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This thesis describes physical, chemical and biological studies of

fumes from six types of flux-coated welding rods, and a companion study of

the bacterial mutagenicity of 24 metal salts. The choice of the welding

rods was based on market availability and use, 'and chemical considerations.

Fume was generated using an automatic arc welder (MMAW process). The

mutagenicity study focussed on nickel (11) and chromium (V1), putative

carcinogens present in certain welding fumes. Summaries of individual

fume and mutagenicity studies are given below:

(1)

(2)

The generation rate and chemical composition of fume from AC
welding of E316L-16 stainless steel electrodes were studied under a
wide range of current (80-120A) and voltage (20-40V) conditions.
The marked variations observed in the fume generation rates and fume
composition are discussed in terms of arc temperature, gas shielding
effects and the volatility and thermodynamic stability of fume
components.

Fume from E316L-16 stainless steel electrodes was examined by
x-ray photoelectron spectroscopy. Fourteen elements were
determined. Necessary chemical information on the fume was
obtained using various analytical techniques. It is demonstrated that
NaF and KF are preferentially enriched on the particle surfaces and
that Na, K, F and Cr(V1) are appreciably leachable by water. The

toxicological significance of the resuits is discussed.
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(3)  Fume generation rates (FGRs) and electrode melting rates (EMRs) of
three types of hardfacing and two types of HSLA steel electrodes
were determined at optimum values of current. Significant variations
were observed in the FGRs and EMRs when arc voltage (and hence arc
current and power) was varied at a fixed current setting on the power
supply. The processes responsible for the observed variations are
discussed. Both AC and DC processes are examined.

(4)  Fume from AC welding of a high-manganese hardfacing electrode
showed no significant variation in chemical composition with
particle-size range in the size fractions 1.1, 1.1-2.0, 2.0-3.3,
3.3-7.0 and 27.0 um equivalent aerodynamic diameter. The physical
properties of the fumes from the hardfacing and HSLA steel
electrodes lie in the range: density = 3.0-44¢ cm'3; mass mean
aerodynamic diameter = 0.5-0.9 um (92-96% of fume < 7 um); and
BET surface area = 13-28 m? g [ |

(5) Elemental composition of the flux, fume and water-soluble fume
fractions from the hardf acing and HSLA steel electrodes were
determined using a wide range of analytical techniques. The results
obtained (including chromium speciation data) are discussed
alongside existing toxicological information.

(6)  Chromjum(V!) and selenium(VI) were found to be mutagenic in

standard Ames plate-incorporation assays. Cadmium (li),

beryllium (11), chrom tuw (V1) and -=~ivanadium (V) were detected in



(7)

(8)

(9)

viii
standard fluctuation assays. It was not possible to detect nickel (1)
and cadmium (I1) in modified Ames and fluctuation assays
(trimetaphosphate in the nutrient media in place of orthophosphate to
prevent precipitation of these metals as orthophosphates).
Metavanadate (V) was however detected in the modified Ames assays.
The results indicate that metal mutagens such as nickel (l1) and
chromium (V1) act by different mechanisms.
After treatment with potassium chromate at concentrations causing
ultramicroscopic cellular lesions (3.7 x 10'5M), only 25% of revertant
colonies of Salmonella TA100 replicate on fresh minimal pla»tes
containing biotin. Detailed investigations show that temporary
growth inhibition may be responsible for most of the non-replicating
colonies detected in Ames plate-incorporation assays of chromium
(V1).
Mitotic inhibitory activity and sister chromatid exchange (SCE)
induction in cultured Chinese hamster lung (Don) cells correlate with
the chromfum (V1) contents of the water-soluble extracts of welding
fumes. The growth inhibitory and genotoxic action of insoluble fume
particles is more complex and cannot be explained on the basis of
chromium (V1) alone.

Published values of equilibrium constants were used to calculate the
percentage of Cr042', Cr2072', HCrO,4 and HoCrO4 present in

aqueous solution at total chromium (VI) concentrations of



X
1072 - IO_6M, in the pH range 1-8. This is the first compilation of

such data.
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CHAPTER 1

INTRODUCTION



I

welding is the principal industrial process used for metal bonding.
The industrial use of welding is highly labour-intensive, labbur accounting
for 80-90% of production costs for all but the most automated processes
(1). 0.2-2% of the total work force in typical industrialised countries is
thus engaged in welding (1). The majority of welders are employed in the
ship building, transportation, building construction, petrochemical, mining
and metallurgical industries. These workers are exposed to fumes
released in the welding process, which may create some health hazards.

There are about 20 major types of welding processes used on ten
major classes of materials and hence an extremely widé range of possible
working environments (1). The electric arc welding of metals using (i) a
gas-shielded consumable wire electrode (Metal Inert Gas, MIG), and (ii) a
flux-coated stick electrode (Manual Metal Arc, MMA), are the two most
common types of welding. In general, the five combinations, MIG/mild
steel, MIG/stainless steel, MIG/aluminium, MMA/mild steel and
MMA/stainless steel account for 60-70% of all welding activity (1). The
substances produced during the electric arc welding of metals include a
mixture of complex oxides, fluorides, ozone and oxides of nitrogen. The
acute and chronic health effects (mainly respiratory irritation and related
effects) of the toxic substances present in welding aerosols are well
documented in the literature (2, 3). Considerable concern has recently
arisen over the presence of the potential cancer-causing agents, nickel and

chromium (V1), in certain types of welding fumes (3).
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The prime purpose of this study was to investigate the physical
characteristics, chemical composition and biological activities of fumes
from stainless steel, hardfacing and high-strength low-alloy (HSLA) steel
MMA welding electrodes. A complementary study to evaluate possible
mechanisms of action consisted of in vitro bioassays of 20 different
metal ions including nickel and chromium (VI) using the Ames and other
test systems. It should be pointed out that although most metal ions are
reported to be mutagenic in at least one in vitro bioassay, the only metal
salts which are suspected or demonstrated human carcinogens are those of
nickel, chromium (V1), arsenic, cadmium and bery1lium (4).

Areview of literature on the physical, chemical and biological
studies of welding fume is given in Chapter 2. Following this, the thesis
is divided into three sections. The first section (Chapters 3 and 4) deals
with the generation rate and the bulk and surface composition of fume
from a common type of stainless steel elecirode; the second section
(Chapters 5, 6 and 7) deals with the physical characteristics and chemical
composition of fqmes from hardfacing and HSLA steel electrodes, some of
which contain chromium and nickel; and the third section (Chapters 8, 9
and 10) deals with the toxic and genotoxic action of fumes from the
hardfacing and HSLA electrodes, and the in vitro testing of metal ions for
bacterial mutagenicity.

The diverse nature of the work lends itself to each individual

study being presented as a separate and self-contained chapter in the
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thesis. Chapter 3 discusses variations in generation rates and chemical
composition of fume from a stainless steel (E316L-16) electrode. An
automatic arc welder and fume collection system are described in this
chapter. Chapter 4 describes the results of surface analysis of the fume
and water-washed fume from the stainless steel (E316L-16) electrodes
using x-ray photoelectron spectroscopy (XPS). Bulk analysis data obtained
using a wide range of experimental techniques are also included in the
chapter. Chapter 5 presents fume generation rate (FGR) and electrode
melting rate (EMR) data for three types of hardfacing and two types of
HSLA steel electrodes using both AC and DC welding. Chapter 6 deals with
density, particle-size and BET surface area measurements of the fumes
from the hardfacing and HSLA steel electrodes. The fume fractions
produced using a 4-stage cascade impactor, were chemically analysed for
one of the hardfacing electrodes to examine the relationship between fume
composition and particle-size range. Results of these chemical
measurements are also discussed in Chapter 6. Included in this chapter is
also a detailed investigation of the variation of FGRs of this hardfacing
electrode with arc voltage over a wide range of constant current
conditions. Chapter 7 gives a detailed chemical analysis (including mass
balances) of the flux, fume and water-soluble fume from the hardfacing
and HSLA steel electrodes. Emphasis is given to the chromium speciation
results. Chapter 8 contains results of standard and modified Ames and

fluctuation assays of 24 metal salts. The different ions tested, some of
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which may be present in welding fumes, were chosen on the basis of their
coordination chemistry, redox properties, and/or known toxic action, and

include Be2*, Cd2*, cr3*, Co2*, cu?*, pp2* Mn2*, Hg2*, Ni*, 0s3*

)

6- - - - - - e - RO
M070,,4°7, VO3, [Sb(OH)g]™, CrO 4%, Mn0 4, HASO 427, F~, AsO,, BiO3
Se042' and Se032'. Modified culture media were prepared by using

trimetaphosphate fons instead of the orthophosphate used in standard
media. The media modifications were introduced to prevent precipitation
of metals such as nickel and cadmium as their insoluble phosphates.
Chapter 9 looks specifically at ‘false’ reversion in Salmonella TA100
assays of chromium (VI). The investigation was undertaken to find out ff
‘false’ reversion affects quantitative estimates of chromium (VI)
mutagenesis in Salmonella. Chapter 10 describes an investigation of the
water-soluble and the water-insoluble fume fractions from the hardfacing
and HSLA steel electrodes for mitotic inhibition and sister chromatid
exchange (SCE) in cultured Chinese hamster lung (Don) cells. This work
complements the chemical results described in Chapter 7. The major
objective here was to find a relationship between the chromium (V1)
contents of the welding fumes and their SCE activities.

Appendix 1 describes the chromium (VI) system in solution
(concentration range 1072 - 107%M) over the pHrange 1-8. The study was

carried out in the context of the Ames test.



CHAPTER 2



S.

In this chapter, the literature on welding fume is reviewed under
the following sections:

(1) the welding process,

(2)  health effects of welding fume,

(3)  mutagenicity studies of welding fumes,
and  (4) physical and chemical studies including new areas of

welding fume research.

This review is general; literature relevant to individual topics is

discussed, where appropriate, in the relevant sections of Chapters 3-10.

2.1 THE WELDING PROCESS

Manual metal arc welding (MMAW), is a process which uses
electrc;des coated with a mixture of materials which by melting and
decomposition provide readily ionised compounds for arc maintenance,
slag formers, and a non-oxidising atmosphere. Fume is an extremely
complex by-product of the arc welding process. In manual metal arc
welding, fume arises by vaporisation of the core metal and flux
components of the electrode. The various constituents of the core metal
and flux react at the high temperatures of the welding arc to produce a
mixture of oxides, which rapidly condense to form particles of less than
1 um in diameter (S, 6), and then appear to grow in size with time due to
agglomeration (7). Particles in the range 1-7 um thus develop with time

(7). These constitute the greatest health hazard because of their ability
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to penetrate deep into the lungs and because they are not readily cleared
by the cilia lining the respiratory tract (7).

A genefalised representation of fume and other by-products of

welding is given in Table 2.1.

Fume
(Particulate content) Radiant Energy Gases Other

Aluminium uv Carbon dioxide Heat
Chromium Visible Carbon monoxide Noise
Copper Infrared Nitrogen oxides

Fluorides Ozone

Iron

Lead

Magnesium

Manganese

Nickel

Silica, silicates
(amorphous)

Titanium
Vanadium

Zinc

From: Effects of Welding on Health, Amercian Welding Society, Miami, 1979.
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Fume concentrations (particulate content) of the order of 100-400 mg/m3
may be produced in the rising column of hot air directly above the arc (1)
Average breathing zone concentrations depend to 2 large extent on the type
of welding process used, but levels of 5 mg/m3 are currently typical
throughout the welding industry (8, 9).

High temperatures produced by the arc can cause emission of
infrared, visible and ultraviolet radiation and in turn, ozone and oxides of
nitrogen (Table 2.1). These potential hazards are well understood and
several excellent review papers are available in the literature (3, 10-13).

The discussion below is limited to the particulate form of fume.

22 HEALTHEFFECTS OF WELDING FUME

Doig and McLaughlin (14) as early as 1936 reported x-ray findings
in welders of fine nodulation and stripping described as “siderosis".
Parkes (15) later defined this as a “benign pneumoconiosis due to
inhalation of dust and fume of metallic iron or iron oxide™. Many of the
later papers, however, are concerned not so much with the health hazards
from iron but from nickel, chromium, manganese, cadmium, zinc, lead and
fluorides, etc., in the welding fume. It is since about 1970 that the
scientific method has been brought to bear on welding fume health studies.
Stern (16) carried out an extensive literature search of the toxic
substances to which welders may be exposed and their effects on health.

From this study, Stern identified 20 papers and reports prior to 1970, 61



prior to 1975-and 153 prior to 1980.

The acute effects of the inhalation of various welding fume
components (e.g., nickel, chromium (V1), manganesé, cadmium) have been
reported and recently reviewed (17, 18). Such effects can generally be
related to a particular exposure and process. Chronic effects have
received less attention, because of the confounding effects due to
population dynamics e.g., job mobility (1), and from the masking of
| welding-related health effects by cigarette-smoking (19, 20). Stern (1)
has reviewed pneumoconiosis (silicosis, asbestosis and
silico-asbestosis), siderosis and pulmonary function studies of welders.
The literature discussed in Stern's review demonstrates the existence of
statistically significant exposure-related incidence of chronic respiratory
tract disease in welders. There are certain health hazards which are not
general but entirely process-dependant: e.g., exposure during the welding
of stainless steel in confined spaces to high concentrations of fume
containing water-soluble chromium (V1) has been reported to lead to both
acute and chronic chrome intoxification, dermatitis and asthma (21-27).

Baker (3) has reviewed the carcinogenic effects of stainless steel
and other nickel and chromium-bearing welding fumes. Some welding fume
components, for which there is already evidence of carcinogenicity or

which are suspect, are summarised in Table 2.2,



Table 22 Potential or | . | | |

Chromium (V1) Cancer in chromate workers.

Nickel Cancer in nickel-refinery workers.

Ozone Suspect carcinogen in laboratory
animals.

Silica Possible co-carcinogenic effects of

silica in haematite miners.

UV radiation 200-315 nm wavelengths are known to
be carcinogenic in animals.

Particulate form of fume Possible co-carcinogen or tumour
promoter due to irritant effects.

From: Baker (3).
The effect of the individual fume components is generally considered to be
additive (e.g., in the calculafion of threshold limit value (TLV) indices).
However, detailed scientific studies on possible synergistic or
antagonistic effects still remain to be done.

The prime target orvgan for welding fume particles is the lung (28).
There are several papers in the literature on the examination of lung
tissue in welders and in animals exposed to welding fumes. A discussion
of these studies is, however, not within the scope of the present thesis.

The literature on the biological monitoring of chromium (VI) in
welders, and the absorption, transport and excretion of chromium in man
and animals, has been reviewed by Langard (29). MMAW stainless steel
welders are exposed to much larger concentrations of chromium (V1) than

MIG stainless steel welders (3, 29).
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Epidemiological studies on welders:

The various epidemiological studies in the literature have been
reviewed and summarised by Stern (1, 4), and Baker (3). The reviews in
Refs 3, 4 are specific to epidemiology of lung cancer among welders
whereas the review in Ref. | includes surveys of both respiratory tract
disease and lung cancer. Baker has pointed out the limitations of
epidemiological studies, for example; a number of studies have not been
corrected for smoking habits or for the ethnic background of the welders.
The crude lung cancer mortality rates among the welding populations range
from 54/100,000 (30) to 183/100,000 (31); age distribution, tobacco use
and other factors among the welders and choice of reference population
will significantly affect the relative results in each case (4).

A search of the world literature up to 1982 has revealed 22
epidemiological studies of lung cancer among welders (4). Of these, 17
report more than 3 cases of lung cancer, and 16 of the 22 collectively
report a total of S86 cases (4). After excluding effects for shipyard
employment and smoking (shipyard welders have in the past been exposed
to asbestos), there still appears to be a “small but irreducible excess risk"
of lung cancer for general welding populations (4).

Epidemiological studies (and animal tests) have confirmed
chromium (V1) and nickel as occupational carcinogens (3). These health
risks have been determined from non-welding occupations (see Table 2.2).

There appear to be no conclusive epidemiological studies of cancer among
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welders involved in stainless steel and nickel-plated mild steel welding.

2.3 MUTAGENICITY STUDIES OF WELDING FUMES

For the vast majority of metal compounds, there is insignificant
human exposure and insufficient numbers of exposed individuals to
permit satisfactory epidemiological studies. Since full scale inhalation
testing using animals, is slow and expensive, the use of mutagenicity
tests as indicators of carcinogenicity, is now gaining acceptance as a
means of rapidly screening substances for potential hazard (32-41).
These short-term screening tests rely on the hypothesis that most
chemical carcinogens are able to interact with DNA before they can
induce cancer. The same reactive molecules can attack either microbial
or mammalian genetic material in similar ways (3). Reaction with
microbial DNA induces mutations which can easily be detected by the
Ames test (42, 43). Thus, most short-term in vitro tests have as their
measured endpoints phenomena that can be directly related to mutation
or malignant transformation (36, 44). In the particular case of the,
sister chromatid exchange (SCE) test, however, no such relationships
have been established and the biological significance and the molecular
mechanisms involved have yet to be identified (45, 46). Despite this,
the SCE test (see also chapter 10) is an important test for the
evaluation of genetic risk for man and a good complementary test for the

Ames test. The former conclusion is based on the reasoning that a number
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of steps which determine genotoxicity in vitro (e.qg,, solubility, rate of
formation of chemical species, activity of intermediate metalorganic
metabolites, membrane diffusion, and particle cell interactions such as
phagocytosils) can be.expected to occur in vivo as well.

A number of studies have been reported in the literature on the
mutagenicity of welding fumes. Hedenstedt et al. (47) and Maxild et al.
(48) showed stainless steel welding fumes to be positive in the Ames
Salmonella histidine revertant plate-incorporation assay. Chromium (VI)
has been shown to be an active mutagen in stainless steel welding fumes
(49, 50). An antagonistic effect has been proposed to explain the reduced
activity of chromium (V1) in MMA/stainless steel welding fumes (50).
MIG/stainless steel welding processes have been found to produce
particles of lower mutagenicity than MMA/stainless steel welding, and
particulates from mild steel welding are reported to be inactive in the
Ames Salmonella assay (48).

A slight but statistically significant increase in mutagenicity was
observed for stainless steel welding fumes in the N-thioguanine
resistance of V79 Chinese hamster cells which survive exposure to the
highly toxic material (47).

The recessive lethal test in drosophila gave a negative response
for exposure in the larval stage to MIG/nickel-containing welding fumes
and to MIG/stainless steel fume, and to fresh MIG/stainless steel fume in

the adult stage (49).
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Water-soluble chromium (VI) and fumes from a MMA/stainless
steel welding process representing an equivalent chromium (V|) dose
showed similar transplacental genotoxic potency in intraperitoneal
administration in the mouse spot test (Fleckentest) (51, 52). Stainless
steel welding fume particles have also been shown to be cytotoxic and
genotoxic in cultured mammalian cells (53).

There is still a general uncertainty in the relationship between
mutagenicity and carcinogenicity of metals (see also Chapter 1). To the
author's knowledge, there are not many long-term animal carcinogenicity
experiments of welding fumes currently in progress. Such studies may be
useful to further understand the effect of fume particles on the health of

welders.

2.4 PHYS|CAL AND CHEMICAL STUDIES OF WEIDING FUME
241 Effect of welding parameters on fume generation rates and fume
composition
A large number of parameters can be varied during a manually
carried out MMA welding process. |n addition, there are a wide variety of
applications for which the welding process may be used. The fume
generation rate and the composition of the fume are affected by both the
welding parameters and the type of application. Listed below are the most
important factors which have been shown to affect the rate of fume

formation and fume composition (S4).
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e  Voltage drop across the welding arc which is related to the arc length
being maintained (55, 56, S57).
o Weldirig mode, i.e., AC, DC electrode positive (DCEP) or DC electrode
negative (DCEN) (56).

e Arc current (55, 56, 57).
e Angle between electrode and workpiece (56).
° Position and type of weld, i.e, fillet, bead-on-plate, etc.

Arc voltage has been shown to affect both fume generation raté
(FGR) and fume composition (55, 57). Increasing the arc current has been
shown to increase the FGR measured with respect to time (g/min), but if
the FGR was measured with respect to the weight of electrode consumed
(a dimensionless quantity), then the rate was found to remain constant
with increasing.current (55, 56, 57). The increase in FGR measured in
g/min may be due to the increase in electrode melting rate (EMR) at
increased currents. Hore detailed studies are essential to further
understand variations in both electrode melting and fume formation rates
with welding parameters.

Previous standard techniques for the measurement of fume have
been based on hand welding techniques, e.g., the Swedish standard (58).
Results obtained using the Swedish fume box technique (58) have not been
found to be reproducible between different laboratories (S9, 60).
Recently, a specially constructed equipment to control the various welding

parameters during the production of fume from MMA electrodes has been
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described in the literature (61). Laboratory research on welding fume
using controlled and reproducible conditions is certainly of great value in
assessing health risks. Breathing zone considerations, for example, the
stance adopted by the welder and the positioning and type of headshield
used, are critical in determining the exposure of any individual welder to
fume (62).

242 X-ray photoelectron spectroscopy and other studies

X-ray photoelectron spectroscopy (XPS) provides surface
identification and quantitation (at depths of 2-5 nm without ion beam
etching) of a large number of elements, Including those with low Z, with
reasonably high sensitivities (63, 64). The applications of XPS in welding
fume research have however so far been limited to chromium speciation
studies (65, 66). XPS analysis of chromium in welding fume is important
because there still does not exist a totally unambiguous chemical method
for the bulk analysis of chromium (V1) (67, 68), and because instrumental
methods such as neutron activation analysis (NAA) and proton-induced
x-ray emission (PIXE) measure only total chromium and not the individual
chromium species, 1.e., C{(V1), Cr(II1) or CrP.

