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TECHNICAL PAPER

Hazardous airborne carbonyls emissions in industrial workplaces in
China

Steven Sai Hang Ho,'*>"* Ho Sai Simon Ip,? Kin Fai Ho,"* Louisa Pan Ting Ng,’
Chi Sing Chan,* Wen Ting Dai,' and Jun Ji Cao'
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A pilot hazardous airborne carbonyls study was carried out in Hong Kong and the Mainland of China. Workplace air samples
in 14 factories of various types of manufacturing and industrial operations were collected and analyzed for a panel of 21 carbonyl
compounds. The factories can be classified into five general categories, including food processing, electroplating, textile dyeing,
chemical manufacturer, and petroleum refinery. Formaldehyde was invariably the most abundant carbonyl compound among all
the workplace air samples, accounting for 22.0—44.0% of the total measured amount of carbonyls on a molar basis. Acetone was
also found to be an abundant carbonyl in workplace settings; among the selected industrial sectors, chemical manufacturers’
workplaces had the highest percentage (an average of 42.6%) of acetone in the total amount of carbonyls measured in air.
Benzaldehyde accounted for an average of 20.5% of the total amount of detected carbonyls in electroplating factories, but its
contribution was minor in other industrial workplaces. Long-chain aliphatic carbonyls (Cs—C;) accounted for a large portion
(37.2%) of the total carbonyls in food-processing factories. Glyoxal and methylglyoxal existed at variable levels in the selected
workplaces, ranging from 0.2% to 5.5%. The mixing ratio of formaldehyde ranged from 8.6 to 101.2 ppbv in the sampled
workplaces. The observed amount of formaldehyde in two paint and wax manufacturers and food-processing factories exceeded
the World Health Organization (WHO) air quality guideline of 81.8 ppbv. Carcinogenic risks of chronic exposure to formaldehyde
and acetaldehyde by the workers were evaluated. The lifetime cancer hazard risks associated with formaldehyde exposure to male
and female workers ranged from 2.01 x 107 to 2.37 x 10~? and 2.68 x 107" to 3.16 x 10~ respectively. Such elevated risk
values suggest that the negative health impact of formaldehyde exposure represents a valid concern, and proper actions should be
taken to protect workers from such risks.

Implications: Many carbonyl species (e.g., formaldehyde, acetaldehyde, and acrolein) are air toxins and they pose public health
risks. The scope of this investigation covers 21 types of carbonyls based on samples collected from 14 different workplaces. Findings
of the study will not only provide a comprehensive assessment of indoor air quality with regard to workers” healthy and safety, but
also establish a theoretical foundation for future formulation of intervention strategies to reduce occupational carbonyl exposures. No
similar study has been carried out either in Hong Kong or the Mainland of China.

Introduction

Carbonyls (aldehydes and ketones) in the air are by-
products of the photochemical oxidation of both biogenic
and anthropogenic hydrocarbons. They act as photochemical
precursors to free radicals and therefore play an important
role in ground-level ozone formation (Jeffries, 1995). In
urban locations, oxidation of fuel combustion contributes
the largest portion of carbonyl emissions. Recent reports
found that the use of alternate and reformulated automotive
fuels could increase the amount of formaldehyde and acet-
aldehyde emitted in automobile exhaust (Kirchstetter et al.,
1996; Gaftney and Marley, 2000).

Many carbonyl species (e.g., formaldehyde, acetaldehyde,
and acrolein) are air toxins and they pose public health risks
(National Research Council, 1980; IARC, 1995; World Health
Organization [WHO], 2000). The International Agency for
Research on Cancer (IARC) classifies formaldehyde as a
human carcinogen (IARC, 2006). In 2011, the National
Toxicology Program, an interagency program of the
Department of Health and Human Services, named formalde-
hyde as a known human carcinogen in its 12th Report on
Carcinogens  (National = Toxicology = Program, 2011).
Acetaldehyde is also evidenced to be carcinogenic to animals
(WHO, 2006). Other carbonyls such as acrolein can cause eye
irritations, cause odor annoyance, and exacerbate asthma (WHO,
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2006; American Conference of Government Industrial
Hygienists [ACGIH], 1991; Borchers et al., 1999). Methyl
ethyl ketone (MEK), one of the most abundant ketones in the
atmosphere, can be potentially oxidized to a neurotoxic metabo-
lite (Tabershaw et al., 1977).

