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The bio-accessibility of 14 elements in welding fume particulate matter was investigated in 325 personal air

samples collected during welding in two shipyards and one factory producing heavy machinery. The

apparent solubility in a synthetic lung lining fluid (Hatch's solution) was used as proxy for the bio-

accessibility. The Hatch solubility of the different elements was highly variable with a median < 1% for Al,

Fe, Pb, Ti, between 4 and 6% for Co, Cr, Ni, V, W, between 13 and 27% for Cd, Cu, Mn, Zn, and 41% for

Mo. For many elements, the solubility varied over a wide range of several tens of percent. The welding

techniques used influenced the solubility of Co, Cr, Cu, Mn and V significantly. The plants investigated

(i.e., the welded materials and used electrodes) had a significant influence on the solubility of Co, Cr, Cu,

Mn, Mo, V and W. According to principal component analysis (PCA), the variation in solubility can be

described by four components, which explain 69% of the variance. The first principal component mostly

comprises elements that can predominantly occur as divalent cations, the second principal component

elements often forming oxyanions. The principal components are independent of the absolute value of

the Hatch solubility. The results of PCA indicate that the co-variation of Hatch solubility is mainly

controlled by the most soluble compounds in contrast to the absolute value of apparent solubility, which

is strongly influenced by the distribution of the elements between compounds with different equilibrium

solubilities. The observed large variability and the significant differences between welding techniques and

plants clearly show that the bio-accessibility cannot be obtained from the literature but has to be studied

experimentally at each location of interest.
Environmental signicance

In epidemiological studies, welding fume exposure was found to be associated with a number of adverse health effects including cardiovascular, neurological
and respiratory effects. Several in vivo and in vitro toxicological studies suggested that soluble metal compounds in WFs may play an important role in the
observed adverse health effects. Despite the importance of soluble metal compounds in developing adverse health effects, relatively little work on the solubility
of metals in WFs has been carried out, and these studies have focussed mainly on chromium, manganese and nickel. The aim of the present work is to apply
a previously developed leaching procedure in an exposure characterization study to obtain a broader overview of the bio-accessible fractions of 14 metals in
welding fume samples collected among shipyard welders and welders in a factory producing heavy machinery.
1. Introduction

Air contaminants emitted from arc welding processes are
a complex mixture of gases and solid particles. The poly-
dispersive particulate matter (PM) is formed mainly by evapo-
ration of the consumable electrode, and to a lesser degree from
PO Box 5330 Majorstuen, N-0304 Oslo,

University Darmstadt, Schnittspahnstr. 9,

, 2-Sovetskaya 4, St Petersburg 191036,

tion (ESI) available. See DOI:

hemistry 2019
the base metal, followed by rapid condensation and particle
growth under supersaturation conditions.1 Typically, the major
mass of welding fume (WF) PM is found in particles with
aerodynamic diameters ranging from 0.1 to 1 mm.1

The chemical composition of WF PM strongly depends on
the welding technique, welding parameters, welding electrode
including the ux and basemetal composition. X-ray diffraction
studies2,3 revealed a complex phase composition of WF PM with
the presence of variable amounts of different spinel group
oxides (e.g., magnetite, Fe3O4; jacobsite, MnFe2O4; iron(II) di-
manganese(III) oxide, FeMn2O4), metallic iron (ferrite, a-Fe),
potassium chromate (K2CrO4) and different uorides (e.g.,
sodium uoride, NaF; calcium uoride, CaF2; potassium
calcium triuoride, KCaF3). Studies applying scanning electron
and transmission electron microscopy, X-ray photoelectron
Environ. Sci.: Processes Impacts, 2019, 21, 497–505 | 497
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spectroscopy and secondary ion mass spectrometry revealed
core–shell structures of larger (>100 nm) WF particles. The
surfaces of such particles are usually enriched in more volatile
elements, like uorine (F), sodium (Na), potassium (K) and
calcium (Ca), while the core mostly consists of metals andmetal
oxides.1,5–7

In epidemiological studies, WF exposure was found to be
associated with a number of adverse health effects including
cardiovascular,8,9 neurological,10,11 and respiratory effects.12–17

