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Physicochemical and toxicological characteristics of
welding fume derived particles generated from real
time welding processes†

Cali Chang,*a Philip Demokritou,*b Martin Shaferc and David Christianib

Welding fume particles have been well studied in the past; however, most studies have examined welding

fumes generated from machine models rather than actual exposures. Furthermore, the link between

physicochemical and toxicological properties of welding fume particles has not been well understood.

This study aims to investigate the physicochemical properties of particles derived during real time

welding processes generated during actual welding processes and to assess the particle size specific

toxicological properties. A compact cascade impactor (Harvard CCI) was stationed within the welding

booth to sample particles by size. Size fractionated particles were extracted and used for both off-line

physicochemical analysis and in vitro cellular toxicological characterization. Each size fraction was

analyzed for ions, elemental compositions, and mass concentration. Furthermore, real time optical

particle monitors (DustTrak�, TSI Inc., Shoreview, Minn.) were used in the same welding booth to collect

real time PM2.5 particle number concentration data. The sampled particles were extracted from the

polyurethane foam (PUF) impaction substrates using a previously developed and validated protocol, and

used in a cellular assay to assess oxidative stress. By mass, welding aerosols were found to be in coarse

(PM2.5–10), and fine (PM0.1–2.5) size ranges. Most of the water soluble (WS) metals presented higher

concentrations in the coarse size range with some exceptions such as sodium, which presented elevated

concentration in the PM0.1 size range. In vitro data showed size specific dependency, with the fine and

ultrafine size ranges having the highest reactive oxygen species (ROS) activity. Additionally, this study

suggests a possible correlation between welders’ experience, the welding procedure and equipment

used and particles generated from welding fumes. Mass concentrations and total metal and water

soluble metal concentrations of welding fume particles may be greatly influenced by these factors.

Furthermore, the results also confirmed the hypothesis that smaller particles generate more ROS activity

and should be evaluated carefully for risk assessment.
Environmental impact

Most welding fume exposure studies focus on particles emitted in a controlled environment with machine generated systems. Therefore, there is a need to assess
the physico-chemical and toxicological properties of particles during actual welding fume exposures. This study is one of the rst descriptive studies to our
knowledge that performed a complete characterization of the welding fume exposure generated during real-time welding activity. In addition, welders’ char-
acteristics, the welding procedure, and equipment were evaluated and linked to particle properties. Lastly, the physico-chemical properties of the generated
particles were linked directly to toxicological outcomes. The results presented in this study can be used as a guideline for future exposure and risk assessment
studies.
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Introduction

Epidemiological studies have identied combustion-derived
particles such as diesel particulates, welding fumes and
coal y ash as the driving force of particulate matter (PM)
induced cardiovascular effects;1–3 additionally, these conclu-
sions were drawn mainly based on measurements of size
specic PM mass concentrations, namely for particles with
aerodynamic diameters (AD) of less than 10 mm (PM10) and
2.5 mm (PM2.5).4,5
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2em30505d
http://pubs.rsc.org/en/journals/journal/EM
http://pubs.rsc.org/en/journals/journal/EM?issueid=EM015001


Paper Environmental Science: Processes & Impacts

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 
20

12
. D

ow
nl

oa
de

d 
on

 1
1/

07
/2

01
4 

19
:3

9:
10

. 
View Article Online
While most of the combustion derived particle mass is found
in the PM2.5 size range, the largest PM number counts are those
in the nano-sized particle range (AD < 100 nm).6 Recently,
emphasis has been shied from coarse and ne PM (PM10 and
PM2.5, respectively) to nano-scaled particles or nanoparticles
(PM0.1). Epidemiological7 and toxicological8,9 studies have
identied the unique properties of nanoparticles compared to
larger size fractions, including high lung deposition, higher
particle number concentration, and much higher surface area
per mass.10 Furthermore, recent toxicological studies have
implicated atmospheric nanoparticles in increased toxicity.11,12

Nanoparticles are abundant in both environmental and
occupational settings; yet the level of occupational nanoparticle
exposure is oen much higher than in general ambient environ-
ment. In occupational settings, boilermaker construction
workers are especially at high risk of having adverse cardiovas-
cular outcomes when exposed to high levels of ne and nano-
particles during their usual welding procedures.13 Furthermore,
the type of electrodes and rods used during welding, and the
various activities performed during a welding session (e.g.
grinding vs. welding) determine the chemical and physical char-
acteristics of the emitted particles. It was shown that grinding
dust has a different chemical composition fromwelding fumes.14

One of the biological mechanisms responsible for the
cardiopulmonary effects of combustion derived particulate
exposure is the pro-inammatory response driven by oxidative
stress.11,15,16 The inhaled particles increase the production of
reactive oxygen species (ROS) in the alveoli and airways and
induce inammatory reaction.17 It is worth pointing out that
many in vivo and in vitro studies have shown that ambient
nanoparticles, even at low mass doses, have the ability for
generating ROS and oxidative stress due to their high number
and surface to mass ratio.18–22

ROS generation and the pro-inammatory reactions have
also been reported among welders who are exposed to high
levels of PM in welding fumes.23,24 Because combustion-derived
welding fume particles are comprised of a greater proportion by
number of nanoparticles than ne particulates in mass,25 it is
reasonable to hypothesize that nano-sized particles generated
from welding fumes drive the toxicological outcome for this
type of occupational exposure.

