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Abstract

Objectives: Low-pressure carburising is a new technology used to harden steel; the process
has been shown to be a source of considerable PAH (Polycyclic Aromatic Hydrocarbons)
pollution. Some PAH are carcinogenic, and activities such as furnace maintenance may thus
represent a risk to workers. Occupational exposure during these operations should therefore
be assessed.

Methods: In this study, the PAH-related carcinogenic risk associated with furnace
maintenance was assessed by monitoring atmospheric levels of benzo[a]pyrene (BaP), a
representative marker, alongside urinary levels of 3-hydroxybenzo[a]pyrene (3-OHBaP), one
of its metabolites. PAH exposure levels were monitored during seven sampling campaigns in
four different factories specialised in heat-treatment of mechanical workpieces for the
automotive and helicopter industries. Two types of furnace were studied, and 37 individuals
were monitored.

Results: Values up to 20-fold the French regulatory value of 150 ng/m® for atmospheric BaP,
and, for urinary 3-OHBaP values up to 40-fold the French Biological Limit Value (BLV) of
0.35 nmol/mol of creatinine were detected. Very high concentrations of BaP, close to or even
exceeding those found in coal-tar pitch (up to about 20 g/kg), were measured in residues (tars,
dusts) deposited inside the furnace. Even when adequate and suitable personal protective
equipment was used, urinary 3-OHBaP values often exceeded the BLV. We hypothesise that
this exposure is linked to insidious and fortuitous dermal contamination through contact with

factory equipment and staining.

Keywords: vacuum case hardening, occupational exposure, Polycyclic Aromatic
Hydrocarbons, benzo[a]pyrene, 3-hydroxybenzo[a]pyrene, dermal exposure
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1. INTRODUCTION
Low-pressure carburising is performed in a vacuum furnace using hydrocarbon gases at
pressures below 2 000 Pa and high temperatures. Pyrolysis of these gases causes atomic
carbon to form and diffuse within the steel to reach a superficial content ranging from 0.7 to
0.9% wt (Coppin et al., 2000; Dulcy and Gantois 2007). In addition to carburised steel, this
process produces by-products, including Polycyclic Aromatic Hydrocarbons (PAH) which
contain carcinogenic substances such as benzo[a]pyrene (BaP) (IARC, 2012). These by-
products condense as soot or tar in cold zones within the furnace (dead zones and exhaust
pipes), and some fine particles can become dissolved in the oil of the vacuum pumps.
Workers can be exposed to these substances by inhalation and skin contact when the furnace
is opened during maintenance and cleaning operations. These operations are generally
conducted monthly (light maintenance) or yearly when production is stopped.
To prevent carcinogenic effects in workers exposed to PAH, since the 1970s the French
National Health Insurance Fund has recommended a limit value of 150 ng/m® for BaP in
inhaled air (CNAMTS, 1984). However, air monitoring only reflects potential inhalation
exposure. PAH exposure can also be assessed by urinary biomonitoring and compared with
air monitoring to consider all exposure routes, including dermal absorption which is
potentially a significant route of exposure for PAH (Van Rooij et al., 1993, 1994, McClean et
al., 2004). Biomonitoring also has the advantage of assessing the actual exposure levels when
personal protective equipment is worn. Although 1-hydroxypyrene has been used for more
than 25 years as a biomarker, its relevance as an indirect marker for carcinogenic PAH has
been the subject of debate (Gilindel et al., 2000; Gendre et al., 2002; Forster et al., 2008;
Barbeau et al., 2015). This debate has intensified since selective and sufficiently sensitive
methods were developed to quantify 3-hydroxybenzo[a]pyrene (3-OHBaP), a metabolite of
BaP (Simon et al., 2000; Barbeau et al., 2011). 3-OHBaP was used as a biomarker in a
number of recent studies (Lutier et al., 2016; Barbeau et al., 2014, 2015; Scheepers et al.,
2009; Forster et al., 2008), and the French Research and Safety Institute for the Prevention of
Occupational Accidents and Diseases (INRS) has proposed a Biological Limit Value (BLV)
for French workers of 0.35 nmol/mol creatinine or 0.83 ng/g creatinine (Lafontaine et al.,
2004 updated by Lafontaine, 2008), for samples taken at the beginning of the shift following
exposure.
This article assesses exposure to BaP in furnace maintenance workers by measuring airborne

BaP concentrations and 3-OHBaP in urine. The aim was to determine whether exposure to
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BaP occurs, and to provide a comprehensive overall picture of exposure in this sector. To help
with the development of risk management strategies, the main routes of exposure (dermal /
respiratory) are also discussed.

