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Abstract Personal exposure measurement can serve as an
effective tool to understand the effect of exposure to air
pollutants. Alternatively, exposure assessment using pollut-
ant concentrations in different microenvironments and ac-
curate time–activity information for the subjects can provide
good information regarding human integrated exposure. A
panel of 18 healthy students of Indian Institute of Technol-
ogy (IIT) Kanpur in the age group of 18 to 30 years partic-
ipated in the personal exposure measurements for particulate
matter, CO, NO2 and VOC during post-monsoon and pre-
monsoon seasons. Overall, 432 h person exposure data was
collected in this study. The major sources of particulate and
gaseous co-pollutants were identified. These directly
obtained personal exposure values were then compared to
the indirectly estimated integrated exposure values. Personal
and integrated exposures gave statistically similar results.
Through this study, we have shown that integrated exposure
values could closely estimate the personal exposure values
for particulate matter that can significantly reduce time and
cost involved in personal exposure studies. The lung param-
eters for all the subjects measured during the pre-monsoon
and post-monsoon seasons showed statistically significant

reduction during pre-monsoon. This was attributed to the
high levels of coarse particles during pre-monsoon.

Keywords Personal exposure assessment .

Microenvironment . Integrated exposure . Time–activity
diary . Coarse particles . Lung parameters

Introduction

Several studies in the past have linked air pollution to
human health effects (Abbey et al. 1999; Filleul et al.
2005; McDonnell et al. 2000; Nafstad et al. 2004). Particu-
late matter (PM) and some gases are key constituents of
polluted air. Past studies have reported association of PM
with daily morbidity and mortality as a consequence of
deteriorating heart and lung functions (Dockery et al.
1993; Jerrett et al. 2005; Pope et al. 1995, 2002, 2004).
Gaseous co-pollutants also affect the cardiopulmonary sys-
tem during high exposure events (Ackermann-Liebrich et al.
2007; Arif and Shah 2007; Chen et al. 2005; Samoli et al.
2006). Most of these studies used samplers near breathing
zone for exposure quantification, which are not real-time
(Zhu et al. 2010). These methods cannot accurately identify
the different sources of pollutants.

There have been some recent studies exploring the effect
of human activities on personal exposure. Apte et al. (2011)
observed very high concentrations of the different fractions
of particulates and black carbon inside auto-rickshaws in
New Delhi, India. Ferro et al. (2004) showed an increase in
exposure to PM due to different household activities. Dons
et al. (2011) studied exposure to black carbon (BC) on eight
couples. They found a strong association of BC exposure to
transport microenvironments. Long et al. (2000) studied
time series exposures to PM in different homes and dis-
cussed the major indoor sources of PM. Recently, a few
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studies (Dhondt et al. 2012; Beckx et al. 2009) used the
activity-based models of personal exposure. These kinds of
approaches are useful for studying the personal exposure of
general population.

Panel study is one of the most common methods to study
the short term and long term effects of air pollution (Englert
2004; Künzli et al. 2001). Personal exposure to pollutants is
evaluated by measuring the concentrations of pollutants
near the breathing zone of an individual using personal
monitors/samplers. This is a direct approach in which the
participant carries the sampling instruments with him/her all
the time and maintains a time–activity diary. The diary can
help in identification of the different sources of pollutants by
comparing the time/event/activity from the diary and concen-
trations measured by the instrument for that particular time.
This method of assessing personal exposure is expensive and
requires ample time for data collection and analysis (Klepeis
et al. 2001). An alternative method to find the exposure is
termed as integrated exposure. This is an indirect method that
consists of integrating the pollutant concentrations in different
microenvironments as a function of time spent by an individ-
ual in that particular microenvironment (Lioy 1995; Monn
2001; Ott 1982). Stationary monitoring of pollutant concen-
trations is measured in the microenvironments where the sub-
jects spend majority of their time. Time-weighted average of
the measured concentrations provides the integrated exposure
values of a pollutant. Time spent by the subject in a particular
microenvironment is used for this calculation. This method
needs validation with simultaneously measured personal ex-
posure (Raymer et al. 2009) on a suitably selected panel to
represent a community. Assessing personal exposure using
stationary outdoor measurements is also an alternative way
but outdoor concentrations of respective pollutants do not
always represent the true personal exposures as on an average
people spend more than 80 % of their time in indoor micro-
environments (Clayton et al. 1993; Spengler and Sexton
1983). The pollutant concentrations can change significantly
due to different indoor sources and ventilation patterns within
different microenvironments (Ebelt et al. 2000; Janssen et al.
2000; Rojas-Bracho et al. 1999; Dons et al. 2011). Only in the
case of good ventilation, will outdoor concentrations typically
dominate over indoor concentrations as a result of high air
exchange rates.

