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� CHCl3 and CCl4 were the dominating
halogenated VOCs in chlorine bleach
products.

� Indoor air VOC estimates indicated
substantial increases from bleach use.

� Carcinogenic risks from the use of
bleach products may be considerably
high.
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a b s t r a c t

It was recently shown that substantial amounts of halogenated volatile organic compounds (VOCs) are
formed in chlorine-bleach-containing household products as a result of reactions of sodium hypo-
chlorite with organic product components. Use of these household products results in elevated indoor
air halogenated VOC concentrations. Halogenated VOCs in several chlorine-bleach-containing house-
hold products (plain, n ¼ 9; fragranced, n ¼ 4; and surfactant-added, n ¼ 29) from Europe and North
America were measured in the present study. Chloroform and carbon tetrachloride were the domi-
nating compounds having average concentrations of 9.5 � 29.0 (average � SD) and 23.2 � 44.3
(average � SD) mg L�1, respectively. Halogenated VOC concentrations were the lowest in plain bleach,
slightly higher in fragranced products and the highest in the surfactant-added products. Investigation
of the relationship between the halogenated VOCs and several product ingredients indicated that
chlorinated VOC formation is closely related to product composition. Indoor air concentrations from the
household use of bleach products (i.e., bathroom, kitchen, and hallway cleaning) were estimated for the
two dominating VOCs (chloroform and carbon tetrachloride). Estimated indoor concentrations ranged
between 0.5 and 1030 (34 � 123, average � SD) mg m�3 and 0.3e1124 (82 � 194, average � SD) mg m�3

for chloroform and carbon tetrachloride, respectively, indicating substantial increases compared to
background. Results indicated that indoor air concentrations from surfactant-added products were
significantly higher (p < 0.01) than other categories. The highest concentrations were from the use of
surfactant-added bleach products for bathroom cleaning (92 � 228 and 224 � 334 mg m�3,
average � SD for chloroform and carbon tetrachloride, respectively). Associated carcinogenic risks from
the use of these products were also estimated. The risk levels may reach to considerably high levels for
a significant portion of the population especially for those steadily using the surfactant-added bleach
products. Based on the results of the present study, it could be recommended that if possible the use of
dabasi).
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Table 1
Types and commonly used components of the analyz

Component Bleach type

Plain (n ¼ 9)

Bleaching agent Sodium hypochlorit
Surfactants

Organic additives Sodium polyacrylat

Inorganic additives Hydrochloric acid
Sodium carbonate
Sodium chloride
Sodium hydroxide
Sodium silicate

a All components <5% by wt, produced by Unileve
Caglayan, Nazar).
chlorine bleach containing household products should be avoided. If they are to be used, plain products
should be preferred since the chlorinated VOC content increase with the number and amount of
additives.

� 2014 Published by Elsevier Ltd.
1. Introduction

A number of the household cleaning products (bleaches, mildew
stain removers, toilet cleaners, cleaning sprays, gels, and scouring
powders) contain sodium hypochlorite (NaOCl, w5%). NaOCl may
be the only active ingredient or it is accompanied by many other
chemicals (surfactants, fragrances, NaCl, sodium silicate, sodium
hydroxide, antioxidants, and antifoaming agents) (Unilever, 2014;
Clorox, 2014; Reckitt Benckiser, 2014; Procter and Gamble, 2014).
Generally, the main concern associated with the bleach use has
been the release of Cl2 and chloramines as a result of mixing of
bleach with other cleaning agents (i.e., acids and ammonia).
However, a limited number of studies (Smith, 1994; Odabasi, 2008)
have indicated that significant amounts of chlorinated byproducts
(especially chloroform and carbon tetrachloride) are formed as a
result of the reactions of hypochlorite and organic ingredients of
household products. Resulting increase in indoor air concentrations
of halogenated VOCs from the use of chlorine-bleach-containing
household products was also indicated to be significantly high. It
was shown that chloroform (2.9e24.6 mg m�3) and carbon tetra-
chloride (0.25e459 mg m�3) concentrations significantly increased
during the use of bleach containing products corresponding to
during/before concentration ratios of 8e52 (25 � 14, average � SD)
for chloroform and 1e1170 (146 � 367, average � SD) for carbon
tetrachloride, respectively (Odabasi, 2008). It was suggested that
the bleach use can be important in terms of inhalation/dermal
exposure to carbon tetrachloride, chloroform and several other
halogenated VOCs (Bondi, 2011; McHugh et al., 2010; Odabasi,
2008). It was also shown that a substantial amount of chloroform
is emitted into the indoor air as a result of chlorine bleach use in
residential washing machines (Shepherd et al., 1996).