2. MATERIAL AND METHODS

2.1. Furnace description
Two kinds of linked multi-chamber vacuum furnaces were studied. Both furnaces have one or
more heating chambers and one or two quenching chambers. All the chambers are linked
together by a rail-mounted transport cart. In the Central Tunnel Loading Furnace (CTLF),
cylindrical chambers are placed around a central tunnel and the entire system is maintained
under vacuum (Figure 1a). The steel workpieces, laid on a transfer cart, are moved from the
charging chamber to a heating chamber for carburising and then to the quenching chamber,
passing through the tunnel each time. In the Front Loading Furnace (FLF), the chambers are
placed in a line along a track, and each heating chamber can be independently maintained
under vacuum (Figure 1b). A shuttle module moves and stands flush against the chamber for

loading or unloading. The carburising gas can be either propane or acetylene (Table 1).
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Figure 1: Schematic views of vacuum furnaces: a four-chamber Central Tunnel Loading
Furnace (CTLF) (a), a three-chamber Front Loading Furnace (FLF) (b), a partial sectional
view of a CTLF (c) — diagrams are not to scale. White arrows indicate the path followed by

the steel workpieces during production. All dimensions are in millimetres.

2.2. Study population
The measurement campaigns took place in four factories specialised in the heat-treatment of
mechanical workpieces for the automotive and helicopter manufacturing industries. The
volunteer subjects were 37 healthy males allocated to maintenance and cleaning operations on
the furnaces. Monitoring was performed during seven interventions, combining simultaneous
sampling of airborne BaP and urinary 3-OHBaP (Table 1). A questionnaire was used to gather
information on the volunteers’ smoking habits. The population was composed of 15 smokers

and 22 non-smokers.

Page 4



Table 1. Summary and description of the monitoring campaigns — 37 subjects

Factories Factory 1 Factory 2 Factory 3 Factory 4
Type of furnace CTLF® FLF CTLF CTLF
Carburising gas propane acetylene propane acetylene
Year of exposure 2008 2009 2008 2009 2010 2011 2012
assessment
Number of workers 6 4 5 5 8 8 7
monitored
Full
I I Face _—
Filtering Full Reusable | Full | Filtering Filtering | Reusable | Reusable
. ; Powered . Mask .
description| noneused | Facepiece | noneused | Face Hood Half | Face | Facepiece (for Facepiece Half Half
Respirators Mask Mask | Mask | Respirators one Respirators | Mask Mask
Respiratory worker)
Protection ™ ass P3 P3 | P3 P3| P3 P2 P3 P3 P2 P3
Equipment -
(RPE) ASS|gn_ed

Protection

Faﬁf{ " ) 20 ) 40 | 40 20 | 40 10 40 20 10 20

(AFNOR,

2006)
. i disposable ) disposable disposable disposable . .
" Surt protective protective protective protective disposable protective
Skin
rotection non- non- non- - .
P Gloves chemical- | chemical- | chemical- che_m ical che_m ical chemical resistant chemical resistant
. . . resistant resistant
resistant resistant resistant
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reassembly dismantling operations . carrying out several checks and
solvent- reassembly of operations (doors, | .. . A
of and (doors, transfer dismantling elements outside the
based . gas exhaust . transfer cart, etc.), : . .
components . cleaning cart, ventilator . furnace, dismantling of heating
X cleaning valves and . cleaning gas .
o in the plant gas . in the - or quenching chambers
Task description and - pipes, and ; injectors followed
and injectors, . guenching elements, doors, process valves
cleanin reassembly as exhaust Cleaning doors chamber etc.) by the use of an and gas exhaust pipes
ng of heating g of heating - 2| industrial vacuum . gas PIPES,
/scraping chamber valves and chambers (dr scraping of the cleaner. replacement interventions on seals, oil
operations doors . y graphite heating - Iep - change
elements wipe and elements and of graphite heating
industrial : elements
cleaning gas
vacuum .
injectors
cleaner)

cleaning gas

& CTLF: Central Tunnel Loading Furnace (Figure 1a)

® FLF: Front Loading Furnace (Figure 1b)
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References to the measurement campaigns are made using the following code: Factory-Year.

For example 1-2008 corresponds to the 2008 campaign in factory 1.

2.3. Air monitoring

Air samples were taken in the personal breathing zone for each worker, outside the facepiece
when respiratory protection equipment (RPE) was worn, over the course of one shift (one 8-h
sample) (1-2008, 1-2009, 2-2008, 3-2010 and 3-2011) or two shifts, corresponding to two
separate 8-h samples (2-2009 and 4-2012), producing a total of 43 samples (supplementary
Table S1). The inhalable fraction was sampled at a flow rate of 1 L/min on a 37-mm diameter
glass-fibre filter (Whatman GF/C), connected to an XAD-2 purified resin adsorption tube
(SIGMA ALDRICH - ORBO™ 43 Supelpak™), in line with the recommendations in the
French method (INRS, 2016). BaP and other particulate PAH were trapped on the filter, while
the XAD-2 cartridge adsorbed gaseous and semi-volatile PAH. The glass-fibre filter was
contained in a closed polystyrene cassette. Air flow was measured by an air flow calibrator
using a wet cell method and its stability was checked by comparison of flow-rates at the
beginning and end of sampling. After sampling, cassettes and tubes were refrigerated in
closed boxes prior to analysis.