Several in vivo and in vitro toxicological studies suggested
that soluble metal compounds in WFs may play an important
role in the observed adverse health effects.18–24 A recent study
showed that circulating leukocytes became impaired following
MMA stainless steel (SS) WF exposure.18 A probable factor in the
leukocyte dysfunction could be oxidative stress, which might
partly be explained by soluble chromium (Cr) in MMA SS WF.
Studies in both rats and mice showed that the soluble fraction
of MMA SS WF contributed to pulmonary toxicity.22,23 However,
in the rat study both the soluble and insoluble fractions of the
MMA SS WF were required to develop most pulmonary effects,
indicating that the responses are not dependent on soluble
metal compounds alone. Another study showed that more
soluble MMA SS WF had higher cytotoxicity to lung macro-
phages in rats and had larger effect on their function when
compared to less soluble GMA mild steel (MS) and GMA SS
WFs.19 Translocation of manganese (Mn) and Cr from the
respiratory tract of rats treated by intratracheal instillation with
manual metal arc-hardsurfacing (MMA-HS) WF leading to
deposition in other organs was reported by a study in 2010.21

Increased deposition of Mn was observed in e.g. discrete brain
regions, including dopamine-rich areas (striatum and
midbrain). MMA-HS WF was observed to be “highly water-
soluble” in this study. Mn translocated from lungs of rats to the
kidney and specic brain regions (olfactory bulb, cortex and
cerebellum) aer GMA-MS WF inhalation.20 A previous study
showed that Mn deposition in the striatum of rats was signi-
cantly higher aer manganese dichloride (MnCl2) intratracheal
instillation compared to less soluble manganese dioxide
(MnO2) treatment via the same route.24 Other administration
routes, however, resulted in approximately similar amounts of
Mn deposited in different organs in the case of both MnCl2 and
MnO2. The Mn concentrations in the investigated organs and
whole blood were signicantly higher in the case of exposed rats
compared to controls. These results clearly indicate that work-
place exposure to soluble Mn compounds poses a higher risk of
neurological effects compared to insoluble Mn compounds.

Despite the importance of soluble metal compounds in
developing adverse health effects, relatively little work on the
solubility of elements in WFs has been carried out, and these
studies have focused mainly on Cr, Mn and nickel (Ni). A variety
of different solvents were used in previous studies including
deionized (DI) water,21,25–27 ammonium acetate,3,28 phosphate
buffered saline19,29,30 and lung lining uid simulants (Gamble's
and Hatch's solution).31 Hatch's solution as the leaching solu-
tion and a dissolution time of 24 hours was suggested to be
a reasonable choice when investigating the bio-accessibility of
elements in WFs.31 The leaching method applied in this study is
498 | Environ. Sci.: Processes Impacts, 2019, 21, 497–505
a static one, using the same volume to each sample regardless of
the particulate mass and without agitation of the samples
during the incubation period. It might be mentioned that
dynamic extraction systems have also been previously applied,
e.g., to investigate soluble metal components in airborne
PM.32–34 There is no clear evidence, however, that using
a dynamic ow-through system, normalizing the volume of the
leaching uid or agitation of the tubes during the incubation
period give results which are more realistic than those gained
with the current model system in comparison with the
processes in the human body. One clear strength of the model
used in this study is the fact that the composition of Hatch's
solution is most similar to the composition of the lung lining
uid.

The aim of the present work was to apply the previously
developed procedure31 in an exposure characterization study to
obtain a broader overview of the bio-accessible element frac-
tions in WF samples collected among shipyard welders and
welders in a factory producing heavy machinery. Special
emphasis was placed on the variability between different
welding techniques and plants.

2. Materials and methods
2.1 Sampling

Welding fume samples were collected in three facilities in St
Petersburg (Russia), two shipyards (plant 1 and 2) and a factory
producing heavy machinery (plant 3) among 137 male welders
performing manual metal arc (MMA) as well as automatic and
semi-automatic metal inert gas (MIG) welding. The base metal
was unalloyed structural steel in most of the cases and in some
instances corrosion resistant steel was also welded. Eleven
different types of welding electrodes were used with varying
frequencies and compositions. Most of them had low amounts
of alloying elements. For example, the Mn content was between
0.6 and 2.2% in the different welding electrodes. Some elec-
trodes contained Cr and Ni up to 19 and 9.8%, respectively. The
electrode types and their composition were registered when
performing the sampling. These data were, however, not used
later because they would make the statistical analysis of the
results very complicated. The welding mode, such as current
and voltage, the shielding gases and their ows were neither
registered nor used because of the same considerations.

Personal full-shi sampling was performed in the welders'
breathing zone on two consecutive days. In many cases not only
one, but two, in a few cases three or four samples were needed
to assess full-shi exposure of one welder. In such cases,
sampling cassettes had to be changed in many cases during
a full-shi period due to high particle lter load which resulted
in reduced ow rates.