Lautner et al. (65) used XPS along with NAA, spectrophotometry
and atomic absorption to analyse the chromium in fumes from the MMA
welding of E308-16 stainless steel electrodes welded onto stainless steel
304, These authors used a deconvolution technique to resolve the Cr{VI)

and Cr(I11) peaks, and peak areas to determine the atomic ratios of the
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surface chromium species. Lautner et al. conclude that surface ratios of
chromium (VI) to chromium (111) may be used to calculate bulk chromium
(V1) and bulk chromium (I'II) once total bulk chromium has been determined.
Although the authors substantiate this claim with their experimental
findings, extrapolations of surface concentrations to bulk concentrations
using XPS data, may not be reliable except in the case of very small
(<0.01 um) particles and particles comprising aggregates of small
identical particles.

Bohgard et al. (66) used XPS in conjunction with PIXE,
spectrophotometry and transmission electron microscopy (TEM) to
measure the water-soluble and water-insoluble chromium (VI) and
chromium (1) in stainless steel welding fumes. The authors used TEM as
a guide for interpreting their XPS data and making surface vs. bulk
composition comparisons.

Senkevich and Prokopenko (cited in Ref. 69) studied the XPS
spectra of welding fume from rutile-coated electrodes and found that
when a S nm layer was removed by ion beam etching, the concentration of

potassium became halved. Also, after etching, the authors claim the XPS

spectra showed the presence of Fe30 4and MnO while the immediate
surface of the fume particles contained the more oxidised Fe503 and

Mn,03. The compounds were distinguished on the basis of small peak

position shifts and minor differences in peak shapes.
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The heterogeneity of welding fume particles has been
demonstrated using scanning electron microscopy/energy-dispersive x-ray
analysis (SEM / EDAX), particle-size fractionator/proton-induced x-ray
emission (PIXE), and other techniques (2, 70-72). By far the most detailed
investigations in this area are those of Stern (70, 71). A discussion of
this work is beyond the scope of the present thesis.

Voitkevich (69) has reviewed some new areas of welding fume
research which include spectroscopic, diffraction and resonance methods
for investigating welding fumes. He concludes that XPS, infra-red
spectroscopy, x-ray diffraction (XRD), electron diffraction and electron
paramagnetic resonance (EPR) methods should be used in conjunction with
each other in order to obtain maximum chemical information. Auger
electron analysis may be applied to determine the local concentration of
adsorbed gases on welding fume particles (71). EPR may be used to study
compounds of iron and manganese, and free radicals, etc., in welding fumes
(73).

The American welding Society (74) has recently published a
comprehensive study of six welding fumes, representing a variety of
welding rods and wires. Fumes were analysed by XRD,SEM/EDAX and
automated electron beam analysis, and by scanning transmission electron
microscopy (STEM)/electron diffraction. The suspended particulate
evaluation and classification system used in this study combines three

basic analytical instruments to produce its particle-by-particle analysis;



18.
an electron beam analyser is joined to a scanning electron microscope and
an'energy-dispersive X-ray analyser. No correlation was found between
average diameter and particle chemisti'y or between average diameter and
fume type. Even though no crystalline features were observed on the STEM,
all particles examined produced electron diffraction patterns, indicating
that individual fume particles contained crystalline material. Since the
bulk composition of the fumes from several different ferrous electrodes
was found to be similar, the investigators (74) were able to tailor a single
list of chemical categories for the suspended particulate evaluation and
classification system to identify particle types in a wide variety of

fumes.

25 DIRECTION OF RESEARCH

An evaluation of previous welding fume studies showed the
following gaps in the literature:
(i) lack of detailed and mechanism-oriented fume generation rate
measurements,
(11) lack of x-ray photoelectron spectroscopy (XPS) experiments to study
possible surface enrichment of species;
(iii) only one previous study on ‘false’ reversion of chromium (V1) (75); and
(iv) only one previous published study (not detailed) of the effect of MMA
welding fume particles on sister chromatid exchange (SCE) in cultured

mammalian cells (53).
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The focus of the present work was to provide, where possible, new data

and to verify and extend pertinent studies reported in the literature.



CHAPTER 3
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3.1 INTRODUCTION
Welders commonly experience increased fume production when the

arc length is increased beyond its normal value or when the current
setting on the power supply is raised. Variations in the rate of fume
generation have been reported for a variety of electrodes under different
current and voltage conditions (76-78). Kimura et al. (78) found that the
rate of fume generation increases with the apparent power (V.A) of the
arc. The elemental composition of welding fume has also been shown to
vary with the arc conditions (77). Studies to date have concentrated on
examining a broad range of electrodes and provide only a small amount of
data for each electrode under different arc conditions. The present
investigation involves an exhaustive study of the welding fume from a
single type of stainless steel MMA electrode under a wide range of
precisely controlled AC arc conditions. The data may be used to test
proposed theories of fume formation and is essential for evaluating the

toxicology of stainless steel welding fume.

3.2 EXPERIMENTAL
3.2.1 Equipment for fume generation and collection

The automatic welder and fume collection system (Figs 3.1 and
3.2) comprised the following:
(1) An AC Weldarc 230 power supply with rated input current 13.5A at

415V, set on low current range (open circuit voltage 78V).



(1)

(111)

(iv)

(v)
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An automatic deposition machine (Steel Mains Pty. Ltd.) with a
horizontal work tabie driven by a variable speed motor set at
150 mm/min and an electrode feeder mechanism set at 45° to the
table.
An electronic controller (Steel Mains Pty. Ltd.) for the electrode
feeder mechanism which maintains a constant preset voltage
between the electrode and the work by raising or lowering the
electrode.
A galvanised steel hood (base dimensions 30 cm x 30 cm) with a
Fibrafax skirt connected by galvanised steel tubing (S cm 1.D;
wrinkles at bends filled with plastic) to a galvanised steel cow]
(base dimensions 25 cm x 20 cm).
A high-volume air sampler (General Metal Works Model 2000) with
motor speed regulated by a variable transformer and fitted with a
20 cm x 25 cm glass-fibre fifter paper (air flow rate = 14 L/s).

The horizontal table moves on rollers with a total movement of

500 mm at speeds adjustable from 100 to 700 mm/min. The electrode

feeder mechanism comprises an insulated electrode holder mounted on a

worm thread which is driven by a DC Servo-motor. The electronic

controller operates both the horizontal drive table and the welding power

supply while continuously displaying the welding current and voltage,

which may be continuously recorded.
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Fig. 3.2 The welding and fume coliection system.
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Wwelding was initiated by placinga 1 cm ball of steel wool between
the electrode and the work. The voltage setting on the electrode feed
controller kept the arc length within close limits with a hunting action of
+ 2 mm superimposed on the downward feed. The flow rate of the
high-volume air sampier was the minimum required to prevent escape of
fume from beneath the hood skirt. Filter loading was monitored by making
pressure drop measurements (data not shown).
3.22 Chemical analysis of fume and flux

Fume was generated using 3.15 mm E316L-16 electrodes on
stainless steel 304 plates 6.25 mm thick. Fume from 2-4 electrodes (50%
of total filter capacity on filter-loading curve) was collected on the filter
paper, dried at 100°C and weighed prior to the chemical analysis. The
fume deposit was carefully brushed from the filter paper. The deposit was
examined for glass fibres or brush hairs and contaminated samples were
rejected. Duplicate 0.1g samples of fume were extracted with
nitric/hydrochloric and nitric/perchloric acids following the method
described by Miller and Jones (79). Acid insoluble material was removed
by filtration, ignited and weighed. The filtrate was analysed for the
metals iron, chromium, manganese, nickel, copper, potassium, sodium,
calcium, magnesium, using atomic absorption spectrophotometry. Fluoride
was analysed following nitric/hydrochloric acid digestion, usi‘ng an
jon-selective electrode. Atomic absorption measurements were made on

an Instrumentation Laboratory Model 551 instrument using flame
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atomisation with automatic background correction in the double beam
mode. An air-acetylene flame was used for all elements except chromium
and calcium, where nitrous oxide-acetylene was used. The matrices of
standard and unknown solutions were matched and standard instrument and
analytical conditions (80) were used. Appropriate ionisation suppressants
and releasing agents were added to standards and unknowns for the
following elements: potassium (1000 ppm caesium), sodium (2000 ppm
potassium), calcium (2000 ppm potassium) and magnesium (10,000 ppm
lanthanum). Fluoride analyses were made using an Orion Model 901
lonanalyser and a Model 94-09 fluoride selective electrode. Standards
were prepared containing the same concentration of iron (111) as the
unknowns and all fluoride concentrations were measured using solutions
at pH = 5-6 containing sodium acetate (0.9M), hydrochloric acidc(%,
sodium tartrate (0.5M) and trishydroxymethylaminomethane (0.9M).

Qualitative analyses of the electrode flux coating were carried out
by x-ray fluorescence (XRF) spectrometry. Samples of flux coating were
pelletized by fusing with lithium metaborate and analysed using a United
Scientific instrument fitted with an energy dispersive Si (Li) detector and
a Tracor Northern TN2000 multichannel analyser.

A second-order polynomial least-squares fit was applied to the
fume generation data using standard programs on a Univac 1100 computer.

Both fume generation rate and chemical results correspond to experiments

in which welding was carried out at different arc voltages at fixed power
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supply (current) settings. Varying the arc voltage at a fixed current

setting on the power supply also varies the arc current and power.

3.3 RESULTS

The compositions of the stainless steel 304 base metal and the
weld deposit from E316L-16 electrodes are given in Table 3.1. Qualitative
XRF analysis of the electrode flux indicated the following components:
titanium, zirconfum, (major); potassium, calcium, éhromium, manganese,
nickel, silicon, niobium (minor); iron, rubidium, strontium, aluminium
(trace). Phosphorus, molybdenum, sulphur and chlorine were not detected:;
magnesium and sodium were not determined.

The reproducibility of fume generation rates using the automatic
deposition machine (relative standard deviation of six determinations)
was 2% at 21.5V,91A and 1% at 37.5V, 101A. Replicate values for the
rates of fume generation during sample collection were determined
periodically and lay within 5% of each other. The hunting action of the
electrode feeder mechanism (designed to mimic the manipulation by an
experienced welder) caused a variation of + 0.5V and + 8A. Average
voltage and current values at a particular power supply setting varied by
t 3%.

Variations in the rate of fume generation under different welding
conditions are shown in Fig. 3.3. Points with similar fume generation

rates were contoured using a least-squares curve fit to yield "isofume”
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lines (goodness of fit 88%). The effect of V.A upon the rate of fume
generation is given in Fig. 3.4. The effects of arc voltage on the fume
composition and rates of element release in fume are given in Figs 3.5 and
3.6 for 100A and 120A power supply settings. Duplicate chemical
analyses differed by an average of 2% (maximum 5%). Approximately 20%

of the fume was acid insoluble.

Table 3.1. Composition of the base metal (55.304) and the weld

deposit (E3161-16 electrodes).
Percentage by weight (3
Element Base metal weld deposit(®)

(5.5.304) (E316L-16)
Fe 70.64 64.98
Cr 18.35 19.02
Mn 1.29 1.76
Ni 8.85 11.34
Cu 0.05 0.04
Mo 0.17 227
Nb < 0.005 0.02
Ta - 0.01
Ti - 0.02
Si 0.54 0.49
C 0.05 0.023
P 0.03 0.017
S 0.02 0.004

(a) Percentage values for iron were obtained by difference.

(b) certificate of analysis provided by the manufacturer for a batch of

electrodes.
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Fia. 3.3 |sofume curves for 3.15 mm E316L-16 electrodes. Machine-

electrode characteristic curves at 85, 93, 100, 110 and 120A
settings are shown as lines of best fit to the experimental data
points ( ® ). Fume generation rates (g fume/kg electrode melted)
are indicated at each point on the machine-electrode curves.
Isofume curves (10.0, 15.0, 20.0 g fume/kg electrode) are drawn
using a bivariate least-squares polynomial fit. The dashed line

~ (----) indicates the minimum fume generation rate in each of the

machine-electrode curves.



29.

120A
20—
110A
15

[ ]

k-

(]

- 100A

Q 85A

2

®

@ 93A

2L
~

[ ]

E 10 -

3

[~ ]

/x
X
5 1 ¥ | 1 T
18 20 . 25 30 35 40
V.A (x1072)

Fig. 3.4 Effect of apparent power (V.A) on the rate of fume generation
using 3.15 mm E316L-16 electrodes at power supply settings of
85, 93, 100, 110 and 120 amps.



30.
Arc Current (A)

104 102.5 100 97.5 122 117 111 108 10?.5
9 - R S | ] 1 ] ] l
100 A WK
Fe
Cr
: \/
o
E
u ‘\\Q/&_a.Mn
w
°
-Na
T
[
o
H
Ni
=
2 0.9 1
@
3 Ca
Ca Ni
Ni
0.6
0.4 - Ca
4 e
M 9~¥4><:'M - P o— Mg
\Q\\&/v e
1
0 25 l 30 20 -’ 30 40
Arc Voltage (V)
Fig. 3.5 Effect of arc voltage on the composition of welding fume from

3.15 mm E316L-16 electrodes at 100A (left) and 120A (right)

power supply settings.



31.

Arc Current (A)

104 102.5 1
i 100 97.5 122 17

11 108 100.5%
1 {
1.8 - 100A

1.4

1.0 S

®
A4
2
o
2
[ 4
o
2L
~
€
(4
E
s

®  o0.25- Na
o

Ca

Ni

F M G o

~ Mi’_h:rﬁg g 8 e—g Mg

0 - - — Cy

30 20 30 40

Arc Voltage (V)
Fig. 3.6 Effect of arc voltage on the rates of element release in fume from

3.15mm E316L-16 electrodes at 100A (left) and 120A (right)

power supply settings.



32.

3.4 DISCUSSION

within the limits of stable arc, fume generation rates varied by a
factor of four (Fig. 3.3). For each machine-electrode curve, there was an
arc length (corresponding to particular current and voltage values) which
resulted in a minimum fume generation rate. The rate of fume generation
varied so critically with arc length that even an experienced welder might
choose to operate under conditions which would result in substantially
more than the minimum rate of fume generation. An inexperienced weider
using the same machine setting might easily produce fume at twice the
minimum rate. The highest and lowest voltages do not represent practical
welding conditions, but were chosen in order to probe the physical and
chemical processes occurring in the arc. The increase in fume production
with increasing arc length (increasing voltage) is probably due to more
vapour being expelled from the arc (78) as it becomes larger and hotter
(greater rate of energy dissipation). The relationship between fume
generation rate and apparent power in the arc (Fig. 3.4) supports this view:
for each setting of the power supply, the relattonship is approximately
linear in the region away from the short arc (low voltage) condition.
Kimura et al. (78) have reported a similar linear relationship between
fume generation rate and apparent power for a variety of electrodes. The
increase in fume generation under short arc conditions does not appear to

have been reported previously. It may result from the erratic operation of

the arc causing spattering and loss of gas shielding.
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The fumes generated at power supply settings of 100A and 120A
have generally similar elemental compositions (Fig. 3.5). The most notable
exceptions are sodium and potassium: at 100A sodium and potassium have
similar abundances, while at 120A potassium is nine times as abundant as
sodium. Sodium and potassium salts with the same anion boil at similar
temperatures (81) and are likely therefore to have similar volatilities in
the arc. Ejection of liquid droplets from the arc is unlikely to favour one
alkali metal over another. The different ratios of sodium to potassium
may be explained by each metai being associated with a different anion
(either in the original flux or in the arc) to produce compounds with
different volatilities. Although the ratio of sodium to potassium varied,
the sum of mean sodium and potassium concentrations in fume evolved at
100A and 120A settings respectively was constant.

There is a marked increase in the abundance of most elements in
fume produced under low voltage conditions, especially with a power
supply setting of 100A. These increased abundances must be associated
with decreased abundances of constituents which were not determined
(e.g., titanium and zirconium). Under the cooler conditions of a short arc,
metals such as titanium and zirconium, which form refractory compounds,
may be relatively less volatile than at higher temperatures. Chromium is

exceptional in having a lower abundance in fume produced under low
voltage conditions than under normal welding conditions at 100A. This

may be due to an increased concentration of oxygen in the erratic arc
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leading to the formation of poorly-volatile chromium (i11) oxide.

Chromium (I11) oxide is more stable than iron, manganese, nickel and

copper oxides at 2000°C (Table 3.2) and should be formed preferentially

from the vapour of the electrode alloy. While reliable data for the boiling

points of metal oxides could not be obtained, the order of the melting

points (Table 3.2) indicates that chromium (I11) oxide should be less

volatile than the other metal oxides.

Table 3.2 Physical and thermodynamic properties of relevant

metals and metal oxides,
Boiling Composition | Melting | aG; of metal
Metal point(@ of stable point of | oxlide per
(*C) oxide at oxide® | mole of metal(C)
2000°C (*C) (kd mol ™!
at 2000°C)
iron 2750 FeO 1424 -120
chromium | 2480 Cr,05 2400 -255
manganese| 2100 MnO 1875 -200
nickel 2730 NiO 1960 - 30
copper 2600 Cu,0 1230 - 15

(@ Handbook of Chemistry and Physics, S5th edition, 1974-75.

(b) Kubaschewski, 0. and Hopkins, B.E., Oxidation of Metals and Alloys,

Butterworths, London, 1962.

(€)  Richardson, F.D. and Jeffes, JHE., J. iron St. Inst., 160 (1948) 261.
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The approximately linear relationship between the chromium
content of the fume and arc voltage at a power supply setting of 100A is
notable: the abundance of chromium in the fume doubles as the arc voltage
increases from 20 to 30V. Since chromium compounds are suspected of
having adverse health effects (82), this result may be significant.

The composition of the welding fume is very different from the
composition of the electrode metal. Comparative figures for the electrode
core wire and fume generated with a 120A power supply setting are given
in Table 3.3 (average fume compositions at 100A are similar). It appears
from the work of Gray et al. (83) that the volatilisation of elements from
the molten electrode core wire is an important mechanism for the
formation of fume particles in the arc. The simplest model assumes that
the metals behave ideally and that their partial pressures above the liquid
alloy surface may be calculated from Raoult's law (84). Due to the dilution
of electrode core wire elements in the fume by volatilised flux
constituents, comparisons must be made relative to a particular element.
Table 3.3 gives this comparison in terms of “enrichment factors™ relative
to iron. For the major elements, chromium, manganese and nickel, direct
application of Raoult's law provides values which are in fair agreement
with the experimental values. However, the concentration of copper in the
fume differed by an order of magnitude from the Raoult's law prediction,
and this may reflect non-ideal behaviour of this trace constituent in the

liquid metal solution. A more rigorous model is one which takes into
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Table 3.3 Comparison of electrode and fume composition using the

120A power supply setting,

Relative enrichment factors(C)
_ % 1in % in
Metal | ojectrode fume® | Experimental Raoult's | Gray
core wire(@ law(® | et a1.(8)
Fe 65.0 6.5 1 1 1
Cr 19.0 2.1 3 4 2
Mn 1.8 3.3 19 11 27
Ni 11.3 0.7 06 09 05
Cu 0.04 0.04 10 185 -

(@ values for the weld metal deposit have been used. Contribution to
the weld deposit from metals present in the flux are not significant.
(b) Average of values obtained at 23.4, 26.0, 28.8, 33.6 and 37.8V.

(c) The relative enrichment factor (E) for each metal (relative to iron)

isgivenby ¢ _ Cmetal in fume x Ciron in electrode

Cmetal in electrode x Ciron in fume
where C values are concentrations expressed as percentage by

weight.

(d) Calculated from the composition of the equilibrium vapour obtained
by direct application of Raoult’s law to liquid electrode alloy at
2600°C (total vapour pressure = 1 atm).

() Based on Raoult’s law calculations by Gray et al. (83) for a similar
electrode alloy (64.7% Fe, 18.7% Cr, 1.9 Mn, 12.9% Ni, 2.3% Mo)

using estimated activity coefficients.
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account the activity coefficients of the metals in the liquid alloy. Such a
model has been used by Gray et al. (83) for metal inert gas welding using
an electrode core wire of similar composition to that used here. Their
results have been used to calculate enrichment factors which are
presented in Table 3.3 for comparison. The concentration of nickel in the
fume is better represented by this model.

The amount of each element released in fume per kilogram of
electrode consumed (Fig. 3.6) may vary by a factor of between two and four
under different welding conditions. The variation with arc voltage is
larger at the higher power supply setting (120A). The minimum rate of all
elements released in the fume (g element/kg electrode consumed) occurs
under arc conditions corresponding to the minimum rate of total fume
generation. The results demonstrate the importance of welding under
optimum arc conditions in order to minimise the release of metal aerosols

to the work environment.

3.5 SUMMARY AND CONCLUSIONS

The generation rate and chemical composition of fume from
manual metal arc welding type AWS AS.4E316L-16 electrodes (3.15 mm)
were studied under a wide range of current (80-120A) and voltage
(20-40V) conditions using an AC electrode deposition machine. Welding
conditions, generation rates and chemical analyses were reproducible to

within 5%. A summary of the results of the different experiments is given
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below:

(1) For each setting on the power supply, there was an optimum arc
length which minimised fume generation. The rates of fume
generation were up to 4 times greater than the minimum under high
voltage conditions, and up to 1.5 times greater under low voltage
conditions,

(1) Marked variations were found in the elemental composition of fume
produced under different welding conditions using power supply
settings of 100A and 120A. The metal content of the fume
increased under low voltage conditions, except in the case of
chromium at 100A where a linear increase with arc voltage was
observed. At 100A, sodium and potassium had similar abundances in
the fume, while at 120A potassium was nine times as abundant as
sodium.

(111)  For each power supply setting, the rates of release of individual
metals in fume (g metal/kg electrode) have minimum values at the
same arc conditions as the minimum in total fume generation rate;
rates of metal release under unfavourable conditions may be up to
three times the minimum value.

Data on rates of fume generation and element release should
permit the occupational health aspects of welding to be evaluated and may
lead to improvements in the formulation and operation of welding rods to

minimise the emission of potentially toxic constituents.
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41 |NTRODUCTION

As pointed out in Chapter 2, the manual metal arc weiding of
stainless steel with flux-coated electrodes produces fume which is
suspected of causing a number of lung diseases including cancers (3). The
fume is known to contain both water-soluble and to a lesser extent
water-insoluble chromium (VI) compounds (70) and has been found to
damage mtcrobtal DNA as expressed in the Ames test (47). When fume
particles are deposited in the human lung, the particle surfaces come into
immediate contact with lung tissues and lung fluids. An examination of
particle surfaces by x-ray photoelectron spectroscopy (XPS) is therefore
fundamental to the chemical toxicology of welding fumes.