Recent studies (Steinemann, 2009; Odabasi, 2008) have also
shown that there are several other ingredients that are not dis-
closed in detail or at all on chlorine-bleach-containing/other
household product labels. Fragrances are examples of such in-
gredients. Although the fragrances are listed under the product
ingredients as an item, an individual “fragrance” in a product can
contain up to several hundreds of chemicals, and the composition
of an individual fragrance mixture is generally unknown to the
public (Steinemann, 2009). The use of household cleaning agents
ed products.a

Fragranced (n ¼ 4)

e Sodium hypochlorit

e Fragrance

Sodium chloride
Sodium hydroxide

r, Procter & Gamble, Clorox, Reck
and air fresheners in buildings has raised significant concern since
building occupants and cleaning personnel are exposed to various
air pollutants that many of them are classified as carcinogens,
reproductive toxicants or irritants (Edwards et al., 2006; Nazaroff
and Weschler, 2004; IARC, 1999; IARC, 1979). Furthermore, the
chemicals emitted from the use of cleaning products may react
with other air pollutants to form potentially harmful secondary air
pollutants. For example, terpenes can react rapidly with ozone in
indoor air producing several secondary gaseous pollutants (i.e.,
formaldehyde, acetone) and fine particles (Singer et al., 2006;
Vartiainen et al., 2006; Nazaroff and Weschler, 2004).

The study by Odabasi (2008) has shown that the use of chlorine-
bleach-containing household products results in significant indoor
halogenated VOC concentrations. However, the study was based on
a limited number of products, and VOC concentrations in the
products that could be used for modeling the indoor air quality
were not measured. Although Odabasi (2008) have suggested that
the exposure to carbon tetrachloride, chloroform and several other
halogenated VOCs due to bleach use can be important, the associ-
ated health risks were not investigated in that study. The objectives
of the present study were (i) to determine the concentrations of
halogenated VOCs in several chlorine-bleach-containing household
products sold in Europe and North America, (ii) to investigate the
relationships between the halogenated VOCs and product compo-
sition, and (iii) to estimate the indoor air concentrations from the
use of these products and associated health risks.
2. Materials and methods

Concentrations of halogenated volatile organic compounds
(VOCs) in several chlorine-bleach-containing household products
(n ¼ 42) sold in Europe and North America were measured. The
types and commonly used components (declared by the manu-
facturers) of the products covered in the present study are sum-
marized in Table 1. There are three main categories: plain,
fragranced and surfactant-added bleach-containing household
products. These products were selected from a large number of
similar products that are sold around the world and in Turkey to
account for the product type and manufacturer variability.
Surfactant-added (n ¼ 29)

e Sodium hypochlorite
Cetrimonium chloride, cetyl betaine, cocamine oxide, coco-betaine,
lauramine oxide, myristamine oxide, sodium ethylhexyl sulfate,
sodium laurate, sodium xylene sulfonate
Coconut fatty acid, dye, fragrance, modified polycarboxylate,
sodium polyacrylate
Potassium iodide, silicone emulsion, sodium carbonate,
sodium chloride, sodium hydroxide
sodium periodate meta, sodium silicate

itt Benckiser, and by local companies from Turkey (Gunsu, Sudesan, Viking, Oksa,
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2.1. Sample preparation

Prior to experiments, 40 mL sample vials were cleaned by
washing with detergent, rinsing with tap water, deionized (DI)
water, and methanol. Then, they were dried in an oven for several
hours at 105 �C. For VOC analysis, bleach samples were diluted 1/
500 times with pre-purged DI water containing antifoaming agents
and ascorbic acid. Tablets consisting of sodium sulfate (0.97 g) and
silicone (0.03 g) were used as antifoaming agent while ascorbic acid
(0.65 g) was used to quench the residual chlorine prior to analysis
(U.S. EPA,1995). After dilution, samples were stand 30min. Analysis
of the diluted samples for residual chlorine indicated that the
ascorbic acid amount used and the reaction time were sufficient to
effectively quench the chlorine content of the samples.

For elemental analysis 4.0 mL sample was extracted with an
acid-DI watermixture (1mL HNO3þ1mLHClþ 4.5mL DI water) in
a microwave digester. Then, the samples were filtered through
0.45 mm PTFE filters. For residual chlorine, TOC, and TN analysis
samples were diluted with 1/250, 1/100, and 1/10 times with pre-
purged DI water.

2.2. Chemical analysis

Samples were analyzed for their VOC contents using a gas
chromatograph (GC) (Agilent 6890N) equipped with a mass selec-
tive detector (Agilent 5973 inert MSD, Agilent, Wilmington, DE,
USA) and a Purge and Trap sampler (Eclipse 4660, OI Analytical,
USA). Samples were purged for 11 min at 25 �C using 40 mL min�1

of helium flow. Internal trap temperature during sample purge was
at 25 �C. The trap was desorbed for 0.7 min at 200 �C. Then, it was
baked for 5 min at 220 �C. Valve oven and transfer line temperature
of the Purge and Trap was 150 �C.