On average, an individual spends approximately 90 per-
cent or more of their time indoors (U.S. Environmental
Protection Agency [EPA], 2009). Satisfactory indoor air
quality is crucial to protecting general public health, though
carbonyl levels in indoor air have been reported to be much
higher than those of outdoor air, indicating that local carbo-
nyl emissions originate predominantly from indoor sources
(Zhang et al., 1994; Liu et al., 2006). In light of the growing
awareness of occupational health and safety, evaluation of
indoor carbonyl levels in confined spaces in various work-
places and residential environments becomes increasingly
imperative. Common objects such as furniture, carpets, fab-
rics, paints, and cooking fumes, as well as environmental
tobacco smoke (ETS), have been reported as indoor sources
of carbonyls. Other indoor carbonyl sources are identified in
certain industrial settings where carbonyls are used as raw
materials or are released during the manufacturing process.
For example, formaldehyde is used in the production of
resins, polyurethane, polyester plastics, resin coating, syn-
thetic lubricating oils, and plasticizers. In agriculture, for-
maldehyde is used as a fumigant and as a preservative in
animal feed. Acetaldehyde also has many industrial uses,
such as in alkyd resin production, and it is also a by-product
from the production of acetic acid.

In practice, carbonyl-level measurements usually focus on
formaldehyde, acetone, and acetaldehyde only. In the present
study, the scope of investigation is expanded to include 21 types
of carbonyls based on samples collected from 14 different work-
places. Findings of the study will not only provide a comprehen-
sive assessment of indoor air quality with regard to workers’
healthy and safety, but also establish a theoretical foundation for
future formulation of intervention strategies to reduce occupa-
tional carbonyl exposures. No similar study has been carried out
in Hong Kong or Mainland of China.

Experimental Section
Sample collection

Indoor carbonyl levels were measured in 14 workplaces;
these workplaces were selected from different factories of var-
ious operation types and scales, and can be classified into five
general categories: (1) food processing, (2) electroplating,
(3) textile dyeing, (4) chemical manufacturer, and (5) petro-
leum refinery. Table 1 lists the general information and char-
acteristics of each sampled workplace. There were two Chinese
canned food and two Chinese snack manufacturers in the food
processing category, two electroplating factories of equivalent
sizes in the electroplating category, three factories of different
sizes in the textile dyeing category, three manufacturers in the
chemical manufacturer category, and two medium-scale man-
ufacturers of wax and lubricant in the petroleum refinery
category.

Air samples were collected into silica cartridges impregnated
with acidified 2,4-dinitrophenylhydrazine (DNPH) (Sep-Pak
DNPH-silica, 55-105 wm particle size, 125 A pore size, manu-
factured by Waters Corporation, Milford, MA) at a flow rate of
0.7 L/min. Sampling was carried out during normal industrial
operating hours, with each sample being collected for 240 min.
The selected sampling time ensures that the collected carbonyls
would not consume >30% of the derivatizating agent coated on
the cartridge. In total, six visits were made for each factory in
summer (June 2011-August 2011) and winter (December 201 1—
February 2012), respectively, and five (for Category 3 and 4) and
six (for Category 1, 2 and 5) samples were collected during each
visit. The samples were collected in the workplaces where major
product manufacturing and machine operations were taking
place. Table 1 lists detailed descriptions of the workplaces
under the five factory categories. The number of workers only
refers to the workers who were working in the sampling collec-
tion rooms and does not include any employees in other sepa-
rated areas, offices, and pantries. In normal cases, working
hours and frequency for each worker are 9 hours per day and
5 days per week, respectively. Baseline sampling was con-
ducted in each factory during the off-duty period. No break-
through was acknowledged at such sampling flow rates and
sampling times (Herrington et al., 2007; U.S. EPA 1999;
Waters, 2007). The flow rates were checked in the field in the
beginning and at the end of each sampling period using a
calibrated flowmeter (Gilibrator Calibrator manufactured by
Gilian Instruments, West Caldwell, NJ). A Teflon filter assem-
bly (manufactured by Whatman, Clifton, NJ) and an ozone
scrubber (Sep-Pak manufactured by Waters Corporation)
were installed in front of the DNPH-silica cartridge in order
to remove any particulate matter and to prevent possible ozone
interference, respectively (Spaulding et al., 1999). The recov-
ery of carbonyls collected in the process should not be affected
by the ozone trap (Ho and Yu, 2002). Collocated samples were
collected to determine sample collection reproducibility, which
was found to be >95% in the field. A cartridge was designated
as a field blank on each sampling trip and was handled the same
way as the sample cartridges. The amounts of carbonyls
detected in the cartridges were corrected for the field blank
when air concentrations of carbonyls were computed. Three
baseline samples were collected during nonoperation hours on
each site as well. The DNPH-coated cartridges were stored in a
refrigerator at <4°C after sampling and before analysis, and
were analyzed in our laboratory within 2 weeks. Temperature
and relative humidity (RH) were recorded during the sampling
period.

