of Carbonaceous Species and FTIR Profiling of PM, 5 Aerosols... 541

[62] has revealed that the very uncommon acetylene
(C=C) bonds are identified within 2100-2260 cm ™! range
which can be di-/mono-substituted. Similar weak peaks of
absorbance for alkyne C-H stretch and bends should be
present within 3310-3320 cm™! and 610-680 cm™!,
respectively.

Presence of aromatic C=C and strong aliphatic C—-C-H
stretches due to traffic emissions (typically, diesel/gaso-
line) are confirmed due to peaks at 1596 cm ™! [30] and
between 2852-2922 cm™' range [29], respectively.
Absorbance for carboxyl and carbonyl C=0O group are
reflected at 1654 cm™' and 1700 cm™', respectively. A
sharp absorption band for carbonyl indicates for SOA
formation. Acid and non-acid carbonyl (C=0) absorbance
(1716 ecm™" and 1735 cm™") [29, 30] were highlighted
during summer time, particularly during May and June.
This points towards photo-chemical oxidation and sec-
ondary organic aerosol formation. In contrast to summer
days the spectra for winter time demonstrate significantly
different patterns of aromatic C=C (1606 em ™) and C—C—
H groups (1435 cm™' and 2916 cm™"). During high bio-
mass burning emission period, band at 1745 cm™'
appeared to be prominent and wider compared to rest of
non-emission days, indicating occurrence of photo-chemi-
cal oxidation and atmospheric transportation.

Shape and shoulders of the peaks indicate the presence
of overlapping absorption of different types of functional
groups and/or bonds. At around 1735 cm ™', IR is absorbed
by esters and carbonyl groups. Aromatic and aliphatic
carboxylic acids should be present in ambient PM and
esters are less likely components (if it is not a wide peak).
Aromatic amides and organic amines and nitrates have
shown absorption shoulder at 1630 cm™'. An absorption in
N-H and -NO, groups are majorly attributed to light
absorbing brown carbon [30]. Shoulder absorbance peaks
between 1700 and 1770 cm™" corresponds to vibration of
carbonyl groups of carboxylic acids, which are generated
by photo-oxidation of combustion products [62]. Absor-
bance at 1705 cm™' is due to aldehydic and ketonic car-
bonyl C=0 group. Numerous carbonyl and amide groups in
the samples indicate presence of anhydro-sugars (for
instance, levoglucosan), a major trace/indicator for bio-
mass burning emission. Sharp intense peaks in May and
June samples as compared to rest of the study period,
ranged within 1530-1600 cm ™" attributed to C—C inter-
ring stretches of nitro-PAHs and other aromatic rings
[31, 62, 63].

According to the study [31] of nitrated-polyaromatic
hydrocarbons (n-PAHs), the nitro-group showed symmetric
and asymmetric stretching vibrations at 1350 cm™' and
1521-1591 cm ™' range, respectively. The peaks from
samples of January, February and March were slightly
wide but prominent at 1379 cm_l, 1432 cm™! and

1630 cm™'. Absorbance at 1379 cm ™' was shown during
later half of April, only NH,;NO3/C-O or polysaccharides
and aliphatic/aromatic carbon (1300-1500 cm™") showed
traces of biomass burning emission, which were negligible
in May [65]. It may be correlated to slight increase in level
of OC1 (which is clear indicator of biomass emission) and
EC2 (indicator of coal combustion and vehicular emission)
during April (discussed in Sect. 3.3). The spectral results
(mostly between 1330-1575 cm™', 1625-1860 cm™"
and ~ 3400 cm™") for June are in agreement with that of
OC-EC results, both indicative of SOC and long-range
transport of biogenic tracers. It is probably because of
stubble burning emissions in harvesting month (June) in
North India. Polidori et al. [31] reported the presence of
ammonium nitrate in their samples which could mask the
absorbance due to organic functional groups. Absorbance
at 1508 cm ™" contributes to identification of aromatic nitro
group. The sample scans reflected the presence of absor-
bance within range of 1335-1410 cm™ ! (nitrate ions) and
1410-1440 cm™ ' and 3020-3048 cm™' (ammonium ions)
[23, 25, 58, 65]. The peaks between 1270 and 1650 cm™!
are indicative of presence of ions such as nitrate and
ammonium ions, C=C bonds (aliphatic/aromatic), and ali-
phatic CH3, aromatic nitro, C-N, C—O and OH functional
groups. Greater absorbance in this region in February sig-
nifies for biogenic emissions from the nearby region. A
broad absorbance in 1580-1650 cm™' range denotes amine
(NH,) group of amino acids or amines. Absorbance due to
C-N bond of nitro-group (in all samples, except May) and
C-H (out-of-plane) vibrations are reflected at 1300 cm ™!
and 780 cm ™', respectively, in all samples which might be
due to more diesel emissions (nitro-PAHs) and other
sources [31]. No clear peak was observed at ~ 745 cm ™!
for skeletal vibrations of C—C stretch as reported by Poli-
dori et al. [31] which might have occurred due to solvent
constituents. The presence of carbonyls (C=0), saturated
and unsaturated C—H and O-H functionalities is associated
with the presence of SOA in PM, 5 samples [29]. As per the
results obtained from OC, EC and their sub-fractions, there
is high indication of contributions from vehicular and
biogenic emissions in the obtained functional groups and
chemical bonds. Sulphate ions should be present in atmo-
sphere as a result of primary and secondary formations and
their peaks should be present at 1100 cm™' and 600 cm™'
in all the samples. A shoulder peak at 1087 cm™" can be
observed due to asymmetric stretching vibration of sul-
phate ions. Asymmetric stretching vibration of O-Si—O
have been found to show the peak at around 1000 cm™'
[48] and at 800 cm ™! due to bending vibration [66], both of
which are present in SiO44_. Studies related to dust events,
especially in coarse dust, have found a weak peak
at ~ 1010 cm™!' and 914 cm™! attributed to Al—(OH)
[67]. Al-(OH) confirms the presence of kaolinite peak
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which is absent in this study, since there are no such
sources [68, 69]. High absorption peaks for black and
brown carbon can be observed at 400-500 cm~! and
500-670 cm™" [70].

4. Conclusion

In this study, it has been attempted to identify contributions
from probable sources of organic and inorganic functional
groups present in PM, 5 samples. It was also intended to
correlate the variations in peaks on the basis of OC-EC
analytical data from January to June, 2021. Variability in
spectral features, OC, EC, their fractions and certain
derived ratios have also been estimated keeping in the view
the partial lockdown phase during the study period.

Following observations were inferred by computing
different ratios derived from OC and EC concentrations
and correlating with the obtained IR-peaks: OC and EC
values showed positive correlations, indicating similar
sources. However, meteorological impacts cannot be
denied. IR peaks were intense in January and June, possi-
bly due to enhanced traffic emissions and other burn-
ing/combustion sources. Functional markers such as
aromatic C=C and aliphatic C—C—H bonds/groups indi-
cated presence of traffic emissions (diesel/gasoline) in all
months, but reduced effect in February and May was
probably due to favourable meteorological conditions and
comparatively lesser emissions, respectively. This is in
accordance with PM, s concentration. Functional groups
and bonds spectra for samples from the restricted period
were consistent with that of source analysis for OC-EC and
their sub-fractions.
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