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Abstract Understanding of the emissions of coarse

(PM10 B10 lm), fine (PM2.5 B2.5 lm) and ultrafine

particles (UFP\100 nm) from refurbishment activi-

ties and their dispersion into the nearby environment is

of primary importance for developing efficient risk

assessment and management strategies in the con-

struction and demolition industry. This study investi-

gates the release, occupational exposure and

physicochemical properties of particulate matter,

including UFPs, from over 20 different refurbishment

activities occurring at an operational building site.

Particles were measured in the 5–10,000-nm-size

range using a fast response differential mobility

spectrometer and a GRIMM particle spectrometer

for 55 h over 8 days. The UFPs were found to account

for[90 % of the total particle number concentrations

and\10 % of the total mass concentrations released

during the recorded activities. The highest UFP

concentrations were 4860, 740, 650 and 500 times

above the background value during wall-chasing,

drilling, cementing and general demolition activities,

respectively. Scanning electron microscopy, X-ray

photoelectron spectroscopy and ion beam analysis

were used to identify physicochemical characteristics

of particles and attribute them to probable sources

considering the size and the nature of the particles. The

results confirm that refurbishment activities produce

significant levels (both number and mass) of airborne

particles, indicating a need to develop appropriate

regulations for the control of occupational exposure of

operatives undertaking building refurbishment.

Keywords Building refurbishment � Particulate
matter � Ultrafine particles � SEM, XPS and IBA �
Occupational exposure � Environmental, health and

safety (EHS)
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UFP Ultrafine particle

PM Particulate matter
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PND Particle number distribution

PNC Particle number concentration

PMC Particle mass concentration

SEM Scanning electron microscope

FIB Focussed ion beam

PIXE Particle-induced X-ray emission

EBS Elastic backscattering spectrometry

XPS X-ray photoelectron spectroscopy

IBA Ion beam analysis

PTFE Polytetrafluoroethylene

ICRP International Commission on Radiological

Protection

VT Tidal volume

DF Deposited fraction

f Typical breathing frequency

MLD Minimum level of detection

Introduction

The principles of sustainable urban development are

well established, but the extent of pollution due to

refurbishment activities is still unknown. The aim of

building refurbishment is typically to adapt the

existing space to meet the needs and expectations of

occupants and bring older buildings up to modern

standards for heating, lighting and energy efficiency,

as well as to give outdated buildings an upgrading and

redesign that goes beyond the cosmetic. The drive for

sustainable refurbishment includes both the provision

of improved lighting, insulation, ventilation and

facilities to ensure the comfort and needs of users as

well as related measures to reduce energy consump-

tion in buildings (Mickaityte et al. 2008; Omer 2008;

Sunikka and Boon 2003).

Within many existing urban environments, refur-

bishment has become a major, and increasingly

important, activity and it is predicted to become the

dominant construction activity in the years ahead

(Sartori et al. 2008). Due to the increase in rate of

population within urban areas (Egbu 1999; Kumar

et al. 2013a), activities related to refurbishment of the

building stock as a percentage of all building work

have already grown in most European countries over

the last 20 years (Kohler and Hassler 2002). Refur-

bishment activities are expected to grow further as

more than 60 % of the world’s population are likely to

be living in urban areas by 2035 (GroBmann et al.

2013). Such long-term changes in building demand

within Europe will constrain the building professions

to shift their focus from new construction to the

maintenance and refurbishment of the existing build-

ings (Kohler and Hassler 2002).

In recognition of changes in the age of structure and

population rate within urban environments, significant

sectors of the construction industry have concentrated

on developing innovative refurbishment techniques.

However, the various demolition and construction

activities associated with building refurbishment are

known to produce copious particulate matter (PM),

including coarse (PM10 B 10 lm), fine (PM2.5

B 2.5 lm), very fine (PM1 B 1 lm) and ultrafine

particles (UFP\ 100 nm) (Kumar et al. 2012b,

Kumar et al. 2013b). PM has serious environmental-

and health-related consequences because it contains a

wide variety of toxic organic and metallic compounds

(Heal et al. 2012). Urban dust, particularly PM10, is

harmful since it can be easily introduced in the

respiratory system (Davila et al. 2006), although there

is increasing interest in PM2.5 and UFPs since these

penetrate deeper into the lungs and are thought to be of

greater concern for human health (Chaloulakou et al.

2003). In fact, PM2.5 has been recognised as the ninth

powerful risk factor globally for burden of disease

(Lim et al. 2012). Building activities produce both

airborne dust (Batonneau et al. 2004) and the emis-

sions of UFPs (Azarmi et al. 2014; Kumar and

Morawska 2014) which are causally involved in

greater inflammatory responses than the coarse parti-

cles per given mass (HEI 2013; Kumar et al. 2014).

Refurbishment activities are important part of building

construction since these can have an associated carbon

footprint of the order of 20 % of the emissions that

arise from the original construction (Pacca and

Horvath 2002). Therefore, the development of effi-

cient monitoring strategies to study the concentration

and distribution of urban particles can help in

mitigating the effects of urban pollution on public

health. As a consequence, it is essential to determine

the exposure levels of operatives involved in building

refurbishment as well as understanding the distribu-

tion and propagation of particulate materials into the

surrounding environment.