Previous applications of XPS to welding fumes (65, 66) have
concentrated on the measurement of chromium (VI]) / total chromium
ratios. Reported here is the determination of fourteen elements in the
surface of welding fume particles both before and after washing with

water and argon ion-etching to a range of subsurface depths.

42 EXPERIMENTAL

The equipment and method for producing and collecting welding
fume have been described tn Chapter 3. 3.15 mm E316L-16 stainless
steel electrodes were AC welded bead-on-plate to 6.25 mm stainless steel
304 at 100A, 24V. The electrodes used were from a different production

batch to those used in the study described in Chapter 3, the major
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differences being in the silicon, fluoride and aluminium flux contents.
Fume particles were collected on glass-fibre filter papers as a thick
(= 0.05 mm) layer and removed by gentle sweeping. The absence of filter
fibres was confirmed by optical microscopy. Particle samples were
washed by stirring with water at 60°C for 2h, recovered by filtration
through a 0.45 um nylon membrane filter and dried at 45°C.

Bulk analyses of the fume particles were performed by:
(1) infra-red spectrophotometry (Perkin-Eimer Model 283B; Nujol mull),

(i1)  thermogravimetry and differential thermal analysis (Rigaku
TGA/DTA; Al,Ox reference),

(111) x-ray fluorescence (as described in Chapter 3),

(iv) x-ray diffraction (Philips PW 1316/90 specimen/camera housing
with PW 1050770 goniometer; Cu K, radiation; graphite crystal

monochromator; calibrated with Si crystal) and
(v)  electron microprobe analysis (Hitachi S-450 scanning electron
microscope fitted with Tracor Northern TN2000 Si (Li) detector).

The flux (outer coating) of the E316L-16 electrodes was analysed by x-ray
fluorescence (LioB40-/LiBO, fusion; Philips PW1600), x-ray diffraction
(as for fume); for Ni, V and Mo by atomic absorption spectrophotometry
(acid digestion/Na50, fusion followed by KHS0 4 fusion; Varian AA475)

and for total carbon by combustion (Leco EC12). The water-soluble
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fraction of the fume particles was analysed:
(1) spectrophotometrically for chromium (V1) using s-diphenylcarbazide
(85),
(i) for metals by atomic absorption spectrophotometry (see Chapter 3)
and
(111)  for fluoride using an fon-selective electrode (see Chapter 3).
For XPS analysis, particle sampies (0.1g) were pressed between
two 2.5 cm aluminium foil discs in a Buehler Speed Press to 20 MPa. On
peeling the two fofls apart, the compressed powder adhered largely to one

of the foils which was used as a support for the particles. A Perkin-Elmer
551 x-ray photoelectron spectrometer (Al K, | » excitation at 1486.6 eV;

residual pressure <5 X 10'7 Pa) with a scanning Auger microprobe was
used for XPS measurements. The energy scale was calibrated with goid,
copper and palladium standards using the energy values of Asami (86). An
analyser pass energy of 100 eV in conjunction with large aperture settings
was used to obtain high sensitivity and a resolution of 2 eV. Noise
problems prevented work at higher resolutions. During ion-etching, the

5

pressure was increased to 7 x 10'3 Pa (5 x 107~ Torr) with argon. The ion

beam (2 mm diameter) was rastered over an area 7 mm x 7 mm, greater

than the effective analyser image size (* 3 mm diameter). The etching
rate was calibrated at 1 nm/min in the standard manner using Ta-Og

(100 nm) on Ta. Since welding fume components may sputter at different
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rates from tantalum oxide, the calibrated etching rate provides only a
semi-quantitative estimate of sputtered depth. Concentrations were
determined from peak areas using elemental sensitivity factors from Ref.
(87) or from peak heights using sensitivity factors from Ref. (88) relative

to peak areas from Ref. (87).

43 RESULTS

The elemental composition of the flux on the E316L-16 electrodes

is given in Table 4.1 and the crystalline matertals identified by x-ray
powder diffraction of the flux were «-8102, T102, CaCO3 and Zr02

(Fig. 4.13). The elemental composition of the weld deposit from the
electrode (stmflar to that of the electrode core metal) and the composition
of the stainless steel 304 base metal are given in Chapter 3.

The elemental composition of the fume from the electrodes is
given in Table 4.1. Nearly 30% of the fume was soluble in water and the
composition of the water-soluble material is given in Table 4.2. Analysis
of fume samples by IR spectrophotometry indicated the presence of
cr;romate fons (¥(Cr-0) = 880 cm™!) which were not detectable in the

water-washed fume. The following transitions were observed during DTA

of fume samples: 260-360°C, exothermic oxidation of Fe304 to 3-Fe-03
(89); 650°C, endothermic polymorphic transition of K5Cr0, (90); and

730°C, endothermic melting of Na,Cr0,4 (90).
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Table 4.1 Bulk analyses of electrode flux and fume particles from
E316L-16 stainless steel electrodes.

Concentration (% w/w)(®
Element

Flux Fume particles
C 1.3 N.D.
F 1.6 3.0
Na 1.0 43
Mg 0.25 <0.04
Al 3.8 5.9
St 1.3 20.2
P 0.02 <0.1
S <0.01 n.d.
K 472 19.4
Ca 5.3 0.6
Ti 17.6 1.4
Vv 0.04 n.d.
Cr 95 420
Mn 1.3 3.2
Fe 29 2.3
Ni 0.9 1.0
Zn <0.01 N.D.
r 1.0 n.d.
Mo <0.01 n.d.

(3) Based on dry weight.

Elements determined by XRF except for C (combustion);
F(ion-selective electrode); Ni, V, Mo in flux (AAS); and Na, Cr, Mn, Ni

in fume particles (AAS); nd.

= not detected; N.D.

= not determined.

Elements not determined (esp. 0) account for remainder of mass.

fume samples by HNO< / HC1 / HC10 4,

(b) | ow chromium f igure due to volatilisation losses during digestion of
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Fig. 41 X-ray powder diffractograms of electrode flux (a), fume particles

(b) and washed-fume particles (¢) from E316L-16 stainless steel

electrodes. 1 = «-5105, 2 = Ti0p, 3 = CaCO3, 4 = ZIrO,,

S = Fez04 or FeCrp0y, 6 = KyCr0,
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Table 42 Analysis of the water-soluble fraction of the fume particles

from E316L-16 stainless steel electrodes.

Element Concentration
(% w/w in fume)

F 25

Na 40

Mg 0.06

K 6.7

Ca 0.15

Cr 5.1()

Mn 0.7

Fe 0.15

Ni 0.08
Total  19.4(b)

(@) A1l the water-soluble chromium is present as chromium (Vi).

(b) 30% w/w of the fume was water-soluble; elements not determined

(esp. 0) account for remainder of the 30% w/w.

The endothermic phase transition of Na,CrO4 at 395°C (S0) was absent.

No transitions involving chromate species were observed with samples of

water-washed fume. Examination of the fume by x-ray powder diffraction

(Fig. 4.1b) indicated KoCrO4 and either Fez04 or FeCro04 (or both).

Diffraction peaks due to K2Cr0 4 were not detected with the water-washed

fume (Fig. 4.1¢). The presence of silfcon in the washed-fume particles
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was confirmed by XRF and by large-area electron microprobe analysis
(= 60 wt.% Si as 5i05).

X-ray photoelectron spectra of fume particles and washed-fume
particles are given In Fig. 42. Quantitative results for the analysis of
fume and washed-fume particles at various sub-surface depths are given
in Table 4.3. Accurate peak positions were determined by high-resolution
scans of individual peaks. Shifts in the kinetic energy of electrons due to
charging of the sample were estimated for Na and for F using the modified
Auger parameter (91) and Indicated a charge shift of 7.1 eV for the Naf
phase In the fume. Experimental values of photo-electron energies are

compared with Iiterature values (87, 92) for pure compounds in Table 4.4
(for fume) and In Table 4.5 (for water-washed fume). The Cr 2ps3,o peak

was resoived into Cr(Vi) and Cr(111) components in some samples and

quantitation was performed on the basis of peak areas (Table 4.3).

44 DISCUSSION

Welding fume is considered (93) to contain two components:
particles derived from molten droplets of flux or alloy ("unfractionated
fume”) and material derived from the condensation of volatile compounds
("fractionated fume"). The latter material may either condense onto the
surface of "unfractionated fume” particles or condense to form separate

particles.



N(E), ARBITRARY UNITS

47.

F F
‘A ‘18
1 Nﬂ1s
Fﬁzp
0
‘18
Zn2DOA
M
MN2p Cryp N‘aA sz SiszI
-t 2p
x3 " xi
lep

S
x1 x0.3

1100 10'00 800 800 700 600 8600 400 300 200 100 0

BINDING ENERGY, eV
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washed-fume particles (b) from E316L-16 stainless steel

electrodes.
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Table 43 XPS analyses of fume and washed-fume particies at different

subsurface depths.
Concentration (at.%)(2
Element Eume particles Washed-fume particles
Onm =10nm =30nm | Onm =3nm =10nNm

7 2 nd 7 1 nd.

0 21% 36 45 55 56 60

30« 18 ¥ 6 6 4
Na g* 9 6 09 17 0.4

Si g 14 17 21 23 24
K 19% 15 1" 24 18 2.3
Ca 05 05 05 18 13 1.1
Ti 06 1.0 1.2 15 18 1.8
cr(b) 13% 16 2.0 0.1 n.d. n.d.
Mn 0.8 1.1 23 1.8 40 2.7
Fe 0.8 1.6 26 22 28 3.7
Ni n.d. n.d. 0.3 n.d. n.d. n.d.
2ntc) 05 04. 09 nd.  nd. n.d.

(a) The concentrations indicated with an asterisk were calculated from

peak areas; all others were calculated from peak heights.

n.d. = not detected.

(b) Approximate ratios of Cr(VI) / total Cr in fume particles:

Onm, 0.7, 10nm, 0.4.

() May be derived from the brass electrode holder of the welder.
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Table 4.4 Energies and assignments of photoelectrons from fume

particles.
Assignment
Observed
Element peak'® Electron | Formula Electron Charge Phase(D)
energy energy shift
(eV) (eV) (eV)
o) s 538.3 silicates 531.4 6.9
x-3i0, 532.2 6.1
510, gel 933.3 2.0 A
o) s 536.7 Fe304/Fex03
MnO/Mns05  529.7 7.0 B
Ti05
F s 691.4 NaF 684.2 1.2 B
Caf, 684.6 6.8
F Fa 648.1 NaF 6355.2 7. B
Na s 1078.4 NaF 1071.1 1.3 B
Na Na, 9817 NaF 988.8 7.1 B
Si 2p 108.7 Silicates ~102.6 6.1
«‘5102
Si0, gel 103.4 5.3 A
K 2p3,9 2994 KF 2922 7.2 B
Cry05 576.6 8.8
Crfs 580.1 5.3

(a)

(b)

Photoelectron peaks in binding energy (eV) and Auger peaks in kinetic
energy (eV).

Proposed phases: A = 510, gel;
NafF,KF; C = Na2cm4, K2Cr04, possibly in phase B.

B = metal oxides and hydroxides,




S0.

n of ph 1 from -f
particles,
Assignment
Observed
Element Peak Electron | Formula Electron Charge Phase(d
energy energy shift
(eV) (eV) (eV)
0 s 535.7 «-510, 5322 35
(=3 peaks) | S10, gel 533.3 2.4
silicates 531.4 43 C
F€‘3O4/F€‘203
MnO/Mns03  529.7 6.0 B
Ti05
F s 690.0 NaF 684.2 5.8 B
C3F2 684.6 5.4
Na Nap, 9825 NaF 988.8 6.3 B
“Si 2p 105.8 «-5105
S10, gel 103.4 24 A
silicates 102.6 3.2
K 2p3/0 2973 KF 292.2 5.3 B
Ca 2p3/9p 3490 CaF, 347.8 1.2
CaCOx 346.8 22 D
Ti 2D3/2 462.5 Ti02 4585 40 C
Fe 2D3/2 719.7 Fe203/Fe304 711.1 46 C
(a)

Proposed phases: A = Si0, gel;

Na, K, F compounds; C

metal silicates/titanates;

compounds, possibly in phase A.

B = metal oxides and hydroxides,

D = calcium
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Compared to the electrode flux, the fume particles are rich in
elements (e.g,, F, Na, K) which form volatile compounds and poor in
elements (e.g.,, Ti) which form refractory compounds (Table 4.1). The
concentration of Ti in the fume is only 8% of that in the flux. Since
neither the electrode core nor the base metat contain Ti, this figure should

represent the maximum possible contribution of moliten flux droplets to
the fume. If volatilisation of TiF4, T1'02 or metal titanates occurred, the

contribution may be substantially less.
The composition of the water-soluble fraction of the fume

(Table 4.2) indicates that Na* and K" (mble ratio 1 : 1) are the principal

cations, while F~ and Cr042' (mole ratio 3 : 2) are the principal anions.

CaF, is insoluble in water (Ksp =3x 107 11) (94) and the presence of

significant quantities of dissolved ca?’ is probably due to the
co-ordination of F~ to transition-metal ions to form fluoro-complexes.
This also explains the failure of transition-metal chromates to
precipitate.

Mass balances may be obtained for the flux, fume and

water-soluble fume (Tables 4.1, 4.2) by including the mass of O which

would be associated with elements such as Si (Si02, Si032’),
Ti (Ti0y, Ti0527), Cr (Cr,03, Cr0427), Al (Al)03, Alj04%7) and

Fe (F e203, Fe304). Contributions from elements which were not
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determined are expected to be minor.

Thermal methods of analysis detected Fes0g4, KoCrO4 and possibly

NaoCrO4 in the fume. The uncertainty concerning Na,CrO,4 arises from the

absence of an endothermic phase transition which occurs in the pure
substance. The absence of this transition may be due to crystallinity

defects or to the formation of mixed Na/K chromates. Alternatively,
Cr042° ions may condense from the gas phase preferentially with K* ions
due to their larger size (1eading to a more stable ion-packing arrangement)
and Na,CrO4 may be absent. Na,CrO4 could not be de‘tected in the fume by

XRD (Fig. 4.1b) although the unidentified peaks in the diffractogram

(20 = 38.3°, 38.8°, 44.5°) may be due to a Na / K chromate (water-soluble)
for which no diffraction data are available. The disappearance of
chromates from the fume following washing (IR, DTA and XRD data) is
consistent with the appearance of chromates in the water-soluble
fraction.

The elemental analysis of the surface layers of the fume particles
which were determined by XPS (Table 4.3) must be regarded as
approximate due to the different depths sampled for each element and the
use of sensitivity factors for pure homogeneous substances as the basis
for quantitation. Also, since the analysed area for XPS was approximately
10 mm2, the analyses represent an average composition of the surfaces of

fume particles. The atomic ratios 0/Si vary from 2.3 to 2.7 and indicate
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that 5102 rather than silicates must be the principal Si species near the

surface. The exposure of deeper St due to the crushing of particles in the
press is possible. In the surface of the fume particles, the atomic

percentages of Na (9%) and K (19%) approximately equal those of F (30%)
and Cr (1.3%) and suggest a mixture of NaF, KF, Na,Cr04 and K5Cr0 4. Some

of the F may be co-ordinated to transition-metal ions such as Fe, since 6
at.% F remains on the surface of the washed-fume particles. Chromium
must be present on the surface of the fume largely as alkali metal
chromates since it is removed by washing with water. Other metais may
occur as their oxides or as silicates. The carbon on the surface is probably
an artefact (95), known to be adventitiously present on most materiai
surfaces exposed to air.

Assignment of photoelectrons to particular compounds is
complicated by the apparent presence of a number of different
charge-phases in both the fume and water-washed fume. With such
con'_\plex chemical systems, confidence in XPS peak assignments rests to a
large extent on evidence from chemical analyses and from understanging
of possible chemical processes. The surface of the fume sample
(Table 4.4) contains at least two different charge-phases. The first
contains Na and F, as indicated by the modified Auger parameter, with a
charge shift of =7.0 eV. In this phase are found K, metal oxides and

hydroxides and possibly Cr(VI) (if its charge shift is 1 eV less than in pure
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KoCrO4). A second charge-phase (charge shift ~5.1 eV) is comprised of Si

and O, apparently as 5102 gel. 1t should be noted that the O of metal

silicates has the correct charge shift for inclusion in the first phase, but
this assignment is unlikely to be correct due to the atomic ratio 0/Si and
the different charge shift of Si. Small amounts of metal silicates would
not have been detected, however.

Assignment of the photoelectrons from the washed-fume fs
especially complicated (Table 45). A silica gel phase (charge shift 2.4 eV)
i‘s apparent and the water insoluble Na, K and F compounds have the same
charge shift (5.7 eV) as the O of metal oxides. Ti, Mn, Fe and Si occur as
a separate charge-phase with charge shift =4.3 eV, possibly as a mixture
of Fe and Mn silicates and titanates; while Ca may be present also in
phase A (Table 4.5). Assignment of peaks is limited by the lack of data on
suitable reference compounds (e.g., metal silicates and titanates).

Marked changes in elemental abundance occurred during
ion-etching of the fume particles (Table 4.3). The at.% F for instance,
decreased by a factor of 3 after etching to a nominal depth of 50 nm. This
may be related to the high volatility of NaF (compared to other fume
components) which causes it to condense last from the welding vapour.
Substantial reductions in at.% K and Na also occurred (cf. Ref. 69). The
at.% Cr increased during etching and the proportion of Cr(VI) decreased, |

although the latter may be an artefact of the etching process (96).
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45 SUMMARY AND CONCLUSIONS

The surface of fume particles from the manual metal arc welding
of stainless steel with E316L-16 electrodes comprises =50 at.% sodium
and potassium fluorides, =8 at.% soluble (probably potassium) chromate,
=30 at.% silica and several at.® of transition-metal oxides, hydroxides or
silicates. The fluorides and chromates are removed by washing with
water to reveal a surface which is predominantly silica (=60 at.%) with
the remainder comprising of transition-metal oxides, silicates and
fluorides.

The presence of large quantities of fluoride (S0 at.%) on the
surface of the fume particles is especially significant since the combined
effects of soluble fluorides and chromates on lung tissue have not been
investigated. The quantity of fluoride (6 at.®; presumably
transition-metal fluoro-complexes) which is not readily removed by
washing from the fume particles may slowly leach into the lung tissues
and pose additional health problems.

The general toxicological significance of surface enrichment of
potentially toxic species is twofold. First, surface enrichment results in
enhanced concentrations of potentially toxic species being in immediate
contact with body fluids. Second, if the surface-enriched species are

soluble, they can be readily mobilised to produce possibly adverse

toxicological effects.
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5.1 INTRODUCTION

A large proportion of the electrodes currently produced are of the
hardfacing and high-strength low-alloy (HSLA) steel types. Hardfacing
manual metal arc welding (MMAW) electrodes are extensively used in
agriculture, mining and engineering where resistance to abrasion, impact
and erosion are essential weld requirements (97, 98). HSLA steel MMAW
electrodes have numerous industrial applications, such as the welding of
tubes and vessels in chemical plants and steam generating equipment (98).
Both types of electrodes contain varying amounts of chromium, and it is
important therefore to study the formation rate and chemical composition
of the fume emitted from such electrodes. In this chapter, data are
presented on three hardfacing MMAW and two HSLA steel MMAW electrodes
in order to show the effect of electrical parameters on fume generation
rates and electrode melting rates. Both welding and fume collection were
carried out under precisely controlled and reproducible conditions. This
study is the first phase of an investigation on the physical
characteristics, chemical composition and biological activities of fume

particles from the hardfacing and HSLA steel electrodes.

5.2 EXPERIMENTAL

The equipment and method used for generating and collecting
welding fume have already been described. For AC welding (see Chapter 3),

the low current range (open circuit = 78V) was used for all electrodes
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except E11 (Table 5.1) for which the high current range
(open circuit = 55V) was used. DC welding (not described in Chapter 3)
was performed with a Lincwelder DC 250 MK generator (open circuit = 60V).
For both AC and DC welding, the current setting on the power supply was
set to the mid-point of the recommended operating range and welding was
performed at arc voltages between 20 and 35V. The automatic welding
apparatus was thus used to simulate both practical welding conditions and
unstable long-arc conditions. The electrodes used could not be welded
under short-arc (unusually low voltage) conditions.

All measurements were made at a welding speed of 150 mm/min
with the electrode feeder mechanism set at an angle of 45° to the table.
All welding was done on 8 mm mild steel plates. Voltage measurements
were made between the top of the electrode and the work table and
between points SO mm apart near the top of each electrode; current was
determined by measuring the voltage drop across a shunt of known
resistance. Dynamic properties of the arc (99) and phase angle were
measured using a cathode-ray oscilloscope.’

Fume collection was carried out following the procedures
described by the American Welding Society (100) and the Australian
Welding Research Association (101). An air flow rate of approximately

16 L/s was used; this is within the range of fume-plume conditions in

practical welding.
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5.3 BRESULTS

The electrodes used in the study and their recommended operating
conditions are given in Taple S.1 Electrode efficiencies, deposition
efficiencies and fume generation rates under optimum or near-optimum
current and voltage conditions are given in Table 5.2. The relationships
between the electrical parameters: current, voltage and power, are shown
in Fig. 5.1 and the variations in fume generation rate and electrode melting
rate with current and power are shown in Figs 5.2 and 5.3. It must be
borne in mind that both fume generation rates and electrode melting rates
relate to a situation where power (V.A) is increasing as volitage (V) is
increasing and current (A) is decreasing (see Fig. 5.1). We are thus
working along points on the voltage-current curve at constant current
setting on the power supply. The experiments were not designed to make
comparisons of fume generation rates at equivalent power levels
(power (kW) = current (A) x voltage (V) + 1000). However, in all instances
where equivalent power levels were obtained, higher fume generation
rates were found with higher arc voltages. (See also Chapter 3, Fig. 3.4, p.29,
for a similar observation with stainless steel electrodes).