This study aimed to characterize the physicochemical and
toxicological properties of particles derived during real time
welding processes performed by welders in the eld. PM expo-
sures were characterized using both real-time instruments as
well as time integrated PM samplers. Collected size fractionated
PM samples were analyzed for mass and elemental composition
including total and water soluble metals, as well as inorganic
ions. Furthermore, the cellular toxicity of welding fume particles
was assessed by measuring the ROS generation induced by each
PM size fraction, which is an indicator of cellular oxidative stress.
Method
Study population

This investigation was part of a larger on-going study examining
the association between particulate matter exposure from
This journal is ª The Royal Society of Chemistry 2013
welding operations and adverse cardiovascular health
outcomes. The study participants were male boilermakers
recruited from the Local 29 International Brotherhood of Boil-
ermakers, Blacksmiths, Forgers and Helpers located in Quincy,
Massachusetts. This is an active union with approximately 400
active and retired members. Members of this union include
younger apprentices and older boilermakers with experience.
Both apprentices and boilermakers were monitored for this
ongoing study, thus providing a structure to explore the physi-
ological responses of a more age diverse cohort and also to
examine the inuence of welding technique. Sample moni-
toring was performed on weekends during a regular welding
training session, which was scheduled in advance. Four
randomly selected participants were asked to conduct regular
welding classes for this study.

Particulate matter (PM) study design

Aerosol PM samples and exposure information were collected in
a number of sampling campaigns where participants perform
and complete their welding training sessions. A weekday
welding session usually starts at 3 pm and ends around 7 pm;
weekend welding sessions usually start at 10 am and end
around 3 pm. The sampling campaign consists of 4 welding
days, with an average of 4.5 hours in each monitored day.

Site description and welding types

Area air monitoring sessions were conducted at the welding
school which consists of ten primary workstations in one large
room. Each workstation is equipped with local exhaust venti-
lation. Apprentices are taught three different types of welding:
(1) manual metal arc welding (MMAW), which was most
commonly performed; (2) tungsten inert gas welding (TIG) and
(3) metal inert gas welding (MIG). MMAW (is also referred to as
stick welding) is performed on mild and stainless steel and is
widely applied by welders on work sites. All three types of
welding techniques were represented in the sampling per-
formed for this study and Table 1 presents a summary. The
monitored welders were asked to keep logs of all activities
(welding, smoking, breaks, etc.) every 10 minutes during
welding session.

Particulate matter (PM) sampling analysis strategy

Fig. 1 illustrates the overall PM sampling and analysis strategy.
A compact cascade impactor (Harvard CCI), previously devel-
oped and validated by the investigators,26,27 was stationed
within the welding booth to collect the size fractionated
PM (Fig. 2a). In this study, the Harvard CCI was operated at
30 L min�1, and only three impaction stages were used corre-
sponding to the PM2.5–10 (coarse PM10), PM0.1–2.5 (ne-accu-
mulation mode), and PM0.1 (ultrane particles UFP)) size
fractions.

The rst two size fractions are collected onto polyurethane
foam (PUF) substrates. A 47 mm backup Teon lter is used to
collect particles smaller than 0.1 mm (Fig. 2b). Themajor feature
of this novel sampler is its ability to both fractionate by size and
collect relatively large amounts of particles (mg quantities) onto
Environ. Sci.: Processes Impacts, 2013, 15, 214–224 | 215
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Table 1 Demographic information and characteristics of monitored days

Day 1 Day 2 Day 3 Day 4

Temperature/relative humidity 80 �F 76 �F 79.2 �F 76.8 �F
Relative humidity 64.4% 62.1% 65.2% 63.3%
Welder’s age 28 49 33 23
Smokers No No No Yes
Years of experience 3 3.5 9 3
Day of the week Fri Tues Fri Tues
Exposure duration (minutes) 320 270 400 270
Activities monitoreda

Lunch break 7.8% 5.6% 18.8% 0.0%
Smoking break 0.0% 0.0% 0.0% 3.7%
No welding activityb 17.2% 33.3% 13.8% 27.8%
Stick (arc) welding (MMAW) 65.6% 27.8% 0.0% 5.6%
MIG welding 0.0% 0.0% 52.5% 0.0%
TIG welding 0.0% 12.2% 0.0% 0.0%
Grinding/buffing 4.7% 12.2% 5.0% 55.6%
Cutting with torch 0.0% 0.0% 0.0% 5.6%
Prep/break/clean up 4.7% 8.9% 10.0% 1.9%
Base metal Mild steel Mild steel Mild steel Mild steel
Electrodes used during weldingc