Sample analysis

In total, 21 carbonyls including mono- and dicarbonyls were
quantified (Table 2). Unsaturated carbonyls including acrolein
and crotonaldehyde were detected but their abundances were
not reported in the study; the unsaturated carbonyl DNP-
hydrazones could react with excess reagent to form adducts,
which could not be quantified accurately due to chromato-
graphic and response factor issues (Ho et al., 2011; Schulte-
Ladbeck et al., 2001).
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Table 2. Limit of detection (LOD) for the target carbonyls

Acronym Carbonyl CAS number MW Class LOD (ppbv) °
Cl Formaldehyde 50-00-0 30 Monocarbonyl 0.12
C2 Acetaldehyde 75-07-0 44 Monocarbonyl 0.13
ACE Acetone 67-64-1 58 Monocarbonyl 0.27
nC3 Propionaldehyde 123-38-6 58 Monocarbonyl 0.08
MEK Methyl ethyl ketone 78-93-3 72 Monocarbonyl 0.07
i-C4 iso-Butyraldehyde * 78-84-2 72 Monocarbonyl 0.17
nC4 n-Butyraldehyde * 123-72-8 72 Monocarbonyl 0.17
benz Benzladehyde 100-52-7 106 Monocarbonyl 0.11
iC5 iso-Valeraldehyde 590-86-3 86 Monocarbonyl 0.13
nC5 n-Valeraldehyde 110-62-3 86 Monocarbonyl 0.16
o-tol o-Tolualdehyde 529-20-4 120 Monocarbonyl 0.18
m-tol m-Tolualdehyde 620-23-5 120 Monocarbonyl 0.19
p-tol p-Tolualdehyde 104-87-0 120 Monocarbonyl 0.21
C6 Hexaldehyde 66-25-1 100 Monocarbonyl 0.17
C7 Heptaldehyde 111-71-7 114 Monocarbonyl 0.21
C8 Octaldehyde 124-13-0 128 Monocarbonyl 0.22
C9 Nonaldehyde 124-19-6 142 Monocarbonyl 0.20
C10 Decaldehyde 112-31-2 156 Monocarbonyl 0.23
2,5-DB 2,5-Dimethylbenzaldehyde 5779-94-2 134 Monocarbonyl 0.24
gly Glyoxal 107-22-2 58 Dicarbonyl 0.23
mgly Methylglyoxal 78-98-8 72 Dicarbonyl 0.19

Notes: “iso-Butyraldehyde and n-butyraldehyde were co-eluted in the HPLC analysis.
The LOD is the limit of detection of a carbonyl on a cartridge, see text for its definition. The LOD expressed as ppbv is calculated using a sampled air volume of 0.168

m? (at a flow rate of 0.7 L/min for 240 min).

Each DNPH-coated cartridge was eluted with 2.0 mL of
acetone-free acetonitrile (high-performance liquid chromato-
graphy [HPLC] grade, manufactured by Mallinckrodt
Laboratory Chemicals, Phillipsburg, NJ) to a volumetric
flask. Testing has been done to demonstrate that no DNPH
and its derivatives remained in the cartridge after the 2.0-mL
elution (Ho et al., 2007). Certified calibration standards of
monocarbonyl DNP-hydrazones were purchased from
Supelco in Bellefonte, PA, and diluted into concentration
ranges of 0.015-3.0 mg/mL. Calibration standards of dicar-
bonyls were prepared by mixing glyoxal and methylglyoxal
(manufactured by Sigma in St. Louis, MO) in acetonitrile with
1 mL of 100 wg/mL DNPH in an acidic aqueous solution. The
mixtures were allowed to stand at room temperature for at
least 6 hr for complete derivatization. The final volume of
each calibration mixture was made to be 2.0 mL with 8:2
(volume/volume) of acetonitrile/pyridine (HPLC grade, man-
ufactured by Sigma). Concentrations of the dicarbonyl DNP-
hydrazones in the calibration standards ranged from 0.01 to
2.0 pg/mL. Linearity was indicated by a correlation of deter-
mination (+°) value of at least 0.999. The cartridge extracts
and calibration standards were analyzed by injecting 20 L of
the samples into a high-pressure liquid chromatography
(HPLC) system (series 1200 manufactured by Agilent
Technology, Santa Clara, CA) equipped with a photodiode
array detector (DAD). The column for separation was a 4.6
x 250-mm Spheri-5 ODS Spm C-18 reverse-phase column
(manufactured by PerkinElmer, Norwalk, CT) operated at