Values for average current, fume generation rate and electrode
melting rate were reproducible within +5% using the same voltage setting
on the electronic controller and electrodes of the same production batch.
During welding, voltage and current fiuctuated within +1V, t1A with

electrode E11 and within +2.5V, +SA for the other electrodes.
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Taple 5! Description of the hardfacy —

low-2alloy steel electrodes used,
Diameter Recommended Nominal weld
Code* Type (mm) operation and deposit analysis

current (A)

(wt.%)

EO1 Hardfacing, 3.25
medium-
chromium

EO4 High- 3.25

strength-low-
alloy-steel

£E0S High- 3.25
strength-low-
alloy-steel

ET11 Hardfacing, 40

high-manganese

E12 Hardfacing, 6.0
high-chromium

AC
DCEP

AC
DCEP

DCEP

AC

DCEP
DCEN

AC
DCEP

: 90-135
- 80-135

:105-150
: 105-130

. 75-130

1 125-230

1 125-210
- 125-210

1120
: 120

Cr:7 C :04
M0o:05 Mn:03
V:05

Ni:16 C :007
Mn:1.0 351:004
Mo:0.3

Cr:2.12 C:0.045
Mo:0.95 P:0.022
Mn:0.72 S:0.019
S51:0.38

Mn: 145 51:0.14
Ni:32 P:<005
Mo:0.75 5:0.0!
C :065

Cr:30-35 Mn:3-35
C :4-5

DCEP = DC electrode positive.

DCEN

DC electrode negative.

* Electrode classification - EO1: 1855A42; EQ4: ES018G;
EOS: EQO15B3; E11: 1215A43; E12: 2355A12

a Australian Welding Research Association (AWRA) system of

classification.
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E e efficienci it . i

hardfacing and HL A steel electrodes,
Electrode  Operation(d) Electrode Deposition . Fume ceneration rate(?)
code efficiency(D) efficiency(®) g/kg  o/kg  o/min
electrode weld
melted deposit
EO1 AC:24V, 125A 65 96 30 46 063
DCEP:24V, 120A 63 93 42 67 090
EO4 AC:25Y, 125A 69 99 17 25 042
DCEP:2SV, 128A 68 97 16 24 043
EOS DCEP:23V, 125A 65 90 12 18 0.35
El1 AC:2SY ,200A 53 85 49 92 210
DCEP:26Y, 200A 53 85 38 72 1.80
DCEN: 24V, 200A 54 87 30 56 1.80
£12 AC:24Y, 128A 78 95 40 S 078
DCEP:2SV, 124A 76 93 42 S5 087

() welding speed = 15 cm/min; FGRs at speeds < 15 cm/min may be
greater due to the increased heat input.

() gefinedas  Weight of weld deposit
x 100

Weight of electrode (including flux) melted

(€) gefined as Wweight of weld deposit
X 100

Weight of core metal melted

(@ Fyme generation rates measured with respect to the weight of weld
deposit, and as ¢/min, are included for purposes of comparison.
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Resistive heating of the unused portion of electrode was small since the
voltage drop along the electrode was 20-50 mV/cm corresponding to =1V
along a full rod. Current and arc voltage were in phase (phase angle < 3°)
confirming the absence of significant capacitance or inductance in the arc.
All electrodes formed a gun barrel tip during use and the welded seams
were generally flat and uniform. Electrode E12 formed considerably less
slag than the other electrodes. No leakage of fume around the collecting
hood was visible during welding and loss of fume due to deposition in the
steel tubing and hood was < S®. The glass-fibre filter collects particles
below 0.3 pm with decreasing efficiency but such particles constitute

only a small percentage of the total mass collected on the filter (102).

2.4 DISCUSSION

The fume generation rates (FGRs) for each electrode varied by a
factor of approximately two, while acceptable arc length was maintained
using the recommended nominal current settings on the power supplies.
FGRs increased almost linearly with voltage and with power; and
decreased almost linearly with current (Figs 5.2, 5.3) while constant
setting was maintained on the power supply. As with stainless steel
electrodes (Chapter 3), the power of the arc is probably the principal
factor determining the FGRs (78) since an increase in the rate of heat
input to the arc should lead to greater evaporation and sputtering of

molten metal and molten flux. The arc voltage may also be important
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since it determines the arc length (97) and thus the surface area of the
plasma column through which material can escape as well as the time the
material spends in the plasma (See also Chapter 3). No systematic
difference was observed in FGRs with AC compared with DC welding. The
results obtained here do not agree with the findings of Eichhorn et al. (103)
who claim that AC welding generally produces less fume than DC welding.
The mechanism of metal transfer during MMAW welding is difficult to
establish but under optimum conditions consists of a showery spray of
metal and slag droplets (97). Gray et al. (93) proposed that during spray
transfer the bulk of the fume formation occurs in the érc plasma by
evaporation of droplets in the plasma jet, rather than by processes at the
cathode or anode. This proposal explains the similar FGRs obtained with
DCEN and DCEP welding for electrode E11, and the generally similar fume
generation rates obtained with AC and DC welding at the same power
(Fig. 5.3).

The electrode melting rates (EMRs) displayed opposite behaviour to
the FGRs In their variation with the electrical parameters. EMRs increased
almost linearly with current and decreased aimost linearly with voltage
and power while constant setting was maintained on the power supply.
EMRs obtained using AC and DCEP were generally similar, but the EMR for
electrode E11 using DCEN was approximately 40% greater than that using

DCEP. The high melting rates obtainable with DCEN arcs are well known

(97, 104). The transfer of metal is globular and spattery unless trace
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constituents such as metal oxides and calcium salts are included in the
flux to make the cathode more thermionic; if this is done, spray transfer
of metal predominates and the meliting rate decreases (97). It appears
therefore that the differences in EMRs with different DC polar.ities arise
from differences in the proportions of globular transfer (fast) and spray
transfer (slow). It is suggested that globular transfer occurs when there
are relatively few arc roots releasing heat ("plasma emission”, Ref. 104)
and that spray transfer occurs when the arc roots are relatively numerous
("field emission”, Ref. 104). The increase in EMRs with increasing current
(decreasing voltage and power) may be due to the increasing frequency of
charge-transfer processes per unit area of the electrode surface, resulting
in a greater rate of heat dissipation. It is notable that EMRs increase with
decreasing power. This is probably due to the relatively small amount of
radiative heating of the electrode by the plasma or workpiece surface
(97); resistive heating of these components of the arc therefore has little
bearing on events at the electrode surface.

Interpretation of fume-generation and electrode-melting data for
covered electrodes is hindered by the limited information available on'the
physics of metal arcs. In particular, processes occurring at the anode and
cathode surfaces are poorly understood and, to date, studies of the arc
plasma have concentrated on the simplest cases, viz,, inert-gas shielding,
non-consumable electrode and cooled workpiece (e.g,, Refs 93, 103). The

flux coatings of covered electrodes provide additional charge carriers to
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the plasma (readily ionisable elements such as sodium, potassium and
calcium), modify the emissivity of the cathode and anode surfaces (metal
oxide and ionisable atomic films) and probably affect most other arc
parametefs. Furthér interpretations of fume-generation and
electrode-melting data must wait until the chemical physics of flux

coatings and electrode processes are better understood.

5.5 SUMMARY AND CONCLUSIONS
Reproducible fume generation rate and electrode melting rate data
were obtained for three hardfacing and two high-strength low-alloy steel

MMAW electrodes at optimum current settings for each electrode. The

results from the different experiments are summarised below:

(1) At each current setting on the power supply, fume generation rates
(FGRs, g fume/kg electrode melted) varied by a factor of 1.5 to 2.0
while acceptable arc length was maintained. At each current
setting, FGRs increased while simultaneously voltage and power
increased (almost linearly) and current decreased (almost linearly).

(ii)  AC welding gave FGRs which ranged from 50% greater (hardfacing
high-manganese electrode) to 30% lesser (hardfacing
medium-chromium electrode) than DC welding at the same current.

No difference was found in the FGRs between DCEN or DCEP welding

with a hardfacing high-manganese electrode.
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(ii1) “Electrode melting rates (EMRs, kg electrode melted/h) increased
almost linearly with current and decre?sed almost linearly with
voltage and power while constant setting was maintained on the
power supply. For the same current with a hardfacing
high-manganese electrode, EMRs varied: AC < DCEP < DCEN.

Variations in fume generation rates are important for determining
the precautions which should be taken during welding operations and must
be known for chemical and biological studies of fume toxicity. In addition,
rate data for welding processes under different conditions are important

in testing hypotheses concerning electrode and plasma behaviour.



CHAPTER 6
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6.1 INTRODUCTION
In this chapter, the following data on fume from the hardfacing
and HSLA steel electrodes are presented:
(1) more extensive generation rate measurements for one of the
hardfacing eiectrodes (high-manganese hardfacing electrode E11);
(1) particle-size distribution and mass mean aerodynamic diameter
(MMAD) values obtained using an Andersen 4-stage fractionator;
| (111) surface areas determined by the BET method (106, 107): and
(iv)  analytical results showing the relationship between particle-size
range and chemical composition for electrode €1 1.
The additional fume generation rate (FGR) measurements on electrode E 1 |
were carried out at the manufacturer’s request. FGR data in this study are

expressed as g/kg weld deposit and g/min.

6.2 EXPERIMENTAL

Fume generation rate measurements were made using the
equipment described in Chapters 3 and S. FGRs for the high-manganese
hardfacing electrode (E11; Table S.1) were determined at selected
constant current values at three or four different voltages for each
current. The power supply setting (AC or DC) was adjusted to obtain
constant welding current when the voltage was varied.

Bulk densities of the fume powders were determined in duplicate

at 20°C by the Archimedes method using kerosene as the immersion liquid
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(0.5 -1 gfume; 50 cm3 pyknometer). The fume powders were outgassed
for two hours under vacuum with half the volume of the pyknometer filled
with kerosene before adjustment to final volume.

Particle-size distributions and mass mean aerodynamic diameters
were determined by means of an Andersen 4-stage 20CFM (5.4 L/s) cascade
impactor (108) connected to the General Metal Works Model 2000
high-volume air sampler described in Fig. 3.1. The 50% effective cuto‘ff
diameters (ECDs) for the four impactor stages were 7.0, 3.3, 2.0 and 1.1
um, with the backup filter collecting particles 0.01 - 1.1 um. Depending
upon the FGRs, welding times of 3-15s were required for satisfactory
loading. The glass-fibre fractionation and backup filters were encased in
aluminium foils and weighed on a balance housed in a specially designed
perspex chamber. The procedures described for Andersen sampler
particle-sizing in Refs 108 and 109 were closely followed. The
performance of the cascade impactor was checked by using the following
sizes of monodisperse polystyrene latex (PSL) spheres: 11.9, 7.6, 5.7, 2.0,
1.1, 0.8, 0.46 and 0.23 um mean diameter. The PSL spheres (density =
1.05 gcm'3) were obtained from Duke Scientific Corporation, US.A. A
heterodisperse aerosol was prepared by dispersing 0.1 cm3 of a 108 w/w
aqueous solution of each size in 50 cm3 methanol. 1 cm3 of this solution
was made up to S00 cm> in methanol and the entire aerosol sprayed in a
small clean room. The solvent evaporated from the aerosol droplets

leaving dry PSL spheres. The PSL spheres were collectedon S x S mm
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glass coverslips painted matt black. Four coverslips were placed on each
impactor stage. A total of 50 - 100 particles were measured for each
stage using scanning electron micrographs.

Surface areas of the fume powders were measured by the BET
method (106, 107) with nitrogen gas at liquid nitrogen temperature (area
assumed per cm3 monolayer nitrogen at S.T.P. = 439 m2). A Perkin-Elmer

212 D sorptometer was used. Pretreatment of the samples (0.1 - 0.3 g)
consisted of outgassing at 20°C for 48 hours. All the BET determinations
were made using a one-point method (110). The accuracy of the
one-point measurements was checked by carrying out a three-point
determination on one of the samples.

Scanning electron microscopy (SEM) specimens were prepared by
re-depositing the fume powders by air-brushing them on to double-sided
sticky tape on an aluminium stub. A 200 A film of goid-paliadium alioy
was evaporated on to the fume particles in a Dynavac CE 12/14 coating
unit at a pressure of 7 X 1074 Pa (5 x 1070 Torr). Specimens thus prepared
were examined in a Hitachi S-450 SEM operated at 20 kV.

Chemical analyses were performed on duplicate fractionated fume
samples from the AC welding of electrode E11. The five fractions (4
fractionation filters and the backup filter) were dissolved in 6M
hydrochioric acid at 60°C (111). Metals were determined by atomic
absorption spectrophotometry and fluoride by an ion-selective electrode

using the methods described in Chapter 3. All solutions for the atomic
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absorption analyses were prepared in 0.1M hydrochloric acid. Separate
blanks were run for the two configurations of fractionation filters and for
the backup filter. Further details relevant to the chemical analysis are

provided in Chapter 7.

6.3 RESULTS

The electrodes used in this study are listed in the previous chapter
(Table 5.1). Fig. 6.1 shows the effect of arc voltage on fume generation
rates of electrode E11 for AC, DCEP and DCEN welding. The data were
reproducible to within ¢ S%.

Bulk densities, mass mean aerodynamic diameters (MMAD) and
surface areas of the welding fume from the electrodes are presented in
Table 6.1. (See Chapter S, Table S.2, for electrode operating conditions).
Bulk densities varied by < 0.03 gcm'3 for the duplicate measurements.
The reproducibitity of MMAD determinations was 20% for fume from the
DCEP welding of electrode E12 (relative standard deviation of 6
determinations) and 10% for fume from the AC welding of electrode E 11
(average deviation of 3 measurements from the mean). The diameters of
the PSL spheres collected on the four impactor stages showed no gross
variations in their size distribution from the S0% effective cutoff
diameters stated by the manufacturer. Some of the deviations observed
may be due to the discontinuous size distribution of the particies,

imperfect aerosol generation, particle agglomeration and particle
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Arc Voltage (V)

Effect of arc voltage on fume generation rates for high-manganese
hardfacing E11 electrodes under conditions of AC(®), DCEP(m)
and DCEN ( &), The current values (AC: 170A, 180A, 228A;

DCEP: 135A, 175A, 210A; and DCEN: 129A, 173A, 206A) are
within the ranges recommended by the manufacturer. The
recommended voltage for each current is indicated on the bottom
figure by an arrow ( 4 ).
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fragmentation. The method allowed only a general check on instrument
performance and was not suitable for precise calibration.

The accuracy of the surface area measurements was estimated to
be about 10% with the one-point method. The method is a variation of the
classical BET technique and relies on working in an area of the adsorption
isotherm where the BET equation exhibits a linear form. The three-point
determination (full BET adsorption isotherm) for fume from AC welding of
electrode E12 gave a surface area of 13 ng" (Table 6.1). The three
points on the isotherm individually gave figures of 13.5 ng' ‘,

13.6 m2g~1 and 13.8 m2g™! (the intercept in the BET plot (106,107) is
assumed to be zero in the one-point method).

Fig. 6.2 shows the particle-size distribution of fume from AC
welding of electrode E11. The mass mean aerodynamic diameter (MMAD) is
read from this figure by noting the aerodynamic diameter corresponding to
50% cumulative mass. The plot is typical of the fumes tested. Assuming
log-normal behaviour, the particle-size geometric standard deviation
o g = (84.13% diameter) / (SO% diameter), is 3.8 um. For the other fume
samples, o g lay between 3.2 and 5.0 pm. InFig. 6.3 are shown typical
electron micrographs illustrating the size, shape, surface texture and
agglomeration of fume particles from the AC welding of e]eétrode E11.

Particles from other fume samples showed similar structures.
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Bulk densiti wnamic di

SET surt ' welding | les.
Electrode Operation'®  Bulk density  Mass mean Surface
code (gcm'3) aerodynamic area

diameter(P) (m29' h
(um)
EO1 AC 3.8 08 27
DCEP 3.6 09 28
EC4 AC 3.3 0.7 22
DCEP 3.0 0.7 25
EOS DCEP 3.4 0.8 25
E1 AC 36 0.8 19
DCEP 44 0.6 17
DCEN 43 0.8 17
E12 AC 3.5 0.7 13
DCEP 36 05 13
(a)

(D)

See Table 5.2 for voltage and current conditions used.

For equivalent spheres of density 1gecm .

3
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Fig. 6.2 Particle-size distribution of fume from AC welding of E11

electrodes determined by means of an Andersen 4-stage cascade

impactor. Results are plotted using log-probability scales.
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a)

b)

—
1 um

Fig. 6.3 Scanning electron micrographs of fume particies from AC welding
- of E11 electrodes : an aggregate (a) and a large spherical particle (b).
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Table 6.2 gives the chemical composition of the different
particle-size fume fractions obtained from the cascade impactor for AC
welding of electrode E11 (25V, 200A). Duplicate chemical analyses of the
fractionated fume varied by an average of 5% (maximum of 10%). An
analysis of the total fume (unfractionated; duplicate determinations) is

included in Table 6.2 for comparison.

6.4 DISCUSSION

The constant-current measurements on the high-manganese
hardfacing E11 electrodes were made to cover the wide range of
conditions recommended by the manufacturer, and to thus obtain FGR data
(1) at the minimum, the middle and the maximum of the recommended
current range, and (if) at low, optimum and high arc voltages, for each
current value, where the optimum arc voltage is the voltage an operator
would be expected to use. Fig. 6.1 shows that within the range of stable
operation, FGRs for E11 electrodes may vary by a factor of three. There is
an approximately linear relationship between FGR and arc voltage (V) at
each current. The ratios of fume generation rates at the lowest and
highest arc voltages range between 1.1 and 1.8 (average of 1.5). Since the
data were obtained under conditions of constant current, a linear
relationship between FGR and arc voltage also implies a linear

relationship between FGR and arc power and between FGR and arc length.
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Table 62 Chemical analysis of fume fractions from the AC welding of

2 w/w of element in fume of stated size range( b) (um)

2 w/w in total fume

Element <11 1.1-20 20-33 33-70 270 basedon basedon
irqpactor total fume
fractions analysis

F 1.8 24 1.5 1.9 26 1.9 22
Na 28 3.6 38 24 3.4 3.0 35
Mg 02 03 0.3 0.2 0.3 02 0.2
K 0.2 0.1 0.2 0.1 0.2 0.2 0.1
Ca 05 08 0.7 0.6 0.8 0.6 05
Cr 0.06 0.05 0.08 0.04 0.1 0.06 0.05
Mn 346 326 292 324 284 33.0 31.0
Fe 248 258 275 28.1 256 255 273
Ni 1.4 1.2 1.6 1.1 20 1.4 20
Totall%6.4 669 649 668 634 659 66.9

(a) The electrode contains 14.5% Mn in the weld deposit and 36.3% Mn in the

flux.

(b) Fraction of total mass collected in each impactor stage: <1.1 um, 60%;
1.1 -20um, 17%; 20 - 3.3 um, 10%; 3.3 -7.0 um, 8%; and 27.0 um, S%.

(c) Concentrations of other flux elements (Si, 1.0% and Ti, 0.4%) were
determined in the total fume by x-ray fluorescence; other elements
(especially 0) account for the remainder of the mass.
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The densities of the welding fume particles (Table 6.1) are similar
to a density value reported in the literature (2). In moist air (e.g., human
respiratory tract), the hygroscopic fume particles would become larger
and their density wduld decrease. Fume from the AC welding of electrode
E11 has a density about 20% less than that from DC welding and this may
be related to differences in the corresponding FGRs.

The cascade impactor measures the 50% effective cutoff
aerodynamic diameter (ECD) for each fractionating stage. This is the
particle diameter for which the collection efficiency is 50%, i.e., half of
the particles with the ECD are captured and half escape to the next stage
(112, 113). The ECDs quoted by the manufacturer (based on the theory of
Ranz and Wong; Refs 109,114) were found to be satisfactory in a field
trial (115). Approximately 95% of the fume from the AC welding of
electrode E11 is < 7.0 um in equivalent aerodynamic diameter (Fig. 6.2) and
is therefore respirable (109). The other fumes give respirable fractions
ranging from 92 - 96%. The MMAD values range between 0.5 and 0.9 pm
(Table 6.1). The large o g/MMAD values (3.8 /0.8 = 48 for E11 AC)
indicate a high degree of polydispersity in the fumes tested (multimodal
distribution not observed in the size range 1 - 7 um). Thereﬂ}yg/ a great deal
of data in the literature on the size of welding fume particles. Count
median diameters (CMD) (116) of 0.1 - 0.15 um have been obtained for

MMAW fumes using transmission electron microscopy (2, 78, 117-119),

The CMD is not the same as the MMAD since the former does not take into
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account the density of the particles. CMD = MMAD / ¥ density (112,116).
The MMAD values obtained (0.5 - 0.9 urﬁ) are therefore eqdivalent to CMD
values of approximately 0.25 - 0.5 pm.

Surface areas of fume from the different electrodes range
between 13 ng’l and 28 ng'l (Table 6.1). The results are consistent
with the findings of Hewitt et al. (119), who measured the BET surface of
fume from a MMAW electrode to be 13 ng']. The large amount of surface
area per unit mass is a characteristic feature of fine welding fume
particles and should be a consideration in work environments and pollution
control systems. It must also be realised that BET sﬁrf ace areas are
usually greater than calculated particle surface areas since the former
includes the area of cracks, crevices and pores.