6010g 35.7% 0.0% 0.0% 0.0%
E70S2g 0.0% 37.5% 0.0% 0.0%
7018g 64.3% 62.5% 100.0% 100.0%
PM2.5 meand (mg m�3) 800.69 387.09 1308.56 3385.54
Correction Factor (CF)e 0.68 0.33 0.09 0.21
Background PM2.5 meanf (mg m�3) 14.91 5.09 10.73 18.14

a Percentage of time (minutes) spent on specic activity during the whole monitoring session. b Percentage of time the pump of CCI is running with
no welding activity. c Percentage of time the electrodes were applied during time spent on welding activities. d CCI adjusted DustTrak
mean averaged over total monitored minutes. e Calculated for each sampling day according to eqn (1). f Background mass concentration based
on DustTrak on non-welding days. g 6010 and 7018 are used during MMWA welding; E70S2 are used during TIG welding.

Fig. 1 Sampling schematics.

Fig. 2 Compact Cascade Impactor (CCI) set up illustration: (a) CCI set up at
breathing zone. (b) Harvard CCI Stages*.

Environmental Science: Processes & Impacts Paper
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inert PUF impaction substrates without the use of any adhe-
sives.27 The air ow rate was checked and reported at the
beginning and at the end of the sampling using an analog ow
meter with digital display (4100 series; TSI Inc.).

Both PUF substrates and Teon lters were chemically pre-
cleaned prior to use, as per the protocol developed by the
investigators:28 Teon lters with 1.2 M high-purity HCl (indi-
vidual lters mounted into an all-Teon vacuum ltration
216 | Environ. Sci.: Processes Impacts, 2013, 15, 214–224
column and 30 mL of the dilute acid processed through lter);
the PUF substrates in small batches contained within Teon
beakers, with sequential methanol (repeated twice) and 0.2 M
high-purity HCl (repeated twice) soaks (20 minutes each with
sonication). All stages of the impactor were cleaned prior to
every sample monitoring session, and cleaned lters were
replaced in a clean room with minimal metallic particle expo-
sure aer the impactor was cleaned. All Harvard CCI compo-
nents and parts were cleaned with 95% alcohol wipes and
swabs, and soaked in 95% ethanol overnight.

To ensure no residual particles, CCI components were
sonicated in distilled (DI) water for 60 minutes and le in the
This journal is ª The Royal Society of Chemistry 2013
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hood to air dry. To minimize exposure to non-welding PM, the
Harvard CCI was usually stationed and set up just one hour
prior to the welding session. For each sampling day, one eld
blank for both PUF substrate and Teon lter were collected
prior to initiating welding activity. Field observations noting
timing of instrument operation, welding activity, air ow and
welding room conditions were reported and shown in Table 1.
Real time particulate matter (PM) monitoring

To provide real time exposure information, workers were also
tted with real time aerosol monitors (DustTrak� from TSI Inc.,
Shoreview, Minn., USA) to record PM2.5 concentration on a
1 min average basis. Monitors were placed in padded pouches
with tubing secured to the participants’ shoulders to collect
particle exposure information within the breathing zone.
DustTrak data were also recorded on non-welding days to
provide information on background exposure. DustTrak uses a
light scattering technique that continuously measures the
number of particles in a given air sample. Therefore, the PM
readings measured by DustTrak are only surrogates of the
particular mass concentration, given that the density of the
particles is unknown. In order to convert the mass concentra-
tion real time data collected by DustTrak to corrected mass
concentration data adjusting for the particle density, a correc-
tion factor (CF) needs to be applied, as described in detail
elsewhere.29 The method used in this study to determine the
correction factor is described in more detail below (eqn (1)).

The integrated Compact Cascade Impactor (CCI) PM2.5

concentration (CCIPM2.5) is determined by the net mass
collected on the PM0.1–2.5 PUF substrate and PM0.1 Teon lter,
and divided by the volume of air sampled. The volume of air
sampled is calculated based on measured air ow and duration
of the sampling.

The correction factor (CF) for each sampling day is calcu-
lated using the time averaged PM2.5 mass concentration value
measured by the DustTrak divided by mass concentration
(CCIPM2.5), as follows.