Here, we present a time series study of personal exposure
to PM and gaseous co-pollutants for a panel of Indian
Institute of Technology (IIT) Kanpur students during the
post-monsoon (PoM) (September–October) of 2009 and
pre-monsoon (PreM) (April–May) of 2010. Personal expo-
sures were measured using a suite of real-time instruments
for measuring PM and gaseous co-pollutants for a panel of
IIT Kanpur students. A time activity diary was maintained
by each subject of the panel during the measurement period.
Separately, stationary monitoring with the same set of

instruments was carried out in ten different microenviron-
ments located within the IIT Kanpur campus that the partic-
ipants commonly use. The time activity record of each
participant provided the detailed information about the time
they spent in the above sampled microenvironments. The
personal exposure measurements demand time and money.
In order to obtain personal exposure values in an inexpen-
sive way demands a method that is quick and reliable.
Integrated exposure just requires the time spent by an indi-
vidual in different microenvironments and the pollutant
concentrations in respective microenvironments. The inte-
grated exposures were estimated for each subject within the
panel using these time activity records. These estimated
values for all the subjects for both the seasons were com-
pared to the corresponding personal exposures measured for
the panel. Integrated exposure statistically agreed with per-
sonal exposure values for PM concentrations, thus making
the estimation of exposures for sub-groups of populations
becomes quicker and cost effective.

Methodology

Site location

The study was carried out inside the premises of Indian
Institute of Technology Kanpur (26.4°N, 80.2°E), India
which is located on the northwest of Kanpur, a polluted
industrial city, in the Indo-Gangetic plains (Chakraborty
and Gupta 2010). The institute is located on the upwind
side and has a campus which is much cleaner and greener as
compared to the city centre which is 17 km away from the
premises. The minimum and maximum daily temperatures
varied between 16.2 °C and 41.3 °C during PreM and
between 12.7 °C and 33.1 °C during PoM (India Meteoro-
logical Department, IMD). The study area was about
1.5 km2 inside the residential campus having around 5,300
students (Fig. 1). Nearly all the students use bicycles for
transit purposes. The peak motorized vehicle density is ~250
vehicles/h; these vehicles are mostly used by staff, visitors
and faculty members.

Instruments used

Three instruments for monitoring personal exposure were
used in this study for the real-time measurement of size-
resolved PM from 0.3 to 20 μm, total submicron particle
number concentration, and gaseous (carbon monoxide [CO],
nitrogen dioxide [NO2] and volatile organic compounds
[VOCs]) concentrations. These were low noise, portable,
battery operated instruments.

Condensation particle counter (CPC model 3007, TSI
Inc.) measures the submicron (PM1) particle number
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concentration in the size range of 0.01–1 μm with a sam-
pling flow rate of 0.7 litre per minute (LPM). The perfor-
mance and particle detection efficiency of the instrument are
provided elsewhere (Hameri et al. 2002). The instrument
was factory calibrated just before the PreM experiment and
was frequently checked for zero count by placing a High
Efficiency Particulate Air (HEPA) filter at the inlet.

Optical particle counter (OPC; model 1.108, Grimm)
measures size resolved particle number concentrations at a
sampling flow rate of 1.2 LPM. The working principle of
the instrument and required environmental conditions are
described in detail elsewhere (Devi et al. 2009; Tripathi et al.
2006). By assuming a spherical shape and particle density of
1.6 gcm−3 (Pitz et al. 2003) for all the particles, the number
concentrations (cm−3) were converted into mass concentra-
tions (μgm−3). This conversion was only applicable for OPC
as it measures in different size bins and not for CPC as it
measures total number concentrations for aerosol between
0.01 and 1 μm. The OPC was factory calibrated before the
start of this study and was frequently checked for zero count
using an HEPA filter at the inlet.

Multiple gas monitor (IAQRAE Gas Monitor, Model
PGM-5210; RAE Systems Inc.), measures the concentration
of CO, VOC and NO2. This instrument measures CO in the
range of 0–500 ppm with a resolution of 1 ppm, NO2 in the

range of 0–20 ppm with a resolution of 0.1 ppm and VOC
from 0 to 2000 ppm with a resolution of 0.1 ppm. CO and
NO2 were measured using specific electrochemical sensors
whereas for VOC detection a photoionization detector with
a 10.6 eV lamp (MultiRAE Plus PGM-50 user manual) was
employed. The instrument was factory-calibrated for all the
sensors of gas measurements prior to embarking on this
study.

A temperature and humidity sensor stick (Testo 605 H1)
was also used to measure temperature and relative humidity.
It measures temperature in the range of −20 °C to 70 °C and
relative humidity in the range of 5–95 %.

Sampling precautions and data quality assurance and control

The inlets of the instruments were kept near the breathing
zone of the subjects to avoid discrepancies in the personal
exposure values. Diffusion losses of particles while sam-
pling with the OPC and CPC were minimized by using
sampling probes of smaller lengths. During transit, the par-
ticipants used bicycles as usual which minimized their ex-
posure to PM and gases from self driven motorized vehicles.
All instruments were checked for leaks with HEPA filter.
The instruments were operated only when the ambient tem-
perature was well within the range of optimum operating
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Fig. 1 Location of different microenvironments within IITK campus (adapted from www.maps.google.com). Map not drawn to scale
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temperature of the instruments and at low RH. Each night
during the experiment period, the instruments were inspected
for any errors, data was transferred and batteries were
recharged. CPC cartridge was refilled at appropriate time
intervals to maintain even supersaturations. OPC filters were
replaced at regular intervals to avoid clogging of filters and to
maintain the suitable flow rates. None of the data was dis-
carded and all the peaks in the data were studied with the
corresponding recorded activity using the time–activity diary.
Care was taken to make sure the instrument was kept near the
breathing zone of the subjects even when they were in sitting
position.