Samples were also analyzed without adding ascorbic acid and
by purging at 50 �C to investigate the effect of temperature on the
formation of halogenated VOCs during the use of these products at
high temperatures (i.e., laundry and dishwashing).

The chromatographic column was HP5-MS (30 m, 0.25 mm,
0.25 mm) and the carrier gas was helium at 1 mL min�1

flow rate
and 36 cm s�1 linear velocity. The split ratio was 1:40. The inlet
temperature was 240 �C. Oven temperature program was: hold for
3 min at 40 �C, ramp to 120 �C at 5 �C min�1, ramp to 200 �C at
35 �C min�1, hold 1 min. Ionization mode of the MS was electron
impact (EI). Ion source, quadrupole, and GC/MSD interface tem-
peratures were 230, 150, and 280 �C, respectively. The MSDwas run
in simultaneous scan and selected ion monitoring modes. Com-
pounds were identified based on their retention times (within
�0.05 min of the retention time of calibration standard), target and
qualifier ions. Identified compounds were quantified using the
external standard calibration procedure.

Six levels of VOC solutions containing 76 compounds (hydro-
carbons, halogenated, and oxygenated VOCs) in methanol were
used as the calibration standards (AccuStandard, USA). Aqueous
calibration standards were prepared by spiking 15 mL of the cali-
bration standards in methanol into 15 mL DI water containing
antifoaming agent and ascorbic acid (same as the solution used to
dilute the samples). Then, they were run at specified conditions to
calibrate the analytical system (Purge and Trap-GC-MS). For all
compounds, the r2 of the calibration curves were �0.999.

Elements in the household products (Ca, Cd, Cr, Cu, Fe, K, Mg,
Mn, Ni, Pb, Sn, and Zn) were analyzed with Inductively Coupled
Plasma-Optical Emission Spectrometer (ICP-OES) (Perkin Elmer
DV-2100). Residual chlorine content was analyzed using the Iodo-
metric Method (APHA, 1999). The total organic carbon (TOC) and
total nitrogen (TN) content of the bleach products were analyzed
using a Total Organic Carbon Analyzer (Shimadzu, TOC-VCPN).
2.3. Quality control and quality assurance

The system performance for VOCs was confirmed daily by
analyzing a midrange calibration standard. The relative standard
deviation from the initial calibration was <5%. Analytical precision
determined from the analysis of six pairs of duplicate samples as
their relative standard deviation ranged between 2 and 5%.

Instrumental detection limits (IDL) for VOCs were determined
from linear extrapolation, based on the lowest standard in cali-
bration curve and using the area of a peak having a signal/noise
ratio of 3. IDLs at the defined instrumental conditions ranged be-
tween 0.000001 (nonane)-0.00032 (1,2,3-trichloropropane)
mg L�1 (Table S1). Six blanks (solution used to dilute the samples)
were analyzed to determine the level of contamination during
sample handling and preparation. The limit of detection of the
method (MDL, pg) was defined as the mean blank mass plus three
standard deviations (MDL ¼ mean blankþ3 SD) (Odabasi, 2008).
Instrumental detection limits were used for the compounds that
were not detected in blanks. Method detection limit (MDL) was
determined based on 1/500 sample dilution ranged between
0.0005 (nonane) and 0.160 (1,2-dichloropropane) mg L�1

(Table S1). In general, VOCs in the samples were substantially
higher than the blanks. Average VOC amounts in blanks were<1.3%
of the amounts found in samples. Average analyte amounts in
blanks were <10% and <5% of the amounts found in TOC and trace
element samples, respectively. TN concentrations were not
detectable in blanks. Sample quantities exceeding the MDLs were
quantified and corrected by subtracting the mean blank amount
from the sample amount.

2.4. Estimation of indoor VOC concentrations from the use of
household products

Indoor air quality concentrations of chloroform and carbon
tetrachloridewere predicted from the use of 42 different household
products during bathroom, kitchen, and hallway cleaning. The
following simple box model was used to estimate the indoor air
concentrations:

Cair ¼ Cb þ
CwpVp

Vair
(1)

where Cair is the estimated indoor air concentration (mg m�3), Cb is
the background indoor air concentration (mg m�3), Cwp is the VOC
concentration in the household product used (mg m�3), Vp is the
volume of product used (m3), and Vair is the zone volume (m3). It
was assumed that all VOC content in the product is emitted into the
air during the use and it is mixed within the zone volume. Chlo-
roform and carbon tetrachloride have atmospheric lifetimes of 0.55
and 35 years, respectively (Seinfeld and Pandis, 2006). Therefore, in
the time frame of the modeling they were assumed to be inert. In
order to compare the estimated concentrations to those measured
by a recent study (Odabasi, 2008), the assumptions were selected
based on those reported by Odabasi (2008) who applied the
products according to the manufacturers’ suggestions during the
experiments. Zone volumes for bathroom, hallway, and kitchen, 15,
20 and 35 m3 respectively were used. Product amount used was
100 mL, applied directly onto surfaces for bathroom and kitchen
cleaning. Same amount was used for hallway cleaning simulation.
In accordance with Odabasi (2008), it was assumed that 100 mL of
product was diluted in 5 L of water and 1 L of this mixture was
applied to the floor.

Odabasi (2008) measured VOC concentrations before, during,
and after the use of several bleach products. It was reported that
average concentrations before the use of products were 0.41 mgm�3



Table 2
Halogenated VOC concentrations (mg L�1) in chlorine-bleach-containing household
products.

MIN MAX AVG SD GM n

1,1-Dichloroethene 0.003 0.52 0.22 0.19 0.10 23
1,1-Dichloroethane 0.002 0.73 0.06 0.15 0.02 23
1,2-Dichloropropane 0.030 0.74 0.18 0.25 0.10 7
2,2-Dichloropropane 0.02 0.40 0.21 0.27 0.08 2
Chloroform 0.08 154 9.5 29.0 1.1 42
1,2-Dichloroethane 0.03 0.07 0.05 0.02 0.05 2
Carbon tetrachloride 0.01 169 23.2 44.3 1.3 42
Trichloroethene 0.004 0.01 0.006 0.003 0.006 5
Bromodichloromethane 0.01 0.05 0.02 0.012 0.02 11
Trichloronitromethane 0.02 0.36 0.15 0.09 0.12 21
2-Chloro-2-nitropropane 0.02 0.26 0.09 0.09 0.06 6
Chlorobenzene 0.003 0.007 0.005 0.002 0.005 10
1,2-Dichlorobenzene 0.003 0.03 0.014 0.006 0.01 40
1,3-Dichlorobenzene 0.004 0.02 0.008 0.003 0.008 29
Hexachlorethane 0.02 0.11 0.04 0.03 0.04 9

MIN: Minimum, MAX: Maximum, AVG: Average, SD: Standard deviation, GM:
Geometric mean, n: Number of samples above MDL.

Fig. 1. Average halogenated VOC concentrations in different classes of products.
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for chloroform and 0.27 mg m�3 for carbon tetrachloride. These
concentrations were used as the background concentrations in the
present study.

2.5. Estimation of carcinogenic risks for inhalation exposure

Carcinogenic risk associated with inhalation exposure to a
chemical was calculated by:

R ¼ C � UR � F (2)

where R is the probability of excess lifetime cancer risk, C is indoor
air concentration of the chemical of interest (mg m�3), and UR is the
Unit Risk (mg m�3)�1. UR is the upper-bound excess lifetime cancer
risk of an average adult estimated to result from continuous
exposure to an agent at a concentration of 1 mg/m3 in air. Values of
the UR were obtained as 2.3 � 10�5 for chloroform and 6.0 � 10�6

for carbon tetrachloride from Integrated Risk Information System of
the U.S. EPA (U.S. EPA, 2014). For exposures that would not last as
long as a lifetime (assumed as 70 years), a correction factor (F)
based on the frequency and duration of the exposure, should be
incorporated into the risk estimation, which is the ratio of the
exposure length over the exposure duration to the lifetime. The
recommended exposure durations are 30 and 25 years for resi-
dential and occupational inhalation (Masters and Ela, 2008). The
95th percentile Residential Occupancy Period and Current Resi-
dence Time are 33 and 46 years (U.S. EPA, 2011). Cleaning may be
both residential and occupational activity, which may be a lifelong
activity for some people. Housewives clean their houses up to the
ages that they cannot perform these activities anymore. In order to
reflect these special properties regarding to cleaning, we selected a
longer than recommended exposure duration of 40 years for our
exposure scenarios. Two exposure scenarios were constructed for
household use of the cleaning products: the median and the 95th
percentile scenarios as estimates of central tendency and upper-
bound risks. The median scenario uses the median concentration
and the median exposure time (length), while the 95th percentile
scenario uses the 95th percentile values. The median and 95th
percentile concentrations are estimated from the concentrations
modeled in this study one set each for plain, fragranced, and
surfactant-added products. The corresponding exposure times
were obtained from the U.S. EPA (U.S. EPA, 2011; U.S. EPA, 1987),
which lists two types of exposure times; (i) as time performing
household tasks, and (ii) time product groups most frequently used
for household cleaning, which are listed in Table S12, alongwith the
values of the calculated correction factor for the two exposure
scenarios.