Correction Factor ðCFÞ ¼ DustTrakaverage

CCIPM2:5

(1)

Sample analysis
Gravimetric analysis

The mass of collected PM on the PUF substrates and Teon
lters was determined as mass difference between pre- and
post-sampling weights of the substrates following 48 hours of
equilibration time in temperature (21 � 2 �C) and humidity
controlled (35 � 3%) conditions in a dedicated weighing room
using a Mettler-Toledo MX5 scale (Mettler-Toledo, Columbus,
OH, USA; 1 mg resolution). Substrates were weighed twice, both
before and aer sampling, and weights logged electronically.
Static charges were discharged using a 210Po ionization source.
Uncertainties in the measurement of the particle mass on the
substrates were determined from the standard deviation of the
replicate weighing of the samples and associated blanks.
This journal is ª The Royal Society of Chemistry 2013
The total uncertainty associated with the PM mass measure-
ment is <5%.
Chemical analysis

The PUF substrates and lters were each sectioned using
ceramic blades into three equal portions to enable compre-
hensive elemental and toxicological characterization of the
collected PM. One section was extracted in high purity water
(15.0 mL in acid-washed polypropylene tubes for 6 hours with
continuous shaking in the dark) and the ltered (0.45 mm)
extract was analyzed for water soluble elements (49 major and
trace elements listed at the end of this section) using magnetic-
sector inductively coupled plasma-mass spectrometry (SF-ICP-
MS; Thermo-Finnigin Element 2) and for soluble inorganic ions
(ammonium, chloride, nitrate, phosphate, sulfate) ion chro-
matography (IC) was used.30

The PM in the second section was digested for total
elemental analysis (again by SF-ICPMS).31 Digestions were
carried out by an automated microwave-aided mixed acid
(1.5 mL 16 M nitric, 0.50 mL 12 M hydrochloric, 0.25 mL 28 M
hydrouoric) protocol which effected a complete solubilization
of the PM (and PUF). The PUF digestion protocol was enhanced
by the addition of 0.50 mL peroxide. All digestates were diluted
to 30.00 mL for SF-ICPMS analysis. Estimates of total uncer-
tainty for each sample/element were derived by propagating the
uncertainty (1 standard dev.) components from the ICP-MS
analysis (three analytical replicates), blank subtraction
(multiple blanks), and the uncertainty in digestion/extraction
recovery. The total uncertainty ranged from 5 to 25% (median
9%) across all elements. The third substrate section was
extracted in 2.5 mL of high-purity water and the ltered
(0.45 mm) extract used in an in vitro cellular bio-assay to deter-
mine the reactive oxygen species activity of the particle extracts;
the details are discussed below in the ROS macrophage cellular
assay section.

A total of 49 metals were analyzed: lithium (Li), boron (B),
sodium (Na), magnesium (Mg), aluminum (Al), phosphorus (P),
sulfur (S), potassium (K), calcium (Ca), scandium (Sc), titanium
(Ti), vanadium (V), chromium (Cr), manganese (Mn), iron (Fe),
cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As),
rubidium (Rb), strontium (Sr), yttrium (Y), niobium (Nb),
molybdenum (Mo), rhodium (Rh), palladium (Pd), silver (Ag),
cadmium (Cd), tin (Sn), antimony (Sb), caesium (Cs), barium
(Ba), lanthanum (La), cerium (Ce), praseodymium (Pr),
neodymium (Nd), samarium (Sm), europium (Eu), dysprosium
(Dy), holmium (Ho), ytterbium (Yb), lutetium (Lu), tungsten
(W), platinum (Pt), thallium (Tl), lead (Pb), thorium (Th),and
uranium (U).
Reactive oxygen species (ROS) macrophage cellular assay

The ROS activity of the water soluble components of the
collected PM was determined by in vitro exposure to rat alveolar
macrophage cells (NR8383, ATCC# CRL-2192) using dichloro-
uorescein diacetate (DCFH-DA) as the uorescent probe.32

DCFH-DA is membrane permeable and is de-acetylated by
Environ. Sci.: Processes Impacts, 2013, 15, 214–224 | 217

http://dx.doi.org/10.1039/c2em30505d


Fig. 3 Real time PM2.5 concentration (mg m�3) for each sampling day.
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cellular enzymes. ROS species produced within the cell cyto-
plasm converts DCFH to the uorescing species DCF.

The assay quanties biologically mediated production of
ROS within the macrophage cell in response to cell stimulation
from “toxic” species. The sample extracts were prepared for ROS
analysis by adding an aliquot of 10� concentrated solution of
salts glucose medium (SGM). Cultured non-adherent macro-
phage cells were harvested and gently concentrated by centri-
fugation at 750 rpm for 5 minutes, and the culture media
removed and replaced with SGM to produce a cell suspension of
1000 cells per mL. Macrophage cells (100 mL ¼ 100 000 cells)
were dispensed into each well of a 96 well plate and incubated
for 2 hours in a 37 �C incubator under a 6% CO2 atmosphere.