After the outer walls of the cassette had been carefully cleaned, the filters were removed and
placed in 5 mL dichloromethane for particle extraction using ultrasound for 15 min. The
cassettes were washed with 4 mL methanol to recover PAH deposited on their inner walls.
The two extracts were concentrated by gentle evaporation to dryness under nitrogen flow and
the resulting samples were dissolved in at least 500 pL of methanol/dichloromethane (50/50)
and quantified separately. PAH were extracted from the XAD-2 resin with 3 mL toluene using
ultrasound for 15 min. To prevent loss of volatile substances, the extract was analysed without
concentration. A 20-uL aliquot of the final volume of each extract was injected into a HPLC
system and eluted from a Si-C18 column with an acetonitrile/methanol/water mobile phase.
BaP was detected by fluorimetry (Lafontaine et al., 2002) and was quantified by comparison
to a seven-point external calibration curve. The limit of detection (LOD) was 0.45 pg
(S/N=3), which corresponds to a limit of quantification (LOQ) of 1.5 pg (S/N=10). For 8-h
exposure measured at a flow rate of 1 L/min, this would correspond to an airborne

concentration of 6 pg/m?®.
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2.4. Biomonitoring

Biomonitoring was performed under the responsibility of the occupational health physician at
the different factories investigated. Monitoring started after a two-day period of non-exposure,
and lasted a total of 40 hours. All voided urine samples were collected separately, the volume
was measured and the sampling time was recorded by INRS. As soon as possible after
micturition, four millilitres of each sample were stored in a Uriprel® PAH cartridge, at the
same time, 1 mL of the same sample was collected on a Uriprel® creatinine cartridge (Simon
et al., 2003). 3-OHBaP concentrations were determined using an automated column-switching
HPLC system with a fluorescence detector (Simon et al., 2000; Lafontaine et al., 2004). The
LOQ was 0.05 ng/L with an injection sample of 3 mL hydrolysed urine. The coefficient of
variation was less than 5% for between-day precision when urine samples were spiked with
0.84 ng/L, 4.2 ng/L and 42 ng/L 3-OHBaP.

To allow statistical analysis of results below the LOQ, we used a 2-fold lower value.
Concentrations were expressed in nmol/mol creatinine after normalisation for creatinine
concentrations determined using the Jaffé method (Viau et al., 2004). One nmol/mol
creatinine corresponds to 2.37 ng/g creatinine. Some excretion profiles had to be discarded as
the 3-OHBaP maximum could not be properly determined. For some operators, two work-
shifts were monitored, producing two maxima. Table S1 in the online supplementary material
lists the number of urinary 3-OHBaP profiles used to determine the maximum 3-OHBaP
values. Maximum values were defined as the urine void with the highest metabolite
concentration. Some results were very low, mostly for campaign 4-2012. In these cases, it was
difficult to determine a 3-OHBaP maximum as values measured for potentially exposed
workers were similar to those obtained for smokers (Lafontaine et al., 2006). When this issue
arose (10 out of 43), the data were excluded from those used to determine the time at which 3-
OHBaP reached its maximum (Table S1). In contrast, all data were considered in the urinary
results to reflect the low levels measured for this campaign.

On each excretion profile, the 3-OHBaP maximum was compared to the French BLV of 0.35
nmol/mol creatinine proposed by INRS for samples taken at the beginning of the shift
following the shift during which exposure occurred (Lafontaine et al., 2004; Champmartin et
al., 2008). Linear Equation 1 describes how external exposure (airborne BaP) correlates with
internal dose (urinary 3-OHBaP). This equation was obtained from individual excreted
maximal 3-OHBaP concentrations [3-OHBaP] (in nmol/mol creatinine) (supplementary

Figures S1 and S2) and airborne BaP concentrations [BaP] (in ng/m®) measured in workers’
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personal breathing zones (n=26) in five different working areas where exposure was mainly

by the respiratory route (Lafontaine, 2008 updated from Lafontaine et al., 2004).
[3-OHBaP]= 0.0018[BaP]+0.0847 Equation 1

This equation was used to calculate the theoretical maximum urinary 3-OHBaP concentration
in nmol/mol creatinine which would have been excreted if the operator had actually been
exposed to the BaP airborne concentration measured (in ng/m®) (respiratory exposure only;
absence of respiratory protective equipment). For a given measured airborne BaP
concentration, the maximum urinary 3-OHBaP concentration measured was compared to the

corresponding theoretical 3-OHBaP concentration.
3. RESULTS

3.1. Airborne BaP measurements

In all cases, BaP amounts collected on XAD-2 tubes were below the LOQ), indicating that BaP
was particle-bound and trapped on the filters. The extracts from whole filters and the inner
walls of cassettes gave values above the LOQ, and overall airborne BaP concentrations
exceeded 1 ng/m®. The median value was 78 ng/m® (standard deviation [SD]: 2 345; range: 2-
15 142; n=43). The results for the 43 airborne measurements, stratified by year and factory
are presented in Figure 2.