3. Results and discussion

Concentrations of halogenated volatile organic compounds
(VOCs) in several chlorine-bleach-containing household products
(n ¼ 42) were measured and the relationships between the halo-
genated VOCs and product ingredients were investigated. Associ-
ated carcinogenic risks from the use of these products were also
estimated for chloroform and carbon tetrachloride using modeled
indoor air concentrations and unit risk factors.

3.1. Halogenated VOC concentrations in household products

Chloroform and carbon tetrachloride were the dominating
halogenated VOCs in investigated chlorine-bleach-containing
household products (n ¼ 42), having average concentrations of
9.5 � 29.0 and (average � SD) 23.2 � 44.3 (average � SD) mg L�1,
respectively (Table 2).
Halogenated VOC concentrations were the lowest in plain
bleach, slightly higher in fragranced products and the highest in the
surfactant-added ones (i.e., thick liquids and gels) (Fig. 1). The
number of the detected compounds is also significantly higher
(n ¼ 15) in surfactant-added products compared to plain (n ¼ 5)
and fragranced (n ¼ 4) products. Chloroform and carbon tetra-
chloride concentrations were relatively lower in plain bleach
(0.06e55.4, 0.007e0.06 mg L�1) and fragranced products (6.2e
10.3, 0.013e0.76 mg L�1) and the high in the surfactant-added ones
(i.e., thick liquids and gels) (4.7e106, 0.03e199 mg L�1). In a pre-
vious study (Smith, 1994), it was reported that plain bleach con-
tained 0.01e0.4 mg L�1 chloroform and 0.005e0.05 mg L�1 carbon
tetrachloride while the concentration ranges of chloroform and
carbon tetrachloride for fragranced products were 0.2e10 mg L�1

and 0.08e8.0 mg L�1, respectively. Other hypochlorite products
that contained surfactants, or surfactants and fragrance, showed
0.5e30 mg L�1 of chloroform and 1e15 mg L�1 of carbon tetra-
chloride (Smith, 1994). These concentrations were substantially
lower than those measured in the present study. It should be noted
that the present study was conductedw20 years after the study by
Smith (1994) and product contents may have been changed.
Different VOC levels measured in these studies may be due to the
change of product contents.
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Several hydrocarbons and oxygenated VOCs in these products
were also determined. Most of the analyzed compounds are
fragrance components that were selected among those identified in
the chlorine-bleach-containing household products in a previous
study (Odabasi, 2008). Tetrahydrolinalool, 2-(1,1-dimethylethyl)-
cyclohexanol, eucalyptol, dihydromyrcenol, and camphor were the
most frequently detected oxygenated VOCs while decane, dodec-
ane, p-isopropyl toluene, 1-dodecene, and nonane were the most
frequently detected hydrocarbons. Eucalyptol (105 � 148 mg L�1,
average � SD) and tetrahydrolinalool (86.5 � 145 mg L�1,
average� SD) were the leading oxygenated VOCswhile p-isopropyl
toluene (2.3 � 6.6 mg L�1, average � SD) and dodecane
(2.2 � 4.1 mg L�1, average � SD) were the hydrocarbons with the
highest average concentrations (Table 3).

Samples were also analyzed without adding ascorbic acid to
quench the residual chlorine and by purging at 50 �C to investigate
the effect of temperature on the formation of halogenated VOCs
during the use of these products at high temperature applications
(i.e., laundry and dishwashing). For all analyzed products, most of
the halogenated VOC concentrations at 50 �C were similar to those
measured at 25 �C except for chloroform and bromodichloro-
methane that were 2.2 and 2.7 times higher at 50 �C (Fig. 2a). The
increase in chloroform concentrations was even much more pro-
nounced for plain products (52 times) at 50 �C. The number of
detected compounds was also increased from 5 to 9 at 50 �C
(Fig. 2b). During the analysis at 25 �C, five samples were re-
analyzed without removing them from the purge and trap
sampler to check the efficiency of sample purging. No detectable
amounts of any of the compounds analyzed were found after the
second purge indicating that the first purge completely removed
VOCs from the sample. Therefore, substantially higher VOC
amounts found at 50 �C could not be attributed to increase in
Henry’s law constants at higher temperature, favoring a more
effective purge. Instead, higher concentrations may be due to
increased rates of halogenated VOC forming reactions at 50 �C. On
the other hand, concentrations of some compounds (i.e., 2-chloro-
2-nitropropane, hexachlorethane, carbon tetrachloride) decreased
Table 3
Oxygenated and other VOC concentrations (mg L�1) in chlorine-bleach-containing
household products.