Altogether, 325 air samples were collected with Millipore (25
mm) “total” aerosol plastic cassettes (Merck KGaA, Darmstadt,
Germany) equipped with 5.0 mm pore-size polyvinyl chloride
membrane lters (SKC Ltd, Dorset, UK) mounted underneath
the welding helmet in the welders' breathing zone, as previously
described.35 SKC Sidekick pumps (SKC Ltd, Dorset, UK) oper-
ated at an initial air ow rate of 2.0 L min�1 were used. The ow
This journal is © The Royal Society of Chemistry 2019
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rate drop (typically between 0 and 40%) was considered in the
calculation of individual air volumes. The uncertainty of air ow
volumes is less than 20%, and inuences only air concentration
data but not the solubility obtained from leaching experiments.
The samples were stored typically several months aer collec-
tion until they were analysed. According to our previous exper-
iments (data not published), the storage time (from one hour
aer collection) and conditions (such as temperature) did not
affect the solubility of metal compounds in welding fume
samples taken by MMA and MIG welding.
2.2 Gravimetry

For 229 out of 325 lter samples, the collected aerosol partic-
ulate mass was determined gravimetrically with a Sartorius
Micro model MC5 balance (Sartorius AG, Göttingen, Germany)
in a weighing room dedicated to low lter mass measurements,
under controlled relative humidity (40 � 2%) and temperature
(20 � 1 �C) conditions. The balance was calibrated daily. The
accuracy and precision of gravimetry were assessed by weighing
certied reference masses (19.989 � 0.030 and 49.953 � 0.040
mg). The mass detection limits (DLs) calculated as 3 times
standard deviation of all eld blanks were below 0.01 mg for the
lters used in our study.
2.3 Analytical procedures

Sample preparation and leaching experiments were performed
with slight modications as outlined in earlier publications.31,36

Details are given in the ESI.†
Element contents of the Hatch soluble (bio-accessible) and

Hatch insoluble fractions were determined by an Element2
(Thermo Fisher Scientic Inc., Bremen, Germany) inductively
coupled plasma sector eld mass spectrometer (ICP-SF-MS) and
a Perkin Elmer Optima 7300 (Perkin Elmer Inc., Waltham, MA,
USA) inductively coupled plasma optical emission spectrometer
(ICP-OES), respectively. The ICP-SF-MS was required for the
measurements of the element concentrations in diluted leach-
ates. Both instruments were calibrated with matrix-matched
solutions (Hatch's solution and/or acids). Accuracy was
assessed by comparing compositions of realistically exposed
welding aerosol lters – obtained by a previously validated
method37 – to the total amounts of elements (Hatch soluble +
Hatch insoluble) determined by ICP-SF-MS and ICP-OES. DLs as
well as recoveries are listed in the ESI (Table S1†).
2.4 Statistical analysis

As a signicant fraction of the samples investigated contained
values below DL (Table 1), the statistical analysis of solubility
consistently followed the recommendations given by Helsel for
censored data.38

The main focus of our contribution is the Hatch solubility
(HS) of WF components which was calculated as the ratio of the
mass of the soluble fraction of an element in the WF sample
(msol) and the sum of the mass of the soluble and Hatch
insoluble fractions (minsol):
This journal is © The Royal Society of Chemistry 2019
HS ¼ msol

msol þminsol

;

If both fractions are below DL, no information on the HS is
obtained, as HS can vary between 0 and 1. If only one of the two
fractions is below DL, the HS is interval censored. Formsol $ DL
and minsol < DL, the following interval is obtained for HS:

msol

msol þDLinsol

\HS# 1;

with DLinsol being the DL of the Hatch insoluble fraction.
For msol < DL and minsol $ DL, HS lies in the following

interval:

0#HS\
DLsol

DLsol þminsol

;

with DLsol being the DL of the soluble fraction.
Summary statistics for the whole dataset as well as for

subgroups (plants and welding techniques separately) was
computed using nonparametric survival analysis methods. As
the dataset consists of interval censored data, the nonpara-
metric maximum likelihood estimate of Turnbull was used to
calculate a survival function and to determine quantiles.39

