9. SUMMARY AND CONCLUSIONS

9.1. SUMMARY

The research described in this report conssted of 113 experiments involving 5 tracer chemicas
(acetone, ethyl acetate, toluene, ethylbenzene, and cyclohexane) and 4 sources (showers, dishwashers,
washing machines, and bathtubs). The source experiments completed for this study have significantly
increased the existing knowledge base of published experiments involving chemical voldilization from

drinking water to indoor air.

A determined attempt was made to follow arigorous quality assurance project plan and to
perform mass closure assessments on al sources. The latter are not often reported in the published
literature and necessitate Smultaneous collection of liquid and gas samples. The resulting database
dlowed determination of chemica gripping efficiencies (h), overal masstransfer coefficients (K, A),
and liquid- and gas-phase mass trandfer coefficients (kA and k,A) for each chemical and source. In
addition, headspace ventilation rates were measured for washing machines and dishwashers.

An important contribution from these experiments was the caculaion of mass trandfer parameters
for acetone and ethyl acetate, two chemicals with Henry’ s law congtants considerably lower than any
used in previous experiments. Use of these lower volatility chemicals greetly improves the ability to
estimate mass trandfer coefficients for many disnfection by-products, pesticides, and other low-
volatility compounds.

Theratio of gas- and liquid-phase mass transfer coefficients (ky/k|) was caculated for varying
operating conditions for each source. As described in Chapter 2 and illustrated in Chapter 8 of this
report, knowledge of the magnitude of ky/k, is critical for improved estimates of chemica voldilization
from drinking water to indoor air. Thisis particularly true when an overal mass transfer coefficient for
one chemical is to be extrapolated to a second chemical of interest. Experimentally predicted values of

K /k; should serve as amgjor contribution of this studly.
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A series of dynamic emission models were developed for each source and were based on

fundamental reactor analyses, mass balances, and mass transfer kinetics. The experimental mass

transfer coefficients, air exchange rates, and protocols described in this report can be used as direct

input values or to estimate reasonable input vaues for the reported emisson models. In addition to

input parameters based on this research, values based on previous research are provided. All

experimenta results related to chemica volatilization from tap water are now avalablein asingle
database provided in the Appendix. The database contains 454 experimenta results (including 293

results from this sudy) and is a valuable source of information for those interested in modding human

inhaation exposures related to specific contamination scenarios.

Vauesof K A, kA, kA, ky/k, and headspace ventilation rates are presented in Chapters 4
through 7. A summary of chemica stripping efficienciesis provided in Table 9-1 for each source. The

ranges of stripping efficiencies for each chemica and source reflect the fact that, for some sources, the

rate of volatilization from drinking water to indoor air, and subsegquent human exposure, is highly

dependent on source operating conditions. In many cases, assuming 100% volatilization will

sgnificantly overestimate emissions and human inhaation exposure to chemicals origineting in drinking

water.

A st of generd conclusonsis provided in Section 9.2. Source-specific conclusions are provided

in Sections 9.3 through 9.6. Finally, recommendations for future research are provided in Section 9.7.

Table 9-1. Summary of experimental stripping efficiencies and ky/k;

Chemical Showers Bathtubs? Dishwashers | Washing machines®
Acetone 6.3-16 26-14 18-55 3.8-38
Ethyl 15-36 46-16 * *
Acetate
Toluene 61—77 35-53 96 —98 30—-99
Ethylbenzene 62 —75 33-54 97 -98 31-99
Cyclohexane 65— 80 64 — 69 100 40-100
Flow-through: 37 — 96 Fill: 45-20
Kg/K, 110-223 |HFill: 271 =77 * Wash/Rinse: 0.13-8.6
Bathing: 54 - 78

aStripping efficiency based on combined effects of filling and bathing (20 minutes) in series.
bStripping efficiency based on combined effects of fill and wash (or rinse) in series.
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*Unable to determine

9.2. CONCLUSIONS: GENERAL
The findings of this study lead to severd genera conclusions about al, or most, sources and
chemicds

1. System operating conditions can have a Sgnificant effect on chemica emissons. Thisis
particularly true for lower volatility chemicds (eg., ethyl acetate and acetone) and for al chemicas
emitted from washing machines.