Under electron microscopic examination it was found that
individual welding fume particles range in size from 0.1 to 10 um in
diameter and that agglomeration is common. In Fig. 6.33, it is not possible
to say whether the agglomerated particles are held together by van der
Waals forces, and magnetic forces (in the case of magnetite), or whether
they have been fused together. Fig. 6.3b shows a large ( =10 pm) spherical
particle which presumably contracted to this shape when molten. Optical
microscopy also showed that the larger fume particles were generally
spherical. Particle morphology is an important consideration in assessing
fume toxicity since irregular particles with sharp edges or fibres may be

more irritating to the lung than regular and smooth spherical ones (74).
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Fume fractions from the AC welding of electrode E11 obtained
with the 4-stage cascade impactor do not show any significant variation
in chemical composition with particle-size range (Table 6.2). The present
result is different to that of Thomsen and Stern (67), who found that
MMAW fume components from the core metal (principally metal oxides),
concentrate in the smaller particle-size range and those from the
stag/flux (principally silicates, titanates and chromates), concentrate in
the larger particle-si'ze range (core aerosol: MMAD = 0.2 um; slag
aerosol: MMAD = 2um). The difference may be explained by the
composition 'of the electrodes (an electrode with a high-manganese flux
was used here) and by the fact that silicon and titanium were not

determined in the fume fractions in the present study.

6.5 SUMMARY AND CONCLUSIONS

(1) ‘Fume generation rates (FGRs) for a high-manganese hardfacing
MMAW electrode vary by a factor of three over the wide range of
current conditions for which a stable arc can be obtained and, at
constant current, FGRs for the electrode vary witharc voltage by a
factor of up to two.

(ii)  Fume from the AC welding of the high-manganese hardfacing
electrode showed no significant variation in chemical composition
with particle-size range in the size fractions <1.1, 1.1 - 2.0,

2.0 - 3.3, 3.3 - 7.0 and 27.0 um equivalent aerodynamic diameter
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(= physical diameter x ¥density). The constant chemical
composition of the different particle-size fractions of the fume
was unexpected. A wider range of fumes need to be examined,
however, before any generalisations are made.

(i1i1) The physical properties of the fumes from the three MMAW
hardfacing and two MMAW HSLA steel electrodes lie in the range:
density = 3.0 - 44 gcm'3; mass mean aerodynamic diameter =
0.5 - 0.9 um (92-96% of fume <7 um); and BET surface area =
13-28m2g!.

(iv)  The morphology of the fume particies indicates no obvious probiems
with regard to fume toxicity.

The respirable fractions (92-96% of total fume collected) do not represent

the actual percentages of the total fume which would be deposited in a

welder’s lungs since fume particle-size will vary with physiological

humidity and, in addition, efficiencies of respiratory deposition for

different size ranges must be considered (5).
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7.1 INTRODUCTION

The toxic action of welding fumes, metal fumes and related metal
salts on target organs is known to have a chemical basis (29, 120, 121).
The toxicity or inertness of welding fume particulates may therefore be
assessed by factors such as solubility, chemical composition (both surface
and bulk), chromium oxidation state and crystallinity of constituents
(67, 74). This chapter contains a rigorous and detailed chemical analysis
of the flux, fume and water-soluble fume fractions from the hardfacing
and high-strength low-alloy (HSLA) steel manual metal arc welding
(MMAW) electrodes. As pointed out earlier, MMAW is one of the two most
commonly practiced welding technologies, and hardfacing and HSLA steel

electrodes are @ major class of electrodes used in the welding industry.

7.2 MATERIALS AND METHODS
Electrodes

The electrodes used in the study are listed in Table 5.1. The
electrodes were stored in an oven at 100°C. Electrodes exposed to
moisture were dried at 200°C for two hours prior to welding. The
manufacturer specified DC electrode positive (DCEP) welding for EQS; all
the other electrodes were suitable for welding on either AC or DC.
Chemicals

All chemicals (reagents, standards, etc.) used were of analytical

grade or better. Triple glass-distilied water was used. The hydrochloric,
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nitric and perchloric acids used were BDH, Aristar (ultrapure). Atomic
absorption spectrophotometry (AAS) standards (1,000 mg/L stock
solutions) were prepared from pure metals (99.9 - 99.999%) or from pure
salts (2 99.9%) using standard methods (122). The working AAS standards
were prepared freshly each day. The AAS standard for total chromium
determination was made by dissolving 99.999% chromium metal in
hydrochloric acid (1,000 mg/L Cr3* stock solution). Both AAS and
colorimetric standards for Cr(VI) determinations were made from a stock
solution of 1,000 mg/L potassium dichromate. Sym-diphenylcarbazide
(§ - DPC) reageht was prepared by dissolving 0.50g of the solid in a
mixture of 100mL acetone and 100mL of distilled water. The solution was
stored in an opaque bottle at 4°C (stable for up to a month).

Eume sampling

Fume from the electrodes was generated using the automatic arc
welder described in Chapter 3, and collected on glass fibre media. All the
electrodes were AC welded bead-on-plate to 8mm mild steel at speeds
around 15cm/min (EOS : DCEP). Operating conditions for the different
electrodes are described in Table 5.2. The fume particles collected were
carefully brushed from the glass-fibre substrates and dried at 100°C prior
to analysis. Fume was generally analysed immediately after collection.
Some fume samples (dried) were stored in sealed glass vials in a vacuum

desiccator at 4°C for up to two weeks before analysis was commenced.



86.
Analysis
Wweld deposit
Each manufacturer provided data based on the analysis of a typical
batch of electrodes. Weld metal deposit compositions are similar to the
compositions of the electrode core metal except where there is a
contribution from the metal present in the flux.

Elux

Analysis of the flux (outer coating) of the electrodes was carried

out by:
(f) x-ray fluorescence (Li,B405/LiBO, fusion; Philips PW 1600; ZAF

corrections program) and

(11) combustion (Leco EC 12) for total carbon.

X-ray fluorescence (XRF) analysis was carried out as for flux.

X-ray diffraction (XRD) was carried out using Philips PW 1316/90
specimen/camera housing with Pw 1050/70 goniometer (Cu Ky radiation;

graphite crystal monochromator; 26 calibrated with silicon crystal).

The following analyses were also performed:
(1) AAS: Duplicate 0.1g samples of fume from electrodes EQ1, EQ4, E0S
and E11 were dissolved in 6M hydrochloric acid at 60°C (111). Fume
samples from electrode E12 were dissolved by adding nitric, perchloric

and hydrofluoric acids and evaporating to dense white fumes (123). These
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techniques resulted in > 90% dissolution of the fume samples. Samples for

total chromium analysis were also prepared by the alternative method of
KH_SO4 fusion followed by dissolution of the product in 3M sulphuric acid

(124). All solutions (standards and unknowns) for the AAS analyses were
made in O.1M hydrochloric acid. AA measurements were made on an
Instrumentation Laboratory Model SS1 Instrument using flame atomisation
with automatic background correction in the doubie beam mode. The
air-acetylene flame was used for all elements except aluminium, calcium
and chromium, for which nitrous oxlde-acetylene was used. Standard
measuring conditions (wavelength, hollow cathode lamp setting, sift
width, etc.) were used (80). The wavelength corresponding to the highest
sensitivity was chosen. Appropriate fonfsation suppressants and releasing
agents were added to both standards and unknowns for the analysis of
sodium, magnesium, aluminium, potassium and caicium (122).

(11) Cr(V1): Samples for total Cr(VI) determinations (0.1g; in duplicate)

were prepared by extracting the fumes with sodium carbonate/sodfum
hydroxide (NIOSH solution) at ~ 90°C and pH = 12.5(125). A diluted NIOSH

solution (124) was used for the AAS analysis. Total Cr(VI) was also
determined by colorimetry (85) using sym-diphenyicarbazide (Hitachi
Model 101 spectrophotometer; 1cm cuvettes; A= S46nm). Because large
concentrations of iron (111) interfere with the determination (125, 126),

it was removed by extraction with 8-hydroxyquinoline at pH 4.
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(iii) lon-selective electrode (ISE): For total fluoride analyses, duplicate
0.1g samples of fume from electrodes EO1, EO4, EOS and E 11 were
dissolved in 6M hydrochloric acid and those from E 12 by digestion in
nitric/hydrochloric acid. An Orion Model 901 lonanalyser and a Model
94-09 fluoride-selective electrode were used. Standards were prepared
containing the same concentrations of aluminium and iron (I11) as the
unknowns. All fluoride concentrations were measured at pH = 6 using the
trishydroxymethylaminomethane method (127).
Water-soluble fume

Fume samples (in duplicate) were dissolved by stirring in water at
60°C for two hours (0.1g fume; 100mL water). For calcium
determinations, 0.1g of the fume sample was dissolved in IL water.
Solubility determinations were made by recovering the insoluble portion
of the fume by filtration through a 0.45 um nylon membrane filter, drying
in a desiccator and weighing to constant weight.
Water-soluble fractions were analysed for:

(i) metals by AAS as for fume;
(11) Cr(V1) using sym-diphenylcarbazide (colorimetry), and by AAS;
(111)  fluoride using an ion-selective electrode as for fume; and

(iv) chloride and fluoride by suppressor column ion-chromatography
(Korth and Ellis (128) - 3.0 mM Na,COs + 2.4 mM NaHCO eluent;

peak height measurements).
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A least-squares linear regression program (Apple 11; Pascal) was

used to determine the correlation between water-soluble chromium (V1) /
total chromium in the fume and Na + K in the flux. All five types of

electrodes were considered.

23 RESULTS

Spect_rographic analysis of the mild steel base metal (workpiece)
gave:
Fe - 98.02%; Mn - 1.46%; Si-0.22%;, C-0.10%;, Al - 0.05%; V - 0.0S%;
Cr - 0.02%; P -0.02%; Nb - 0.02%; Ni - 0.015%;, Cu-0.01%; S - 0.005%;

Mo - 0.003% and Sn - 0.002%. The major non-metallic constituents of the

flux in the different electrodes were: EO1 and EO4 - CaCO3; CaF2,
silicates, Ti0y; E0S-CaC0s, CaFy, K5Si03, Ti0o; E11 - CaCos, Cafy,
silicates, Ti02, cellulose; andE12 - CaC0s, CaF,, silica, silicates and
cellulose, The crystalline compounds identified in the fume from the
different electrodes were: EOI and EQ4 - Fes04, KoCrO,, CaFp, NaF;
EOS - Fe304, KoCrO4, CaFo; ET1 - (Fe,Mn)3 04 and E12 - Fez04, Caf,,
The following d-spacing values (A) were measured from the x-ray

diffractograms which could be matched with known compounds in the

JCPDS (Joint Committee on Powder Diffraction Standards) card system:

253,297, 1.48 (Fe30,); 3.08,2.99, 296 (K,Cr0,4); 1.93,3.15, 1.65
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(Can); and 2.32, 1.65, 2.68 (NaF). Fume from electrode E11
(high-manganese hardfacing) gave XRD peaks at d (A) = 256, 3.01, 1.52,
which we ascribed to a Fez0,4 - Mn30,4 solid solution (129). The

solubilities of the fumes in water (w/w) were found to be: EQ] - 225%;
E04 - 28.0%; EOS - 37.5%; E11-3.0%; andE12 - 26.3%.

All the analytical data relating to the five types of electrodes are
presented in Tables 7.1 - 7.5. Duplicate chemical analyses varied by an

average of 2% (maximum of 10%). For total chromium, samples prepared
by KH304 fusion gave similar results to those prepared by acid-digestion.

Tabie 7.6 shows the concentrations of chromium (111),
water-insoluble chromium (V1) and water-soluble chromium (V1) in the
fumes from the five types of electrodes. The concentrations of chromium
in the weld deposit and in the flux, and of sodium and potassium in the

flux, are also included in the table for comparison.

7.4 DISCUSSION
The crystalline compounds detected in the welding fumes by x-ray

powder diffraction are similar to those identified in other studies (74,

130, 131). The results show magnetite (Fe304) and caicium fluoride

(CaF,) to be prominent in the crystal phases of four of the five fumes

tested. No transition-metal fluorides were detected in any of the fumes.
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(medium-chromium hardfacing).
Abundance (Bw/w)
Element weld Flux Fume water-soluble
deposit fume

C 0.42 57D N.D. .
F . 8.4¢ 8.9, 7.64 3.29, 288
Na . 0.7¢ 2.4, 2.8 1.2f
Mg . 0.5¢ 0.4, 0.3 0.2
Al . 0.6° 0.4, 0.4 0.03
51 . 5.3¢ 25¢ .
p . 0.03¢ 0.03¢ .
S . 0.04¢ 0.08°¢ .
Cl . 0.2¢ 0.4 0.4°
K . 1.5¢ 7.85,86f 6.8"
Ca . 18.7¢ 9.4, 9.9 1.5
Ti . 1.9¢ 0.2¢ .
Vv 0.53 n.d.“ n.d.¢ .
cr 7.02 15.9¢ 25€, 26f .
cr(vh) . . .77, 1.99 150,159
Mn 0.32 2.8 46C, 3.6 0.003'
Fe 913N 8.8¢ 3216, 3237 005
Ni . 0.1¢ 004, 0037  naf
Cu . N.D. 003, 0037  naf
Zn . <0.01¢  004° N.D.
Ir . <0.1¢ «0.1¢ .
Mo 0.53 0.6° 0.1¢ .

Total 100.0 718 71.8 147




Table 7.1 (continued)

Data provided by the manufacturer.

by combustion.

by x-ray fluorescence.

by ion-selective electrode.

by ion-chromatography.

by atomic absorption spectrophotometry.

9 by sym-diphenylcarbazide colorimetric method.

by difference.

= category not applicable.
N.D. = not determined.

n.d. = not detected.
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Table 72 Analytical data for electrode £Q4 (HOLA steel).

Abundance (Bw/w)
Element weld Flux Fume water-soluble
deposit fume

C 0.072 2.7° N.D. .
F . 8.1¢ 144%,1319 859 99°
Na . 0.4¢ 2.8, 35 1.5
Mg . 0.2¢ 0.1¢,0.1f 0.06
Al . 0.5¢ 0.5¢, 0.6 0.04f
5i 0.042 47¢ 2.8¢ .
p o 0.01¢ 0.02¢ o
5 o 0.03¢ 0.1¢ .
Cl . 0.1¢ 0.2¢ 0.2¢
K . 1.2¢ 13761370 123
Ca . 15.0¢ 7.3¢, 9.1 1.2
Ti o 25C€ 0.4¢ o
cr . 0.07¢ 0.03¢, 0.03f .
cr(v1) . . 0.03f,0039 0.2, 0029
Mn 1.02 2.6 5.0C, 4.41 0.006
Fe 97.0" 29.7¢ 19.8¢, 178" 007
Ni 1.62 2.8¢ 0.2, 0.1 naf
Cu . N.D. 003,006  naf
Zn . <0.01¢  003° N.D.
Ir . <0.1¢ <0.1€ o
Mo 0.33 0.6 0.1¢ .

Total 100.0 712 66.9 246

3N s, ND., nd, See footnotes to Table 7.1.
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Table 7.3 Analytical data for electrode EQD (HOLA steel).

Abundance (Zw/w)
Element weld Flux Fume water-soluble
deposit fume

C 00452 3.0 N.D. .
F . 8.0¢ 18.7¢, 1859 829 108°
Na . 0.4 1.9, 2.4 05!
Mg . 0.1¢ 0.1¢, 0.1 0.06'
Al . 1.9¢ 2.2¢, 2.1 0.05
Si 0.382 8.2¢ 45¢ .
p 00222  003° 0.03¢ .
S 00192 006 . 008° .
Cl . nd.c 0.1¢ 0.1¢
K . 2.4¢ 1636, 1730 15af
Ca . 19.1¢ 95¢, 1257 21f
Ti . 5.2¢ 0.9¢ .
cr 2.122 42¢ 05¢, 0.7 .
Crev) . . 06,079 0.77, 0.69
Mn 0.722 2.2¢ 3.9, 3.6 0.006'
Fe 95740 116° 1165 1157 0.04f
Ni . 0.02¢ 002¢, 001" ndf
Cu . N.D. 003%,004"  ndf
n . <0.01¢  005° N.D.
Ir . <0.1¢ <0.1¢ .
Mo 0.952 1.9¢ 0.1¢ .

Total 100.0 68.4 725 28.1

a-Nh o ND,nd, See footnotes to Table 7.1.
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Table 7.4 Analytical data for electrode E11 (high-manganese hardfacing).

Abundance (%Zw/w)
Element weld Flux Fume water-soluble
deposit fume

C 0.652 370 N.D. 5
F . 0.2¢ 1.5¢, 2.20 159 0.88
Na . 1.0¢ 41¢,35f 0.9
Mg . 1.5¢ 0.4, 0.2 0.1f
Al . 0.05¢ 0.1¢, 0.1f naf
51 0.142 3.0¢ 1.1¢ .
p <0058  003° 0.03¢ .
5 0.013 0.08¢ 0.08¢ .
Cl . nd.© 0.1¢ 0.1¢
K . 0.08¢ 03¢, 017 0.1f
Ca . 3.1¢ 0.4, 0.5 0.15
Ti . 5.7¢ 0.4 .
cr . 0.2¢ 0.05¢, 0.05' .
Cr(vi) . . 0037 0039 003", 0.028
Mn 1452 36.3¢ 26.1¢, 3100 005
Fe g0.7s"  7.2¢ 28.1¢,2737 009
Ni 3.22 8.2¢ 1.4, 2.0 na.
Cu . ND. 0.03¢, 0077  nd
n . <001 002° N.D.
Ir . <0.1¢ <0.1¢ o
Mo 0.753 2.3¢ 0.4 o

Total 100.0 726 67.0 27

a-h o ND, n.d, See footnotes to Table 7.1.
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Table 75 Analytical . | .

Abundance (%Zw/w)
Element weld Flux Fume water-soluble
deposit fume
C 452 17.1P N.D. .
F . 147¢ 6.8, 5.29 279, 1.9¢
Na . <001¢  19¢ 1.4 0.4"
Mg . 0.3¢ 0.6%, 0.3 0.2
Al . 0.2¢ 47¢ a1l 0.01f
Si . 12.2¢ 13.3¢ .
P . 0.02¢ 0.01¢ .
) o 0.01¢ 0.07¢ .
Cl . 0.2¢ 3.6¢ 45®
K . 0.02¢ 1.9, 2.4 2.2
Ca . 19.5¢ 145¢ 1607 3.9
Ti . 0.02¢ 0.03¢ .
cr 32,53 0.1¢ 47¢,55' .
Cr(V) . . .77, 1.29 0.4, 059
Mn 332 0.3¢ 6.5, 6.5 0.02
Fe 59.7h 1.0¢ 11.1€, 1320 003
Ni . 0.1¢ 004, 003"  nd!
Cu . ND. 003, 005" ndf
Zn . <0.01¢  00s° N.D.
Ir . <0.1¢ <0.1¢ o
Mo e <0.01¢  <001°¢ o
Total 100.0 65.8 70.9 140

a-h , ND, n.d., See footnotes to Table 7.1.
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\ali-metal trations in | +

% element (w/w)
Source Species |
EOI* E04  EOS* EI1  EI2*
total Cr 26 003 07 005 5.1
crdin 08 00 00 002 36
Fume  wisacr(v1) 03 001 00 00 1.0
wsPCr(vI) IS 002 07 003 05
Weld deposit  Cr 70 =09 212¢ =~09 325
Cr 159 007 42 02 0.1
Flux Na 0.7 0.4 04 - 10 <0.01
K 1S 12 24 008 002

3 wis = water-insoluble.

byws = water-soluble.

C Mainly from flux, i.e., no Cr in the electrode core metal.

d Not determined by manufacturer, implying negligible concentration.

* Fume EOS (HSLA steel electrode) is similar to fume from E316L-16
rutile-coated stainless steel electrodes (Chapter 4), i.e., all the
chromium is water-soluble Cr{VI); fumes EQ1 and E12 (hardfacing
electrodes) contain water-insoluble Cr{Vl), and Cr(i{1), in addition to

water-soluble Cr{(VI).
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Crystalline silica (5i0,) and/or metal silicates were also not observed in

the x-ray diffractograms of any of the fumes, implying that silicon was
present as amorphous silica or silicates. Although crystalline silica could
potentially act as a tumour' enhancing agent due to chr.omc irritative and
tissue wounding effects, there 1s no evidence relating to any biological

activity of amorphous silica (3). The presence of crystalline potassium
chromate (KoCr0,4) in fume from electrode E04 (soluble Cr(VI) - 0.02%) and

its absence in fume from electrode E12 (soluble Cr(VI) - 0.5%; K - 2%) is
somewhat puzzling. It is possible that only amorphous Cr(VI) com_pounds
were formed in the fume from electrode E 12, which may be due to the
unfavourable rates of evaporation and condensation for nucleation and
crystalline formation (129).

The AAS and XRF techniques together provide analytical data for
all elements except oxygen. Where elements were determined by both

methods, the agreement was excellent (Tables 7.1 - 7.5). Volatilisation
losses during fusion at 1050°C with Li, B4 05 / Li BO, probably

contribute to some of the lower Na, K and Ca concentrations measured by
XRF. lon-chromatography and ion-selective electrode methods for
measuring water-soluble fluorides varied on an average by * 10%
(maximum variation * 30%). lon-chromatography (132) has not been used
before in welding fume analysis and is probably the more accurate

technique. lonic interferences with ion-selective electrodes are common



9q.

(127, 133) and may not have been completely eliminated by our matrix
matching methods.
Mass balances (up to 85-95% of total) may be obtained for the

flux, fume and water-soluble fume by including the mass of oxygen which

would be associated with elements such as Si (Si02, 51032_),
Ti (Ti0p, Ti0327), Cr (Cry0s, Cro427), Al (Al,03, Al,0,420),
Mn (MO, MO, M0, M0 4, M0 427) and Fe (Fe,0+, Fes0,4, Fe0427)

(74). The anions OH C032‘ and 51032° were not determined in the

water-soluble fume fractions.

The enrichment of fume in flux elements (expressed as the ratio of
their concentrations in fume and flux) generally follows the order:
K>Na>F>Si>Ca»>Ti. This is related to the volatility of the associated
compounds and to the prevailing chemical-thermodynamics. The enormous
enrichment of fume in Na, K and C1 for electrode E12 may be due to the
formation of highly volatile compounds such as NaCl, NaF, KC1 and KF.