Possible inuence of the plant and welding technique on
Hatch solubility (later oen referred to as solubility) was
investigated with two different approaches: (a) logrank test for
interval censored data,40 and (b) two-way analysis of variance
(ANOVA) using ranks.41,42 In both cases, the dataset originally
consisting of 325 samples was reduced by eliminating samples
with unknown plants (12 samples), and with a mixed or
unknown welding technique (50 samples). The remaining 263
samples were from three different plants and included three
different welding techniques (manual MMA, automatic MIG,
semi-automatic MIG). Group comparisons using the logrank
test were conducted separately for the welding technique and
plant. The scores used for group comparison were calculated
aer Sun and gave a constant weight to all measurements in
contrast to the oen used Wilcoxon-type tests which emphasize
early differences (i.e., differences at low solubility).43 Pairwise
comparisons were then conducted (also with the logrank test)
for all elements with a signicant difference in the overall group
comparison. Bonferroni correction was applied to assess the
signicance of these pairwise comparisons. In addition to the
logrank test, potential inuence of the plant and welding
technique was assessed with two-way ANOVA using ranks.41,42

With this approach it is possible to investigate the main and
interaction effects whereas in the survival analysis approach
(logrank test) only the main effects can be studied.

Principal component analysis (PCA) was used for dimension
reduction and for extraction of chemically interpretable factors.
PCA was performed with ranks (for the complete dataset as well
as for each plant and welding technique separately) as recom-
mended by Helsel for interval censored data.38 The ranks used
in two-way ANOVA and in PCA were calculated from generalized
Wilcoxon–Mann–Whitney scores.40

All statistical calculations were performed with R version
3.0.3,44 and using the packages interval40 and psych.45
Environ. Sci.: Processes Impacts, 2019, 21, 497–505 | 499
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Table 1 Overview of particle mass (mg m�3; n ¼ 229) and element (mg m�3; n ¼ 325) concentrations in workplace air

Particle mass

Below DLa Minimum Median 0.90 quantile Maximum

0 0.06 9.0 24.9 90.5

Element Hsol
b Hinsol

c Hsol
b Hinsol

c Hsol
b Hinsol

c Hsol
b Hinsol

c Hsol
b Hinsol

c

Al 219 2 <0.16 <0.77 <0.16 35.2 1.14 122 7.64 2040
Cd 9 147 <0.0006 <0.015 0.020 0.092 0.097 0.22 8.34 11.5
Co 150 35 <0.011 <0.017 0.027 0.31 0.062 1.27 0.72 11.3
Cr 8 10 <0.027 <0.24 0.20 6.20 2.03 18.6 4270 1300
Cu 26 37 <0.13 <0.76 3.19 16.5 19.6 75.9 85.9 164
Fe 6 0 <0.25 1.5 16.6 2060 58.4 7780 152 13 700
Mn 2 2 <0.040 <0.16 33.3 249 260 1630 796 6090
Mo 17 162 <0.013 <0.16 0.14 0.41 1.19 1.66 36.2 31.4
Ni 4 5 <0.017 <0.22 0.21 4.84 0.98 24.2 96.3 490
Pb 230 12 <0.0014 <0.085 <�0.0014 4.11 0.063 14.3 3.39 968
Ti 201 2 <0.010 <0.16 <0.010 13.0 0.24 103 8.27 4300
V 60 71 <0.0050 <0.10 0.021 0.47 0.18 2.65 10.3 33.6
W 30 40 <0.0027 <0.097 0.027 1.04 0.21 4.93 54.1 65.9
Zn 9 36 <0.069 <1.1 13.1 48.5 68.2 271 527 3650

a Number of samples below the detection limit. b Soluble in Hatch's solution. c Insoluble in Hatch's solution.
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3. Results

An overview of particle mass and element concentrations
according to Hatch solubility encountered in the workplace air
is given in Table 1. The Hatch soluble ratios of different
elements obtained from all 325 samples are summarized in
Table 2. The solubility of elements is quite variable. Very low
values with a median below 1% were observed for aluminium
(Al), iron (Fe), lead (Pb) and titanium (Ti). Higher solubility was
found for cobalt (Co), Cr, Ni, vanadium (V), and tungsten (W)
with a median between 4 and 6%, as well as for cadmium (Cd),
copper (Cu), zinc (Zn) and Mn with a median between 13 and
27%. The highest solubility (median of 41%) was obtained for
molybdenum (Mo). For many elements the solubility varies over
a remarkably wide range (Table 1). For example, values between
approximately 1 and 56% (0.05 and 0.95 quantile) were
observed for Cr, between 3 and 59% for Cu, and between 16 and
81% for Mo.
Table 2 Summary statistics of Hatch solubility (ratios) of all 325 sample