MIN MAX AVG SD GM n

Oxygenated VOCs
Isocineole 0.02 64.4 8.3 18.1 1.0 13
p-methylanisole 0.07 0.21 0.14 0.10 0.12 2
Eucalyptol 0.05 565 105 148 15.7 22
Dihydromyrcenol 0.13 85.2 13.7 22.2 3.9 21
L-fenchone 0.14 3.0 0.86 0.75 0.60 17
Tetrahydrolinalool 0.03 574 86.5 145 19.5 29
D-fenchyl alcohol 0.08 2.5 0.98 1.0 0.58 7
2-tert-butylcyclohexanone 0.03 0.21 0.08 0.06 0.07 11
Trans-dihydro-b-terpineol 0.06 58.8 10.3 15.9 2.7 18
Camphor 0.16 138 32.7 48.8 3.8 20
Isoborneol 0.27 85.3 19.9 26.8 6.2 18
2-(1,1-dimethylethyl)-

cyclohexanol
0.06 64.0 8.5 15.2 2.3 27

Hydrocarbons
Octane 0.001 1.3 0.20 0.33 0.07 24
Propylcyclopentane 0.001 0.25 0.04 0.07 0.02 16
Nonane 0.001 2.1 0.26 0.50 0.07 25
Alpha-pinene 0.014 0.37 0.07 0.10 0.05 22
Decane 0.001 4.7 0.82 1.08 0.36 41
p-isopropyl toluene 0.001 39.5 2.3 6.6 0.16 38
1-Dodecene 0.001 7.6 1.4 2.1 0.44 37
Dodecane 0.002 17.3 2.2 4.1 0.52 41

MIN: Minimum, MAX: Maximum, AVG: Average, SD: Standard deviation, GM:
Geometric mean, n: Number of samples above MDL.
at 50 �C suggesting that they were degraded at higher
temperatures.

Trace elemental contents of the household products are pre-
sented in Table S2 along with their TOC, TN, and free chlorine
contents that also may affect the formation of halogenated VOCs.
Trace element concentrations were variable and Ca, K, and Mg had
the highest concentrations (0.65e302, 0.56e440, and 0.08e
10.5 mg L�1, respectively) followed by Zn and Fe (0.02e1.4 and
0.02e1.0 mg L�1, respectively). Concentrations of the remaining
elements (Cd, Cr, Cu, Mn, Ni, Pb, and Sn) were generally lower than
0.1 mg L�1. TOC and TN contents were also highly variable (0.002e
2.7% and 0.3e488 mg L�1, respectively) due to variability of
fragrance and surfactant content, or due to the type of surfactant
(i.e., nitrogen containing surfactants like lauramine oxide, myrist-
amine oxide, cetyl betaine, and cetrimonium chloride). The average
free chlorine content was 3.4 � 1.8% (average � SD) and relatively
less variable compared to other components.
Fig. 2. Comparison of halogenated VOC concentrations measured in bleach containing
household products at 25 �C and 50 �C.
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3.2. Effect of product composition on halogenated VOC content

It was suggested that some elements may catalyze the haloge-
nated VOC formation during drinking water chlorination (Ye et al.,
2009; Fu et al., 2009). Similarly, it is also possible that elemental
composition of the bleach products may affect the formation of
halogenated VOCs. Therefore, the relationship between the halo-
genated VOCs and product ingredients were investigated using
backward stepwise linear regression analysis. This analysis was
applied for the seven most frequently detected (>21 times) chlo-
rinated compounds (1,1-dichloroethene, 1,1-dichloroethane, chlo-
roform, carbon tetrachloride, trichloronitromethane, 1,2-
dichlorobenzene, and 1,3-dichlorobenzene). Prior to regression
analysis, the dataset was censored using the 1/2 of the MDL values
for the non-detected compounds. Only the parameters with
p < 0.05 were retained in the overall models. Measured product
components explained the 61.5%e99.6% variability of chlorinated
VOC concentrations (Table S3, S4eS10). The mostly associated
components with the chlorinated VOC formation were the
oxygenated VOCs. Some of them positively correlated with chlori-
nated VOCs (isocineole, eucalyptol, tetrahydrolinalool, and 2-tert-
butylcyclohexanone) while the correlations were negative for
others [D-Fenchyl alcohol, trans-dihydro-b-terpineol, isoborneol,
and 2-(1,1-dimethylethyl)-cyclohexanol)]. Among the remaining
components, generally octane and dodecane positively correlated
with chlorinated VOCswhile nonanewas negatively correlated. The
major product components (i.e., free chlorine, TOC, and TN) were
not effective in chlorinated VOC formation. This could be explained
with the fact that free chlorine content was generally high enough
to form chlorinated VOCs (i.e., >2.0%) and not largely variable. The
lack of correlation between the TOC content and chlorinated VOCs
may be due to fact that, not all organic compounds, only ones with
some specific moieties (i.e., phenolic) take part in chlorinated VOC
formation pathways (Gallard and von Gunten, 2002). Some trace
elements were effective on halogenated VOC formation. Ca, K, and
Mg were generally negatively correlated while Cd, Ni, and Pb were
positively correlated. Recently, a similar negative effect of some
trace elements (Ca, Mg, and Fe) on trihalomethane formation in
chlorinated drinking waters was reported (Ye et al., 2009). The
results of multiple linear regression analysis clearly indicated that
chlorinated VOC formation is closely related to product composi-
tion. Some product components especially oxygenated VOCs pro-
mote chlorinated VOC formation while some components have an
inhibitory effect. It should be noted that, there are several product
components which were not quantified in this study that could be
effective on chlorinated VOC formation.