room temperature. The mobile phase consisted of three sol-
vent mixtures: (A) 6:3:1 (v/v) water, acetonitrile, and tetra-
hydrofuran, respectively; (B) 4:6 (v/v) water and acetonitrile,
respectively; and (C) acetonitrile. The gradient program was
80% A/20% B for 1 min, followed by linear gradients to 50%
A/50% B for 8 min, 100% B for 10 min, 100% C for 6 min,
and finally 100% C for 5 min. The flow rate was 2.0 mL/min
throughout the run. The absorbances at 360 nm, 390 nm, and
420 nm were used for identification of the aliphatic carbonyls,
aromatic carbonyls (benzaldehyde, tolualdehydes, and 2,5-
dimethylbenzaldehyde), and dicarbonyls, respectively. The
limit of detection (LOD) was obtained by analyzing a mini-
mum of seven replicates of a standard solution containing the
analytes at a concentration of 0.015 pwg/mL, and is estimated
using the following equation:

LOD =t 1,1-5=99%) X S (1

where t(n-1, 1- o = 999) is the t-distribution value at n — 1 degrees of
freedom, and S is the standard derivation of the replicates.
Identification and quantification of carbonyl compounds were
based on retention times and peak areas of the corresponding
calibration standards, respectively. The LODs of the target car-
bonyls ranged from 0.002 to 0.010 pg/mL, which can be con-
verted to 0.07-0.27 parts per billion by volume (ppbv) with a
sampling volume of 0.168 m® (refer to Table 2). The measure-
ment precision ranges from 0.5 to 3.2% and from 1.7 to 4.6% for
monocarbonyls and dicarbonyls, respectively.
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Health risk calculation

The carcinogenic risks of chronic exposure to carbonyls were
assessed in this study. The risk estimation with a cancer endpoint
is expressed in terms of the probability of developing cancer
from a lifetime of continuous exposure to carbonyl. Chronic
daily intake (CDI) of a carcinogenic contaminant was controlled
by various factors, such as exposure frequency, exposure dura-
tion, and the body weight of the receptor. The equation used to
calculate CDI in mg/kg/day is

Ca x IR x ET x EF x ED
CDI= BW x AT x 365 @

where Ca is the contaminant concentration (mg/m°), IR is the
inhalation rate (4.8 m>/hr for men and 2.9 m*/hr for women who
work under heavy duty), ET is the exposure time (9 hr/day), EF is
the exposure frequency (260 day/yr), ED is exposure duration
(40 yr), BW is the body weight (70 kg for men and 60 kg for
women), and AT is the average lifetime (70 yr for both genders).
The U.S. Environmental Protection Agency (EPA) has estab-
lished standard values for average body weights and the amount
of air breathed daily by adults and children (U.S. EPA, 1994).

The lifetime cancer hazard risk (R) is calculated using the
equation

R =CDI x PR 3)

where PF is the cancer potency factor in unit of kg/day/mg of a
specific carcinogenic substance. The values of PF are obtained
from the Integrated Risk Information System (IRIS) developed
by the U.S. EPA (2012).

Results and Discussion

Carbonyl compositions

The concentrations of carbonyls in the sampled workplaces
varied widely depending on individual carbonyl types, factory
sizes, manufacturing raw materials and products, and ventilation
systems (refer to Table 3). During the sampling periods, work-
places within the same factory categories used identical raw
materials and manufactured identical products. For each factory,
samples were respectively collected in summer and winter. No
obvious diurnal or seasonal variations in either absolute values or
molar compositions were observed for the samples. The concen-
trations of the carbonyls were statistically the same by Student’s
t-test with a 95% confidence level for the samples collected in
different periods at the same sampling location. The average
value was thus taken to compare individual carbonyls that
existed in different factories. Elevated levels of formaldehyde,
acetaldehyde, acetone, and nonaldehyde were observed. Figure 1
compares the baseline and measured concentration levels of
carbonyls in each workplace. A maximum of five abundant
carbonyls (i.e., formaldehyde, acetaldehyde, acetone, butyralde-
hyde, and nonaldehyde) can be detected in the baseline. The
results indicate that a substantial increase of carbonyl concentra-
tions was directly related to factory operation. In certain factories
such as those of food processing and chemical manufacturers,

the baseline levels of formaldehyde and acetone were relatively
high (>10 ppbv) even when no industrial activity was taking
place. Poor ventilation systems cannot efficiently remove or
dilute indoor polluted air. In addition, secondhand emission
from factory walls or other absorbable surfaces can retain high
baseline levels of these carbonyls (Katsumata et al., 2008).
Carbonyl molar composition profiles are plotted in Figure 2 for
comparison of the relative abundance of different carbonyls in
the various categories of factories. Mean values are plotted
because more than one factory of the same category were
available.