Element Minimum 0.05 quantile 0.25 quantile

Al <0.001 <0.001 <0.001
Cd <0.012 0.098 0.172
Co <0.006 0.010 0.030
Cr <0.002 0.007 0.017
Cu <0.012 0.028 0.120
Fe <0.001 0.001 0.004
Mn <0.003 0.019 0.062
Mo <0.036 0.157 0.285
Ni <0.009 0.018 0.029
Pb <0.001 <0.001 0.001
Ti <0.001 <0.001 0.001
V <0.001 0.004 0.032
W <0.002 0.003 0.011
Zn <0.019 0.047 0.134

500 | Environ. Sci.: Processes Impacts, 2019, 21, 497–505
The inuence of the welding technique and plant on the
solubility was studied with two different approaches (see
Section 2.3). If the p-values (Tables S2 and S3†) are classied
into three categories (p $ 0.05 not signicant; 0.01 # p < 0.05
signicant; p < 0.01 highly signicant), it becomes obvious that
both approaches (survival analysis techniques and two-way
ANOVA on ranks) yield for most elements the same result
when the inuence of the plant on the solubility is considered.
Merely for Al and W, a slight difference (signicant vs. highly
signicant) was obtained. With respect to the welding tech-
nique, there is less agreement between the two statistical
approaches. Still, for 10 of the 14 elements identical ndings
were obtained. However, for Cd, Co, Fe and Mo the two analysis
procedures yield conictive results. Summary statistics of the
solubility is given in Table 3, separately for the three different
welding techniques and the three different plants. The
elements: Al, Fe, Pb, and Ti with very low solubility (median
always <1%) oen show statistically highly signicant
s

Median 0.75 quantile 0.95 quantile Maximum

0.003 0.009 0.032 0.239
0.272 0.379 0.666 0.669–1
0.049 0.094 0.343 0.623
0.036 0.119 0.561 0.802
0.234 0.327 0.594 0.827–1
0.007 0.015 0.045 0.209
0.126 0.192 0.321 0.491
0.407 0.528 0.807 0.906
0.040 0.054 0.093 0.175
0.001 0.004 0.033 0.614–1
0.001 0.003 0.014 0.075
0.058 0.099 0.249 0.368
0.038 0.070 0.284 0.691
0.198 0.304 0.506 0.835–1

This journal is © The Royal Society of Chemistry 2019
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Table 3 Summary statistics of Hatch solubility (ratios) separately for different plants and welding techniques (263 samples)

Element Quantile Plant 1 Plant 2 Plant 3 Manual MMA Semi-automatic MIG Automatic MIG

Al 0.1 <0.002 0.001 0.002 0.001 0.001 0.004
0.5 0.003 0.003 0.002 0.004 0.001 0.013
0.9 0.020 0.010 0.018 0.029 0.011 0.018

Cd 0.1 0.113 0.133 0.109 0.119 0.121 0.166
0.5 0.231 0.255 0.253 0.302 0.223 0.280
0.9 0.378 0.540 0.485–1 0.485–1 0.540 0.304–1

Co 0.1 <0.012 0.012 0.023 <0.013 0.012 0–0.069
0.5 0.033 0.043 0.140 0.053 0.044 0.172
0.9 0.069 0.105 0.328 0.327 0.126 0.477

Cr 0.1 0.011 0.008 0.024 0.021 0.009 0.048
0.5 0.033 0.022 0.199 0.183 0.022 0.142
0.9 0.065 0.096 0.728 0.728 0.059 0.384

Cu 0.1 0.024 0.050 0.035 0.099 0.035 0.168
0.5 0.242 0.185 0.404 0.272 0.194 0.594
0.9 0.320 0.371 0.639–1 0.639–1 0.364 0.594

Fe 0.1 0.002 0.002 0.002 0.001 0.002 0.004
0.5 0.007 0.009 0.006 0.006 0.009 0.006
0.9 0.039 0.028 0.018 0.024 0.028 0.027

Mn 0.1 0.046 0.059 0.016 0.019 0.064 0.022
0.5 0.134 0.178 0.047 0.059 0.177 0.047
0.9 0.269 0.299 0.141 0.149 0.306 0.136

Mo 0.1 0.166 0.262 0.199 0.165 0.214 0.138
0.5 0.308 0.582 0.380 0.390 0.431 0.335
0.9 0.499 0.745–1 0.632 0.644 0.680 0.508

Ni 0.1 0.017 0.029 0.016 0.015 0.024 0.020
0.5 0.034 0.043 0.026 0.029 0.041 0.028
0.9 0.084 0.075 0.051 0.073 0.068 0.060