Approximately 15 minutes before the end of the incubation
period, DCFH-DA was added to each prepared sample to achieve
a nal concentration of 45 mM. Aer the incubation period,
during which time >98% of the cells have settled and adhered to
the well bottom, the SGM was pipetted off and immediately
replaced with 100 mL of the SGM-buffered sample extract or
control sample. The plate was returned to the 37 �C incubator
for 2.5 hours aer which time the uorescence intensity of each
well was determined at 30 minute intervals at 504 nm excitation
and 529 nm emission (515 nm cutoff) using a m5e microplate
reader (Molecular Devices). Raw uorescence data were blank-
control corrected and normalized to the Zymosan controls to
account for minor variations in method sensitivity and to aid
comparisons between studies. Zymosan is a b-glactide and has
been used as a positive control because it binds to Toll-like
receptor-2 on macrophage cells and then activates a respiratory
burst and ROS production. By normalizing all data to the
activity of Zymosan, small within run and between run varia-
tions in the sensitivity of the assay can be accounted for. This
approach has been evaluated and applied by several research
groups.32,33

All samples were analyzed in triplicate (3-wells). A minimum
of six dilutions (each in triplicate) of every sample extract were
run to ensure that a linear dose–response region could be
identied. Dose levels were in the range of 20–150 mg mL�1

(200–1500 pg per cell). The overall uncertainty in the ROS
method was estimated by propagating the standard deviation of
the triplicate ROS measurements with the standard deviation of
the applied method blank. Each ROS analysis run incorporated
a series of positive controls including a Zymosan suspension, an
Urban Dust (NIST 1649) extract, and tert-butyl hydroperoxide
(TBH), as well as negative controls (method extraction and
media blanks). Method blanks were not signicantly different
from zero, and positive controls were well within acceptable
limits. Additional details of the method can be found in a
referenced paper.32 This macrophage ROS assay has been used
by the investigators in similar studies that examined ambient
combustion derived PM16,28,34 and has been shown to be a robust
approach to access the biological oxidative stress potential
of the PM.

To further understand howmetal components correlate with
ROS activity from the cellular assay, a correlation analysis was
performed between each of the metal concentrations and ROS
activities. Because the concentrations of transitional metals
218 | Environ. Sci.: Processes Impacts, 2013, 15, 214–224
were not normally distributed, they were log transformed to
obtain the coefficient of determination (R2) of ROS activities,35

which is the square of the Pearson product–moment correlation
coefficient.36
Results and discussion
Adjusted real time DustTrak� PM mass concentration

Table 1 presents the exposure characteristics of each monitored
day. Welders have different activity proles, and their exposure
proles were also different. The adjusted real time PM mass
concentration level as measured by the DustTrak on each
sampling day is illustrated in Fig. 3. The mean PM2.5 mass
concentration is in line with the results obtained from Harvard
CCI, which will be discussed in a later section.

To illustrate how welding activity affects particle size distri-
bution, Fig. 4 presented the real time PM2.5 mass concentration
in conjunction with daily activity monitored on days 1 and 2. It
is clear that welding and grinding produce higher PM2.5 mass
concentration.14 When performing MMAW, the 7018 electrodes
seem to generate signicantly higher mass concentrations
when compared to 6010 electrodes. TIG welding appears to have
smaller impact on the mass concentration when compared to
MMAW with 7018 electrodes. When compared to MMAW with
6010 electrodes, the effective TIG welding does not differ
signicantly.
CCI measured PM mass concentration

Fig. 5 shows the mass concentration as a function of size
respectively for each monitored day, as measured by the Har-
vard CCI. Mass concentration proles showed a similar trend
across all four sampling days, with the highest mass concen-
tration levels to be found in the PM2.5–10 and PM0.1–2.5 size
ranges. These data are in agreement with a previous study that
examined particle size distribution from various types of weld-
ing techniques.37 Days 1 and 2 presented the highest concen-
tration levels in the PM2.5–10 particulate size range while the day
3 monitor session had the peak in the PM0.1–2.5 particle size
ranges. In addition, day 3 had the highest nano-particulate
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 Real time PM2.5 concentration (mg m�3) in conjunction with daily activity, using (a) day 1 and (b) day 2 as examples.

Fig. 5 Mass concentration (mg m�3) distribution in different size ranges
measured by CCI on different days.
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concentration levels (PM0.1) among the four sampling days. Day
4 also presented a higher concentration in the PM2.5–10 and
PM0.1–2.5 particulate size ranges.
This journal is ª The Royal Society of Chemistry 2013
Welders monitored on days 1 and 2 had similar years of
experiences; this might explain why the two days presented
similar mass concentration proles from CCI. However, the
welder monitored on day 1 spent more than 65% of the moni-
tored time welding while the day 2 welder only spent 40%. The
time these welders spent on welding is a plausible explanation
as to why day 1 has higher mass concentration levels across all
size fractions compared to day 2. It is worth pointing out that
the welder monitored on day 2 was the only welder who
performed TIG welding.