Iron is the most abundant element in the fumes. Stokinger (134)
has reviewed the literature on iron oxides and concluded that they are
essentially non-carcinogenic and biologically inert. The relatively low
iron content (11.5%) of the fume from electrode EOS (Table 7.3), correlates
with the low fume generation rate (FGR) of the electrode. Similarly, the
high iron content (28%) of the fume from electrode E11 (Table 7.4),

correlates with the high FGR of the electrode. Both resuits may be
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explained by considering the differences in electrode flux composition, and
the volatilities of the flux constituents; for example, the low iron content
of fume from electrode EOS may be due to the low volatility of iron oxides
compared to that of fluorides (8% w/w F in flux and 18.5% w/w F in fume),
at the relatively low arc temperatures associated with low FGRs.

The fluorine compounds present in welding fumes have been found

to be physiologically active (135, 136). Basic electrodes (99) give rise to
mainly NaF, KF and CaF 5 in the fume (137) [all the electrodes used in the

present study are basic electrodes, except E11 (high-manganese
hardfacing), which 1s a neutral electrode (99)]. The transition-metal
fluoro-complexes found in the water-soluble fume fractions from basic
electrodes may'lower the blological activity of fluoride (135). Our results
show that the actual amount of fluoride formed in the fume 1S the same
for the four types of basic electrodes, l.e., 2.2 - 2.4 g/kg electrode melted
(See Chapter S for FGR data). This means that there Is an inverse
relationship between fiuoride concentration and FGR. The result is not

unexpected and may be explained by comparing the volatilities of Naf, KF
and Caf 5 (94) with those of other fume components: only the fluorides are

highly volatile at the low arc temperatures concomitant with low FGRs.
There is.no significant correlation between the percentage of fluoride in
the fume and the percentages of fluoride, sodium, potassium or calcium in

the flux (Tables 7.1 - 7.5). It appears therefore that fluoride formation in
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the fume does not result from specific high temperature reactions but

mainly from the volatilisation/condensation process which occurs at a
constant rate. The differences in concentrations of NaF, KF and CaF, in

the flux from the different electrodes are probably manifested in the slag
compositions and/or in the concentrations of chromates, silicates, etc., in

the fumes.

The chromium speciation resuits (Table 7.6) deserve special
attention. Chromium (I11) compounds are biologically inert (29) and Cr,0<

has in fact been used in nutritional medicine (138). Chromium (Vi)
compounds can penetrate cell membranes more easily and oxidise
biological material, thereby adversely affecting cellular function and |
causing toxic effects (29). The carcinogenic activities of chromium (V1)

compounds are related to their solubilities in body fluids (3, 139).
Relatively insoluble Cr(VI) compounds (e.g., CaCrOy4, ZnCrO4, PbCrO4) have
been clearly shown to be carcinegenic in laboratory animals (3). However,

the carcinogenicity of highly soluble Cr(V1) compounds (e.g., Na,CrO,,

KoCrOy4, CrO3) is not yet well established (3). Our results indicate that

Cr(111), water-insoluble Cr(VI) and water-soluble Cr(VI!) in the fume

originate both from the electrode core and flux. Chromium in the core
metal forms mainly Cr(II1) compounds (e.g., Cr,0s, FeCro04) (67). The

most important finding from the results in Table 7.6 is that there is a high
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correlation (r = 0.92) between water-soluble Cr(VI) / total Cr in the fume
and the Na + K in the flux. Kimura et al. (130) tested several types of
flux-coated electrodes and have reported a similar finding with each type
of electrode when varying amounts of Na and K silicates were added to the
flux. Although the electrodes used in our study are of five different types,
it seems that the sodium and potassium compounds in the flux have
reactivities similar to each other. Reduction of the Na + K content of

electrode fluxes may be a useful means of reducing the proportion of

Cr(V1) in welding fumes (130).

7.5 SUMMARY AND CONCLUSIONS

There is an inverse relationship between the fluoride
concentrations in the fumes and the FGRs. The water-soluble chromium

(V1) / total chromium in the fume is highly correlated with the percentage
of Na + K in the flux (r = 0.92). Fe<04, KoCrOy, CaF 5 and NaF were the only

crystalline compounds detected in the fumes by qualitative x-ray

diffraction. Mass balances (> 90% of total) were obtained for the fiux,

fume and water-soluble fume fractions. Excellent agreement was found

between x-ray fluorescence and atomic absorption methods. The results

from the various quantitative analyses were reproducible to within * 5%,
The resuits obtained in the current investigation (especially

Cr(V1)) may be used to calculate ventilation requirements in weiding
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workshop environments by applying the relevant threshold limit value
(TLV) indices (2, 79) and the fume generation rate (FGR) data given in
Chapter 5. The present results relate to fumes produced and collected
under controlled conditions at the recommended optimum welding current
and voltage. It should be recognised that fume composition may vary with
arc voltage (55) and to a lesser extent with AC and DC welding (79).

The data presented in this chapter may provide guidance to
industrial hygienists and occupational health physicians in appraising
specific situations related to fume exposure, fume toxicity and health
status of welders. These data make up the first rigorous chemical
analysis of flux, fume and water-soluble fume, using both major and
supplementary methods. Attention has been paid to the fact that nearly all
methods of chromium analyses are subject to uncertainties, due to

volatilisation losses, and oxidation-reduction reactions (67, 68, 124).



CHAPTER 8

MUTAGENICITY OF METAL IONS IN BACTERIA
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8.1 INTRODUCTION

Organic chemical carcinogens, with the exception of hormone
analogs, organohalides and known tumour promoters, have been shown to
be readily detected as mutagens in bacterial test systems, particularly
the Salmonella/mammalian microsome assay (35, 140, 141). However, the
Salmonella assay has as yet shown little promise in detecting inorganic
compounds, even of those known to be carcinogenic in laboratory animals
or humans (36, 142, 143).

The difficulties encountered in assays of metals have been
described by Rossman (142). In particular, metal ions such as Ni*, Co?*,

Cd2*, Zn2*, Mg2* and Mn2* may be precipitated as their insoluble
phosphates by orthophosphate ions (P043‘) in the normal bacteriological
culture medium and may not be detected as mutagens for this reason. Not
surprisingly, chromate (Cr042'), the only metal ion consistently

mutagenic in microbial assays, is anionic and therefore not precipitated by
orthophosphate ions. For the detection of mutagenicity, it is important to
maintain metal ions in solution in a labile form, preferably as biological
complexes, and accessible to the target cells.

A modified culture medium, for both the Salmonella assay and for

fluctuation tests with Salmonella and E. coli, utilising trimetaphosphate
ions ( P3093') as the sole phosphorus source in place of orthophosphate, is

described in this chapter. The trimetaphosphate complexes of all the
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metal ions tested are soluble in the modified test media. The results

obtained using modified and standard media are compared.

[The Ames test (42) involves the treatment of
Salmonellae bacteria on Petri plates with the
substance in gquestion, and enumeration of mutant
colonies  which  develop either spontaneously
(background) or are induced by the action of a
mutagenic substance. Strains of Salmonellae used in
this test are selected for their sensitivity to various
types of damage to their genetic material,
deoxyribosenucleic acid (DNA). These strains of
Salmonellae are more permeable to chemicals, and
have Increased tendencies to spontaneously mutate.
All of the Ames tester organisms are auxotrophic
mutants, that is, require histidine (an essential amino
acid) to grow. Under the influence of mutagenic
substances these undergo back-mutations into
prototrophs, which no longer require histidine.
Culture on a selective medium, lacking histidine,
allows detection of back-mutants (revertants).

The fluctuation test, as used here, also detects

reversion of auxotrophs. The test is applied to
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screening chemicals that are toxic, or that have weak
or undetectable activity when tested by the usual
Ames plate-incorporation assay (36, 44). The test
involves treating auxotrophs with the chemical,
dilutir;g the treated cells to low concentration, and
then distributing in 100 tubes containing medium
with limiting amounts of required nutrients. After
incubation for 3-4 days the number of tubes with
fully grown cell populations is counted. One reason
very weak mutagens can be detected by this procedure
may be that spontaneous and mutagen-induced
mutation rates are determined from populations of
cells equal in number (36).

The addition of an exogenous metabolic system
(36) was not considered important in the testing of

metal salts. Furthermore, chromium (Vi) may be

deactivated to chromium (111) in such systems (36).]

8.2 MATERIALS AND METHODS
Chemicals
Inorganic compounds used in this study are listed by name, source

(M. & B. = May and Baker; B.D.H. = British Drug Houses), purity (%), chemical
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formula and Chemical Abstracts Service (CAS) Registry Number as

follows:

Ammonium molybdate, Ajax, Univar (81%), (NHgg Mo0, 4. 6HO,
[11098 - 84 - 3];

Ammonium metavanadate, M. & B. (99%), NH 4V0s3,
[11115-67 - 6];

Beryllium nitrate, BD.H, LR, Be(NO<),,
[13597 - 99 - 4];

Beryllium sulphate, BD.H,, LR. (98%), BeSO, . 4H,0,
[13510 - 48 - 0]

Cadmium chloride, M. & B. (98%), (-:dCIZ . 25H50,
(7790 - 78 - 5];

Cadmium nitrate, BDH., LR, Cd(NO3),5 . 4H0,
[10022 - 68 - 1];

Chromium sulphate, BDH., AR, Crn(S04)3 . 8HYO,
[13520 - 66 - 6];

Cobalt chloride, BDH, AR. (97.5%), CoCl, . 6H,0,
[13815-10 - 6];

Copper (11) chldride, M. & B. (98%), CuCl, . 2H,0,

[10125-13 - 0];



Lead nitrate, Ajax, Univar (99%), Pb(NO<)-,
(10099 - 74 - 8];

Manganese chloride, B.D.H.,, AR. (99.8%), MnCl, . 4H0,
[13446 - 34 - 9];

Mercury (I1) chloride, BDH., AR, HaCly,
(7487 - 94 - 7]

Nickel chloride, M. & B., NiCl, . 6H0,
(7791 - 20 - 0];

Nickel sulphate, Ajax, Univar, NiSO4. 6H20,
[10101-- 97 - 0}

Osmium chloride, Aldrich, OsCls,
(13444 - 93 - 4]

Potassium antimonate, B.D.H,, AR. (94%), KSb(OH)g,
(12208 - 13 - 8];

Potassium chromate, M. & B. (99%), K,CrO,,
(11073 - 34-0];

Potassium permanganate, Ajax, Univar (99.5%), KMnO,4,
[7722 - 64 - 7);

Disodium hydrogen arsenate, Ajax, Univar (98.5%), Na,HASO 4

(10048 - 95 - 0];

- 7H,

108.
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Sodium fluoride, Merck, AR. (99%), NaF,

[7681 - 49 - 4];

Sodium metaarsenite, Sigma, NaAsOZ,
[7784 - 46 - S];

Sodium metabismuthate, BDH., AR, NaBi0+,
(12232 - 99 - 4];

Sodium selenate, Sigma, Na,3Se0y,
[13410-01-0];

Sodium selenite, BD.H,, LR (99%), NaySe0s,

(10102 - 18 - 8],

Purities, where given, are the minimum assay for those samples
(Univar reagents comply with specifications of the Committee on
Analytical Reagents of the American Chemical Society; AR. reagents
comply with Analar Standards for Laboratory Chemicals; L.R. reagents are
high purity raw materials). Chromium sulphate and cadmium nitrate
supplied by B.D.H. were both recrystallised twice, using triple-distilled
water. Early mutagenicity assays were conducted with beryllium nitrate,
but this was later replaced by beryllium sulphate because of concern about
the questionable purity of the former. Nickel sulphate was included in the
study as well as nickel chloride, because of the unknown purity of the

latter.
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Stock solutions of chemicals were prepared at 0.1 or 0.01M
concentrations in double glass-distilled water, sterilised by membrane
filtration and held in sealed glass bottles at room temperature. Aliquots
of these stock solutions were used for mutagenicity assays at nontoxic
concentrations, determined by preliminary toxicity assays with
Salmonella TA100, separately conducted for plate-incorporation and
fluctuation assays. At the time of assay, serial half-log dilutions of each
test chemical were prepared in distilled water.

rial strai

Salmonella strains TA98, TA100, TA1535, TA1537 and TA1538
were obtained from Professor B.N. Ames and all procedures followed
published methods (42). The E. coli strain (DG1153) employed only in
fluctuation tests was obtained from Dr D.G. MacPhee (La Trobe University).
This strain requires tryptophan, is sensitive to uv light (uvrA) and is
resistant to ampicillin (due to the presence of the R plasmid, pKm 101).
Plate-incorporation assay

For the normal or “standard” assay, piastic Petri plates
(100 x 1S mm style, Medical Plastics) were filled with 25 mL of

autoclave-sterilised minimal glucose agar medium, consisting of 1.5%
Difco-Bacto agar in Vogel-Bonner Medium E (MgS0, . 7H50, 0.2 g/L;
KoHPO4, 10 g/L; NaNH4HPO 4, 3.5 g/L; citric acid monohydrate, 2 g/L)

with 2% D-glucose. Various modifications of this medium were developed
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for use in metal mutagenicity assays. However, the modified media chosen
for comparison with the standard procedure were based on the
Vogel-Bonner medium, with orthophosphate ions replaced by
trimetaphosphate ions. A similar buffering capacity to that of the normal

medium was provided, as well as equivalent ionic strength. This modified

medium contained MgSO4. 7H20, 0.2 g/L; KCI, 85 g/L; NaCl, 1.0 g/L;

NH4CI, 1.0 g/L; NazP30qg, 1.0 g/L; tris (hydroxymethyl) aminomethane,

9 ¢g/L; citric acid monohydrate, 2 g/L; and D-glucose 20 g/L. The pH of
this medium was adjusted to either 7.2 or 7.8 before pouring into plates.
All plates were stored at 4°C and warmed to room temperature before use.

Top agar, consisting of 6 g/L Difco-Bacto agar and S g/L.NaCl was
prepared by adding 100 mL/L of a sterile stock solution containing
0.01 g L-histidine and 0.012 g biotin, and was dispensed in 2 mL amounts
into sterfle plastic tubes at 45°C immediately prior to each assay.

Into each 2 mL of top agar was added 100 pL of the appropriate
Salmonella strain from an overnight broth culture, followed by 100 pL of
test chemical, prepared in serial half-log working dilutions. The top agar
was mixed and poured over the surface of a minimal agar plate. After the
agar had set, plates were inverted and incubated at 37°C for 3-S5 days.
Unless stated otherwise, assay results are those from plates incubated for
3 days. Colony numbers were determined manUaHy and plates were

examined microscopically for evidence of lawn toxicity and for colony
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appearance. Each assay was repeated at least once. Criteria of positive
plate assays are those given elsewhere (42, 144) and include a
reproducible, dose-related increase in revertant colonies, with at least a
doubling of colony numbers on test plates compared with background
control values.
Eluctuation assay

The microtitre fluctuation test was performed according to the

method of Gatehouse (14S). In the normal or “standard" assay,

Davis-Mingioli Medium (DMM) containing KoHPO 4, 3.5 g/L; KH,PO,4, 1.0 g/L;

(NH4)2504, 1.0 g/L; trisodium citrate dihydrate, 0.2 g/L; MgSO,4 . 7H,0,
0.1 g/L; and D-glucose, 8 g/L was supplemented with 0.3 ng/mt biotin and

0.2 ug/mL L-histidine for assays with Salmonella typhimurium, and with

0.125 pug/mL L-tryptophan for E. coli assays. A modified medium was also

developed for use in fluctuation assays and contained (NH4)230 4 1.09/L;

trisodium citrate dihydrate, 0.2 g/L; MgSO4 . 7H50, 0.1 g/L; NasP30g,

1.0 g/L; tris (hydroxymethyl) aminomethane, 9 g/L; and D-glucose, 8 g/L
with pH adjusted to 7.2 before use.

Test chemical dilutions were added to 20 mL amounts of complete
DMM or modified medium, to give the required final dilution. Then 1 mL of
a 1710 dilution of 3- to 4- h broth cultures of bacteria was added in each
20 mL test or control bottle, which was mixed and dispensed in 0.2 mL

amounts into the 96 wells of Linbro/Titertek trays (Flow Laboratories).
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Trays with lids were tightly wrapped in plastic to minimise evaporation
and incubated at 37°C for 3 days. To determine bacterial growth, 20 ulL of
bromothymol biue (600 pg/mL) was added to each well: negative wells
appeared blue-green and positive wells appeared yellow. Where metals
affected the colour of the indicator dye, wells were assessed for
turbidity, based on absorbance measurements in a MicrotELISA Auto Reader
(Dynatech Model MR580) at 630 nm. The significance of fluctuation test

results was determined using the X2 test (146).

8.3 RESULTS

Plate-incorporation agsays

Only two fons, chromate and selenate were found to be mutagenic
fn Salmdnella assays using standard media. Both were also detected using
modified media (Fig. 8.1). Selenate ions were mutagenic to strain TA1335
(Fig. 8.1a) and appeared to be equally active in the modified medium at
either pH 7.2 or pH 7.8, although the highest test concentration in modified
media was toxic. Toxicity was not observed using standard assay
techniques and, consequently, higher revertant colony numbers were found
under standard conditions at higher selenate concentrations. Selenate ions
were not mutagenic to strain TA100 in any assay. Chromate ions, on the
other hand, were mutagenic to strains TA1537, TA98, and TA100 and the
standard medium was the most sensitive for detecting their mutagenicity.

Results obtained with TA100 are shown in Fig. 8.1b, with the modified
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pH 7.8 medium providing marginally higher revertant colony counts than
pH 7.2 medium.

Of the remaining 22 metal salts tested, only ammonium
metavanadate was found to be mutagenic in a plate-incorporation assay.
Metavanadate ions were mutagenic only with strain TA1535 in modified
medium at pH 7.8 when an approximate doubling of revertant colonies was
observed at the highest subtoxic dose tested (Table 8.1). Although this
result was reproducible, a clear dose-response was not demonstrated in

all experiments.

A nigi vana wi monella TA! in modified
late- ion as 78

Ammonium

vanadate Revertant colonies per plate

concentration

Mx10™7) Expt. 1 X) Expt. 2 Xo
3.7 47,90,120 85.6 83,88,114,118 100.8
1.17 41,57,68 553  50,52,61,68 57.8
0.37 56,57,59 573 40,43,46,53 455
0.12 32,50,68 50.0 42,43,43,45 432
0 39,45,47 437 39,44, 46,46 438
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Some compounds gave conflicting results in repeat assays, and
were therefore not assessable in the present study. They included
(i) potassium permanganate in modified pH 7.8 medium with TA1535;
(ii) sodium metabismuthate in both standard and modified pH 7.2 media
with TA1535; (iii) sodium metaarsenite in modified pH 7.8 medium with
TA1535; and (iv) beryllium nitrate in modified pH 7.2 medium with TAG8.

Fluctuation assays

Four fons were found to be mutagenic in the fluctuation assays:
chromate, metavanadate, beryllium (il) and cadmium (i1). Only chromate
fons were found to be mutagenic using both modified and standard media in
the fluctuation assay (Table 8.2); the fluctuation and plate-incorporation
assays had similar sensitivities for this mutagen.

Metavanadate ions were positive in two standard fluctuation
assays with TA100 (Table 8.3) at concentrations far in excess of those
able to be used in plate-incorporation assays for reasons of toxicity.
These results support our positive findings for metavanadate in
plate~incorporation assays using TA1535. Both TA100 and TA1535
contain the same point mutation (his G46) and are consequently both able
to detect substances causing reverse mutations by base-pair substitution,
Metavanadate ions were not mutagenic to any Salmonella strains other
than TA100 in the fluctuation test (including TA1535), nor to'any of the

strains using modified media.



Table 8.2 Comparison of standard and modified (pH 7.2) fluctuation

assays for detecting chromate mutagenicity.
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Potassium
chromate standard‘® modified(@
concentration fluc. test fluc. test
Mx10™>) TA100(P) £.c(®) TA100 EC.
25 36(C) 42(C) ]7(C) 78(C)
125 26 33(C) 9 34(C)
0.625 23 28 14 17
0 18 19 6 15

(@) Number of wells positive, out of 96.

Salmonella TA100.
Escherichia coli wWP2.

() TA100
EC.

(©) 2 5 384 p<0.05.

Selenate ions were negative in all fluctuation assays. Cadmium

and beryllium jons were mutagenic in standard media with E. coli and

Salmonelia TA100 respectively, but negative to other Salmonella strains

and negative with all fluctuation assays using modified media. The

difference in sensitivity between the fluctuation and plate-incorporation

techniques did not appear to be due to the toxicity of the species being

tested. For instance, cadmium ions appeared to be equally toxic using both

techniques and beryllium jons were conspicuously nontoxic up to the

highest doses used in efther technique. It should be noted that cadmium

lons were positive in fluctuation assays with E. coli, but negative in a



separate plate-incorporation assay using E. coli.

119

Table 83 Standard fluctuation assays of vanadate, cadmium and

beryllium salts.
Concentration Standard fluctuation test(d
Salt
M)
Expt. | Expt. 2
16X 107> 28 54(@)
Ammonium 50x 1070 53 54(d)
metavanadate® | 16x107® 58(d) 58(d)
0 a4 35
1.6% 107 31 a7
Cadmium 50x 1070 33 53(d)
nitrate(c) 16%1070 34(0) 53(d)
0 21 37
5.0 x 1072 36(d) "
Beryllium 1.6 % 10-3 32(d) 21
sulphate(?’ 5.0 % 107 30(d) 26(0)
0 15 18

(@) Number of wells positive, out of 96.

(b) with Saimonelia TA100.

(©) with E. coli WP2.

(@) x2, 384 p<0.05.
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Some compounds gave conflicting results in repeat fluctuation
assays, and were therefore not assessable in the present stUdy. They
were: (i) potassium permanganate in modified fluctuation assay with
TA100 and E. coli; (ii) cadmium chloride in modified fluctuation assays
with E. coli; and (iii) potassium antimonate in standard fluctuation

assays with TA100.