Formaldehyde was invariably an abundant carbonyl in indoor
air of all the sampled factories and accounted for 22.0-44.0% of
the total quantified carbonyls. It was the largest carbonyl con-
tributor in all industries except chemical manufacture and petro-
leum refinery. In other industry sectors, formaldehyde was the
second most abundant carbonyl after acetone. The highest con-
tribution of formaldehyde was seen in the textile dyeing industry,
which often uses formaldehyde-based resins as finishers to make
fabrics crease-resistant (National Industrial Chemicals
Notification and Assessment Scheme [NICNAS], 2007). In
other chemical-related industries, formaldehyde is also a precur-
sor to polyfunctional alcohols (e.g., pentaerythritol) and a starter
to its derivatives, which are important components in paints and
solvents (The Campaign for Safe Cosmetics, 2012). Elevated
levels of formaldehyde were also found in food-processing fac-
tories samples, contradicting the findings from a previous report
that formaldehyde had the highest estimated annual emission
rate (222 kg/yr) in Hong Kong related to commercial cooking
activities (Ho et al., 2006).

Acetone was detected in abundance in most of the factories,
ranging from 9.8 to 109.6 ppbv. The average contribution of
acetone to total carbonyls was 5.2% for food processing fac-
tories but was up to 42.6% on average for chemical manufac-
turers, indicating its strong impact in applications and
productions of chemicals. Acetone serves as a common solvent
or its intermediate in various industrial processing (WHO,
1998; Huang et al., 2007), and it was found to be the largest
contributor of carbonyls in chemical manufacture and petro-
leum refinery industries. Among the sampled workplaces, acet-
one accounted for >50% of total carbonyls detected in the ink
manufacturing factory as it is one of the essential components
in writing ink; elevated levels of acetone (39.3%) were also
seen for the paint manufacturer as acetone is also used as a
volatile component of certain paints and varnishes. In addition,
acetone accounted for an average of 19.0% of total carbonyls
found in electroplating factories. Acetone is very effective in
dissolving various types of greases and waxes; thus, it is often
used as a cleaner before electroplating and as a polisher after
the electroplating process to remove any marking trail on the
end product (Kim et al., 2004).

Acetaldehyde was typically the second or third most abundant
carbonyl after formaldehyde and acetone. The relative contribu-
tion of acetaldehyde ranged from 8.0 to 34.6%. The highest level
of acetaldehyde contribution was seen in the textile dyeing
factories. Acetaldehyde is used in production of polyester resins
and basic dyes, which are found commonly in clothes, surfac-
tants, and washing reagents (U.S. EPA, 1998). There is a large
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Chinese can food manufacturer A
C1

Chinese can Iom(i: 1manufachurer B

Chinese snack aanufacmrer A

# Mixing ratios during operating hours are represented by area shaded in spots.
® Baseline mixing ratios are represented by area shaded in hashes.

Figure 1. Comparison of carbonyl mixing ratios in various industrial environments during (a) operating hours and (b) baseline.

daily consumption of dyes in the textile industry. In the sampled
factories, the use of resins and dyes ranged from 10 to 35 kg per
day during the sampling periods. High contributions of acetal-
dehyde were also seen in food-processing factories, accounting
for 8.7 to 17.2% of the total quantified carbonyls. In the food-
processing industry, acetaldehyde is used as fruit and fish pre-
servative, flavoring agent, and denaturant for alcohol (Sittig,
1985).

The most abundant aromatic carbonyl among the samples
was benzaldehyde. The highest level of benzaldehyde

contribution was seen in electroplating factories, falling in the
range of 16.6 to 24.4%. The electroplating industry has great
demand for benzaldehyde (Survila et al., 2009; Ali Eltoum et al.,
2011). A tin, lead, or tin—lead alloy electroplating bath comprises
typically  benzaldehyde and benzaldehyde derivative.
Benzaldehyde is also a raw material used in many industrial
sectors, such as in polymerization and manufacturing of odor-
ants and flavors (Wilkinson et al., 1979; Wolken et al., 2004).
The contribution of benzaldehyde in the samples collected in
textile dyeing factories was approximately 1.0%. High
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Figure 2. Carbonyl molar composition profile in different industrial workplaces.
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concentrations of benzaldehyde are often detected in textile
dyeing wastewater (Rajkumar et al., 2004).