Description of panel

In this study, a panel of 22 students in the age group of 18 to
30 years was selected. All the selected students were Indi-
ans. Later on, data for four students was discarded as three
of them were discovered to be smokers and one had poor
lung parameters. The panel, finally, consisted of 18 healthy
students, of which 16 were males. All students resided
inside the residential halls (or hostels; see Fig. 1 for their
locations) within the institute campus. The study was carried
out during PoM of 2009 and PreM of 2010 for the same set
of subjects. Therefore, a total of 432 h person exposure time
was available for subsequent analyses.

Sampling setup

Personal exposure sampling was carried out with the help of
a shoulder bag in which all the instruments were carefully
arranged with the sampling inlets out (Fig. 2). The instruments
were battery powered during transit and were connected to
electric wall outlets whenever possible to recharge the instru-
ment batteries. The bag was equipped with a mini-exhaust fan
to vent off any heat generated by continuously operating the
instruments inside the bag for long durations.

Since only one set of sampling instruments was available,
personal exposure study on subjects were carried out only
during weekdays (Monday–Friday) when the subjects were

active. The duration of sampling by each subject was 12 h
from 0700 to 1900 hours IST (Indian Standard Time). Each
subject carried out personal exposure study once in a season
duly recording the time–activity data for the sampling dura-
tion in a logbook along with frequent records of the tem-
perature and RH. For instance, if subject #1 carried out the
sampling on Monday, he/she maintains the logbook with
time–activity data and at the end of the day, the instrument
data was downloaded and the batteries were charged over-
night. Then the same set of instruments was provided to the
subject #2 at 7:00AM on the next day. This was repeated
with the rest of the subjects during the weekdays and the
same set of instruments was used for outdoor sampling from
7:00AM to 7:00PM LST (Local Standard Time, which is
same as IST) during the weekends to obtain the ambient
concentrations of pollutants. This strategy was followed for
both the seasons.

Stationary measurements within different
microenvironments

Microenvironment monitoring was carried out to estimate
the integrated exposure of a person by taking the time
weighted average concentration of pollutants (Eq. 1) (Ott
1982). Pollutant concentrations in the microenvironment
depend on their sources like cooking and smoking, and air
exchange ratio.

E ¼

Pn

j¼1
CjTj

Pn

j¼1
Tj

: ð1Þ

where E denotes the time-weighted average exposure, Cj is
the average concentration of pollutants in j microenviron-
ment, and Tj is the average time spent by individual in j
microenvironment.

For example, a subject spends t1 time in any microenvi-
ronment 1 with pollutant concentration of C1, and t2
time in microenvironment 2 with pollutant concentration

Sampling 
inlet for 
OPC

Gas
Monitor

(b)(a)Fig. 2 a A subject wearing the
sampling bag with relative
instruments installed; b the
arrangements of instruments
inside the bag
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t2 and so on. The integrated exposure is estimated as
t1 � C1 þ t2 � C2 þ � � �ð Þ ðt1 þ t2 þ � � �ð Þ= . The time spent
by each subject was obtained from the respective time–
activity diaries that were maintained during the personal
exposure study. In this type of integrated exposure esti-
mation, the information about the time and magnitude
of peak concentration are lost within the total time
period due to the averaging of concentrations. Whereas per-
sonal exposure is defined as the exposure, which is measured
continuously, even during transits, in the proximity to the
subject. Useful statistics like duration, magnitude and source
of short-term peaks can be obtained if real-time personal
exposure measurements instead of microenvironment moni-
toring are carried out (Martin 1995).

The ten most common microenvironments where the
panel, representing the student community of the institute,
regularly visit (80 % of their time spent) were chosen :
living room, faculty building (FB; professor office), com-
puter centre (CC), IIT gate (traffic junction), bank, hostel
dining hall, environmental chemistry laboratory (lab), class
room, canteen and motor transport section (MT). Out of
these ten chosen microenvironments, three (IIT gate, can-
teen and MT) were outdoor environments, but can affect the
average personal exposure to a great extent even. A few
minutes spent in these microenvironments can increase the
personal exposure significantly due to very high concentra-
tion of pollutants in the vicinity (Devi et al. 2009). Irrespec-
tive of their locale, similar physical characteristics make the
exposure levels in these microenvironments quite similar
(Klepeis et al. 2001). Therefore, the microenvironment con-
centrations of pollutants in living rooms of all the students
should be similar. This applies to dining halls, offices, class-
rooms, etc. Since only one set of instruments was available,
the personal exposure and integrated exposure measure-
ments were not carried out simultaneously.

Description of microenvironments

Indoor microenvironments

The indoor microenvironments are enclosed space. The
windows and doors are the points for air exchange with
the outdoor ambient environment. Few indoor microenvir-
onments commonly used by the students were considered
for this study. Office rooms in FB are artificially air-
conditioned areas with computers and printers. These offi-
ces are somewhat protected from outdoor pollution like
vehicular exhaust due to their location and partial filtration
due to air conditioners (Devi et al. 2009).