8.4 DISCUSSION

The mutagenicity of hexavalent chromium and lack of mutagenicity
of trivalent chromium in microbial assays has been weil established in the
literature. Varfous chromate salts have been shown to be active in
Salmonella (147-151) or E. coli (147, 152) plate-incorporation assays,
whereas trivalent chromium salts are negative (150-152). Our results
further confirm the mutagenicity of chromate in bacterial systems.

Selenate ions have been shown to be mutagenic in other Salmonella
plate-incorporation assays (149, 153). The report that selenite is weakly
mutagenic in TA100 (153) is neither in agreement with other published
results (149) nor with the present study.

This study provides reproducible evidence for bacterial
mutagenicity of cadmium (I1), bery!lium (1), and metavanadate (V) ions.
Cadmium ions were consistently positive in an E. coli fluctuation assay,
despite having been found negative by previous workers using Salmonelia

(150) and E. colt (152) plate-incorporation assays. Few other microbial
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studies and no plate-incorporation assays have been reported for
beryllium (I1) or vanadium (V) salts. Nor is there any information
concerning osmium, bismuth or copper salts which we found nonmutagenic.
As in the present study, assays of manganese (150), mercury (152),
fluoride (154, 155), and nickel (146, 156) salts have all proven negative.
Mutagenicity of lead chromate has been attributed to its chromate content
(148). Arsenite and arsenate salts were found negative here as in previous
Salmonelia plate-incorporation assays (149) though arsenite has been
reported to be both negative (157) and positive (158) in E. coli WP2
mutagenicity assays. Molybdate ions, which we found negative, have aiso
given conflicting results in E. coli WP2 and WP2 uvrA plate-incorporation
tests (152, 158).

Mutagenicity of certain compounds, including chromate, has been
claimed to be enhanced by the uvrA deficiency in E. coli (158), though
conflicting evidence has also been published (152). If true, it might have
been expected that E. coli uvrA pKm 101 would readily respond to arsenite
and molybdate ions in the present study. Although this was not so, the
E. coli strain proved useful in detecting the mutagenicity of cadmium ions
and in providing additional evidence of chromate mutagenicity.

The fact that modified culture media did not significantly improve
detection of a range of mutagenic metals demonstrates that solubility
problems in media containing high concentrations of orthophosphate are

not a major factor in preventing detection of metal mutagens in
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plate-incorporation assays. It was significant that the fluctuation assay
proved valuable for detecting two metal ions, viz., cadmium and bery1lium,
which were not detected in any plate-incorporation assays. In particular,
the demonstration that beryilium is only mutagenic with Salmonelia
TA100 in the fluctuation assay shows that plate-incorporation is
inadequate in some other unidentified way, at least for detection of this
element.

The mutagenicity of vanadate ions showed a complex dependence
on bacterial strain, medium (standard vs modified), and/or assay type
(plate-jncorporation vs fluctuation assay). In the plate-incorporation
assay, vanadate was mutagenic to TAI1535 only using the modified
medium; there was no effect with the standard medium. In the
fluctuation assay, vanadate was mutagenic to TA100 (but not TA1535)
with the standard medium only. The main difference between the two
assays is the presence of agar in the plate-incorporation assay. However,
the absence of a clear dose-response relationship in some positive tests
on this system precludes any firm conclusions concerning possible
interaction between vanadate and agar or vanadate and the phosphate
species present in the respective media.

There are a number of compounds, known to be active in microbial
DNA repair assays, which were not detected here. They include salts of
cobalt (159), manganese (153, 160), antimony (159, 160), arsenic

(158-161), mercury (159-161), molybdenum (158, 159), and osmium (159).
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This suggests that some forms of DNA damage either do not play a
significant role in the induction of point mutations or are not detected

using current microbial gene mutation technigues (142).

8.5 SUMMARY AND CONCLUSIONS

The mutagenicity of 24 metal salts was investigated in
plate-incorporation and fluctuation assays with Salmonella TA strains or
E. coli WP2 uvrA pKm 101. Chromate (VI) and selenate (V!) ions were
found to be mutagenic in plate-incorporation assays employing
conventional media. On the other hand, cadmium (1), beryllium (I1),
chromate (V1), and metavanadate (V) ions were detected in conventional
fluctuation assays, indicating the importance of this technique in
detection of metal mutagens.

Modified culture media, with trimetaphosphate ions in place of
orthophosphate as the sole phosphate source for bacterial growth, were
also used in this study. The media modifications prevented precipitation
of metals such as nickel and cadmium as their insoluble phosphates, and
allowed detection of the mutagenicity of metavanadate ions in
plate-incorporation assays. However, the fluctuation technique using
standard media was shown to detect a wider range of mutagenic metal
ions than tests with modified media.

It is notable that metaarsenite (I11), arsenate (V), and nickel (11)

lons, were found not to be mutagenic in any of the assays although they are
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known to be carcinogenic and are mutagenic in other test systems. The
lack of mutagenicity of nickel (l1) in the modified media indicates that
precipitation of this ion as orthophosphate is not the reason for its lack of
activity in standard bacterial assays. It is possible that bacterial
systems such as the Ames and fluctuation test systems are not sensitive
to lipid peroxidation and oxidative damage to DNA (162) and that nickel (I1)

may exert a mutagenic action by this means.



CHAPTER 9
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9.1 INTRODUCTION

Occasional reports suggest that some apparently mutagenic
chemicals fail to induce true reverse mutations in microbial assays, even
though macroscopic colony numbers may be increased on test plates.

Examples of treatments which result in such ‘false’ or phenotypic

reversion include:

(1)  accidental addition of an essential nutrient to test plates
containing nutritional mutants (e.g., histidine added to Saimonelia
TA strain cultures in assays of inadequately prepared urine
concentrates (163));

(1)  treatment with test compounds which may act as anaiogues of
essential nutrients (e.g., amitrole, which occasionally gives
spurto'us results in Salmonella assays, possibly due to its ability to
interfere in histidine metabolism and to compete with histidine for
incorporation into protein (164, 165));

(111) treatment with cytotoxic chemicals or distilled water (e.g., in
microbial assays where suppression of lawn colony growth may
increase the availability of a limiting nutrient, allowing subsequent
growth of auxotrophic colonies to sizes similar to those of
prototrophs (166)).

The occurrence of ‘false’ revertant colonies in Salmonella assays
of chromium (V1) has been reported by Pedersen et al. (167). Pedersen

et al. In their study tested a number of welding fumes and concluded that
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Cr(VIl) Ames assay results are valid only at low Cr(V|) doses. The present
Investigation was undertaken to determine whether ‘false’ reversion
adversely affects quantitative estimates of chromium (VI) mutagenesis in

Salmonella, as has been suggested.

9.2 MATERIALS AND METHODS
Iest chemical
Chromate (V1) ions were added as potassium chromate (May and

Baker) determined to be 99% pure.

Plating method

The plate-incorporation assay with Salmonella TA100 follows the
method of Maron and Ames (168). Briefly, the technique used in this
investigation employed basal agar medium containing Vogel-Bonner
medium E supplemented with 28 D-glucose. Top agar (6 g/L Difco-Bacto
agar and S g/L NaCl) to which traces of histidine and biotin were added
(10 mg L-histidine and 12 mq biotin/L final concentration) was inoculated
with 100 uL of an overnight broth culture and 100 pL of test chemical
prepared in serfal half-log working dilutions. Plates were routinely
incubated at 37°C for 3 days, though additional incubation periods from
4-8 days were necessary to allow for late development of colonies.
Characterisation of revertant colony genotype

Colonies developing on both control and test plates were

stab-inoculated onto sterile minimum agar plates containing excess
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biotin, but lacking histidine. A fine platinum wire needle was used to
manually transfer colonies to biotin plates which were then incubated for
1-2 days. (The biotin was necessary because the mutation that has
deleted the bio gene in TA100 cannot be reverted (i68)).

More detailed studies were also carried out on colonies identified
by their inability to replicate directly on biotin plates. After 24 hours
incubation on nutrient agar, these colonies were retested on biotin plates.
Determination of chromium (V1)

The standard spectrophotometric method using
s-diphenylcarbazide was employed to determine chromium (VI)
concentrations in aqueous solutions (169). Here 40 mg of
s-diphenylcarbazide in 100 mL of a solution of 95% ethanol (20 mL) and
10% sulphuric acid (80 mL) was freshly prepared and 1 mL of this solution
was added to 4 mL test solutions in plastic cuvettes. Absorbances were
measured at 546 nm using a Pye-Unicam SP6-550 UV-visible
spectrophotometer.

Electrop microscopy

| Transmission electron microscopy was undertaken with
glutaraldehyde-fixed Salmonella TA100, either untreated or after
overnight incubation in a broth culture containing various concentrations

of chromium (VI).
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9.3 RESULTS
f coloni | bacterial cell .

At toxic concentrations of chromate (< 3.7 x IO'5I‘1), well-formed
coiom‘es did not appear until 5-7 days of incubation. Beforehand, colonies
exhibited various unusual features. Some satellite colony development was
seen at this and at lower concentrations (1.85 x IO'SM). These comprised
small peripheral colonies within a zone of 2-3 mm around central larger
colonies. Other colonies occurred in the form of small discrete clusters,
which were also observed in a culture of wild-type (his") organisms grown
in the presence of 3.7 x 107M chromate, suggesting that these probably
originated by fragmentation of larger colonies. At chromium concentrations
above 1.85 x 107M, large numbers of minute colonies (0.1 mm) were
observed by low-power microscopy, presumably resulting from growth
lnhlbiflon of his* revertants by chromate. Normal background lawn growth
was evident under these conditions.

Chromate appeared to exert an effect not unlike that of penicillin,
when bacterial cells were observed under the light microscope.
Pletomorphic shapes and distortions of cell walls were common. To
determine whether this effect of chromium was occurring at the level of
the cell wall, chromate-treated cells were observed under the electron
microscope (Fig. 9.1). Although unusual cytoplasmic inclusions were seen at
1.85 x 10™M chromate, there were no obvious alterations in the cell

wall structure.
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Fig. 9.1a Electron micrograph showing Salmonella TA100 cells after
incubation in an overnight broth culture.

Eig. 9.1b TA100 cells after incubation overnight in broth containing
1.85 x 10™>M chromate. Vacuolar inclusions are prominent, together
with occasional disrupted cells. At higher magnification, cells
containing arrays of electron-dense fibrillar inclusions were also
observed.
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Evaluation of non-replicati tant coloni

Using the stab-inoculation method, almost ail colonies on control
plates were shown to be capable of growth on fresh plates containing
bictin (Tables 9.1, 9.2). However, some colonies on test plates containing
chromate failed to subculture, and the proportion of TA100 colonies
confirmed as his® by subculturing varied with the time of incubation of
test plates (Table 9.1). At the highest concentration of chromate,
well-formed revertant colonies were not observed until 7 days incubation.
Most were identified as his" by their replication on biotin-containing
plates. However, earlier (5 days) scoring of colonies on 3.7 x 107M
chromate plates showed a significant proportion of non-replicating
colonies. Very few could be detected between 3-5 days because of poor
bacterial growth. At 1.85 x 107M chromate, the occurrence of
non-replicating colonies was also confirmed, though they were now
equivalent to only 24% of the colony population.

There was a possibility that chromium (VI) might suppress growth
of bacterial cells due to toxicity, and that this might be exacerbated under
conditions of nutrient deprivation i.e,, on minimal agar plates. Thus,
colonies initially failing to replicate on biotin plates could do so after a
longer incubation period. Biotin plates were therefore examined at both

1 and 2 days of incubation. There was little difference in results (not

shown) on either day.
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Table 9.1 Effect of chromate (V1) concentration and incubation time on

' F TALOO coloni <t
Num! ( replicat] tant colonies (¢,
Total number of colonies investigated
Potassium
chromate Incubatijon time
concentration(@ 3 days 5 days 7 days
Mx 1072)
37 n.d.(b) 3/ 12(25%) 198/200 (99%)
1.85 1237161 (76%) 350/353 (99%) -
092 207/251 (82%) 244/246 (99%) -
0.37 1737194 (89%) - -
Control 99/102 (97%)

(@ Concentration initially added to plates.

() Could not be determined due to poor growth on test plate.

Alternatively, colonies might be more satisfactorily identified

after an intervening culture period on nutrient agar. Table 9.2 shows that

28% of colonies from plates containing 3.7 x 107>M chromate failed to

replicate directly on biotin plates. However, after 24 hours intervening

culture on nutrient agar, the majority of these colonies were scored as his’

when retested on biotin plates. Under the same conditions his™ colonies

picked from a nutrient agar culture of Salmonella TA100 remained incapable

of growth on biotin plates.



nutrient agar.

Potassium Incubation | Colonies Non- Colonies
chromate time investigated | replicating | identified
concentration‘@ | (days) colonies as his"
Mx 107°) (his™?) on retest(®)

3.7 6 142 40 29

1.85 4 354 10 8

0.92 3 248 0 -

Control 3 255 6 6

(@) As for Table 9.1.

(b) After 24 hours’ growth on nutrient agar, retested on biotin plates.

Other replica plating methods were also attempted, including the

velvet template technique. These did not provide the accuracy obtained

with the stab-inoculation method, and incorporate the risk of transferring

significant traces of histidine to the replica plate. In addition, minute

colonies were not satisfactorily carried over using the velvet template.

Effect of incubation time on colony development

Because of observations that well-formed revertant colonies

appeared later on plates incorporating higher chromium concentrations,

the efrect of incubation time on colony numbers/plate was investigated

(Fig. 9.2). Clearly maximum colony numbers did not develop at
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1.85 x 107°M chromate until 6-7 days, whereas at 0.92 x 107M plateau
colony development was reached by 4-5 days and at 0.37 x 107M by 3-4
days. The significant colony-growth-retarding effect of 1.85 x 107 M
chromate seen at 344 days wés reversed with prolonged incubation. The
results show that colony numbers on all test plates increased during the
8-day incubation period until reaching piateau levels proportional to the
initial chromate concentration.

The reversibility of colony growth inhibition by chromate
suggested that chromium (V1) bioavailability in agar plates decreased with
time of incubation. To test this possibility, a first overlay, containing
0.92 x 107°M chromate only was poured onto test plates. A second overlay
containing bacteria and trace quantities of histidine and biotin was then
added, on the same day as the first overlay or 1-4 days thereafter
(Fig. 9.3).

Chromium (VI) mutagenicity, as a measure of chromium (Vi)
bioavailability, decreased with time between addition of chromate and
addition of target organisms. Allowing for the 1ag in colony development
seen at this dose level (i.e., allowing for growth of most revertant
colonies) the mutagenic action of chromate was completely lost by day 3,
where colony numbers are similar to those on control plates

(93 ¢ 16; n=10). The cytostatic effect of chromium (V1) was monitored

in this experiment by prolonged incubation of plates following addition of



400

300

200

100

134

=

TA100 revertant
colonies/plate

/
[ ]
~ / "
’—-———J —————————— -
- - L
0.92 x10°5M el /
/ °
/ /
/ /
I I ®
0.37 x 10-5 M, ooooo,loo.o.oooooo.ooo/(ooooooooooooooo......oooooo.ﬂ
L
o.. I/ /.
s / /
L ]

o.. /I /

° /
- ... ‘/ I—._

7 / control
/ ®
/ /
/ /
/
7/ - ®
- L ]
( - | | 1 l

1 2 3 4 5 6 7

Days of incubation
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the second (bacterial) overlay (Fig. 9.3). The retarding effect of chromium
(V1) on colony development also diminished with preincubation of
chromate on agar plates.

| when chemical analyses were made of the chromate remaining in
media at different times, it was found that spectrophotometrically
detectable chromium (VI) decreased steadily with time (Fig. 9.4). In the
present case, measurements of chromium (VI) were made in the absence of
agar because of problems in spectrophotometric measurements with agar
media. However, all other constituents were as in the solid media.
Separate estimates of chromate (V1) in media containing salts, giucose,
citric actd or combinations thereof (data not shown) indicated that citric
acid and glucose together accounted for most of the chromium (V1)
reduction detected in liguid media. These components are almost certainly
responsible for the reduction in mutagenic and cytostatic effects of

chromate incorporated in test plates.

9.4 DISCUSSION

Salmonella TA100, cultured for perfods of 3-5 days in the
presence of high concentrations of potassium chromate, gave rise to
substantial numbers of colonies which could not be transferred to
biotin-containing replica piates. Pedersen et al. (167) have attributed
these non-replicating colonies to ‘false’ revertants, which it was reported,

account for S50-80% of all colonies at 0.37 x 107 >M dichromate. In our
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Flg. 9.4 Spectrophotometric measurement of chromium (V!) in a liquid
medium consisting of Vogel-Bonner medium E with 2% added

D-glucose, incubated at 37°C for up to 5 days.
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study 11-18% of colonies were non-replicating at concentrations of

037 - 0.93 x 107°M chromate. These diff erences may be due to the use of
adifferent replica plating technique in the former study, and to the
apparent use of minimal agar replica plates without biotin.

In the present case, the occurrence of non-replicating colonies
was closely related to retardation of colony development due to chromate.
Both effects were reversible with prolonged incubation, almost certainly
as aresult of the gradual chemical reduction of chromium (VI) by normal
components of bacteriological culture media. Reduction of hexavalent
chromium to its trivalent form has been previously demonstrated to occur
in the presence of the S9 fraction from rat liver (170) and with reducing
agents added to Salmonella test plates (169).

These findings demonstrate that difficulties in establishing the
his* character of some colonies from chromate-containing plates is
‘probably due to temporary growth inhibition by chromium (VI), which could
in turn be a result of accumulated cellular damage (ultramicroscopic
lesions were evident at relevant concentrations of chromate). The fact
that low numbers of slow growing his* cells were present in inocula from
chromate plates was illustrated by the use of an intervening nutrient agar
subculture procedure. This allowed positive identification as his" of a
majority of non-replicating colonies from chromate plates, while
similarly treated his™ colonies remained true to type. ‘False” or

phenotypic reversion therefore plays an insignificant role in chromium
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(V1) mutagenesis. On the other hand, the cytostatic action of chromium

(V1) does adversely affect the dose-response relationship.

9.5 SUMMARY AND CONCLUSIONS

After treatment with potassium chromate at concentrations
causing ultramicroscopic cellular lesions, a significant proportion
(up to 75%) of Salmonella TA100 colonies fail to replicate on fresh
minimal plates containing biotin. This suggests that chromivm(VI) may not
always induce his~ reversion to his® in Salmonella TA100. The terms
‘false’ or phenotypic reversion have been used to distinguish such
instances from "true’ or genotypic reversion, where progeny his* cells
readily grow on biotin replica plates.

Results of the present study indicate that the majority of
chromate-exposed colonies, initially scored as his ", are identifiable as
his* after 24 hours culture on nutrient agar. Moreover, chromate exerts a
cytostatic effect on TA100 since early colony development is suppressed
at high chromate concentrations. A gradual chemical reduction of
chromium (V1) ions by normal media compounds is probably responsible for
the re-emergence of colony growth during prolonged incubation of test
plates.

Thus, temporary growth inhibition at high chromate concentration
appears to be responsible for most of the non-replicating colonies

detected in mutagenicity assays of chromium (VI). The observations made
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and the conclusions reached in this study are of importance in the Ames

testing of stainless steel and other chromium-containing welding fumes.



CHAPTER 10
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10.1 INTRODUCTION

The inadequacy of bacterial test systems for hazard evaluation of
inorganic compounds, inert particles and fibres has been alluded to in the
literature (171). Lack of agreement between prokaryotic (e.g., Ames test)
and eukaryotic (e.g., SCE test) assays has been a major barrier for proper
evaluation of the genetic toxicity of nickel, cadmium and arsenic
compounds (44) and also of welding fume which contains these putative
carcinogens.

The present study utilises three types of hardfacing and two types
of HSLA steel flux-coated welding rods whiéh yield fumes of different
composition, in order to further explore the role of fume in sister
chromatid exchange (SCE) induction, and mitotic inhibition in mammalian
cells. The chief advantage of the SCE assay employed here is its
sensitivity to inorganic compounds of beryllium, nickel, arsenic and
chromium, including relatively insoluble compounds such as chromium (111)

oxide (172).

[The sister chromatid exchange test has been
referred to In Sections 2.3 and 25. The test is
discussed in detail in Refs 4S5, 46. The labelling
protocol is described in the next section. The SCE
test was chosen because it is objective, easy to score
(no overall change in chromosome morphology), more

sensitive than the micronucleus test (a test related



to chromosomal breakage), and amenable to
dose-response studies (38, 45, 46). Because SCEs
occur with higher frequency than chromosome
aberrations, fewer cells are needed in the SCE test to
determine whether a compound has a significant
effect; often, very large increases in SCE are
observed at concentrations of chemicals that induce
few if any chromosome aberrations (45, 46).

Sister chromatid exhanges were first described
by Taylor (46) who found that if chromosomes were
allowed to replicate once in the presence of tritiated
thymidine and then again in its absence, autoradio-
graphs showed that only one chromatid of each
chromosome was labelled (i.e, carried radioactive
DNA) as a semi-conservative replication of DNA
Occasional symmetrical switches in this label
between sister chromatids were observed, and Taylor
called these, ‘'sister chromatid exchanges. The
method did not find favour as a routine screen for SCE
inducing agents because the resolution was poor and
the procedure was time consuming. However, a more
powerful technique was made possible by the

observation that incorporation of the chemical
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S-bromodeoxyuridine (BUdR) in place of thymidine
quenches the reaction of chromosomes with the dye
Hoechst 33258 (BUdR is a thymidine analogue). This
can be seen as a decrease in fluorescence (dim vs
intense) or a decrease in staining with Giemsa's
solution (light vs dark).