It has now been established that various size of

particles arising from vehicle exhaust and non-vehicle

exhaust sources enhance their concentrations in cer-

tain areas (Dall’Osto et al. 2011; Hopke et al. 1980;
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Kumar and Morawska 2014; Kumar et al. 2010,

2011b, 2013b). A few studies have also reported the

particle number and mass emissions arising from the

demolition of buildings and transport structures

(Dorevitch et al. 2006; Hansen et al. 2008), concrete

recycling (Kumar and Morawska 2014) and road

works (Fuller et al., 2002; Fuller and Green 2004).

Several studies have also analysed the composition of

particles derived from such sources, and a number of

attempts have been made to relate the observed

elemental concentrations in collected particle samples

to such activities (Adachi and Tainosho 2004; Adhami

et al. 2012, 2014; Batonneau et al. 2004; Chen et al.

2000; Mouzourides et al. 2015; Pattanaik et al. 2012).

A few studies have utilised the scanning electron

microscope (SEM) for examining the solid phase of

metals and metalloids in house dust (Walker et al.

2011), apportioning the sources of lead in household

dust (Hunt et al. 1992) and laser cleaning of building

stones (Potgieter-Vermaak et al. 2005). The scanning

electron microscopy together with focussed ion beam

milling (FIB-SEM) has been used to investigate the

composition of atmospheric particles (Conny 2013).

The conjunction of particle-induced X-ray emission

(PIXE) and elastic backscattering spectrometry (EBS)

techniques represent powerful tools for measuring the

elemental composition of fine atmospheric particles

sampled on filters such as applied by Cohen et al.

(1996) to source fingerprinting of atmospheric fine

particles. Despite these studies, there remains a

considerable research gap with respect to the presence

of elements such as arsenic (As), cadmium (Cd),

chromium (Cr), lead (Pb), manganese (Mn), nickel

(Ni) and zinc (Zn) within the particles arising from

refurbishment activities.

Over the last 35 years, there has been *20 %

increase in the refurbishment work in relation to the

total volume of UK construction output (Egbu 1999).

This growth has, however, not been matched by

comparable research in the environmental impacts. In

continuation to our prior efforts (Kumar et al. 2012a,

b, c; 2013b; Kumar and Morawska 2014; Azarmi et al.

2014), this study investigates the release of particle

number distribution (PNDs) and concentrations

(PNCs) in sub-micrometre range, along with particle

mass concentrations (PMCs) in PM10, PM2.5 and PM1

size ranges, arising from a number of refurbishment

activities and associated occupational exposure for

construction workers. The characteristics of these

particles have also been investigated to help under-

stand their physicochemical nature and the potential

impact of associated exposure on operatives under-

taking building refurbishment.

Materials and methods

Site description and sampling setup

Experiments were carried out at an indoor refurbish-

ment site (Chemistry Laboratory) at the University of

Surrey that was 31 m long and 15.5 m wide (Fig. 1) to

measure the PM10, PM2.5, PM1 and UFP released from

refurbishment activities. The data were collected for a

total of 55 working hours between 08:00 and 18:00 h

(local time) over a period of 8 days of which, one day

was without any activity that enabled us to evaluate

the levels of local background. The refurbishment site

had 1-m-wide and 0.32-m-deep windows that were

slightly open for most of the sampling duration

(Fig. 1). However, the ambient wind speed during

the sampling period was relatively low (\1.5 m s-1),

giving almost steady dilution conditions at the site

during the study period. There were also three door

openings towards a main corridor (Fig. 1), but these

doors were covered with a thick plastic sheet acting as

a temporary protection shield for trapping the particles

released on the site. Further details of the description

of site can be seen in Supplementary Information, SI,

Section S1.

An exhaustive list of a number of refurbishment

activities performed during the sampling period is

presented in SI Table S1. Over 20 different refurbish-

ment activities were counted, including some of the

most frequent ones such as general demolition and

cutting of concrete, welding, wall chasing, painting,

cutting abrasive blasting, hammering, impact driving,

sawing and cementing (SI Table S1; Fig. S1). Emitted

particles were measured in the 5–10,000-nm-size

range using a GRIMM particle spectrometer (model

1.107) and a fast response differential mobility

spectrometer (Cambustion DMS50), as described in

‘‘Instrumentation’’ section. The time stamps of both

the instruments were set the same matching to local

GMT time. The instrument was placed at the closest

safe place (*2 m from the closest activity) at the site

(Fig. 1). Five different samples were also collected on

Polytetrafluoroethylene (PTFE) filters by the GRIMM
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instrument for the purpose of their physicochemical

analysis (‘‘Physicochemical analysis’’ section). These

filters collected all the particles above the pore size

(0.12 lm) of filters.

Instrumentation

The DMS50 was used to measure the size of the

particles in the 5–560-nm-size range based on their

electrical mobility equivalent diameter with a sam-

pling rate of 10 Hz and a time response (T10–90 %) of

500 ms (Al-Dabbous and Kumar 2014a, b). The

instrument sampled the air at a rate of 6.5 l min-1.

To improve the signal-to-noise ratio, the DMS50 was

set to average the samples for every ten sampling

points to give a 1-s sampling rate. This instrument has

been successfully used for our previous work in both

indoor (Azarmi et al. 2014; Kumar and Morawska

2014), outdoor roadside (Al-Dabbous and Kumar

2014a; Carpentieri and Kumar 2011) and transport

micro-environments (Goel and Kumar 2014; Joodat-

nia et al. 2013a, b). Further details about the working

principle and sensitivity of the DMS50 can be found in

Kumar et al. (2010).