The highest results were obtained for campaign 1-2008, whereas the lowest were obtained for

campaign 4-2012.
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Figure 2: Airborne BaP levels (ng/m®) - n: number of samples. The dotted line indicates the

recommended maximum value for French workplaces (CNAMTS): 150 ng/m®

Analysis of these data revealed no obvious decrease in exposure over time. Excluding values
from campaigns 1-2008 and 4-2012, most of the results (22 out of 24) were equally
distributed below and above the 150 ng/m® threshold, ranging between 15 and 1 500 ng/m°.
There was no clear difference between the results obtained for furnaces using propane (1-
2008, 1-2009, 3-2010 and 3-2011) or acetylene (2-2008, 2-2009 and 4-2012) as carburising
agent. We detected high concentrations both with CTLF furnaces (1-2008, 1-2009, 3-2010
and 3-2011) and with FLF furnaces (2-2008 and 2-2009).

3.2. Urinary levels
The 3-OHBaP excretion profiles established for the furnace maintenance workers were

similar to those obtained in other studies with workers from different sectors: artificial target
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factory (Gendre et al.,, 2002), carbon disc factory (Lafontaine et al., 2004) and
electrometallurgy plant (Gendre et al., 2004). As previously observed, urinary concentrations
increased steadily after the shift, reaching a maximum at around the beginning of the shift
following exposure. Values subsequently decreased (supplementary Figures S1 and S2). On
average, for all workers monitored, the 3-OHBaP maximum appeared 17 hours (SD: 4; n=33)

after the end of exposure. The 3-OHBaP maxima determined are shown in Figure 3.
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Figure 3: 3-OHBaP maxima (nmol/mol creatinine) determined in workers’ urine for the
different measurement campaigns - n: number of analyses - The horizontal dotted line
indicates the BLV: 0.35 nmol/mol creatinine.

As for airborne BaP values, the urinary excretion values were extremely variable (median:
0.31 nmol/mol creatinine; SD: 2.65; range: 0.03-14.72; n=43), and the highest urinary levels
were recorded during campaign 1-2008 and campaign 2-2008, while the lowest values were
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observed during campaign 4-2012. Almost 75% of all urinary maxima exceeded the proposed
BLV. Nevertheless, in contrast to airborne BaP, in the campaigns from 2008 to 2012 we
observed a steady decline in internal exposure levels (as indicated by urinary 3-OHBaP

levels).

3.3. Relationship between airborne and urinary concentrations, penetration
routes and use of protective equipment

Figure 4 shows the 3-OHBaP urinary maximum plotted against the airborne BaP
concentration. This Figure includes data from all campaigns. The theoretical maximum 3-
OHBaP values were calculated using Equation 1 with the airborne BaP values and were
represented by the continuous curve. The standard error of the estimate is represented by the
two dotted curves, determined by calculating the standard deviation on the absolute values of
the differences between the experimental 3-OHBaP results and the theoretical values obtained
by applying Equation 1 (Lafontaine et al., 2008). This standard error is an indicator of the
uncertainty of the values predicted by Equation 1. Equation 1 was derived from data on
exposure assessed in different working conditions, from several different workplaces and
different cohorts. This uncertainty could be explained by a number of parameters:
uncertainties in measurements and analysis, inter-individual metabolic variability, etc. To
avoid misclassification of penetration routes, only data located outside the two dotted curves
will be commented on here.

To obtain a clear presentation of the data as a whole, log-scale axes were used. Values higher
than 5 000 ng/m* (1 out of 35) and lower than 10 ng/m® (7 out of 35) were omitted; thus, only
27 of the 35 paired values (Table S1) are represented in Figure 4.
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Figure 4: Maximum urinary 3-OHBaP concentrations plotted against airborne BaP
concentrations measured during the seven sampling campaigns. Continuous line (==):
theoretical 3-OHBaP maxima; Dashed line (---): standard error of estimation of 3-OHBaP

maxima - For the description of “zone 1" and “zone 2" please refer to the text.

For the campaigns performed from 2008 to 2011, most of the 3-OHBaP values exceeded the
proposed BLV even when the airborne concentrations were lower than 150 ng/m®. This result
suggests that operators were potentially exposed through both the skin and the airways. Figure
4 attempts to elucidate the contributions of these penetration routes and also provides
information on the efficiency of the personal protective equipment (PPE) used.