The concentrations of long-chain aliphatic aldehydes (i.e.,
C¢—Cy9) were comparatively high in food processing factories.
The relative contribution of the sum of C¢—C; aldehydes to the
total carbonyls was 37.2%, much larger than the value (0.5—
2.9%) for the other categories of factories (Figure 3). It is
noted that nonaldehyde (Co) was the most abundant carbonyl
besides formaldehyde and acetaldehyde in food-processing fac-
tories. Nonaldehyde likely arises from the breakdown of oleic
acid, which is thermally decomposed from cooking oil (Schauer
et al., 2000). In the sampled food processing factories, a huge

Food processing
C3-C5, 7.0%——— ACE. 52% _— benz, 0.6%

_-‘_\\ tol+2,5BD,
%' N 0%

_

510, 37.2%

B A

C1+C2, 42.1%

S SIII 7525

gly+mgly,
MEK, 2.4% 5.1%

Textile dyeing
AGE, 12.5% benz, 0.8%

C3C5, 5.3% =%

C1+C2, 78.6% —

Petroleum refinery

C3.C5, 8.5%
E, 334%

C1+C2, 42.0%
benz, 2.0%

tol+2,5BD,
2.3%

C6-C10, 2.9%

D

gly+mgly,
5.5%

MEK, 3.4%—

daily consumption of cooking oil was required for production of
Chinese canned foods and snacks. In addition, electricity was
used as a fuel but produces zero carbonyl emissions. As a result,
carbonyls were primarily derived from the heated cooking mate-
rials (i.e., oil and food). Current results are consistent with a
previous report that nonaldehyde was found to be the most
abundant carbonyl in the exhaust system of commercial restau-
rants, where a large amount of heated oil was consumed in the
cooking process (Ho et al., 2006).

Dicarbonyls were detected in most of the factories. Glyoxal
and methylglyoxal account for 0.1-3.4% and 0.1-3.2%, respec-
tively, of the total quantified carbonyls. Their relative

Electroplating
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gly+mgly,
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Chemical manufacture

C3-C5, 14.2%—
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Figure 3. Comparison of carbonyl molar compositions in different categories of industry.
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contributions were higher (>2%) in the food-processing, electro-
plating, and petroleum-refinery industries than in the other
industry categories (<0.7%). The two smallest dicarbonyls are
potential precursors leading to secondary organic aerosol forma-
tion (Fu et al., 2008). They are emitted from incomplete combus-
tion processes and are formed in important yields from many
common anthropogenic and biogenic hydrocarbons (Altshuller,
1993; Kawamura et al., 2000; Volkamer et al., 2005). Elevated
levels in the workplace suggested that industrial processes were
emission sources of glyoxal and methylglyoxal.

Tolualdehydes (including o-, m-, and p-isomers) were gener-
ally detected only in the electroplating industry (<0.5 ppbv) and
petroleum refinery (<3.5 ppbv). The relative contribution of all
tolualdehyde isomers to the total amount of detected carbonyls
was <2.0%. An exception was the trace level of m- (0.22 ppbv)
and p-tolualdehydes (0.12 ppbv) detected for Chinese snack
manufacturer A. The results indicated that the sampled industrial
processes were not major contributors of tolualdehydes.

The contribution of MEK to total carbonyls ranged from 1.2
to 7.0% among the samples. The highest contribution was
observed for the ink manufacturer, where MEK is an effective
and common solvent (Turner and McCreery, 1981) and is used in
processes involving gums, resins, cellulose acetate and nitrocel-
Iulose coatings, and vinyl films (Apps, 1958). A large contribu-
tion of 1.7-3.3% was detected for MEK in food processing
factories; cooking activity was shown to be one of many emis-
sion sources for MEK (U.S. EPA, 1994).

For propionaldehyde, large contributions were observed in
alcohol and ink manufacturers, accounting for 9.2% and 5.5%,
respectively, of total detected carbonyls. Propionaldehyde is
used in the manufacturing of plastics, in the synthesis of rubber
chemicals, and as a disinfectant and preservative; thus, it is
largely released from chemical manufacturing facilities
(U.S. Department of Health and Human Services, 2011). The
contributions of n-butyraldehyde were also relatively high
(>5.0%) in these two chemical manufacturers. n-Butyraldehyde
is used as an intermediate in the production of synthetic resins,
rubber accelerators, solvents, plasticizers, and high-molecular-
weight polymers (Grayson and Eckroth, 1985; Irving and Lewis
1987; Windholz et al., 1983). No any contributions were
observed for iso-butyraldehyde, n-valeraldehyde, and iso-valer-
aldehyde in the samples. Besides, acrolein is a major carbonyl in
cooking (Schauer et al., 2000; Ho et al., 2006) or from the
burning of fuels such as gasoline or oil (Agency for Toxic
Substances and Disease Registry [ATSDR], 2007). In this
study, acrolein and crotonaldehyde measurements could not be
reported due to limitations of the DNPH-coated solid sorbent
cartridge method (Ho et al., 2011). Hence, their contributions in
the workplaces were not deducible.