A GRIMM particle spectrometer was used to

measure the mass distribution of particles per unit

volume of air by light-scattering technology using an

optical size of 0.3–20 lm in 15 different channels with

a mass concentration in range of 0.1–100,000 lg m-3

(Goyal and Kumar 2013). The sensitivity of the

instrument is 1 lg m-3, and instrument reproducibil-

ity of size-resolved particle mass concentration is

±2 % over the total measuring range. Optical signals

pass through a multichannel size classifier to a pulse

height analyser that classifies the signals based on size

into appropriate channels. Ambient air was drawn into

the unit every 6 s via an internal volume-controlled

pump at a rate of 1.2 l min-1 (Goyal and Kumar 2013;

Grimm and Eatough 2009).

A weather station (KESTREL 4500) was used to

log meteorological (relative humidity, barometric

pressure and ambient temperature) data at every 10 s

at the measurement site. Outdoor ambient meteoro-

logical data, which also included wind speed and

direction, was collected from a close-by weather

station which is run by the UK Met Office. This

outdoor weather station is located in the rural area of

Wisley (Surrey), and the UKMet Office maintains the

quality control of the collected data. These data have

also been used by past studies for their scientific

assessment (e.g. Burt and Eden 2004; Al-Dabbous and

Kumar 2014a).

Physicochemical analysis

Five samples, namely samples 1–5, were collected on

PTFE filters that had a diameter of 47 mm and a

nominal thickness of *1000 lg cm-2. Masses of

particles were collected on filters 1, 2 and 5 during the

refurbishment activities. In order to evaluate the

background levels of particles, sample 3 was collected

on the same site but on a separate day, when the

refurbishment activities were completed. Sample 4

was a ‘‘blank filter’’ which was not exposed to any

experimental activity. This sample was analysed to set

the baseline levels of various elemental species

Sampling point

31 m

15.5 m

Main doorDoor Door 

Data logging by laptop

DMS50

GRIMM

KESTREL 
4500

Sampling tubes
3 m1.5 m 1.5 m

1 m 1 m 1 m
Window 

Window 

Room 2Room 1

Main Hall

1 m

1 m

1 m

Fig. 1 Schematic diagram of the experimental set-up, showing instrumentation used and sampling locations
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present within the filters. Details on the sampling

duration and mass collected on the sampled filters are

provided in Table 1.

Each of these samples was first analysed using a

JEOL SEM (model: JSM-7100F) to provide informa-

tion on the surface morphology of the particles

collected on filters. The sample surface was scanned

with a high-energy (*3.0 kV) beam of electrons in a

raster pattern. The scanned area was between 6 9 6

and 200 9 200 lm2 according to the magnification

used. The electrons interact with the atoms that make

up the sample producing signals which contain

information about the sample’s surface topography,

composition and other properties such as electrical

conductivity (Watt 1997).

X-ray photoelectron spectroscopy (XPS) analyses

were also performed on a Thermo Scientific Theta Probe

spectrometer (East Grinstead, UK) to analyse the surface

chemistry of the particles collected on the filter samples.

XPS spectra were acquired by applying a Thermo digital

twin anode source, which was operated using the Al Ka
at 300 W; quantitative surface chemical analyses were

calculated from the high-resolution, core level spectra

following the removal of a nonlinear background (SI

Section S2). The manufacturer’s software (Avantage

version 4.74) was used to analyse the results. The

software incorporates the appropriate sensitivity factors

and corrects for the electron energy analyser transmis-

sion function and effective attenuation length. Further

details of working principle of the XPS can be seen

elsewhere (Watts and Wolstenholme 2003).

The non-destructive ion beam analysis (IBA) was

also applied on all the samples for investigating the

chemical composition of particulate matter sampled on

the filters. Elemental analysis was carried out using a

2.5-MeV proton beam, focused to about 6 9 6 lm2

and scanned over an area of 1000 9 1000 or

2000 9 2000 lm2 on the sample, with both particle

backscattering (EBS) and particle-induced X-ray emis-

sion (PIXE) data being collected and treated self-

consistently (Jeynes et al. 2012) using the DataFurnace

code, NDFv9.5e (Barradas and Jeynes 2008). The EBS

spectrum was essentially used for deriving the number

of incident particles from the yield of the filter (i.e.

C2F4). In principle, the particle spectrum also contains

valuable information about the light elements (atomic

number\12) for which the PIXE is essentially blind

(due to the Be filter placed in front of the SiLi detector

for stopping the intense flux of backscattering particles).

In our case, this quantification was unfortunately not

available due to the large signal of alpha particles

emitted by the 19F(p, a0–4)
16O. Besides, the strong

gamma yield induced by the 19F(p,p0c)19F nuclear

reaction (Ec = 110 and 197 keV) drastically increased

the background of the PIXE spectrum, making the

minimum detection limits significantly higher than

usual. Despite these limitations, interesting information

about the elements with an atomic number[12 became

available from the PIXE analysis.