Zone 1 (hatched area) indicates airborne BaP values exceeding 150 ng/m® associated with 3-
OHBaP values falling below the lower dotted curve, which represents the theoretical 3-
OHBaP values minus the standard error of the estimate. Operators wore RPE (except during
campaigns 1-2008 and 2-2008), and we must assume that the equipment was worn correctly.
In these conditions, workers will not have been exposed to the high BaP concentrations
measured. The 3-OHBaP values which were close to or higher than the French BLV may
therefore be explained by a dermal route of exposure. The extent of airborne exposure
contributing to the values measured would depend on the RPE’s efficiency and how it was
used. Even with airborne concentrations close to 1000 ng/m? real operator exposure

(indicated by the 3-OHBaP concentration measured) may be close to or lower than the BLV,

Page 13



thanks to the use of appropriate PPE, in particular RPE. Indeed, BaP is known to be trapped
by both P2 and P3-type masks.

Zone 2 (grey area) corresponds to measured 3-OHBaP values exceeding the theoretical
maxima plus the standard error of the estimate (above the upper dotted curve). Values in this
zone suggest a dermal route of exposure for these workers. The difference between measured
and calculated values is particularly marked for workers operating in an atmosphere where
airborne BaP concentrations were low (lower than the recommended maximum limit for
France) as indicated by the three diamond-shaped symbols (campaign 3-2010). Actual 3-
OHBaP values for these workers can be up to 1 nmol/mol creatinine, which is equivalent to
three times the BLV. For data points in this zone, whatever the airborne BaP concentration,
when an operator’s 3-OHBaP concentration lies above the upper dotted curve it indicates that
dermal protections must have failed or may not have been used. This is a matter for concern

as the urinary values exceeded the BLV.

4. Discussion

For all campaigns except those performed in 2008, workers wore protective masks. Thus,
inhalation exposure would have been much lower than suggested by the airborne BaP
concentrations measured. The actual exposure levels when workers used RPE depend on filter
efficiency, leakage, face shape and how the mask was worn.

Until 2008, knowledge of PAH exposure during maintenance operations in carburising
furnaces was limited. Consequently, in the two first campaigns, operators worked without
applying any particular safety precautions, and this ignorance of the risks explains the high
airborne and urinary concentrations. Overall in this study, almost 35% of the airborne values
were above the recommended value for France, but for campaign 4-2012 all the results were
lower.

In several cases, two consecutive campaigns were performed in the same plant. Although
operators were more aware of the presence of PAH during the second campaign, the second
sets of airborne levels were not always decreased compared to the first. Broad scattering of
the airborne results was observed even within a single campaign. Thus, atmospheric BaP
concentrations seem to depend more on occupational activities, which can be different from
one individual to another, even on the same site. As the cleaning and maintenance operations

were manually performed, worker behaviour and method may also have influenced results.
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Another possible explanation for the large range of different airborne BaP concentrations
could lie in variations in concentration within residues (supplementary Section S3).

Indeed, the BaP concentrations in solid deposits were not all equivalent, and - as might be
expected - operations carried out in proximity to high-concentration residues generated high
airborne BaP concentrations. For example, the highest airborne values in campaign 3-2010
(exceeding 150 ng/m®) were produced in these conditions. In addition, operator movement
could cause particles from previous cleanings and scraping to become airborne once again,
particularly in the polluted central tunnel. This was the case in campaign 1-2008, where the
highest airborne BaP values were measured during the final cleaning operations and
reassembly, involving numerous passages through the central tunnel. Thus, the operator’s
main activity could explain high airborne levels. Importantly, it should be noted that high
airborne concentrations were not always associated with visible dust emissions.

Except for campaign 4-2012, all urinary values were much higher than the mean values
determined for smokers (0.03 nmol/mol creat.; Lafontaine et al., 2006). The contribution of
cigarette smoke to urinary 3-OHBaP concentrations was marginal (Forster et al., 2008), we
therefore chose not to distinguish between data for smokers and non-smokers. As mentioned
above, since 2008 awareness of the risks of PAH exposure has been raised among workers,
and as a result appropriate PPE are now used and operations are better managed. These
modifications have resulted in an overall decrease in exposure levels, as reflected by urinary
concentrations, although conditions were different between campaigns (plant, activities,
airborne BaP levels, etc.). As shown in Figure 3, the decrease was pronounced between 2008
(no knowledge of the presence of PAH and absence of PPE) and 2009 (PAH pollution known
and PPE used), but was much smaller for subsequent years. Although some individual values
still exceeded the BLV, median values were equivalent to it for campaigns 3-2010 and 3-2011
and were lower than it for campaign 4-2012.

The temporal trends for the airborne BaP concentrations and maximal 3-OHBaP
concentrations measured were completely different. Between 2008 and 2012, median airborne
BaP values followed a switchback trend whereas the 3-OHBaP data followed a decreasing
trend. This difference could be due to the fact that high-concentration BaP deposits (Section
S3) were present during all campaigns, and that even the most cautious operator will probably
trigger dust emissions, thus producing high airborne BaP values. This scenario is all the more
likely as an operator cannot tell by looking at black deposits whether they contain high levels

of BaP or not. When operators wore appropriate respiratory and dermal protection, urinary
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levels close to or below the BLV could be measured even when airborne concentrations were
high.