Guideline comparison

Formaldehyde was the most abundant carbonyl compound
emitted from industrial activities. The World Health
Organization (WHO) guideline for indoor formaldehyde is a
30-min average of 81.8 ppbv, or 100 wg/m®> (WHO, 2010). The
Japanese National Institute of Health Sciences (JNIH) and the
China Indoor Air Quality Center (CIAQC) set the same indoor

air quality guidelines as WHO for formaldehyde. The average
formaldehyde levels in the Chinese snack manufacturers A and
B, paint manufacturer, and wax manufacturer surpassed the
WHO guideline. Figure 4 compares the observed carbonyl levels
with those international guidelines for indoor air quality. The
highest formaldehyde level was detected for the Chinese snack
manufacturer A and it exceeded the WHO guideline by 2 times.
The National Institute of Occupational Safety and Health
(NIOSH) recommended exposure limit (REL) for formaldehyde
for an 8- or 10-hr time-weighted average (TWA) exposure and/or
ceiling is 16.3 ppbv (20 wg/m®). The average mixing ratios of
formaldehyde in most industrial factories exceeded this exposure
limit except in electroplating factory A, where the ratio was
approximately 20% below the limit. The Office of
Environmental Health Hazard Assessment (OEHHA) sets the
chronic toxicity of inhalation reference exposure level for for-
maldehyde at 2.5 ppbv (3 pg/m®). The critical effects of formal-
dehyde exposure include upper and lower airway irritation and
eye irritation in humans, and degenerative, inflammatory, and
hyperplastic changes of the nasal mucosa in humans and ani-
mals. Formaldehyde levels measured during both the operating
period and off-duty period surpassed OEHHA’s exposure level,
indicating a substantial risk of chronic toxicity among workers
conducting industrial activities in these settings.

Acetaldehyde was the next abundant carbonyl species in the
total carbonyl mixing ratio. Acetaldehyde has been classified as a
probable human carcinogen (Group 2B) by the U.S. EPA and a
possible carcinogenic to humans (Group 2B) by IARC. For acet-
aldehyde, the American Conference of Governmental Industrial
Hygienists (ACGIH) threshold limit value (TLV) ceiling is set at
25 parts per million by volume (ppmv), which is equivalent to 45
mg/m>; the Occupational Safety and Health Administration
(OSHA) sets its permissible exposure limit (PEL) for general
industry at 200 ppmv (360 mg/m®) for every 8-hr TWA. The
mixing ratios for acetaldehyde measured in this study were at
least two magnitudes below the established exposure limits and
the 24-hr average tolerable concentration of 1.11 ppmv (2000 g/
m?) set by WHO. However, with the exception of the electroplat-
ing industry, acetaldehyde levels for the remaining four industry
categories were found to exceed the reference concentration (5
ppbv or 9 pg/m?) proposed by the U.S. EPA, which is defined as
the daily inhalational exposure likely to be without an appreciable
risk of deleterious non-cancer effects during a lifetime.

Large consumption and production of organic solvents and
their usage as an intermediate in the industry result in acetone
becoming an abundant carbonyl in workplace settings. The
health effects of acetone have been studied extensively and the
compound is generally classified as having low acute and
chronic toxicity if ingested and/or breathed. It is not currently
regarded as a carcinogen, a mutagenic chemical, or a concern for
chronic neurotoxicity effects. ACGIH TLV and NIOSH REL for
acetone is 500 ppmv (1,187 mg/m3 )and 250 ppmv (590 mg/m3),
respectively, for every 8-hr TWA. In addition, the OSHA PEL for
acetone for general industries is 1,000 ppmv (2,400 mg/m®) for
every 8-hr TWA and 750 ppmv for short-term exposure limit
(STEL-15 min); acetone concentrations in the five sampled
industrial categories were far below the exposure limits.
Nonaldehyde, benzaldehyde, glyoxal, and methylglyoxal were