Estimation of exposure doses

The analysis of the potential health risk for occupants

associated with inhalation exposure of PM and UFPs

was carried out based on estimated respiratory depo-

sition dose rates. Construction workers are frequently

exposed to inhale particles, particularly UFPs, at

building refurbishment sites. The total dose received

by an individual is related to the breathing rate, the

period of exposure and the difference between the

number of particles inhaled and exhaled during each

breath (Hofmann 2011). Including algebraic and semi-

empirical deposition models, the inhalation and

deposition of particles through the respiratory tract

can be estimated in a number of ways. The deposition

fraction model of the International Commission on

Table 1 Summary of

samples collected on PTFE

filters during the

refurbishment activity

Name Date of sampling Net time for

sampling (min-1)

Net mass of particles

collected on the filter

(lg cm-2)

Sample 1 2 and 3 July 2013 804 21.8

Sample 2 4 and 5 July 2013 647 24.4

Sample 3 6 July 2013 459 4.6

Sample 4 Blank 0 0

Sample 5 9, 10 and 11 July 2013 1333 0.6
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Radiological Protection (1994) is a commonly

accepted approach and is applied here and in our

previous work (Azarmi et al. 2014; Goel and Kumar

2014, 2015). Tidal volume and breathing rate depend

on age, gender and the level of activity (Int Panis et al.

2010; Joodatnia et al. 2013a). Multiplication of the

tidal volume and the breathing frequency determines

the so-called one-minute ventilation (VE). There are

two approaches for calculating the dose rate. The first

method utilised size-dependent DFs that were taken by

the ICRP respiratory deposition model (Hofmann

2011; ICRP 1994) and the other uses average size-

resolved PNCs for each activity. The second method

utilised a single DF and the average PNC for each

activity. The latter approach is usually applied in

situations where information on size-resolved con-

centration distributions is not available. Our measure-

ments provided the detailed size distributions of

particles, and therefore we used both the fixed- and

variable-DF approaches to estimate the dose rates in

this study using Eqs. (1) and (2), respectively;

Deposited Doseðwith constant DFÞ

¼ ðVT � f Þ � DF
X32

i¼1

PNC ið Þ ð1Þ

Deposited Doseðwith variable DFÞ

¼ ðVT � f Þ
X32

i¼1

PNC ið Þ � DFðiÞ; ð2Þ

where PNCi and DFi are the number concentration and

the deposited fraction of particles in each size range

(i), respectively. VT is the tidal volume that is

considered equal to 800 cm-3 per breath for male;

f is the typical breathing frequency for male in working

light exercise, which is taken as 0.35 breath per second

(Hinds 1999) and a constant DF value is taken as 0.65

(Chalupa et al. 2004; Int Panis et al. 2010; Joodatnia

et al. 2013a).

Equation (3) is used for the estimation of mass-

based exposure, based on fixed-DF values, for various

PM fractions.

Deposited Dose with constant DFð Þ
¼ ðVT � f � DFÞ

X
PMC, ð3Þ

where VT and f are considered as described above,

PMC is the particle mass concentration, and DF values

considered as 0.86, 0.60 and 0.23 for PM10, PM2.5 and

PM1, respectively, are the average values in accor-

dance with geometrical size mean value (Hinds 1999).

Therefore, multiplying the constant values (which is

obtained by the product of VT, f and DF) *0.014,

0.010 and 0.038 m3 min-1 by PM10, PM2.5 and PM1

concentrations, respectively, will provide mass-based

respiratory deposited doses.

Results and discussion

In order to understand the characteristics of particles

during different refurbishment and non-refurbishment

periods, themeasured data of particles in the 5–10,000-

nm-size range is divided into three time periods. These

included (i) the ‘‘background period’’ at the site that

was measured at one of the weekend days when no

refurbishment work was taking place at the site to

establish local background concentrations, (ii) the

‘‘activity period’’ when different refurbishment activ-

ities were taking place at the site during the working

hours, and (iii) the ‘‘non-activity period’’ which

represent times during the activity period on working

days when workers did not perform any activity for at

least an hour or more due to lunch breaks or some other

reasons. The non-activity period was important to

understand the levels of particle concentrations with

respect to background and activity periods.

Number and size distribution of particles

Figure 2 presents an overall picture of the average

PNDs measured during the background, activity and

Dp (nm)

dN
/d

lo
gD

p
(c

m
-3

)

0.0

2.0

4.0

6.0

1.00 10.0 100 1000

Background
Activity
Non-activity

×104

Fig. 2 Average PNDs during the background, activity and non-

activity periods
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non-activity periods. The PND spectrum during the

activity period was found to be multimodal and higher

than those obtained during the non-activity period

(Fig. 2). Background periods showed notably lower

magnitude of PNDs compared with the activity and

non-activity periods that exhibited two clear peaks at

about 27 and 80 nm. These two peaks were non-

existent during background measurements, clearly

showing a significant release of particles from the

refurbishment activities in the UFP size range. These

observations are in line with the earlier laboratory

studies (Azarmi et al. 2014), showing release of UFPs

during the construction activities.

A number of individual refurbishment activities

were identified during the activity period. Their names

and associated time periods are presented in SI

Table S1. Figure 3 presents the average PND spectra

measured during these activities, and the correspond-

ing peak diameters observed are presented in SI

Table S2. These individual activities show remarkably

5-30 nm 30-100 nm 100-300 nm 300-560 nm
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Fig. 3 Average PNDs and proportion of PNCs in various size ranges for the individual activities. Other activities refer to painting,

oiling, carrying metal bars to the site and moving demolished debris
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different PND spectra, with multiple modes and

varying peak diameters. One of the interesting obser-

vations seen from SI Table S2 is that activities such as

sawing and sanding, which involve wood present

lower peak diameters compared with those activities

such as grinding and cutting involving concrete. These

differences can be attributed to the differences in the

mechanical process that create these particles, which

are also expected to have different material composi-

tion. However, one of the common features of the

PND from all the activities observed is that the

majority of particles are in UFP range. This range was

dominated by a significant proportion of sub-30-nm-

size particles that contributed up to 90 % of total PNCs

(Fig. 3). Earlier work of Kumar et al. (2014) on

concrete recycling also found multimodal PNDs,

showing peak diameters at *15, 27 and 56 nm with

significant quantities of the particles less than 30 nm

in diameter.