Even when the results for the workers monitored are considered individually, there is no
direct and clearly identified relationship between the airborne and urinary data.

This lack of relationship is probably because measurement of the airborne concentration
overestimates inhalation exposure for a worker wearing RPE and because it only assesses
potential inhalation exposure while ignoring potential absorption through the skin. During
campaign 3-2010 (Figure 4) the workers with the highest airborne data, above the
recommended value for French workers, did not excrete the highest 3-OHBaP maxima
(diamond-shaped symbols in zone 1, Figure 4). In contrast, some workers exposed to lower
airborne concentrations excreted 3-OHBaP concentrations exceeding the BLV (diamond-
shaped symbols in zone 2, Figure 4). This result could be explained by differences in RPE
(Table 1). However, on closer examination it appeared that the two workers for whom the
highest airborne results and low urinary results were measured were equipped with lower-
grade respiratory protective equipment, suggesting that exposure occurred by a cutaneous
route for the other workers. For these workers, “dirty black marks” had been observed on their
hands and dermal swabbing (not shown) highlighted more extensive skin contamination.

It is not easy to compare the data presented here with data published for other work areas
because of differences in study design, material, methods and sampling protocols. In addition,
the preventive measures applied are not always specified in publications (Hopf et al., 2009).
Moreover, significant variability in the levels detected was observed in the present study.

PAH exposure has previously been assessed for workers in converter infeed, production of
refractory products, coking plants and graphite electrodes. Forster et al. (2008) found higher
median and maximum values for airborne BaP than those presented here. However, their 3-
OHBaP values were in the same range as ours, with a median of 0.54 nmol/mol creatinine for
workers producing graphite electrodes. The highest value they measured was 8.24 nmol/mol
creatinine, almost 2-fold lower than our highest value. However, Forster et al., 2008 analysed
3-OHBaP in post-shift spot urine samples, while we report maximum 3-OHBaP
concentrations, measured on average 17 hours post-exposure. As we collected all urine
between shifts, we can affirm that the maximum levels were considerably higher than
concentrations measured immediately post-shift. During electrode production, Barbeau et al.
(2015) found similar median airborne and urinary values to ours; however, in each case the

maximum of the range they reported was considerably lower than our values. Comparison
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with these two studies shows that real exposure of workers operating low-pressure carburising
furnaces could be at least equivalent to or even higher than the exposure levels reported for
other industrial workplaces known to produce high levels of exposure to PAH and BaP.
Similar to what we report here, in these two previous studies, a poor correlation was found
between airborne BaP levels and corresponding urinary levels. This discrepancy was
attributed to dermal exposure, although this exposure route was never measured. Indeed, the
relative contributions of dermal and inhalation exposure are not easy to estimate. In the
aluminium industry, the two exposure routes were distinguished by measuring levels of
pyrene and its metabolite 1-hydroxypyrene and using an experimental setup distinguishing
between workers using dermal protection and workers equipped with RPE (Lafontaine et al.,
2002). The results presented help to estimate the relative contribution of the two penetration
routes, indicating that dermal exposure contributed less than 50% to overall exposure in this
case. In our study workers either wore no protective equipment or were equipped with both
respiratory and cutaneous protection devices; it was therefore not possible to assess the
relative contribution of the different routes of penetration by a method similar to that
described by Lafontaine et al. (2002). In the present study, the exposure routes appear to vary
depending on the activities performed and the PPE used. A dermal route of exposure is
suggested by data in Figure 4 located in zone 2, and this appears to be the main penetration
route for workers fitted with RPE. Results from dermal swabbing (not shown) confirmed that
furnace maintenance workers’ skin was contaminated with PAH.

Several other studies have reported dermal absorption of PAH based on various experiments.
In two recent reports (Baxter et al., 2014; Fent et al., 2014), skin swabs indicated dermal
contamination (mainly on the neck) in fire-fighters; this contamination was associated with
measurable urinary concentrations, suggesting skin absorption as a potential route of
exposure. In a study of roofers (Serdar et al., 2012), a negative association was found between
glove use and levels of a biomarker for DNA damage, and a positive correlation was found
between burns sustained during work and a urinary metabolite of PAH, indicating that dermal
absorption was a significant route of exposure. Levels of urinary PAH biomarkers measured
at bedtime were found to correlate with dermal patch-based measurement of PAH exposure in
asphalt-exposed workers, indicating that dermal contact persists after a work shift (Sobus et
al., 2009).