Pb 0.1 0.000 0.001 0.000 0.000 0.001 0–0.001
0.5 0.001 0.001 0.002 0.001 0.001 0.009
0.9 0.002 0.012 0.025 0.012 0.007 0.060

Ti 0.1 0.001 0.001 0.001 0.001 0.001 0–0.001
0.5 0.001 0.001 0.005 0.005 0.001 0.003
0.9 0.005 0.005 0.014 0.014 0.002 0.016

V 0.1 0.033 0.005 0.017 0.032 0.005 0–0.027
0.5 0.073 0.043 0.071 0.088 0.044 0.042
0.9 0.145 0.138 0.237 0.258 0.133 0.201

W 0.1 0.006 0.003 0.025 0.021 0.003 0.029
0.5 0.048 0.013 0.041 0.054 0.021 0.040
0.9 0.088 0.116 0.099 0.160 0.104 0.070

Zn 0.1 0.086 0.100 0.038 0.047 0.086 0.066
0.5 0.238 0.186 0.190 0.176 0.200 0.254
0.9 0.530 0.342 0.394 0.464 0.375 0.381–1
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differences between the three plants as well as between the three
welding techniques. However, due to their very low solubility
these differences are regarded as of no practical relevance and are
not considered further. The elements Cd, Mo, Ni, W, and Zn have
approximately similar solubility independent of the welding
technique. All other elements show signicant differences in
solubility if the different techniques are compared. For the
different plants, approximately similar solubility is only observed
for Cd, Ni, and Zn. The solubility of all other elements differs
signicantly in the three plants investigated.

Principal component analysis (PCA) was rst performed with
all 325 samples for the assessment of the solubility of the
different elements. The number of extracted components was
derived from the Kaiser–Guttman criterion, i.e., only principal
components with an eigenvalue > 1 were taken into account.
Aer applying varimax rotation, a clear pattern was obtained
This journal is © The Royal Society of Chemistry 2019
(Table 4). The rst rotated component explaining 24% of the
variance has high loadings (>0.8) on Fe, Mn, Ni and Zn. The
correlation between Fe and Mn is illustrated in Fig. 1. The
second rotated component explaining 22% of the variance has
high loadings ($0.5) on Al, Cr, Ti, V and W. The third rotated
component (12% explained variance) has high loadings (>0.7)
on Cd and Cu, the fourth rotated component (11% explained
variance) on Mo (>0.7). In a second step, PCA was performed
separately for the different welding techniques and plants.
Despite some differences in the factor loadings, the rst two
components obtained from all samples remained stable (albeit
changing their order in some cases). It is important to note here
that elements which load high on the same principal compo-
nent may have very different solubilities. For the rst compo-
nent, the median solubility varies by about a factor of 28, for the
second component by about a factor of 58.
Environ. Sci.: Processes Impacts, 2019, 21, 497–505 | 501
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Table 4 Principal component analysis (using ranks) of the solubilitya

Element

Factor loadings

RC 1b RC 2b RC 3b RC 4b

Al 0.25 0.69 0.12 0.13
Cd 0.32 0.10 0.75 0.04
Co 0.17 0.04 0.25 0.58
Cr �0.03 0.86 0.16 0.08
Cu �0.34 0.25 0.72 0.04
Fe 0.86 0.06 0.04 0.24
Mn 0.83 �0.37 �0.18 �0.08
Mo 0.07 0.05 0.32 �0.73
Ni 0.82 0.11 0.08 �0.09
Pb 0.47 0.20 0.34 0.51
Ti �0.04 0.79 0.21 0.27
V 0.05 0.76 �0.19 �0.34
W 0.01 0.52 0.33 �0.21
Zn 0.81 0.26 0.09 0.19
Variance [%] 24 22 12 11

a Based on correlation matrix and applying varimax rotation, all 325
samples. b Rotated components, only components with an eigenvalue
> 1 extracted.

Fig. 1 Correlation between the Hatch solubility of manganese and
iron assessed in welding fume samples.
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We did not nd a correlation between the solubility and the
total air concentration of an element. In addition, none of the
elements' solubility correlated with the respective amount of
the element in the particulate mass.
4. Discussion

The median value of the solubility of the different elements was
found to vary considerably between <1% (Al, Fe, Pb, Ti) and 41%
(Mo). It must be emphasized here that we have measured an
apparent solubility which is the solubility obtained in the
current leaching experiments without necessarily having
reached equilibrium. Thus, the large variation observed does
not reect differences in the equilibrium solubilities of the
different compounds present. Rather, the large variation of
502 | Environ. Sci.: Processes Impacts, 2019, 21, 497–505
solubility between the investigated elements may be to a large
extent caused by differences in the distribution of an element
among compounds with higher and lower equilibrium solu-
bility. For example, Fe is predominantly contained in oxides or
occurs as the metallic phase with low equilibrium solubility,
which should also lead to a low solubility of this element. The
same is generally true for Mn, but some fraction of Mnmay also
be present in more soluble compounds (e.g., Mn2O7). Thus, the
higher solubility of Mn (compared to Fe) may simply reect the
presence of a larger fraction of more soluble Mn compounds.