The results reported here have some important implications on
product compositions. For example, manufacturers may prefer to
include the components having inhibitory effect on chlorinated
VOC formation rather than those promoting. Main concern of the
manufacturers in product formulation is to maximize the effect of
active chlorine content. Since reactive product components reduce
the active chlorine content, excluding them from product formu-
lations is also consistent with the industrial standpoint.

3.3. Estimated indoor concentrations from the use of household
products

Indoor air concentrations of chloroform and carbon tetrachlo-
ride were predicted from the use of household products for bath-
room, kitchen, and hallway cleaning. These two compounds were
selected since they are the dominating halogenated VOCs in the
household products and they are known to be carcinogenic (IARC,
1999; IARC, 1979), having available inhalation risk factors (U.S. EPA,
2014).
Model predictions showed that indoor VOC concentrations
significantly increased after the cleaning applications. Estimated
indoor concentrations from the use of selected bleach products
(n ¼ 42) ranged between 0.5 and 1030 mg m�3 (34 � 123, mg m�3,
average � SD) and 0.3e1124 mg m�3 (82 � 194 mg m�3,
average� SD) for chloroform and carbon tetrachloride, respectively
(Table S11). Fig. 3 shows the average concentrations of each product
category (plain, fragranced and surfactant-added) for the three
VOCs. Results indicated that indoor air concentrations from
surfactant-added products were significantly higher (p< 0.01) than
other categories.

The highest concentrations were from the use of surfactant-
added bleach products for bathroom cleaning (see the Table S11).
The average chloroform and carbon tetrachloride concentrations
for this case were 92 � 228 and 224 � 334 mg m�3 (average � SD),
respectively. Comparably high chloroform and carbon tetrachloride
concentrations (1340 and 260 mgm�3) were reported from cleaning
7.7 m2 ceramic tile shower walls with a mildew remover in a 7.4 m3

room (Smith, 1994).
Odabasi (2008) has measured indoor air halogenated VOC

concentrations resulting from the use of four selected household
products (i.e., one plain and three surfactant-added). The compo-
sitions of the same products were also analyzed in the present
study. Estimated indoor air concentrations from the use of these
four products were compared to those measured by Odabasi (2008)
by linear regression. This comparison indicated a very good
agreement between the measured and estimated concentrations
(r2 ¼ 0.92 and 0.96 for chloroform and carbon tetrachloride,
p< 0.01, n¼ 20). The slope of the modeled vs. measured regression
line was 1.11 for carbon tetrachloride indicating an excellent
agreement. However, for chloroform the slope was 0.77 indicating
that the model slightly underpredicted the indoor concentrations.
Chlorinated byproducts also formwhen bleach-containing cleaning
products react with organic matter present on dirty surfaces
(Smith, 1994; Nazaroff and Weschler, 2004; Odabasi, 2008).
Therefore, underpredicted chloroform concentrations may be due
to additional chloroform formation during surface cleaning that
could not be accounted by the model used in the present study.

3.4. Carcinogenic risk assessment for inhalation exposure

Carcinogenic risks were estimated for two exposure scenarios:
median and 95th percentile exposures. Two types of exposure
times were used in each scenario; (i) time performing household
tasks, and (ii) time product groups most frequently used for
household cleaning (see Materials andMethods section). Estimated
carcinogenic risks for the two exposure scenarios based on
household cleaning product use time are presented in Table 4. The
risks based on the time performing household activity are provided
in Table S13. Risks based on cleaning product use time are slightly
higher than those based on time performing household tasks. The
carcinogenic risks were also estimated for exposure to background
concentrations. The mean background concentration levels, re-
ported as 0.41 mg m�3 for chloroform and 0.27 mg m�3 for carbon
tetrachloride (Odabasi, 2008), were used to estimate the back-
ground risks. Carcinogenic risks due to lifetime exposure to the
background concentrations are 9.4 � 10�6 and 1.6 � 10�6 for
chloroform and carbon tetrachloride, respectively. Both of the risk
values are higher than the general acceptable risk level of 1.0� 10�6

(Legay et al., 2011; Health Canada, 1998). Although all median
scenario risk values are<1.0� 10�6 for both of the chemicals, these
risks are additional to the background risks. On the other hand, all
are greater than or equal to the acceptable risk level in the 95th
percentile exposure scenario. The risk levels for both of the
chemicals in this scenario for surfactant-added products surpass a



Fig. 3. Average indoor air quality concentrations of chloroform and carbon tetrachlo-
ride for three product categories.