Classrooms are of two sizes in IIT Kanpur. The bigger
ones are lecture halls with a maximum capacity of 300
students. These are artificially air-conditioned spaces. The
lecture halls are equipped with a blackboard and a projector

for teaching purpose. The windows and doors are kept
closed during teaching. The smaller classrooms are for
tutorial purposes with a maximum capacity of 30 students.
The only mode of teaching is writing on board with non-
dust chalks. The windows and doors are open during teach-
ing enabling air exchange. Chalk dust and dust resuspension
are the major sources of particulate exposures in classrooms.
The time series of fine and coarse particle exposure in big
and small classrooms are given by Devi et al. (2009).

Computer centre is a centrally air-conditioned building
with big rooms equipped with computers. There are several
smaller rooms with a few computers and printers in the same
building. The sampling was carried out in one such room
with about ten computers and a printer. The major sources of
PM were dust resuspension from movement of students and
ultrafine particles (UFP) emitted from the printer. Some-
times people were found smoking inside the building which
resulted in buildup of CO concentration indoors and lead to
higher CO exposure.

Environmental chemistry laboratory (Lab) houses a range
of chemicals used for experiment purposes. The Lab has a
big hall with working tables where experiments are carried
out. Sampling was carried out in this hall. The hall is not
artificially air-conditioned, and only few windows are kept
open. The air-exchange rate, although not estimated in this
study, must be very low. The major sources of PM exposure
were the chemical fumes.

Living rooms are the rooms where students reside. Living
rooms are single occupancy rooms which are not artificially
air-conditioned. The living rooms of the participant subjects
were distributed in different residential halls that are closely
located. There was construction activity going on near the
residential halls which happened to be one of the main
sources of fine PM. Apart from this, the activities carried
out by the room inmates were the other sources of PM.

Bank was one of the indoor microenvironment where
students visit. Bank is artificially air-conditioned. The major
sources of PM are particle resuspension and emission from
printers.

Outdoor microenvironments

The outdoor microenvironments that students usually visit
are canteen, Motor Transport (MT) section and IIT main
entrance gate (IIT gate). Canteens primarily use liquified
petroleum gas (LPG) for cooking purposes. Thus, they
become the major sources of CO, NOx and PM. MT has a
few shops that sell snacks which are cooked with stoves that
use charcoal as fuel. Thus, CO and PM were found in high
concentrations in this area. Environmental tobacco smoke
was another major pollutant in this microenvironment. IIT
gate is a traffic junction, thus, becoming the major source of
PM, CO, and NOx.
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Results and discussions

Inter-seasonal comparison of pollutant exposures

The personal exposure data for all the pollutants was analyzed
for the time–activity of subjects from the logbook to identify
the major sources of pollutants during PreM and PoM. Two
different kinds of exposure assessments—personal and inte-
grated—were carried out at different tme periods and com-
pared to see if integrated exposure assessment is comparable
to personal exposure to some extent with no statistically
significant difference among the assessment methods.

The time activity data for all the subjects were studied
individually to identify the specific sources of pollutants in
PreM and PoM seasons. The time–activity plots for all the
subjects (S1 to S18) were analyzed and discussed in subse-
quent sections. Although ideally we should have shown
plots for all the subjects but we intentionally chose those
three subjects S1, S4 and S9 for which significant peaks in
exposure could be seen correlated with different human or
microenviornmental activities. Increase in pollutant expo-
sures due to different sources/activities can be seen in these
plots. During the PoM study, the CPC could not be used
because of some technical reasons. Exposures to VOC and
NO2 were below detection limit of the instrument most of
the times.

Table 1 provides the average PM mass and number con-
centrations for different particle sizes and gaseous pollutant
concentrations for the panel. The fine and ultrafine particle
exposures in PoM are twice higher than the PreM concen-
trations. The ambient concentrations during PoM were also
significantly higher than PreM (Table 2). Some of the sub-
jects spent longer time in canteens, MT and environmental
chemistry laboratories during the PoM than the PreM sea-
son. These factors may have increased the average fine
particle exposure. The coarse particle exposures were higher
in PreM season. High concentration of transported dust,
resuspension from dry soil, etc., increased the ambient con-
centration to certain extent that can be clearly seen in Fig. 4

and Table 2. PM1 average concentrations ranged between
9,276 and 34,726 cm−3 (refer to Table S2b). PM1, being
very small in size, can penetrate deep into the lungs affect-
ing the pulmonary system. Such high concentrations of PM1

can significantly affect the human health depending on their
toxicity. Although there are evidences of the effects of PM
on human cardiopulmonary system, size resolved effects are
still being explored. Some studies found clear association of
effect of UFP on human health (Brown et al. 2001; Donaldson
et al. 2002; Valavanidis et al. 2008). For some, evidence of
health effects due to fine/ultrafine particles is still unclear
(Harrison and Yin 2000).

The personal exposure to CO was comparatively higher
than that of VOC and NO2. Minimum exposure value was
found for the subjects S6 (please refer to Table S2b). The
average exposure to CO for the subjects during PreM ranged
between 739 and 7,503 ppb.