As discussed earlier, TIG welding appears to generate lower
mass concentrations when compared to MMAW using 7018
electrodes. However, TIG welding does not seem to generate
different exposure proles from MMAW with 6010 electrodes.
While this particular type of a welding technique does not show
signicant differences on the size distribution of the particles in
this study, other studies have shown that TIG welding generates
particles in different size ranges when compared to other types
of welding techniques.38 The day 4 welder spent more than 50%
Environ. Sci.: Processes Impacts, 2013, 15, 214–224 | 219
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of his time grinding and buffing the base metal, which explains
the higher concentration in the PM0.1–2.5 and PM2.5–10 size
ranges.

As presented in Table 1, the day 4 welder is the only smoker
monitored in this study. Aer a careful review of the activity
logs, 75% of the smoking breaks were logged simultaneously as
the welding and grinding took place. It is likely that the Harvard
CCI collected cigarette smoke particles during his smoking
break. Aer examining real time CCI adjusted DustTrak data, it
appears that when there was smoking during welding or
grinding, the mass concentration recorded contributed to a
higher mass concentration (ESI, Fig. S1†). Other studies that
examined tobacco smoke particles found that most particles
were in the ne (PM0.1–2.5) particulate size ranges.39,40 This may
explain the higher concentration in the PM0.1–2.5 particulate size
ranges in our study. Our results suggest that welders’ experi-
ence, welding activities, and the material used may inuence
the amount and size of emitted particles. These ndings are
also consistent with previous studies.6,38,41,42
Total metals

As presented in Table 2(a), most welding related metals were
found to be in the PM2.5–10 and PM0.1–2.5 particulate size ranges.
Iron (Fe) was found to be relatively higher compared to metals
across all size ranges, which was consistent with results from
Table 2 (a) Total metals and (b) water soluble metals concentrations (mg m�3)

Day 1 Day 2

PM2.5–10 PM0.1–2.5 PM0.1 PM2.5–10 PM0.1–2.5 PM

(a) Total metals (mg m�3)
Na 11.89 4.50 1.04 1.64 0.62 0.0
Mg 1.06 0.14 0.05 1.96 3.77 1.4
Al 9.51 1.73 0.29 2.29 0.33 0.0
Mn 4.46 2.13 0.47 0.62 0.40 0.0
Fe 203.99 33.82 7.89 23.17 3.91 0.5
Co 0.04 0.01 0.02 0.01 0.00 0.0
Ni 0.32 0.07 0.03 0.04 0.01 0.0
Cu 0.37 0.30 0.46 0.12 0.04 0.0
Zn 0.27 0.08 0.08 0.10 0.02 0.0
As 0.04 0.04 0.05 0.01 0.01 0.0
Pb Sum 0.02 0.02 0.03 0.01 0.00 0.0
(b) Water soluble metals (mg m�3)
Na 13.55 0.07 1.81 1.97 0.70 0.2
Mg 0.18 0.01 0.02 0.08 0.02 0.0
Al 0.87 0.01 0.18 0.74 0.06 0.0
Mn 0.67 0.01 0.10 0.04 0.06 0.0
K 5.50 0.06 1.67 1.25 0.76 0.1
Cra 0.00 0.00 0.00 0.00 0.00 0.0
Fea 0.16 0.00 0.05 0.01 0.01 0.0
Coa 0.00 0.00 0.00 0.00 0.00 0.0
Cua 0.01 0.00 0.01 0.01 0.00 0.0
Zna 0.01 0.00 0.03 0.00 0.01 0.0
Asa 0.00 0.00 0.00 0.00 0.00 0.0
Ba 0.14 0.03 0.01 0.76 0.42 0.0
Pb Suma 0.00 0.00 0.00 0.00 0.00 0.0

a Found related to welding fume and also known as one of the redox acti
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previous studies.43 Transitional metals in different size ranges
do not present the same patterns across four sampling days;
some metals were found to be higher in the smaller size ranges
while the others are more abundant in the PM2.5–10 size ranges.
This may be explained by the years of experience and the
amount of time that the welders spent on welding.

It is worth mentioning that although PUF substrates and
Teon lters were analyzed for 49 metals, not all metal
concentrations were presented in Table 2(a), with only metals
with signicant levels reported here. Additionally, limit of
detection (LOD) values were calculated based on the standard
deviations of both eld blank and lab blank. LOD levels were
calculated as three times the standard deviation from the blank
samples. Sample concentrations that are below the limit of
detection (LOD) were assigned the value of the LOD. Metal
concentrations presented in Table 2 were calculated by dividing
the metal mass by the sampled air volume (mg m�3 air).