Whatever the distribution between the two penetration routes, they must be given equal

consideration by industrial hygienists. To limit both respiratory and dermal uptake, hygienists
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recommend suppressing or reducing emissions. In the case of carburising furnaces, this could
be done by targeting and minimising critical situations: for example, avoiding unnecessary
cleaning, using a vacuum cleaner with HEPA filter, damp wipes to clean dusty deposits from
surfaces, etc. In addition, local exhaust ventilation during operations generating dust could be
envisaged (INRS, 2015) and, where necessary, appropriate protective equipment should also
be added. Dermal exposure can also be linked to direct contamination (contact with dirty
marks, involuntary staining due to reflex reactions, “insidious” pollution), to contact with
polluted tools, soiled factory areas or with soiled protective equipment, etc., which is more
difficult to prevent. The use of appropriate clean protective clothing, particularly gloves, is
therefore necessary. Indeed, in our study it emerged that some workers did not wear gloves,
removed them during their shift, wore contaminated gloves, or that some parts of their bodies
(for example wrists, hands and/or face) came into contact with BaP-rich solid deposits. These
observations suggest a need to reinforce communication on the dermal route of exposure as
dermal contact, even with a small amount of soilage, could explain why many urinary values
exceeded the proposed BLV.

The use of propane has been reported to be a source of technical problems because of the
uncontrolled formation of tars and soot (Bruce et al., 2006), and acetylene is widely
recommended as a solution to these problems (Bruce et al., 2006; Qin, 2008; Herring, 2012).
However, with regard to PAH exposure, we found no clear difference between the two
hydrocarbons (Figure 2 and supplementary Section S3). Additional samples from factory 2
and from three supplementary workplaces where acetylene was used with a CTLF furnace
(data not shown), confirmed the presence of high levels of BaP (several g/kg) in setups using
this hydrocarbon.

Similarly, furnace design (CTLF or FLF) does not seem to contribute to differences in
exposure levels. However, the installation in factory 4 has airtight doors between the heating
chambers and the tunnel. Consequently, the gases were exclusively evacuated through the gas
outlet located in the heating chambers. Although deposits were still found, they were confined
to a smaller area, and the tunnel and the transfer cart were cleaner in factory 4 than in the
other factories studied. This more confined soilage could be one of the reasons why very low
exposure levels were detected during campaign 4-2012.

Furthermore, the amount of PAH formed and thus the occupational exposure could be
reduced by studying the influence of the operating parameters: temperature, pressure and gas

residence time as a wide variety of molecules react with each other to form PAH and their
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precursors (Richter et al., 2000). Above 180 °C, BaP is in a gaseous state (IWAIR, 1998) or in
the form of chemical precursors. Thus, no solid BaP deposit can be formed in the heating cell
at these temperatures; only when temperatures decrease - at the reactor outlet - do BaP and
other PAH become liquid or solid.

The detailed kinetic mechanisms of PAH formation has been studied (Norinaga et al., 20086,
2009), and the results presented suggest that it would be preferable to work at low-pressure
and at temperatures around 800 °C. Vacuum carburising processes could also be carried out
by several successive carbon enrichment and diffusion phases using nitrogen which should
reduce the amount of PAH generated (Goldsteinas and Pelissier, 2002). Post-pyrolysis
treatment could also be considered as a means to remove the PAH, e.g. catalytic filter
(Mastral et al., 1999; Liljelind et al., 2001; Aranda et al., 2012) or gas-liquid absorption
(Baudry et al., 2002). Furthermore, solids (soot, tar, PAH) should always be separated from
the gas phase as close as possible to the furnace as it reduces the risk of exposure to PAH

during maintenance operations.

5. Conclusions
Low-pressure carburising treatment was introduced to replace atmospheric pressure
carburising because the latter generated toxic and environmentally dangerous compounds like
CO, and CO. The low-pressure version of the technique offers numerous technical
advantages: it improves carbon penetration and thus the quality of the steel parts treated, it
prevents the formation of CO, and surface oxidation due to the absence of oxygen, and it
increases the molecular diffusion of gas. The technological success of this technique has led
to the installation of more than six hundred low-pressure carburising chambers worldwide to
date, mainly using propane and acetylene as carburising gas (Prunel and Stauder, 2005). This
article is the first report on occupational exposure to carcinogenic substances during
maintenance operations performed in these furnaces. In the absence of preventive measures
and without protective equipment, the French recommendation for atmospheric BaP levels
and the French BLV were considerably exceeded. Informed operators who used appropriate
PPE received markedly lower exposure to BaP. Despite an overall decrease in exposure
levels, many operators still excreted 3-OHBaP levels exceeding the BLV, even when low
airborne BaP concentrations were measured. The approach used, monitoring airborne BaP
concentrations and 3-OHBaP excretion, and comparing measured and theoretical 3-OHBaP

concentrations, provided information on the main route of exposure. For several workers,
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dermal contamination appeared to be the main persistent exposure route despite
improvements to procedures and protection. Work on other preventive practices, in particular
on the process will therefore be necessary.
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Supplementary material for:

“Maintenance of low-pressure carburizing furnaces: a source of PAH exposure”
Catherine Champmartin, Fanny Jeandel, Hubert Monnier

This document includes (6 pages):

Section S1: with Table S1. Number of airborne and urinary samples used for the final
analysis (p. S2)

Section S2: with Figure S1. Urinary 3-OHBaP profile (worker D, campaign 1-2008) (p. S3)
and with Figure S2. Urinary 3-OHBaP profile (worker A, campaign 1-2009) (p. S3)

Section S3: Analysis of residues (p. S4-S5) with Table S2. Overview of the BaP
concentrations in the various samples collected during campaigns in factories 1 and 3 (CTLF
furnace using propane) and factory 4 (CTLF furnace using acetylene).