Table 4
Estimated carcinogenic risks associated with the product use for two exposure
scenarios.

Median exposure scenario 95th Percentile exposure scenario

Chloroform Carbon
tetrachloride

Chloroform Carbon
tetrachloride

Plain 1.5 � 10�7 1.3 � 10�8 7.3 � 10�6 1.0 � 10�6

Fragranced 1.3 � 10�7 2.1 � 10�8 4.7 � 10�6 9.9 � 10�7

Surfactant-
added

7.9 � 10�7 8.1 � 10�7 4.7 � 10�4 2.4 � 10�4
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higher acceptable risk level (1.0 � 10�4) preferred for some pol-
lutants difficult to deal with, such as arsenic (Legay et al., 2011;
Health Canada, 1998). Values of ratio of the median risk due to
product use to the risk due to the mean background exposure are
presented in Table S13. The background risk was estimated for the
same exposure length as for product use so that the two are com-
parable. Ratio values are <2.5 for plain and perfumed products
while they are >13 for surfactant-added products with a highest
value of 86 for carbon tetrachloride. In summary, based on the
upper-bound estimates, it can be argued that carcinogenic risks
may reach to considerably high levels for a significant portion of the
population especially those steadily using surfactant-added
products.

Smith (1994) determined concentrations of chlorinated organics
during cleaning of soiled shower walls with a mildew remover
containing sodium hypochlorite, a surfactant, and a fragrance. He
evaluated the hazard by chloroform and carbon tetrachloride by
comparing (i) their concentrations to German and American
permissible occupational exposure limits (50 mg m�3 for chloro-
form and 65 and 31 mg m�3 for carbon tetrachloride, respectively);
and (ii) estimated exposures to “routine activities” such as drinking
2 L water a day. The referred occupational standards are much
higher than indoor air standards even for total volatile organic
compounds (TVOC) which range from 200 to 600 mgm�3 (Pluschke,
1999; Charles et al., 2005). Seifert (1990) proposed a target TVOC
concentration of 300 mg m�3 with the following conditions: “no
individual VOC should exceed 50% of the concentration allotted to
its class or 10% of the TVOC concentration.” 30 mg m�3 was pro-
posed to be allotted to halocarbons. Then a target level of 200e
300 mgm�3 was set (Seifert,1999). Chronic reference exposure level
is 300 mg m�3 for chloroform, which represents the airborne con-
centration that would pose no significant health risk to the general
public (OEHHA, 2014). Furthermore, unlike Smith’s (1994) com-
parison, the carcinogenic risk levels estimated for inhalation
exposure in this study are comparable to those estimated for life-
time ingestion exposure to individual drinking water disinfection
by-products (Baytak et al., 2008).
4. Conclusions

The present study indicated that there are several halogenated
VOCs in chlorine-bleach-containing household products sold in
Europe and North America. Chloroform and carbon tetrachloride
were the dominating compounds having average concentrations of
9.5 � 29.0 (average � SD) and 23.2 � 44.3 (average � SD) mg L�1,
respectively. Halogenated VOC concentrations were the lowest in
plain bleach, slightly higher in fragranced products and the highest
in the surfactant-added products. It was found that the amounts of
chlorinated VOCs formed as a result of the reactions of sodium
hypochlorite and organic components are closely related to product
composition.

The effect of temperature on the formation of halogenated VOCs
during the use of bleach products was also investigated. It was
shown that concentrations of several compounds increase sub-
stantially at high temperature applications (i.e., laundry and
dishwashing).
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Estimated indoor air concentrations as a result of bleach product
use indicated significant increases in indoor VOC concentrations
compared to background. Results have also suggested that the
carcinogenic risks may reach to considerably high levels for a sig-
nificant portion of the population especially for those steadily using
the surfactant-added bleach products.

Based on the results of the present study, it could be recom-
mended that if possible the use of chlorine bleach containing
household products should be avoided. If they are to be used, plain
products should be preferred since they contain lower amounts of
chlorinated VOCs. The products should only be used in well
ventilated places in order to reduce the indoor VOC concentrations.
Dermal contact should also be avoided since it could be a significant
route for exposure in addition to inhalation.
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