Time series analyses of data are very important to under-
stand the sources of pollutants. Sometimes the exposure
time to a source is so small that can be observed only by
time series. In order to depict the influence of sources/
activities on exposure, three out of 18 subjects were chosen
purely on the basis of which subjects showed interesting
exposure–activity relationship in the graphical form. The
personal exposure to fine PM concentration for S1 measured
by OPC was found higher in PreM season than in PoM
season, since in PreM season the subject spent more time in
laboratories where various kinds of chemicals are used
(Fig. 3a and b). The outdoor coarse particle concentrations
were up to two times higher in PreM than PoM which could
add to the PM exposures in PreM in addition to the dust and
vehicular emissions. The outdoor fine particle concentra-
tion, measured using stationary monitoring with the same
set of instruments, for PreM and PoM were similar (Fig. 4a).
The coarse fraction of PM was higher during the PreM.
During morning time, higher PM exposure was detected in
the living room due to the burning of incense sticks similar
to Devi et al. (2009) where burning of one incense stick
produced 11.2 μgm−3. The characteristic smoke size

Table 1 Personal exposure for
panel to PM and gaseous
pollutant in both seasons

Pollutants Subjects Pre-monsoon Post-monsoon p value
N Average ± Std. Average ± Std.

PM1 (#/cc)—from CPC 18 17,656±7,014 NA NA

PM2.5 (#/cc) 18 177.7±147.4 422.8±359.3 0.02

PM1 (μg/m
3) 18 12±9 24±21 0.04

PM2.5 (μg/m
3) 18 30.5±2.7 37±26 0.35

PM2.5–10 (μg/m
3) 18 52.9±17.2 34.5±20.4 0.01

CO (ppb) 18 2,795±1845 266±519 0.00

VOC (ppb) 18 50±52 BDL NA

NO2 (ppb) 18 16.5±11.7 1.0±4.3 0.00
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distributions of incense stick smoke and other indoor com-
bustion sources have been extensively characterized earlier
by Roy et al. (2009). At MT, canteen and road, CO concen-
trations were detected due to cooking, combustion activities
and vehicular emissions. A handful of shops present in MT
use charcoal as the fuel for cooking which remain the major
source of CO. The exposure to NO2 was found only in mess
and canteen that use LPG (Kandpal et al. 1995) and on road
dominated by diesel, gasoline and CNG (Compressed Natural
Gas) vehicles emitting UFP and gaseous pollutants like CO,
VOC, NOx (Gupta et al. 2010; Hesterberg et al. 2008).

The personal exposures to PM for subject S4 as measured
by OPC were comparable in both the seasons (Fig. 3c and
d). The living room of the subject was more than 100 m
away from the construction site indicating the ambient con-
centration near his room generally will not be affected by
construction activities as reported by Devi et al. (2009), who
showed that the particulate mass concentration decreased
exponentially and reached the background levels around
80 m from the boundary of the construction site. The subject
spent the majority of his time in the laboratory in both
seasons. This indicates that major contribution of fine PM
to personal exposure may be due to the aerosol formed from
various chemicals used in the laboratory. PM1 was higher on
roadsides from vehicles. The higher concentrations of UFP
as recorded by CPC were found in mess, canteen and on
road due to cooking and combustion activities, respectively.
CO exposure was found higher in PreM season than in PoM.
The ambient concentration of CO (Fig. 4b) showed very
high variability and did not show seasonal dependence for
PreM and PoM. Thus, the higher exposure of CO during
PreM could be attributed to subject’s activities and proxim-
ity to sources. The peak value of CO exposure was found in
the mess. In PreM season, the minimum exposure to CO
was found in the lab. Again similar to other subjects, the
exposure to NO2 was found only in mess, canteen and on-
road. Exposure to VOCs was found higher in mess and
canteen. VOC exposure was also detected in the lab.

The personal exposure to PM measured for subject S9 by
OPC was found slightly higher in PreM season than in PoM
season due to higher exposure values in the living room in
PreM. The average ambient PM concentration in PreM was
higher than PoM. The peak values of PM were found in
canteen in PoM season and in mess and on road during

PreM. The construction activities were going on near stu-
dents’ hostels which greatly affected the indoor room con-
centration owing to good ventilation. This difference was
also reflected in mass concentrations. PM2.5 mass and num-
ber concentrations in canteen were largely a result of local
activities. Students were found spending relatively more
time in canteens during PoM than PreM causing higher
exposure to PM2.5. The coarse mode particle number and
mass concentrations in living room were comparable during
both the seasons as PM2.5–10 particles were mainly a result
of resuspension of floor dust and other mechanical process-
es. Unlike PM2.5, PM2.5–10 mass concentrations were more
during PoM in the canteen which could be mainly due to
soil dust resuspension. Microenvironments like CC, dining
hall, class room, FB and laboratories were poorly ventilated
due to which the change in PM concentrations (both mass
and number) did not strongly depend on the ambient con-
ditions. In such locations, indoor sources played the role of
modifying the PM properties. Microenvironments like IIT
gate, living room, MT and canteen were considerably affect-
ed by ambient concentrations in addition to the dominant
combustion sources. UFP exposure measured by CPC was
detected higher in canteen and on road. UFP peaks were also
found in the room during the use of incense (Roy et al.
2009). In the lab, UFP exposure was constantly varying
likely due to poor ventilation conditions. The personal ex-
posure to CO was found higher in PreM season as compared
with those during PoM. In PoM, peak exposure to CO was
found in the canteen and on road while a constant exposure
to CO was found in the laboratory likely due to poor
ventilation. In PreM, exposure to CO was detected higher
in the canteen and on-road and higher exposure was ob-
served in the laboratory (Fig. 3e). Exposures to VOC and
NO2 were below detection limit during PoM season. How-
ever, in PreM higher values of NO2 and VOC were detected
both in canteen and on road.