Interestingly, samples collected on day 3 presented the
highest iron (Fe) concentration in the PM0.1 particle size ranges.
The day 3 welder spent more than 50% of the total monitored
time using electrode 7018 welding on mild steel and only 5% on
grinding. Although less abundant, day 3 samples also presented
the highest manganese (Mn) levels across all four days. Simi-
larly, most of the metals found in day 3 samples presented
higher concentration in the smaller size particle fractions
(PM0.1–2.5 and PM0.1).
Day 3 Day 4

0.1 PM2.5–10 PM0.1–2.5 PM0.1 PM2.5–10 PM0.1–2.5 PM0.1

6 2.13 21.31 14.04 1.29 11.91 0.34
8 1.96 3.77 1.48 0.29 2.05 0.05
2 1.77 0.92 0.27 5.44 47.74 0.24
5 5.05 39.50 14.73 1.02 8.20 0.19
3 37.56 102.13 38.97 100.58 620.50 7.03
0 0.01 0.01 0.01 0.03 0.17 0.00
1 0.15 0.41 0.51 0.04 2.92 0.07
4 0.14 0.71 0.78 0.60 4.31 1.24
1 0.10 0.23 0.22 0.07 0.57 0.04
0 0.01 0.03 0.06 0.03 0.21 0.07
0 0.01 0.08 0.07 0.01 0.08 0.02

1 1.96 12.43 9.62 1.77 7.95 0.21
2 0.11 0.43 0.15 0.07 0.21 0.02
1 0.33 0.15 0.04 0.45 2.03 0.01
1 0.10 1.48 0.61 0.05 0.03 0.00
1 0.72 1.74 0.92 0.77 4.15 0.13
0 0.00 0.05 0.08 0.00 0.02 0.00
0 0.14 3.60 1.58 0.01 0.03 0.00
0 0.00 0.00 0.00 0.00 0.00 0.00
0 0.01 0.03 0.04 0.01 0.03 0.06
3 0.00 0.01 0.03 0.00 0.00 0.03
0 0.00 0.01 0.02 0.01 0.03 0.00
2 0.17 0.01 0.01 0.07 0.19 0.01
0 0.00 0.00 0.00 0.00 0.00 0.00

ve metals.
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Table 4 (a) ROS activity results; and (b) its correlation between water soluble
metals across different size ranges

(a) mg Zymosan unit per m3 air

PM2.5–10 PM0.1–2.5 PM0.1

Day 1 3878.94 6338.34 2640.42
Day 2 664.41 2464.56 2478.27
Day 3 223.10 286.68 307.09
Day 4 580.59 179.91 275.70

(b) R2

WS metalsa PM2.5–10 PM0.1–2.5 PM0.1

Cr 0.07 0.92 0.23
Fe 0.05 0.68 0.07
Zn 0.23 0.10 0.06
As 0.04 0.82 0.35
Cd 0.74 0.29 0.26
Cu 0.03 0.98 0.89
Pb sum 0.00 0.16 0.34

a Log transformed water soluble metal concentration.
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Water soluble (WS) metals

Table 2(b) also presents water soluble (WS) metal concentra-
tions by different size ranges between different monitored days.
Chromium (Cr) particularly presented low levels of concentra-
tion; this has been also found in previous studies.44 The
concentration level of water soluble chromium (Cr) depends on
the type of welding and is particularly higher when performing
MMA stainless steel welding due to its high % solubility.45

All of the welders monitored usedmild steel as the base plate
during welding session, therefore low levels of chromium and
high levels of iron were expected. While most water soluble
metals were found to have higher concentration levels in the
PM2.5–10 size fraction, some metals (e.g., Mg, Fe, etc.) presented
in Table 2(b) were found to have elevated concentrations in the
PM0.1 particle size range.

The chemical species of sodium (Na), magnesium (Mg),
aluminum (Al) and potassium (K) are highly soluble
compared to the forms of other metals listed in Table 2(b),
with an average % solubility of 61.3%, 52% and 53% for
PM2.5–10, PM0.1–2.5., and PM0.1 respectively. Interestingly, Mg
and Al have higher % water soluble metrics in the PM0.1 size
ranges (39% and 31%, respectively) compared to PM0.1–2.5 and
PM2.5–10, possibly reecting a surface area dependence of
solubility or less likely a different chemical form/association.
Note that for some highly water soluble metals (Na, Mg, and K),
the % soluble metrics are higher than 100% in certain
size fractions on different days. Given the propagated uncer-
tainties, which can range upward to �20%, in comparing/
subtracting two large numbers from analyses of separate lter
sections, these values are generally not signicantly different
from 100%.