Wall-chasing activity was observed to produce the

greatest concentration in terms of release of new

particles, reflecting the effect of abrasion between the

wall surface and the chasing drill material. An overall

increase over the background levels (Fig. 2) during

these activities clearly indicates the emissions of new

particles. However, these results did not allow us to

draw conclusions on their formation pathways, i.e.

whether these emissions are arising from electric

motors of different tools used such as those analysed

by He et al. (2004) and Gomez et al. (2014) or through

other novel mechanism, suggesting a need of dedi-

cated studies in future. In addition, transformation

processes such as coagulation, condensation, nucle-

ation and deposition act simultaneously on the number

and the size distributions of particles. These processes

lead to both increase (e.g. nucleation) and decrease

(e.g. coagulation and deposition) in PNCs (Kumar

et al. 2011a). Coagulation is an aggregation of

particles, and this aggregation is a function of both

the residence time of particles in an experimental

setting and their ambient number concentrations

(Hinds 1999). We measured a typical average con-

centration of the order of 104 cm-3 (‘‘Particle number

concentrations’’ section) with the highest PNCs being

of the order of *106 cm-3 during wall chasing (SI

Table S3). The times taken for the 104 and 106 cm-3 in

doubling the size of particles through monodisperse

coagulation are about 16 days and 4 h, respectively

(Hinds 1999). These times are much greater than those

of both our sampling rate (10 Hz) and the air exchange

rates at the site (a few tens of minutes), meaning that

Table 2 Average values of PNCs during the background, activity and non-activity periods on different days

Activity days Background PNC during activity

periods ± SD (# cm-3)

PNC during non-activity

periods ± SD (# cm-3)

1.17 ± 0.80 9 103 – –

1 – 21.37 ± 9.34 9 103 11.33 ± 9.63 9 103

2 – 26.99 ± 27.18 9 103 5.60 ± 3.70 9 103

3 – 34.09 ± 22.07 9 103 27.90 ± 20.06 9 103

4 – 20.357 ± 15.11 9 103 10.89 ± 6.66 9 103

5 – 97.84 ± 129.50 9 103 48.76 ± 42.31 9 103

6 – 91.04 ± 51.07 9 103 68.24 ± 42.74 9 103

7 – 52.31 ± 39.68 9 103 41.27 ± 33.65 9 103

Overall average 1.17 ± 0.80 9 103 49.14 ± 32.80 9 103 30.57 ± 23.28 9 103
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Fig. 4 Average PNCs during the background, activity and non-

activity periods
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the effect of aggregation on measured PNCs can be

overlooked.

Particle number concentrations

Average PNCs on a daily basis including background,

activity and non-activity periods are summarised in

Table 2 and their proportions in various size ranges are

shown in Fig. 4. The overall average PNCs

(49.14 ± 32.80 9 103) during the activity periodswere

significantly above the background level

(1.17 ± 0.80 9 103) and showed noteworthy variation

from day to day with maximum values being about

twice the average. However, the fraction of average

PNCs in the 5–30–nm,30–100- and 100–300-nmranges

during the activity and non-activity periods remained

nearly unchanged (Fig. 4). There was a much larger

change in PNCs for the 5–30-nm-size range that, for

example, increased from * 0.2 % during the back-

ground to 56 and 55 % during activity and non–activity

periods, respectively. Such a changewasmodest (within

6 %) between background and activity/non-activity

periods for the particles in the 30–100-nm range.

Figure 5 shows the average PNCs measured over

each sampling day, and their fractions in various size

ranges for individual activities (irrespective of their

use onmaterials type such as concrete, bricks or metal)

are presented in SI Table S3. Average PNCs during all

the various activities significantly exceeded the mea-

sured background levels. The results also demonstrate

that drilling of concrete produces much higher PNCs

in comparison with drilling of metal or other materials

like polyvinyl chloride. For all these activities, the

ultrafine size range (5–100 nm) accounted for the

majority of the total PNCs (Fig. 5, SI Figure S1). For

example, their proportion to total PNCs during the

activities of wall chasing, general demolition, cement-

ing, welding, cutting, wrenching with using gas grips

and impact driving on woody boards was between 91

and 97 % (Fig. 3). A major fraction of these UFPs is

below 30 nm (Fig. 5), which are generally formed

through gas-to-particle conversion (Kulmala et al.

2004; Kumar et al. 2010), but information of such

precursor gases were unavailable. It may be the case

that the attrition between the surfaces of equipment

and building materials during high rotational fre-

quency has produced precursor gases; however, fur-

ther investigations are clearly needed to reach to a

clear consensus.

The average values of PNCs during our general

demolition activity at refurbishment site were *2-

times lower than those reported by Kumar et al.

(2012c) during simulation of slab demolition in the

laboratory. Furthermore, our results of average PNCs

during the drilling activity (5.22 ± 4.44 9 104 cm-3)

was*5 times lower compared with laboratory studies

of Azarmi et al. (2014). This is expected because the

emissions in laboratory work were measured close to

the source. However, the activities in this work

occurred a few metres away from the sampling point

to give emission relatively larger time to dilute before

measurements.
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Particle mass concentrations

Figure 6 shows the overall averages of PM10, PM2.5

and PM1 during the background, activity and non-

activity periods. These PM fractions were found to be

significantly above the background levels (Table 3).