A discussion follows on the exposure sources for all the
subjects in the panel. Combustion, chemical fumes, chalk
dust in classrooms and vehicular emissions were found to be
the major sources of PM2.5. Spending more time in these
microenvironments increased the average fine particulate
exposure to subjects like S13 and S14. Long et al. (2000)
also found that indoor sources of PM are typically short-
term, high-concentration events that emit primarily ultrafine
and coarse mode particles. They also found that more than
50 % of particles thus generated by volume are ultrafine and
the particle concentration increases by 7- to 100-folds. In
this study, we found that daily average personal exposure
values for the panel showed large variations. The ratio of
average personal to ambient concentrations during the PreM
of fine particle mass concentration varied from 0.2 to 1.2
and the ratio for coarse particle mass concentration varied
from 0.5 to 5. The ratio of average personal to ambient

Table 2 Statistical comparison of mass concentration of fine and
coarse fraction of ambient particulate matter during pre-monsoon and
post-monsoon seasons

Pollutant Ambient-PreM (μgm−3) Ambient-PoM (μgm−3) p value

PM2.5M 22.17±2.41 28.9±5.12 0.03

PM2.5–10M 23.95±3.55 45.07±7.65 0.00
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concentrations during the PoM of fine particle mass con-
centration varied from 0.4 to 5 and the ratio for coarse
particle mass concentration varied from 0.4 to 4. The per-
sonal exposure data for both the seasons showed large
variations that can be attributed to different sources and
the duration of the exposure. The subjects of the panel spend
their time in the same microenvironments, but the large
differences in personal exposure were due to the time dura-
tions they spend in each microenvironment as they were
greatly different. Combustion activities in canteen and chalk
dust in classroom contributed to fine fraction of PM to a
large extent (Devi et al. 2009). Use of chemicals and chem-
ical fumes are the sources of fine PM in the laboratory.
Spending more time in poorly ventilated small classrooms

with a capacity of 30 students where non-dust chalks were
used for teaching led to an increase in the average personal
exposure to fine particles for subject 13. The average fine
particle exposure further increased when the subject spent
more time in transit due to vehicular emissions. The subjects
like S1 and S2 who spent majority of their time in laboratory
during the PreM were exposed to more fine particles. Min-
imum exposure to PM2.5 was found for the subjects S5 and
S16 during both the seasons who had spent most of their
time in artificially air-conditioned CC. Subjects who spent
more time in artificially air-conditioned buildings like CC
showed minimum exposure to PM1. CC is artificially and
centrally air-conditioned round-the-clock. The main source
of fine particles in CC is the laser printer which the students
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use for printing. The average PM2.5 exposure for the rest of
the subjects ranged from 13.9 to 60.2 μgm−3 during PoM
and from 13.1 to 64.5 μgm−3 during PreM.

Vehicular emissions are one of the major sources of CO.
Subjects like S17 and S18 who spent more time on roads
were exposed to higher CO concentrations with values of
1,419 and 1,795 ppb, respectively, during PreM as com-
pared to other subjects. Higher variability in CO exposure
indicated its source dependency. Surprisingly, exposure to
CO in CC was also found to be higher, with a value of
7,503 ppb when subject S5 spent the majority of his/her
time in that microenvironment. It was noticed that a few
people were frequently found smoking inside the building as
well as near the air intake for the building ventilation sys-
tem. This also explains the high concentration of measured

VOC exposure for the subject S5. VOC exposure for the rest
of the subjects ranged between 10 and 99 ppb.

The inter-seasonal comparison of PM2.5 mass which was
measured during both the seasons showed varying concen-
trations in microenvironments with good ventilation and
similar concentrations in poorly ventilated and artificially
air-conditioned microenvironments. For instance, large var-
iability was seen in ventilated rooms during both the sea-
sons, which were largely affected by construction activities
(Muleski et al. 2005). However, poorly ventilated places
like FB and bank, showed insignificant variations in PM2.5

mass as they were least affected by outdoor sources. There
were exceptions to this especially when the source was
much stronger than the background ambient concentrations
like at IIT gate and MTwhere the PM2.5 primarily depended
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on these sources and the ambient concentrations make in-
significant difference.