In addition to chemical and phase composition, the solu-
bility of elements in WF particles is also inuenced by further
parameters, such as size and morphology of the particles,
composition of the solvent as well as characteristics of the
leaching process including volume and pH of the solvent,
leaching time and temperature. Due to the complex solubility
behaviour, it is difficult to make general statements on element
solubility/bio-accessibility in WFs. In addition, interpretation of
the measured solubility is hampered by the fact that the
compounds present and the distribution of the elements
investigated among these compounds are not known.

The phase composition of WF PM was studied previously by
X-ray diffraction (XRD) spectrometry, and various oxides as well
as other compounds were found.2–4 Magnetite (Fe3O4) is the
most oen identied phase in gas metal arc (GMA) and MMA
WF. Di- and trivalent ions like Mn2,3+, Ni2+, and Cr3+ can
substitute for Fe in the magnetite crystal lattice. Besides
magnetite, other spinel group oxides, like jacobsite (MnFe2O4),
and iron(II) di-manganese(III) oxide (FeMn2O4) as well as
metallic Fe (ferrite, a-Fe) were observed by XRD. Potassium
chromate (K2CrO4) was also found.2–4 The relatively low (median
# 4%) solubility of Fe, Cr, Ni, and Ti can be explained by the
predominant occurrence of these elements as spinel group
oxides or metallic particles. Mn does also occur as spinel group
oxides (see above). However, the much higher solubility
(median 12.6%) most likely indicates the presence of some
more soluble Mn containing compounds.

The low percentages of Hatch soluble Al and Fe might be
partly explained by the slightly basic (pH 7.4) conditions of the
solution, as dissolved Al3+ and Fe2,3+ can precipitate as
hydroxides.46 The high solubility of Mo might be caused by the
presence of hexavalent Mo as molybdate (MoO4

2�) anion at the
slightly alkaline pH of the Hatch's solution.47 Based on this
nding, it is suggested that a higher fraction of Mo is present in
the form of soluble hexavalent compounds in different WFs
compared to Cr, which is typically present in the form of soluble
chromates only in certain types of WFs like MMA WF.48,49

Molybdenum trioxide (MoO3) is slightly soluble (0.4–2 g L�1) in
water and is mainly present as molybdate anion.50 Based on
these ndings MoO3 might be the main Mo compound in most
of the welding fumes in which Mo is present. The generally
relatively high solubility of Cd, Cu and Zn in Hatch's solution is
in principle in good accordance with the higher equilibrium
solubility of the different Cd, Cu and Zn compounds compared
to the other metal compounds which can be present in WFs.51

However, without knowledge of the distribution of these
elements among the different compounds no denite
This journal is © The Royal Society of Chemistry 2019
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conclusion can be drawn. Cr, V and W can be present both as
cations and anions in WF leachates with chromate (CrO4

2�),
vanadate (VO4

3�) and tungstate (WO4
2�) as the dominant

anions at higher pHs.47 Although the median solubility of these
elements was quite low (3–6%), it was changing over a wide
range, suggesting the presence of variable amounts of these
oxyanions. Ni and Co solubility was lower than 5% in more than
half of the samples. For both elements, the most common
oxidation state is +2. As Co(II) and Ni(II) salts are usually highly
soluble, it is concluded that these elements are present in WFs
mostly as or contained in less soluble or insoluble oxides.