The principle of the sister chromatid
differential staining method used in the present work
is described below. After one round of replication in
BUdR, the thymidine in one strand of each DNA duplex
is replacedq, i.e., each sister chromatid (of a pair) has
one labelled and one unlabelled strand. This unifilar
substitution results in a uniform reduction in the
staining or fluorescence of the chromosomes.
Following segregation of the chromatids (of a pair) at
mitosis, a second round of replication in BUdR
generates a sister chromatid pair, consisting of one
chromatid whose DNA is unifilarly substituted (one
strand labelled and the other strand unlabelled), and
the other chromatid in which both strands of the DNA
duplex are labelled, i.e, possess BUdR in place of
thymidine (bifilarly substituted). When treated with

the dye Hoechst 33258 and stained with Giemsa, the
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unifilar chromatid is much darker than the bifilar
chromatid: bifilar substitution results in a much
greater decrease in staining or fluorescence than
unifilar substitution. A sister chromatid exchange is
seen as an exchange of label between the two

chromatids. ]

10.2 EXPERIMENTAL
Welding fume production

Fume was generated using an automatic arc welding apparatus (see
Chapter 3) under precise and reproducible conditions of voitage and
current, and collected on glass-fibre media. The fume particles were
brushed from the glass-fibre substrates and dried at 100°C prior to
storage In sealed glass viais in a dessicator at 4°C. Chemical analyses
were completed within 2-4 weeks following fume collection. Cell culture
experiments were carried out over a total pertod of 4-20 weeks, initial
experiments on all fumes being completed within the first few weeks of
fume storage.

The electrodes employed In this study and their operating
conditions are described in Tables 5.1 and 5.2.

Chemical and biological analyses

Composition of the welding fumes and water-soluble fume

fractions as determined by x-ray fluorescence, x-ray diffraction, atomic
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absorption spectrophotometry, ion-selective electrode and
ion-chromatography, etc., are described in Chapter 7. The results for the
water-insoluble fraction are given in Table 10.1 and were obtained by
difference.

For SCE and mitotic inhibition assays, the welding fumes were
tested either as insoluble particles (i.e., washed fume, following removal
of soluble components by stirring in water at 60°C for 2 h and filtering
through a 0.45 um nylon membrane) or as a water extract of total fume
(whole fume mixed with high purity deionised water for 10 min at 45°C
and filtered through a 0.45 um nylon membrane). Half-log dilutions of
insoluble particles or freshly prepared soluble extract were made with
complete culture medium immediately before each assay.

Sister chromatid exchange (SCE) assays

Chinese hamster lung (Don) cells (American Type Culture
Collection CCL16) and SCE assay techniques have been described by
Baker et al. (173). In this study, Don cells cultured in Ham's F-12 medium
(Flow) supplemented with 10% heat-inactivated foetal bovine serum
(Flow), were inoculated at 8 x 109/mL in 4 mL of culture medium into

25 cm2 culture flasks (Lux) and incubated at 37°C in an atmosphere
containing 5% CO, in air and at 95% relative humidity. After 6 h

incubation cell attachment was complete and the growth medium was

changed.

After overnight incubation, the medium was again replaced with
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fresh medium or medium conta'ining insoluble particles, soluble fume
components or the positive control compound, mitomycin-C (MMC). After a
further 4 h incubation, S-bromodeoxyuridine was added to 10uM
concentration and all flasks were incubated in the dark for a further 20 h.
Fresh medium containing colcemid (1 uM) was added for a further 3 h
before harvesting metaphase cells. Fluorescence plus Giemsa (FPG)
-stained spreads (174) on glass microscope slides were coded for analysis
of 30 metaphases at each experimental point. Individual data points
represent mean SCE/metaphase spread from single flasks. Generally, each

water-soluble extract was tested three times at a range of doses. Each

insoluble fume was tested once. For comparison, K2Cr0 4 Was assayed in

six experiments and results of KoCrO4 assays are expressed as means

+ standard deviations.

!  mitotic innibiti

Sister chromatid differential staining {s an extremely sensitive
indicator of mitotic inhibition, because of the requirement for two
complete cell cycles of incorporation of S-bromodeoxyuridine to achieve
differential chromatid staining. This feature of the SCE technique was
used to determined the lowest concentration of insoluble or soluble fume
preparations able to block differential staining, but without causing overt
Cytotoxicity or loss of cell viability. Under these conditions, failure of
differential staining can occur due to a slowing, but not necessarily a

complete cessation. of cell division.
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Statistical analyses

Curve-fitting, estimation of slopes and probability values were
determined using a microcomputer program (175). A p-value < 0.05 for
linearity indicates that the line does not adequately describe this data.

Significance of SCE results was determined using a 2-tail Student t-test.

10.3 RESULTS
Mitotic inhibition and fume chemistry

The concentrations of Cr, Ni and F in the five fume preparations

are given in Table 10.1. All of the water-soluble chromium is chromium

(V1) though not all chromium (V1) is water-soluble e.g., CaCrO, is much

less soluble than KoCrOg4, particularly in the complex fume matrix.

Chromium (111) in these fumes is water-insoluble. There is also very little
water-soluble nickel, since nickel is present in the fumes only in the form

of insoluble oxides. Of the fluorides detected here, NaF and KF are
water-soluble, whereas Caf 5 Is insoluble. A detailed analysis of the fume

and water-soluble fume fractions is given in Tables 7.1-7.6 (pp. 81-97).
Each of the five fumes has a distinctive chemical composition
which may be useful for comparative investigations of their biological
activities. For example, fume EO1 has the highest concentration of
water-soluble hexavalent chromfum and the highest iron content (32%)

amongst the five fumes. FumeEO4 has the lowest concentration of



Table 10,1 Chemical composition and mitotic-inhibitory activity of

welding fume preparations.
Fraction Composition(@ Fume |
mitotic inhibition | EOI EO4 EOS EN E12
water-soluble Cr(V1) 1.5 002 07 003 05
F 3.0 94 95 1.2 2.3
Inhibitory level® | 10 25 10 1000 10
water-insoluble Cr(vl) 0.3 0.01 0.0 0.0 1.0
Crdtn) 0.8 0.0 0.0 002 36
NI 004 0.2 0.02 1.7 0.04
F 2.3 43 9.1 0.7 3.7
Inhibitory level® | >S00 500 100  >500 100

(@ % w/w with respect to total fume.

B Lowest test concentration (ug total fume or washed fume/mL) at which

significant mitotic inhibition was evident. The inhibition level for

KoCrO4 corresponds to 0.61 ng/mL KoCrO4 or 0.162 pg/mL Cr(VI).

water-soluble chromium (VI). Fume EOS has the highest content of both
watet:-soluble and insoluble fluorides. There is very little water-soluble
material in fume E11 which contains considerably more nickel than the other
fumes and 28% iron, all of which is water-insoluble. Moreover, fume El |
contains 25-30% manganese, approximately 100% of which is present as
insoluble manganese oxides. Finally, fume E12 possesses the highest

concentration of insoluble chromium (VI) and also of insoluble chromium(ill).



149,
Mitotic inhibition (Table 10.1) is a very sensitive indicator of
biological activity of welding fume since it dccurs at subtoxic
concentrations. Most of the soluble metal salts tested cause mitotic

inhibition in Don cells at doses below cytotoxic levels (172). Exceptions
are NaF and MnCl,. Thus, investigations of mitotic inhibitory activity in

soluble fume indicates that EO1 =EO05 =E12>EO4 > E11, which did not and
would not be expected to parallel their fluoride or manganese content.
However, the two soluble fractions with lowest mitotic inhibitory
activity were from fumes with lowest water-soluble chromium (VI)
content.

Water-insoluble fume particles were much less active than the
water extracts of the respective fumes. The results correlate partially,
though not completely, with insoluble chromium - (VI) content (fume EOS
being an exception). Amongst the five fumes, the insoluble particles of
EOS and E 12 were the more active in mitotic inhibition. It 1S possible that
insoluble silicates, which were highest in these two fumes (4.5% Si in EOS
and 13.3% Si in E12) might contribute to this.
3CE induction

water extracts of the five welding fume preparations all induced
SCE in Don cells (Fig. 10.1 a-d). Fume SCE values were significantly higher
(p < 0.01) than control values from cell cultures without fume. In order to

compare SCE induction with chromium (V1) content of the soluble extracts,



150.
the activity of K2Cr04 was determined and has been superimposed on the

fume data. In each case, SCE induction by the water-soluble fraction can
be accounted for solely by its chromium (V1) content. However, only the

soluble components of EO4 (Fig. 10.1 d), EOS (Fig. 10.1 b)and E12

(Fig. 10.1 c) have activity coincident with that of K,Cr0,4. Soluble
fractions of fumes E11 and EO1 (Figs 10.1 d and 10.1 a) are marginally less
active than K,CrO4, and in the case of EO1, SCE induction may have

decreased with time of storage of fume, perhaps due to reduction of
chromium (V1) by iron (11), in the presence of moisture in the fume matrix
(50).

Overall SCE activity of soluble fractions and insoluble fume
particles is depicted in Fig. 10.2. This data has been expressed as SCE/ug
total or washed fume/mL for purposes of direct comparison. In every case
the slopes of SCE induction curves for the soluble extracts are greater
than those of the insoluble material. Comparison of the water extracts
shows E12> EQ1 > EOS > E04> E11. On the other hand, activities of the
insoluble fume particles indicate a different order from those of the
soluble extracts, with E12> E0S > EOI > EI1 > EO4. Thus, SCE inducing
activity shows a high correlation with mitotic inhibition by the various
fume preparations, except in the case of the insoluble particulates of

fumes EO1 and E11 which yielded somewhat less mitotic inhibition than

EO4 (Table 10.1).
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Fig. 10.1a Sister chromatid exchanges in Don cells treated with fume

extract EO1 (three experiments ( © , a , O )), and treated
with KoCrO4 ( 0 ), as a function of water-soluble chromium

(V1) concentration. Results of six experiments with K2Cr0 4

( O )have been pooled and are superimposed on the graph, each
point representing the mean and standard deviation SCE value
from 180 metaphase spreads. The average relative standard
deviation in the fume data points is 20%.
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Fig. 10.1b Sister chromatid exchanges in Don cells treated with fume
extract EOS (three experiments ( © , a , O )), and treated
with KoCr04( © ), as a function of water-soluble chromium
(V1) concentration. K2Cr04( O )results as described in

F1g. 10.1a. The average relative standard deviation In the rume
data points is 25%.
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Eig. 10.1¢c Sister chromatid exchanges in Don cells treated with fume

extract E12 (three experiments ( ¢, a , O )), and treated
with KoCrO4 ( 0 ), as a function of water-soluble chromium

(VI) concentration. K2Cr04( O ) results as described in

Fig. 10.1a. The average relative standard deviation in the fume
data points Is 23%.
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Fig.10.1d Sister chromatid exchanges in Don cells treated with fume
extract EO4 (three experiments ( ¢, a , O )), treated with
fume extract E11 (two experiments ( o , ® )) and treated with
KoCr04 ( © ), as a function of water-soluble chromium (V1)

concentration. K2Cr04( O ) results as described in Fig. 10.1a

The average relative standard deviation in the fume data points
is 30%.
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Slope (SCE /ug/ml)

. 5
- -
I

Eig. 102 SCE-inducing activity of soluble ( N ) and insoluble ( |__|) fume
preparations, represented as the slope of the dose-response
curves for the soluble extracts from total fume, or for washed
fume (i.e., insoluble particles). Slope for each water extract is
here expressed as a function of the mass of total fume used in its
preparation. P-values for the slopes of soluble fumes EO1 to E12
are 1.0, 0.8966, 0.9568, 0.6762 and 0.228, respectively. P-values
for slopes of insoluble fumes EO1 to E12 are 0.9889, 0.058, 0.996,

0.089 and 0.6121, respectively.
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10.4 DISCUSSION

Because of the sensitivity of microbial assays to chromium (VI),
inevitably much of the mutagenicity of welding fume was initially
attributed to this metal ion (47, S0). Since then, other comparative
studies of cytogenetic effects in mammalian cells (53) and of recessive
spots in mice (S1) have indicated their correlation with soluble
chromium (V1) present in fume. Morgover, the cytoxicity of fume in an
established human cell 1ine, in bovine alveolar macrophages (176-178) and
inrat lung (179, 180) also appears to be related to its soluble
chromium (V1) content.

The present study demonstrates that mitotic inhibition and
SCE-induction both correlate well with chromium (V1) in water extracts of
fume. From other studies (172), there is evidence that fluoride, nickel and
manganese could also contribute to SCE induction by welding fume.
However, the concentration of fluoride is too low in the soluble extracts
to be sufficient to account for their activity. Furthermore, the fume with
highest nickel and manganese concentrations (albeit not water-solubie)
was also the least acfive in both SCE induction and in mitotic inhibition,
indicating only a slight contribution, if any, by these metals.

Actlvity of the insoluble fume particles may be explained in terms
of the relefée of metal ions by slow ( < 24 h) leaching from particies
phagocytosed by the Chinese hamster lung cells. Nevertheless it is

unlikely that the growth inhibitory and genotoxic effects of particles can
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be accounted for solely by their chromium (V1) content. Chromium (111) in
the form of insoluble Cr,0< also induces SCE in Chinese hamster lung cells

(172), but the SCE-inducing activity of the fume particles is far greater
than that due to chromium (l11) alone. Indeed the biological action of EQS
particles cannot be explained In terms of known activity of any individual
metals, being either due to synergism or to some as yet unidentified
component.

The present findings concur with other mammalian cell studies
indicating the role of fume-derived soluble chromium (VI) in
SCE-induction (S3) and in inhibition of cell division (176), but they also
Indicate the need for care in evaluating the action of water-insoluble fume
particulates, particularly since these insoluble components may, due to

their persistence, contribute more to chronic lung disease.

10.5 SUMMARY AND CONCLUSIONS

Welding fumes from three types of hardfacing and two types of
HSLA steel electrodes were water-extracted and both soluble and
Insoluble fractions were subsequently investigated for mitotic inhibition
and sister chromatid exchange (SCE) induction in cultured Chinese hamster
lung (Don) cells. In general, activity of the water-soluble extracts of
fumes in Don cells paralleled their chromium (V1) content, although a

contribution of chromium (i11), fluorides, nickel, manganese and other
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fume constituents cannot be excluded. In the case of the insoluble fume
particles, growth inhibition and genotoxic action cannot be due to

chromium (V1) alone.



APPENDIX 1
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INTRODUCTION
The analytical chemistry of aqueous chromium (VI) has been
described extensively in the Titerature (181-183) but no tabulation of the
abundance of chromium (VI) speciés at different pH values and metal

concentrations has been published apart from a brief account of the
HCr04'/CrO42' equilibrium. Such data are essential for studies of
environmental chromium speciatfon. Chromium (VI) may be present in

aqueous solution as chromate (CrO 42'), dichromate (Cr2072—), hydrogen
chromate (HCrO4 ), dihydrogen chromate (chromic actd,H,CrO4), hydrogen
dichromate (HCr,0-"), trichromate (Crs0, 02‘) and tetrachromate

(Cr40132'), The 1ast three fons have been detected only in solutions of

pH <0 or at chromium (VI) concentrations greater than IM (182-184),
Polyanions containing > 4 chromium atoms are not known, and probably do
not exist, on account of chromium-oxygen multiple bonding (184). Three

PH regions may be distinguished for chromium (V1) specles: (1) pH <0,

where HyCrO4 Is a significant species, (ii) pH = 2-6, where HCrO,4~ and

Cr2072' occur together, and (iii) pH>6, where Cr042' predominates.

EXPERIMENTAL
The published values of the chromium (VI) equilibrium constants

used In the calculations in this study are given in Table I. Contributions
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from HCr,0- ", Cr30102‘ and Cr40132' are negligible at pH >1 and at

chromium (VI) concentrations le'ZM. The concentration of H2Cr04 (x) in

a solution of hydrogen ion concentration (p) and total chromium (V1)

concentration C was obtained by solving the quadratic equation
~, .'. s 2.
ML T R Kok, w2 c -0
p D2 D 2

Table 1. Published values of equilibrium constams(a).

fonic Equilibrium
Equilibrium Strength constant Reference
(M) (at 25°0)
HyCrO4 = H'+HCrO4~ | ~0.16 ky=0.18 (184-186)
HCro,~ &= H'+Cr0,2” | 033-063 | ko=3.2x1077 | (186)
- 2..+ -
2HCrO4~ = Cry07< +Hy0 | <0.022 ks=33.3 (188)
1 k3= 98 (187)
0 k3= 355 (187)

(@ k-values (ky, ko and k3) at the same ionic strength (e.g, at i = 1)

are not available in the literature.
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The concentrations of the other chromium (VI) species were obtained from:

HorD,T] Ky
p
[CrD4Z'] = k1k2x'
D2
[ErQD?Z_] . k3k1‘x2
pQ

The equations were solved on a Univac 1100 computer using a Fortran

program (see Table 2 for program).

RESULTS AND DISCUSSION

Results obtained by using ks = 98 are given in Table 3. This value
of ks was determined at an fonic strength (i) of unity (187). If a value of

k3 = 35.5 (4 = 0) is used, the dichromate concentrations are

approximately half those gfven in Table 3 and the concentrations of the
other species are correspondingly greater. The results in Table 3 are
consistent with qualitative and quantitative descriptions of the chromium

(VI) system by other authors (181-184, 189) and indicate that at neutral
pH the principal species in solution are Cr042' (= 80%) and HCrO 4

(= 20%).



162.

Table 2. Fortran program used (@) (b)

HUDN

D JdO N

9
10
11
12

13
14
15
16
17
18
19
20
21
22
23
24
235
26
27
28
29
30
31

S0

60

30
20
10

IMPLICIT REAL*8(A-H,0-2)

REAL*8 K1,K2,KD

DIMENSION PH(8),C1(5),KD(2)

DATA PH/1.0D-1,1.0D-2,1.0D-3,1.0D-4,1.0D~5, 1.0D-6
1D-7,1D-8/

DATAK1/0.18D+0/,K2/3.2D-7/

DATA KD/98D+0,35.5D+0/

DATAC1/1.0D-2,1.0D-3,1.0D-4,1.0D-5, 1.0D-6/

DO 10 1=1,2

DO 20 J=1,5

C=-CI(J)

WRITE(6,50) KD(1),C1(J)

FORMAT(//,1X,” THE KD VALUE IS * F12.8,2X,” THE C VALUE
1S *,F12.9)

DO 30K=1,8

A=(KD()*K1%%2)/(PH(K)**2)

B=(K1/PH(K))+(K1*K2/PH(K)**2)+1.0D+0

X=(-B+DSQRT(B**2-4.0D+0*A*(C))/(2.0D+0%*A)

IF(X.GT.0.0D+0)GO TO 40

X=(-B-DSQRT(B**2-4.0D+0*A*(C))/(2.0D+0*A)

X1=(K1/PH(K))*X

X2=(K1%*K2/PH(KP**2)*X

X3=((KD(I)*K 1%%2)/(PH(K )**2))

X3 =X3¥X*%2

WRITE(6,60) PH(K),X,X1,X2,X3

FORMAT(/,1X," THE PH IS ",F15.9," THE (H2CR0O4) IS 'F15.9,

$/,1X, " THE (HCRO4-) IS ',F15.9, ' THE (CRO4=) IS 'F15.9,

$/,1X, " THE (CR207=) IS ',F15.9)

CONTINUE

CONTINUE

CONTINUE

STOP

END

(2) The variable, PH, contains the value of the hydrogen ion concentration.

() Both values of K3 (i.e,, 98 and 35.5) are included in the program.
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Table 3. Calculated abundances of chromium (V1) species in aqueous

solution at pH 1-8 and total chromium (V1) concentrations (C) in

the range 1072-107 M

abundance (%)
pH  C(M) Cr042"  Cr042°  HCro,”  HoCroy
1 1072 0.0 236 49,1 273
1073 0.0 37 61.9 344
1074 0.0 0.4 64.0 356
107 00 0.0 64.3 35.7
1076 0.0 0.0 643 35.7
2 1072 0.0 36.0 60.6 34
1073 0.0 75 876 48
1074 0.0 1.0 94.0 5.0
1072 0.0 0.0 95.0 5.0
1076 0.0 0.0 95.0 5.0
3 1072 0.0 37.7 62.0 03
1073 0.0 8.2 a13 05
1074 0.0 1.0 985 05
1072 0.0 0.1 99.3 0.6
1076 0.0 0.0 99.4 0.6
4 1072 02 37.7 62.1 0.0
1073 0.3 8.2 915 0.0
T 0.3 1.0 98.7 0.0
1072 0.3 0.1 995 0.1
1076 0.3 0.1 99.6 0.0
5 1072 20 36.7 61.3 0.0
1073 2.9 7.8 89.3 0.0
1074 3.0 1.0 96.0 0.0
1072 31 0.1 96.8 0.0
1076 31 0.0 96.9 0.0
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Table 3. Continued

abundance (%)
pH  C(M) CrO4%”  Cry04%7  HCro,~  HoCro,
6 1072 17.3 286 54,1 00
1073 23.0 5.0 72.0 0.0
1074 240 0.7 75.3 0.0
1072 242 0.1 75.7 0.0
1076 242 0.0 75.8 0.0
7 1072 72.4 5.0 226 0.0
1073 75.8 0.6 236 0.0
1074 76.2 0.0 238 0.0
1072 76.2 0.0 238 0.0
107 762 00 23.8 0.0
8 1072 96.9 0.1 3.0 0.0
1073 97.0 0.0 3.0 0.0
1074 97.0 0.0 3.0 0.0
1072 97.0 0.0 3.0 0.0
1076 97.0 0.0 3.0 0.0

SUMMARY AND CONCLUSIONS

In this study, published values of equilibrium constants were used

to calculate the percentage of each chromium (V1) species (CrO 2’,

Cr2072‘, HCrO4~ and HoCrO4) present in agueous solution at total

chromium (VI) concentrations of 1072 - 10'6M, in the pH range 1-8. This

is the first compilation of such data.

The results show that at the Ames test pH (x7.4), only CrO 42‘
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(=80-90%) and HCrO,4 (=10-20%) are present. The thermochemical radii
of the isoelectronic Cr042', 5042', and PO43' ions (tetrahedral) are
2.40 A, 230 A and 2.38 A, respectively (190): the size, shape and anionic
nature of the Cr042' ion facilitate its diffusion through biological

membranes via the sulphate or phosphate transport systems (191). The
analytical data compiled are also applicable to soil, marine and other

aquatic environments.
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