The inter-seasonal comparison of PM2.5–10, i.e., the
coarse particle mass showed high dependence on the re-
suspended particle either from road dust by vehicles or in
indoors by human activities. The personal exposure PM
measurements showed coarse/fine ratio of 0.75–3.5 during
PreM and 0.5–2 during PoM season. The average PreM
coarse/fine ratio given by Devi et al. (2009) was 2.0, which

is also within the range given in this study. The PM10 mass
concentration for the panel ranged from 25 to 125 μgm−3

during PreM and from 17 to 160 μgm−3 during PoM,
respectively. The average PM10 concentration during PreM
given by Devi et al. (2009) was 46.6 μgm−3, which lies
within the range of this study. The difference between the
mean PM2.5 mass exposures among the seasons for the
subjects was not statistically significant as seen from the
results of paired t-test. The fine PM mass emitted from
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indoor sources like combustion, photocopier, printers, and
chalk powder, remained similar irrespective of season in
case of poor ventilation (Brown 1999; He et al. 2007;
Majumdar and William 2009). However, PM2.5 mean number
concentrations show statistically significant difference (p0
0.024) for the two seasons with higher mean concentrations
in PoM. Most of the subjects spent a significant amount of

their time in canteen and MT in PoM where combustion
activities were predominant leading to an increase in the fine
particle exposure. Owing to their small sizes, these particles
contribute significantly to number concentrations, but they
barely contribute to mass concentrations. Similarly, very high
temperatures lead to dry conditions during PreM and increase
the resuspension of coarse soil particles which add upon

Fig. 4 Ambient PM mass
concentration and CO
concentration for post-monsoon
(September 20–October 20)
and pre-monsoon
(March 14–April 10)

Fig. 5 Box plot of mass
concentrations and number
concentrations of PM2.5 and
PM2.5–10 within different
microenvironments
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the anthropogenic emissions. This explains the significant
differences in the mean exposures of PreM and PoM for the
particulate mass.

The PM mass concentrations showed large variability
within subjects during both the seasons. Also, marginal
seasonal differences in PM mass concentrations were ob-
served as expected (Chakraborty and Gupta 2010). The
time–activity diary shows that the maximum time a person
spends in a given microenvironment decides the average
personal exposure to a specific pollutant. The instantaneous
high exposure for a couple of minutes during activities like
dusting, at traffic junctions, etc., slightly increases the average
personal exposure values. However, as the time spent in
similar microenvironments and activities increases, the aver-
age personal exposure values considerably goes up.

Comparison of measured personal exposure and estimated
integrated exposure to PM and gaseous co-pollutants

Personal exposure to a pollutant in a microenvironment will
depend on the proximity of the person to the sources in
addition to the factors discussed above. Once the pollutant
concentrations in the microenvironment were measured con-
sidering the above factors, the personal exposure measured
may be closer to the estimated integrated exposure. Transit

environments like roads and corridors were not considered
during the analysis. The traffic in these roads could be
compared to rural roads. The students spend only 5 % of
their time on these roads. Moreover, vehicles pass once in a
while during non-peak hours (peak hours are 8:30–9:30AM
and 5:00–6:00PM). So the variations in PM and CO concen-
trations are very high. For instance, the PM10 concentration
on the road during PoM for subjects was 26.2±36.7 μgm−3

and CO concentration was 449±1,499 ppb. Considering the
insignificant amount of time spent by students on roads and
high variations in pollutant concentrations, we ignored the
time spent on roads for estimation of integrated exposure.

Although personal exposure measurements using person-
al monitors/samplers give accurate results, the method
demands ample time and cost. In this section, we estimate
the integrated exposure for each subject using microenvi-
ronment concentration data measured from 2009 to 2010 for
both the seasons and compare the average personal exposure
values for each pollutant. It should be noted that microen-
vironment measurements were carried out during the study
period/season but not simultaneously with personal expo-
sures measurements.

Number and mass concentrations of PM2.5 (fine fraction),
PM2.5–10 (coarse fraction) and PM10 (inhalable fraction)
were measured using OPC in different microenvironments

Fig. 6 a, b Personal and integrated particulate matter mass concentrations of PM2.5 and PM2.5–10 for individual subjects for the pre-monsoon
season; c, d the same properties for the post-monsoon season
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Fig. 7 a, c Personal and integrated particulate matter number concentrations of PM2.5 and PM2.5–10 for individual subjects during the pre-monsoon
season; b, d the same properties during the post-monsoon season
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during the measurement seasons (Fig. 5). One-hour mea-
surement with 1-min resolution was carried out in each
microenvironment as explained by Devi et al. (2009).

The integrated exposures estimated were tested for sig-
nificance of difference of means using paired t-test at 95 %
confidence level with personal exposure data. Figures 6 and
7 shows the comparison of personal and integrated exposure
to PM in terms of mass and number concentrations and
Fig. 8 shows the comparison of personal and integrated
exposure to gaseous co-pollutants. The statistical compari-
son of personal and integrated exposure using paired t-test is
given in Table 3. The personal exposure for PM mass con-
centrations measured by a subject showed a much better
match to the integrated exposure for PM during PreM sea-
son than PoM season although data during both the seasons
shows no significant change between the means in paired t-
test. On the contrary, integrated exposure did not compare
well with the personal exposure results for gases as the
former was estimated primarily for indoor microenviron-
ment concentrations, gases like CO and NO2 were emitted
mainly from tailpipes of vehicles which were not extensive-
ly considered for our integrated and personal exposure com-
parison study (Han and Naeher 2006; Patel et al. 2010). The
strength of vehicle exhausts as a source varies greatly
depending on the number of vehicles and proximity to the

road. This can be easily ascertained in a traffic junction but
inside the institute premises, this data was highly uncertain.