The composition of the solvent also has a strong inuence
on the solubility of WF. Mo, Pb, and Ti solubility was very
different in water and in Hatch's solution in the case of MIG and
MMA WFs.31 The Pb compounds which can be formed from
Pb2+ cations and the anions present in higher concentrations in
Hatch's solution (carbonate, chloride, phosphate, sulphate)
have generally low solubility, which might explain the low
solubility of Pb in Hatch's solution.51 Ti4+ forms insoluble
precipitates with sulphate ions, which may also contribute to
the low solubility of Ti in Hatch's solution.51

As the applied welding technique had little or no inuence
on the Hatch solubility of Al, Cd, Fe, Mo, Ni, Pb, Ti, W and Zn, it
is suggested that the lung bio-accessibility of these elements
present in the deposited WF particles is also independent of the
welding technique. In contrast, the solubility of Co, Cr, Cu, Mn
and V was more dependent on the welding technique used,
indicating that these elements can be present in a larger variety
of different compounds compared to other elements investi-
gated. For example, Cr in MIGWF is more likely to be present as
Cr(III), while in MMA WF as Cr(VI) compounds.49 Based on our
results the situation could be similar for V, which might be
present in lower oxidation states inMIG and in higher oxidation
states in MMA WFs. The large amount of Cr(VI) present in
stainless steel MMA WF has been shown to be associated with
Na and K compounds in MMA welding uxes.52 Na and K
chromates are more stable at higher temperatures than most
other chromates and this could explain the presence of Cr(VI) in
larger amounts in MMA WF compared to MIG WF.53 In an
earlier study conducted in the same facilities as the present
study, much higher concentrations of K and Na were found in
personal air samples collected by manual welding compared to
automatic and semi-automatic welding.35 The higher solubility
of Cr in air samples collected by manual welding might be
explained by the presence of soluble Na and K chromates to
a larger extent compared to the other two techniques. If the Mn
solubility is evaluated with respect to the potential health risks
of soluble Mn compounds,20,24 it might be suggested that WF
generated by semi-automatic MIG represents a higher risk due
to the higher solubility compared to the other two techniques.
As some previous studies indicated,29,30 welding operating
parameters might have an effect on the welding fume compo-
sition and thus on the solubility of compounds. To investigate
this very complex issue is, however, beyond the possibilities of
any eld studies performed in huge welding plants.

The differences in the solubility of elements between the
different plants may be caused by different materials welded
This journal is © The Royal Society of Chemistry 2019
and by use of different electrode materials. Plants 1 and 2 are
both shipyards with similar production processes, thus similar
solubility of elements is expected for both plants. However, the
pronounced differences between these two plants observed for
Mo, V, and W draw the attention to the importance of local
assessment.

An important result of PCA is that the leaching behaviour of
the different elements is independent of the absolute solubility.
For example, the rst principal component has high loadings
on Fe, Mn, Ni and Zn, elements, which occur predominantly as
divalent cations, except Fe, which also oen exists as Fe3+. Their
median solubility varies between 0.7 and 19.8%. The second
principal component has high loadings on Al, Ti, Cr, V and W.
The latter three elements oen form oxyanions. Again, the
solubility of the elements strongly contributing to this factor
varies considerably between 0.1 and 5.8%. It should be
mentioned here that if the elements with very low (<1%) solu-
bility (Fe in the rst, and Al and Ti in the second principal
component) are omitted, the chemical interpretation of these
two components becomes more obvious: the rst principal
component consists of elements forming predominantly diva-
lent cations, the second principal component of elements
forming oxyanions.

As already mentioned, the absolute value of the solubility of
an element is strongly inuenced by the distribution of this
element between compounds with different equilibrium solu-
bilities. In contrast, the co-variation of the solubility of the
different elements mainly depends on the most soluble
compound(s), which oen contribute only a small fraction to
the total abundance of an element. Therefore, it is reasonable
that the principal components do not depend on the absolute
value of solubility.

Mo has the highest solubility and does not covariate with any
other elements. This observation most likely indicates that
a large fraction of Mo is present in solution as molybdate. In
contrast, only a much smaller fraction of Cr, V and W, which
also form soluble oxyanions, seems to occur as such soluble
compounds. The major fraction of the latter elements may be
present as less soluble oxides or metal phases. However, the
small fraction of more soluble compounds controls the co-
variation of the solubility leading to a distinct principal
component.

5. Conclusions

(1) The bio-accessibility of elements in welding fumes cannot be
obtained from literature data. Due to the large variations
observed in solubility, it is recommended to experimentally
determine the bio-accessibility separately for each welding
technique and plant under consideration.

(2) It is further advocated to always determine the phase
composition (e.g., by X-ray diffraction analysis) in future
leaching experiments to better understand the observed solu-
bility data.

(3) If the variation of the solubility of elements in different
samples (e.g., from different plants) is the main focus of
a research project (i.e., not the absolute solubility value), it may
Environ. Sci.: Processes Impacts, 2019, 21, 497–505 | 503
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be assumed that elements forming divalent cations as well as
elements forming oxyanions behave similarly.
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