Downloaded by [Institute of Earth Environment] at 00:00 26 March 2015

874 Ho et al. / Journal of the Air & Waste Management Association 63 (2013) 864-877

(a) Formaldehyde
120
100
2 g0t SR [Trq---»| WHO; INIH
& s CIAQC
K=} (16.3 ppbv)
T 60
(=2}
£
£ 40
20 NIOSH
-=1-- (16.3 ppbv)
0 s i s OEHHA
§ § cg 2 <2 E £ |5 § @5ew
2 <o g8 B 5 R
8 88 58 <[y E
E S s £ D
S S % 8 =
food processing  electroplating textile dyeing chemical petoleum
manufacture refinery
(b) Acetaldehyde
1.E+06
______________________________________________________ ,| OSHAPEL
1.E+05 - (200 ppmv)
..................................................... -| ACGIHTLV
= |
g 1.E+04 (25 ppmv)
S o| wHo
s 1.E+03 (1.1 ppmv)
2
x
£ 1.E+02
Baul | | |1 USEPA
|| (Gppby)
8 g |2 §
@ g £
§ g<gm S
food processing  electroplating textile dyeing chemical petroleum
manufacture refinery
(c) Acetone
OSHA PEL
1.E407 /" (1000 ppmv)
L= |, OSHA STEL
---------------------- ol (750 ppmv)
= 1E+05 - “T*ACGHTLY
3 (25 ppmv)
= 1E404 | NIOSH REL
B (200 ppmv)
o 1.E+03 -
£
=
& 1E+02 1
1.E+01
1.E+00

lubricant

food A
large textile
dyeing A
large textile

Chinese can
food B

Chinese can

chemical
manufacture

textile dyeing petoleum

refinery

Figure 4. Comparison of carbonyl molar compositions in workplaces against
international health guidelines.

other carbonyl species from industrial processing. Even though
the substance potentially irritates the eyes, the skin, and the
respiratory tract, no occupational exposure limits have been
established for these compounds.

Health risk assessment

Potential health risks for formaldehyde and acetaldehyde
exposures were examined owing to their abundances in the
industrial workplaces and their carcinogenicity statuses classi-
fied by the U.S. EPA (2012). Inhalation exposure is frequently
associated with exposure frequency, duration, and activity pat-
tern; these elements are essential factors in the calculation of
chronic daily intake and lifetime cancer hazard risk. Several
assumptions have been made based on suggestions by the
U.S. EPA in regard to relative carcinogenic assessment. The
volume of air inspired by a typical heavy-duty worker is assumed
to be 38.8 m*/day and 23.5 m*/day for men and women, respec-
tively, while the absorption factor of carbonyl is estimated at
90%. It has also been assumed that a worker spends 9 hours per
day and 5 days per week during 40 working years. An average
body weight of 70 kg (male) and 60 kg (female) and an average
lifetime of 70 yr for both genders are assumed (U.S. EPA, 1994).
The PF values for formaldehyde and acetaldehyde are 0.045 and
0.0077 kg/day/mg, respectively. The estimated chronic daily
intake and lifetime cancer hazard risk for formaldehyde and
acetaldehyde are summarized in Table 4. The lifetime cancer
hazard risks associated with formaldehyde ranged from 2.01 x
1075 t02.37 x 10 * and 2.68 x 10> t0 3.16 x 10~* for male
and female workers, respectively. For acetaldehyde, the risks
were 241 x 107°t0 5.13 x 107> and 3.12 x 107 to 6.84 x
107> for male and female workers, respectively. Risk value
below 1 in a million (<1 x 10~°) is typically considered below
the level of concern while a risk value above 100 in a million (>1
x 10~*) signifies an immediate need to initiate interventions to
protect human health (Lee et al., 2006). Obviously, formalde-
hyde poses a higher cancer risk to the workers compared to
acetaldehyde. The lifetime cancer hazard risks associated with
acetaldehyde in all the industrial workplaces were well below 1
x 1074 However, for formaldehyde, the values were above the
risk levels in most of the factories except electroplating factories
A and B and small textile dyeing factory C. The results demon-
strate that formaldehyde exposure in the workplace is a valid
occupational health and safety concern, and proper actions
should be taken promptly to protect the workers.

Summary

In this study, gaseous carbonyl levels were measured in 14
different factories of various sizes and industrial types. High
levels of formaldehyde and acetaldehyde have been detected in
two food-processing factories and wax and paint manufacturers.
Findings from this study have established the theoretical founda-
tion for further investigation into whether a properly designed
and installed ventilation system would prevent the accumulation
of carbonyls in workplaces. Thorough identification and profil-
ing of gaseous carbonyls in workplace air would provide insight
to their potential sources and emission strength in relations to
industrial activities. The study results also call attention to the
imminent need to reevaluate the implementation of indoor air
quality standards; effective implementation of such standards is
necessary to protect the health of workers by reducing occupa-
tional exposure to harmful chemicals in the workplace.
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