For instance, PM10, PM2.5 and PM1 were up to 2- and

43-times larger during the activity periods than those

during subsequent periods of non-activity and back-

ground, respectively (Fig. 7). Our results are not

directly comparable to other studies, but similar trend

in increased concentrations were observed by the other

PM
10
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M

2.
5
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M

 1(
µg

 m
- 3

)

0

0.3
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0.9
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×103

Fig. 6 The concentrations of PM10, PM2.5 and PM1 during the

background, activity and non-activity periods

Table 3 The concentrations of PM10, PM2.5 and PM1 during the background, activity and non-activity periods on different days

Sampling days PM10

Average ± SD (9102 lg m-3)

PM2.5

Average ± SD (9102 lg m-3)

PM1

Average ± SD (9102 lg m-3)

Background – 0.19 ± 0.04 – 0.16 ± 0.01 – 0.14 ± 0.00

Activity Non-activity Activity Non-activity Activity Non-activity

1 6.11 ± 6.08 5.32 ± 3.21 0.49 ± 0.27 0.45 ± 0.14 0.14 ± 0.03 0.14 ± 0.01

2 10.32 ± 7.37 10.16 ± 5.48 0.69 ± 0.46 0.69 ± 0.33 0.11 ± 0.05 0.11 ± 0.03

3 12.87 ± 12.93 8.34 ± 7.78 0.96 ± 0.94 0.66 ± 0.53 0.13 ± 0.09 0.10 ± 0.04

4 15.93 ± 12.28 7.83 ± 8.94 1.43 ± 0.83 0.63 ± 0.59 0.20 ± 0.92 0.19 ± 0.08

5 7.51 ± 5.32 7.04 ± 3.99 0.69 ± 0.41 0.65 ± 0.37 0.12 ± 0.05 0.11 ± 0.05

6 5.05 ± 3.53 3.81 ± 1.93 0.62 ± 0.35 0.50 ± 0.20 0.17 ± 0.82 0.15 ± 0.05

7 13.45 ± 7.64 11.60 ± 3.65 1.18 ± 0.75 0.95 ± 0.26 0.24 ± 0.86 0.19 ± 0.03

Overall average 10.18 ± 4.10 7.73 ± 2.67 0.87 ± 0.33 0.64 ± 0.16 0.16 ± 0.04 0.14 ± 0.03
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Fig. 7 The average concentrations of PM10, PM2.5 and PM1 during the background, activity and non-activity period for each day of activity
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field studies. For example, Hansen et al. (2008) found

a 2.9- and 3.3-times increase in concentration for

particles larger than 0.5 and 0.1 lm in size, respec-

tively, during the demolition of a hospital building.

The average PM10 concentrations measured during

refurbishment activities were found to exceed by

about 20-times the 24-h mean European limit values of

50 lg m-3 (EU Directive 1999).

Figure 8 confirms that PMC values exhibit a

sharp increase immediately after the start of any

activity and reach a peak value within a few

seconds. The highest peak values for PM10, PM2.5

and PM1 obtained for the drilling activity were

155.60, 19.10, 3.54 (9102) lg m-3, respectively,

which are about 819-, 119- and 25-times higher

than the background levels. Interestingly, the wall-
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activity period (details of
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chasing activity produced a higher PNC, but lower

PMCs, than those measured during drilling opera-

tion, suggesting that the particle sizes produced by

the wall chasing were (on average) smaller than

those produced by drilling (SI Table S3). Possible

reasons for this could be a much greater mechanical

attrition between the surfaces of wall and drilling

bit materials, generating coarse size particles in

higher quantities during drilling.

The previous field studies have also found increases

in PMCs levels during the activity periods over the

background levels. For example, Dorevitch et al. (2006)

measured PM10 during the demolition of a reinforced

concrete building and found 6-h averaged

PM
10

; P
M

2.
5

(µ
g 

m
-3

)

PM
1

(µ
g 

m
-3

)

0.0

3.0

6.0

9.0

12.0

15.0

18.0

0.0

0.3

0.6

0.9

1.2

1.5

1.8

09:36:00 10:00:29 10:24:58 10:49:26 11:13:55 11:38:24

PM10
PM2.5
PM1

0.0

1.2

2.4

3.6

4.8

6.0

7.2

0.0

0.2

0.3

0.5

0.6

0.8

0.9

09:30:14 10:13:26 10:56:38 11:39:50 12:23:02 13:06:14

PM10
PM2.5
PM1

×104 ×102

×104 ×102

Oiling of instrument

Carrying metal bars to the site

Wall chasing

0.0

0.3

0.6

0.9

1.2

1.5

0.0

0.1

0.1

0.2

0.3

0.4

0.4

10:47:17 11:44:53 12:42:29 13:40:05 14:37:41 15:35:17

PM10
PM2.5
PM1

×104 ×102

0.0

0.7

1.4

2.1

2.8

3.5

4.2

0.0

0.1

0.3

0.4

0.6

0.7

0.8

10:25:55 11:52:19 13:18:43 14:45:07 16:11:31 17:37:55

PM10
PM2.5
PM1

×104 ×102

Opening cement packages

Drilling of concrete beam with VEKA

Drilling of concrete

Ladder movement

Time (s)

Fig. 8 continued

343 Page 12 of 19 J Nanopart Res (2015) 17:343

123



concentrations to be up to about 10-times higher

compared with pre-demolition levels which are back-

ground concentrations in this case. Likewise, Beck et al.