It is worth mentioning that some of the WSmetals presented
in Table 2(b) are also found to be redox active metals.46–48 The
size distributions of these redox active metals are not the same
across four monitored days. Days 1 and 2 have higher concen-
tration levels in the PM2.5–10 and PM0.1–2.5 size fractions while
days 3 and 4 showed elevated concentrations in the PM0.1 size
fraction. The association between reactive oxygen species (ROS)
activity and redox active metals will be discussed below in
the Macrophage ROS activity section.
Table 3 Inorganic ion concentration levels

Cl� NO3
� PO4

�2 SO4
�2 Na+ NH4

+ K+

Day 1 PM2.5–10 1.66 0.30 N/D 2.52 16.24 0.01 7.14
PM0.1–2.5 1.54 1.74 N/D 6.62 23.20 N/D 22.10
PM0.1 0.31 0.35 0.05 2.04 5.09 N/D 4.31

Day 2 PM2.5–10 5.06 N/D 0.25 4.52 9.62 0.02 7.02
PM0.1–2.5 2.40 1.79 N/D 6.73 10.64 N/D 13.45
PM0.1 0.23 N/D N/D 0.78 2.88 N/D 2.84

Day 3 PM2.5–10 0.86 0.22 0.09 0.90 2.32 N/D 0.83
PM0.1–2.5 3.58 3.29 0.72 4.85 56.35 N/D 7.81
PM0.1 1.35 2.86 1.33 3.84 95.03 N/A 10.18

Day 4 PM2.5–10 1.02 N/D N/D 3.14 7.01 0.09 3.14
PM0.1–2.5 2.73 0.91 1.00 5.28 12.39 N/D 7.74
PM0.1 0.10 N/D N/D 0.98 1.22 N/D 1.17

This journal is ª The Royal Society of Chemistry 2013
Inorganic ions

Table 3 summarizes the results for 7 water soluble inorganic
ions: chloride (Cl�), nitrate (NO3

�), phosphate (PO4
�2), sulfate

(SO4
�2), sodium (Na+), ammonium (NH4

+), and potassium (K+).
Our results indicate higher concentrations of SO4

�2, Na+ and K+,
mostly in the PM0.1–2.5 particle size fractions. SO4

�2 has been
found to be the secondary aerosol species formed during photo-
oxidation, for which it is normal to have a higher concentration
in a normal room with exposure to sunlight. K+ was also found
to have higher concentration level in the PM0.1–2.5 and PM0.1

size ranges. K+ is one of the major elements generated during
combustion processes, which is commonly found in welding
fumes.49 One study found a high concentration level of Na+,
followed by SO4

�2 and K+;50 data from our study were in
agreement with their ndings.

Macrophage ROS activity

Table 4(a) presents the mass normalized ROS activity for each
particle size fraction on each sampling day. These data
(mg Zymosan unit per mg) were then ratioed with the particulate
mass concentration in the air (mg m�3) to help better under-
stand the ROS activity of different size fractions across different
sampling days. Day 1 has the highest activity across all PM size
fractions among the four monitored days. This may be attrib-
uted to the high amount of time this welder spent on welding
(60%). The day 1 welder also used a different electrode during
the welding session; the type of electrode may also be the cause
for the difference in composition.

The ROS activity from day 4 showed the highest concentra-
tion level in the PM2.5–10 size range but lowest in the PM0.1–2.5

size fraction. Days 2 and 3 presented higher ROS activity in the
PM0.1 size range. These results are not in line with the mass
concentration levels from gravimetric analysis. Day 4 has the
Environ. Sci.: Processes Impacts, 2013, 15, 214–224 | 221
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highest mass concentration in the PM0.1–2.5 size range, and yet
the lowest ROS activity level; days 2 and 3 have the lowest mass
concentration levels in the PM0.1 size fraction but possess a
higher ROS activity level. This is a clear indication that a mass
dose metric might not be a good metric for toxicity related to
welding fumes; however, it is clear that regardless of the mass
concentration level, nano-scaled particles will induce more ROS
activity.51,52

Table 4(b) presents the coefficient of determination (R2)
between the ROS activity and redox active metals. Except for
cadmium (Cd) and zinc (Zn), most metals presented higher R2

in the PM0.1–2.5 to PM0.1 size ranges; this trend is consistent with
the ROS activity observed. The coefficient of determination
analyses further conrms our hypothesis that toxicity increases
as the size of particle decreases.

We point out that due to the small sample of data points in
this study, results presented in this paper may be under-
estimated. The effect of nano-particles on ROS activity may be
greater than what was presented here. Furthermore, the corre-
lation between size distribution and ROS activity may be greater
than results presented by our study.

In conclusion, our results showed that nano-particles may
induce more toxic effects at the cellular level when compared to
particles that are larger, and is consistent with ndings from
previous studies.53,54
Conclusion

This study focuses on the physicochemical and toxicological
characterization of particles emitted from real world welding
activities using state of the art real time instrumentation and
analytical methods. The physicochemical and ROS generation
proles across different size fractions and sampling days
provided insights in terms of determinants of exposure and
toxicity. The results conrmed our hypothesis that smaller
particles (PM0.1–2.5 and PM0.1) generate more ROS activity and
should be evaluated carefully for risk assessment. The results
from this study will be helpful for future exposure and risk
assessment studies related to nanoparticles in occupational
settings.
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