Effect of personal exposure on respiratory health of cohort

FEV1 and absolute FEV1/FVC values during both the seasons
were normal for all subjects as shown in Table 4 but FVC values
showed slightly restricted ventilatory impairment on two sub-
jects during PreM and on four subjects during PoM. Reduction
in lung parameters with increased particulate exposure has also
been identified in the past studies (Penttinen et al. 2001). The
inter-seasonal variability shows significant difference between
the means of FVC (p00.018) and FEV1 (p00.002) having
lower values during the PreM than PoM, but the mean peal
expiratory flow rate (PEFR) for the cohort showed no significant
difference (p00.659) between the seasons (Table 4). During the
PoM season, the exposure to fine fraction (PM2.5) was higher
than coarse fraction as subjects spent considerable time in MT
and canteens in addition to mess and during transit on roads.
However, this was not explicitly seen from the lung parameters
during PoM as they were higher than the PreM.

Low FVC and FEV1 values during PreM can be attribut-
ed to significantly high personal exposure to coarse fraction
particles during the PreM (p00.006) as is also seen from the
high concentration of ambient coarse fraction in PM

Table 3 Statistical comparison
of measured personal exposure
to estimated integrated exposure
for particulate matter and
gaseous co-pollutants during
different seasons

Pollutant Season Measured personal exposure Estimated integrated exposure p value

PM2.5M PreM 30.5±12.7 μgm−3 36.72±9.72 μgm−3 0.052

PoM 37.8±26.8 μgm−3 37±9.63 μgm−3 0.89

PM2.5–10M PreM 52.9±17.2 μgm−3 56.5±18.5 μgm−3 0.28

PoM 34.5±20.4 μgm−3 26.6±8.6 μgm−3 0.09

PM10M PreM 83.4±24.3 μgm−3 89.7±27.6 μgm−3 0.21

PoM 72.3±44.1 μgm−3 90.8±30.9 μgm−3 0.11

PM2.5N PreM 177.7±147.4 131.6±38.7 0.13

PoM 422.8±359.3 550±181.4 0.16

PM2.5–10N PreM 0.68±0.26 2.35±2.23 0.01

PoM 0.41±0.25 0.53±0.16 0.03

CO PreM 2.79±1.84 ppm 3.42±2.12 ppm 0.27

PoM 0.26±0.52 ppm 2.03±0.72 ppm 0.00

NO2 PreM 0.05±0.05 ppm 1.78±2.22 ppm 0.00

PoM 0.02±0.01 ppm 0.08±0.05 ppm 0.00

Table 4 Summary statistics of
lung parameters for the panel for
pre-monsoon and post-monsoon
seasons

Parameters FEV1 FVC PEFR

Mean ± SD (pre-monsoon) 3.41±0.52 3.15±0.46 7.92±1.46

Mean ± SD (post-monsoon) 3.54±0.56 3.28±0.48 7.82±1.19

p value 0.018 0.002 0.659

t-Test for difference of
pre-monsoon and
post-monsoon mean

Statistically
significant

Statistically
significant

Statistically
not significant
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(Fig. 4a). Although the fine particle exposure was found to
be higher during PoM owing to the activities of subjects, the
effect was not seen on lungs. This is because the effects of fine
particles can also be chronic. Recent studies on 14 subjects
found association of high concentrations of fine particles with
reductions in FVC and FEV1, and no significant association
was observed for coarse particle fraction (Graff et al. 2009). A
few other studies have showed that coarse mode particles can
cause adverse effects on lungs leading to hospital admissions
(Burnett et al. 1997; Anderson et al. 2001; Brunekreef and
Forsberg 2005). Toxicology of coarse particles, which varies
regionally and seasonally, plays a vital role in causing inflam-
mation of lungs by producing lungmacrophages (Becker et al.
2003) which could have led to lower lung parameters in PreM
than PoM. The seasonal changes may also include bio-aerosols
like bacteria and pollen, whichwere not measured in this study.
During the PreM, desert dust get transported from deserts in
northwest of India and mixes with local anthropogenic aero-
sols (Chinnam et al. 2006; Dey et al. 2004). These mineral-rich
dust could have affected the FVC values for the young adults
in this cohort (Green et al. 2008).

Conclusions

Two distinct methods for exposure measurements were
employed in this study for a panel of 22 students representing
the student community of IIT Kanpur. The study was carried
out for two distinct seasons: PreM and PoM, and altogether
432 h of person exposure data were analyzed. The subjects of
the panel spend their time in the same microenvironments, but
large differences in personal exposures were found due to
differences in the time durations they spend in each microen-
vironment which varied greatly.

The time and effort involved with a typical personal
exposure monitoring technique are much higher compared
to the integrated exposure stationary monitoring; the two
methods were compared using statistical methods. Our
results suggest that integrated stationary monitoring in dif-
ferent microenvironments and time–activity data of individ-
ual subjects agree well with the personal exposure values for
PM with no statistically significant difference but showed
significant differences for co-pollutant gases (CO and NO2).
Thus, the estimation of exposures for sub-groups of popu-
lations becomes quicker and cost-effective for PM.
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