(2003) found ambient levels of PM10 to increase by

between 8 and 3000-times during the implosion of a

building compared with pre-demolition levels, depend-

ing on the distance of measurement point from the

source.

Morphology assessment and chemical

characterisation

SEM, IBA andXPS experiments were conducted on the

samples collected on the filters for understanding the

morphology and chemical composition of particles such

as their shape, structure and chemical composition.

XPS and SEM analysis

Table 4 shows the elemental compositions of all the

five samples described in Table 1. The blank filter

sample and background contained the main charac-

teristics of Teflon-type materials. The shape of the

spectrum (SI Fig. S2) indicated a thin layer of about

5 mm on the background and blank filters. A very

strong peak for fluorine (F) was observed, followed by

carbon (C) and oxygen (O) in the background (sample

3) and blank (sample 4) filters. The samples 1, 2 and 5,

which were taken during activity periods, also con-

tained calcium (Ca), silicon (Si), copper (Cu), alu-

minium (Al) and sulphur (S). The chemical state of Si

can be associated to either organosilane or silicon

dioxide (SiO2), depending on the binding energy of the

peak (SI Figure S2). This is because Si is capable of

reacting with an organic compound, and it is found to

be present in an oxide form. Some of the Al and S

compounds and organic hydrocarbons were also found

on the surfaces of the filters collected during activity

periods (i.e. samples 1, 2 and 5), which were thought

of arising from activities such as drilling of aluminium

or steel stuff, spraying (galvanising), cementing and

cutting of concrete.

Further analysis showed that the sample 5 contained

relatively heavier particles of elements such as Cu. In

addition, the intensities of the peaks of other elements

such as C, Si and Al were found to be increasing,

mainly due to the longer exposure time and thereby

leading to larger amounts of absorbed particles on the

filter. Considering (i) the increment in the intensity of

O peak, (ii) its ratio with other peaks such as Si, Al and

Ca, and (iii) comparison of the shapes of the C1s peak

and all the fitted peaks contributing toward it suggested

that these elements appear to be associated with

grinding, drilling and welding activities where alu-

minium oxide, calcium oxide, calcium carbonate,

copper oxide compounds are expected to be produced.

SEM images of the particles collected on filters

were taken for understanding the morphology of

particles (Fig. 9). A heterogeneous structure of the

sampled particles was found where the irregular-

shaped, aggregated and spongy particles can be seen.

A few irregular-shaped black holes can also be seen,

which represent the porosity of the filters. Differences

between particles deposited on the background (sam-

ple 3) and blank (sample 4) filters and those collected

during the activity periods (samples 1, 2 and 5)

represent the presence of new elements (Ca, Si, Cu, S

and Al) arising from the refurbishment activities, and

Table 4 The elemental composition of the all the filters (quantitative XPS analyses)

Sample 1 Sample 2 Sample 3 (background) Sample 4 (blank) Sample 5

Name Fraction (%) Name Fraction (%) Name Fraction (%) Name Fraction (%) Name Fraction (%)

C 37.4 C 34.9 C 31.2 C 30.3 C 34.3

O 11.1 O 8.2 O 1.2 O 1.0 O 21.5

F 50.5 F 55.3 F 67.6 F 68.7 F 37.5

Ca 0.9 Ca 0.6 Ca 1.5

Si 0.5 Si 2.2

Cu 0.2 Cu 0.3

S 0.4 S 1.2

Al 2.0
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Fig. 9 SEM images of a blank filter at 9500, b background measurements at 98000, c sample 1 at 91000, d sample 1 at 98000,

e sample 2 at 9600, f sample 2 at 98000, g sample 5 at 98000, and h sample 5 at 916000
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some of these elements could be in oxide form as

evident by the presence of O (Table 4).

IBA analysis

Weight of elemental contents in parts per million

(ppm) together with analysis uncertainties and the

minimum level of detection (MLD) are shown in SI

Table S4. The filters analysed in this work were

much thicker (*3500 lg cm-2) than expected

(*1000 lg cm-2) leading to degradation of the

accuracy generally achievable for this kind of

analysis (Cohen et al. 1996).

The Fe-containing nanoparticles tend to form large

aggregates of tens of microns size. The possible reason

for the high presence of Ca, Si and K is thought to be

due to activities related with concrete material (e.g.

drilling, cutting and general demolition), which is

typically made of cement, water, admixtures and

aggregates (Kumar and Morawska 2014). Further-

more, cement is made of constituents, such as silicon

oxide (SiO2), calcium oxide (CaO), aluminium oxide

(Al2O3), ferric oxide (Fe2O3) and sulphate ð�SÞ; which
act to bind the components of concrete together. This

forms a nonporous, highly cohesive, complex struc-

ture containing 10–50-nm diameter capillary pores in

well-hydrated form (Raki et al. 2010). This suggests

that the breaking of concrete containing small pores

may produce particles in various size ranges, as seen in

Fig. 3 (Kumar and Morawska 2014). The comparison

between the results of this section with those presented

in ‘‘XPS and SEM analysis’’ section shows that Fe and

Zn were detected by the IBA but not by the XPS

analyses. This difference is possibly due to the

different detection levels of sample depth between

the IBA and XPS analyses.