Section S4: References (p.S6)
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Section S1

Table S1. Number of airborne and urinary samples used for the final analysis

Campaign Number of Number of  Number of  Number of Number of urinary
workers airborne urinary paired profiles used to
monitored BaP maximum airborne and  determine time of

samples 3-OHBaP urinary 3-OHBaP
samples samples maximum

1-2008 6 6 5 4 5

2-2008 2 2 4 2 4

1-2009 4 4 5 1 5

2-2009 2 4 4 4 4

3-2010 8 8 8 8 8

3-2011 8 6 6 5 4

4-2012 7 13 11 11 3
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Section S2

Urinary 3-OHBaP profiles
The excretion profiles (Figures S1 and S2) show how 3-OHBaP concentrations change with

time over the collection period. Shift times are indicated in grey. The dotted horizontal line

represents the BLV (0.35 nmol/mol creatinine). Each square represents the 3-OHBaP

concentration measured in an individual urine sample.

Figure S1. - Urinary 3-OHBaP profile (worker D, campaign 1-2008). The 3-OHBaP

maximum measured was 7.15 nmol/mol creatinine and occurred 18 hours after the end of the

first shift.
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Figure S2. - Urinary 3-OHBaP profile (worker A, campaign 1-2009). The 3-OHBaP

maximum measured was 0.70 nmol/mol creatinine and occurred 16.5 hours after the end of

the first shift.
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Section S3: Residues analysis

Material and methods

Deposits of by-products were sampled in various locations within furnaces, generally with a
spatula by scraping the deposit from a surface and transferring it to a vial. After dilution in an
appropriate solvent (tetrahydrofuran, dichloromethane, etc.), samples were analysed using a
column-switching HPLC method and detected by fluorimetry (Champmartin et al., 2007).
Due to the large number of substances contained in these industrial matrices, the sample was
purified on three columns using the heart-cutting technique before analysis. This technique

allows rapid on-line isolation of BaP and its determination in parts-per-billion.

Results

BaP concentrations were very variable depending on the location inside the furnace from
which deposits were sampled; whereas deposits inside the heating chambers and on the
graphite elements presented low concentrations; other samples contained BaP at
concentrations of up to 26 g/kg (Table S2).

In furnaces using propane, these deposits looked like tar and were located in the annular
space, on and around the door of the heating chambers (outside the thermally insulated
casing), on the inner wall of the central tunnel, on the transfer cart, and on the tar filter (Figure
1). Tar-like residues were also found in cold areas on the gas outlet path. Slightly lower
concentrations were measured in the oil of the vacuum pump (0.11 g/kg).

In furnaces using acetylene, some deposits had the appearance of brown-orange powders. The
locations of the highest concentrations of by-products were the same as in furnaces using
propane, except for the central tunnel and the transfer cart, where low levels of BaP were
found. This difference was not due to the gas used, but rather to a difference between the
installations. The furnace in factory 4 had gas-tight doors between the heating chambers and
the tunnel (see Discussion section). In the tunnel and on the transfer cart, not enough solid
deposit was produced to allow its collection. Nevertheless, some surface samples were taken
using swabbing techniques. These samples contained only low amounts of BaP. In contrast,
deposits with high BaP concentrations - up to 9 g/kg - were found on gas outlet pipelines.
Thus, gas-tight doors confined deposits to a smaller area (doors, annular spaces, process

valves and gas exhaust pipelines) than setups without gas-tight doors.
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Table S2. Overview of the BaP concentrations in the various samples collected during

campaigns in factories 1 and 3 (CTLF furnace using propane) and factory 4 (CTLF

furnace using acetylene). To view sampling location, see Figure 1.

Carburising gas propane acetylene
Location Mean values [BaP] g/kg
Tar on the inner wall of the central tunnel (max value) 26 *

Tar in the annular space of the heating chamber and on 16 2
components inside (e.g. part of the quartz resistance)

Tar on the inner wall of the central tunnel (min value) 5 *

Tar on the transfer cart 5 *

Tar in the tar filter 4 4

Dust inside the gas blasting nozzles 0.21 **

Oil in the vacuum pump 0.11 0.06
Dust on the floor of the gas quenching chamber 48 10 *x
Dust in the casing inside the heating chamber and on the 78 10° 5310°

components inside (e.g. graphite heating elements)

*:no deposit was found In this focation

**: sampling and analysis not performed
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