Exposure assessment

The size range of the measured particles and their

concentration are key factors for the assessment of

occupational exposure to ultrafine and particulate

matter. We estimated the average respiratory disposi-

tion doses of PNCs using the approach described in

‘‘Estimation of exposure doses’’ section for both

constant and size-dependent DFs (SI Section S3). The

constant and size-dependent DFs provided the total

deposited doses as 5.70 ± 5.42 9 108, 2.86 ±

2.17 9 108 min-1 as well as 7.03 ± 6.65 9 108 and

3.57 ± 2.72 9 108 min-1 for refurbishment activities

during the activity and non-activity periods, respec-

tively (SI Table S5). These figures show much higher

doses for the size-dependent DFs compared to those

obtained using the constant DFs (Fig. 10), mainly due

to dominance of particles below 100 nm which form a

fraction that also have the largest deposition (ICRP

1994; Kumar et al. 2010). This highlights the impor-

tance of the availability of size distributions for an

accurate exposure assessment.

Lack of exposure-assessment studies during

refurbishment works makes it challenging to directly

compare our results with the published literature.

We have tried to pick the closest possible exposure

studies for putting our results in a broad perspective.

For instance, Kumar et al. (2014) summarised

results of 45 sampling locations in 30 different

European cities to estimate the respiratory deposi-

tion doses of PNCs in urban roadside environments.

The corresponding values of such doses were found

to be 5.20 ± 1.32 9 108 min-1 in roadside Euro-

pean environments. Likewise, Joodatnia et al.

(2013a) estimated the average respiratory doses as

5.50 ± 5.09 9 108 min-1over 30 car journeys in

Guildford, UK. Our respiratory deposited doses for

refurbishment activities are nearly one and a half

times higher than those shown by both studies.

These observations clearly indicate that the occupa-

tional exposure to workers on refurbishment site is

much higher than those experienced in roadside

environments. Needless to mention that emission

sources (e.g. tailpipe of vehicles) are closest to the

roadsides, and therefore already high PNCs are

expected at such locations (Fujitani et al. 2012;

Kumar et al. 2008). For the first time, the above

findings clearly highlight that workers at the refur-

bishment sites spend long hours and they are

exposed to much higher PNCs than those experi-

enced in outdoor ambient or microtransport envi-

ronments, indicating a clear need for limiting

occupational exposure at such sites.
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Summary and conclusions

DMS50 and GRIMM were used to measure the

number and the size distributions of particles in the

5–10,000-nm-size range released by numerous activ-

ities. While the DMS50 data were used to analyse the

PNCs, the data measured from the GRIMM allowed us

to assess PMCs in PM10, PM2.5 and PM1 fractions.

Masses of bulk particles were also collected on the

PTFE filters during background as well as activity

periods for understanding their physicochemical prop-

erties. The objectives were to understand the number

and the mass emission characteristics of particles in

various size ranges during these building activities and

assess their physical and chemical properties.

The following conclusions are drawn:

• The refurbishment activities were found to release

ultrafine particles at levels well above the local

background PNCs. The UFPs were found to

dominate (91–97 %) the total PNCs. Average

PNCs during the periods of refurbishment activ-

ities were found to be up to 84-times higher than

the average PNCs during the background period.

The largest PNCs were observed during the wall-

chasing activity, followed by the drilling and

general demolition activities (SI Table S3).

• Results showed that highest mass concentrations of

PM10, PM2.5 and PM1 (i.e. 20.01, 1.52, 0.18 9

102 lg m-3) were obtained during general demoli-

tion. The peak value of PMC was observed to be up

to about 815-times higher than the background value

during the drilling in comparison with the other

activities. The mechanical attrition between the sur-

faces of instrument and materials during the activities

and re-suspension of existing particles appears to be a

likely source to produce larger-sized particles.
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Fig. 10 Respiratory tract deposition dose rate (# min-1)

calculated using i a constant DF and the average PNC during

each activity and ii size-dependent DFs and average size-

resolved PNCs. It is worth noting that these dose rates are

estimated based on the concentrations measured when these

activities were in progress at the refurbishment site and should

not be interpreted as direct exposure as the distance between the

sampling point and activities varied. Also are shown respiratory

deposition doses rate (# min-1) using size-dependent DFs in

roadside environment of different European cities (Kumar et al.

2014) and those experienced in typical transport microenviron-

ment (e.g. car cabin) Joodatnia et al. 2013a)
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• Combining the results of XPS, SEM and IBA gives

the capability of characterising both the micro- and

nano-sized particles. The increase of the surface

composition of newpeaks and decrease of the F and

C-F peaks shows the higher levels of deposition of

the particles on the filter and that the Fe-containing

particles tend to form aggregates of few tens of

micrometres. These analyses showed the presence

of the elements such Ca, Si, Cu, K, S, Zn and Al on

the collected samples. These elements were pre-

sumably released from the building equipment and

materials (e.g. concrete, bricks and metals)

involved in the refurbishment activities.

• Occupations exposure to workers on the building

refurbishment sites were found to contribute much

higher exposure compared with typical roadside

urban environments. Peak respiratory deposition

doses duringactivityperiodswere over twoordersof

magnitude higher than those during the background

periods, showing a broad diversity in the emission

strengths of various refurbishment activities.

The study presented hitherto missing information

that the refurbishment activities produce UFPs in

dominant proportions. These high levels of UFP

suggest that there is a need to design appropriate risk

mitigation strategies to limit exposures of on-site

workers. Dedicated studies are needed in future, which

can allow quantifying the PND signatures of individ-

ual refurbishment activities as well as the formation

pathways of particles in the UFP size range.
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