2. For higher volatility chemicds (e.g., with Henry’ s law constants greater than toluene), chemicdl
sripping efficiencies should vary by approximately 30% or less (relative) over awide range of
system operating conditions for showers, bathtubs, and dishwashers.

3. Although many operating conditions can affect chemicd volatilization rates from water to indoor
air, water temperature gppears to have the greatest effect over dl sources and chemicas. Thisis
generdly caused by a combination of increases in Henry’ slaw congtants (H,) and liquid-phase
meass transfer coefficients, aswell as by increases in headspace ventilation rates for washing
machines and dishwashers,

4. Chemicd dripping efficiencies increase as Henry’ s law congtant increases from lower volatility
chemicds, (eg., acetone and ethyl acetate) to higher volatility chemicds (e.g., toluene,
ethylbenzene, and cyclohexane). However, stripping efficiencies are rdatively insengtive to
Henry’s law congtant for H, greater than that of toluene. The one exception is for thefill cycle of
bathtubs.

5. Falureto properly account for gas-phase res stance to mass transfer can lead to significant

overeimates of chemica voldilization to indoor ar. Thisis particularly true for lower voldility
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9.3.

chemicals or those sources with low vaues of gas- to liquid-phase mass trandfer coefficients
(ky/k))(e.9., washing machines).

Sgnificant improvements in emissions estimates are possible by incorporating appropriate values
of ky/k into the estimation process. However, vaues of k /k, are spedific to individud systems

and operating conditions and should therefore be chosen carefully.

The use of dud tracers with smilar physicochemica properties (e.g., toluene and ethylbenzene)
can be effective asinternd checks of the qudity of experimenta results.

CONCLUSIONS: SHOWERS
Showers are the most extensively studied source of chemica volatilization from drinking water to

indoor air. However, previous studies are limited in terms of the separation of gas- and liquid-phase

meass trangfer coefficients, and andyses of compounds with significant gas-phase resistance to mass

transfer. Furthermore, previous researchers have speculated on the vaidity of the assumptions that

shower gl amaospheres are well mixed. The following conclusons slem from this study and directly

address the issues listed above:

1.

The shower gdl atmosphereisreatively well mixed; that is, gas-phase concentrations should be
relatively homogenous throughout a shower gdl.

Gas-phase res stance to mass trandfer dominates the overd| resistance to mass trandfer for
acetone and chemicas with Henry’ slaw congtants lower than H, for acetone. Gas- and liquid-
phase resi stances are both important for compounds with H, smilar to ethyl acetate.

Liquid-phase resistance to mass transfer is dominant for chemicals with H, greater than toluene.
Thus, overadl masstransfer coefficients for two or more of these compounds can be rdated using
only liquid-phase molecular diffuson coefficients.



94.

On the basis of the results of this study, stripping efficiencies for chemicads with H, greater than or
equa to toluene should range from 60% to 80%. Slight deviations between this range and those
previoudy reported by other researchers are likely caused by differencesin showerheeds.

Mass emission rates from water to shower stdl air decrease with time depending on the volatility
of achemicd and its gpproach to equilibrium. Thus, knowing a chemicd’s Henry’ s law congtant
at typical shower temperaturesis important.

CONCLUSIONS: DISHWASHERS
Previous to this study, dishwashers had received little attention as emisson sources. The following

conclusons are derived from 29 experiments involving acommercid dishwasher:

Dishwashers are characterized by alow, but continuous and constant, headspace ventilation rate
during operation.

Dishwashers are extremdly effective at stripping awide range of chemicas from water.

High gripping efficiencies (gpproaching 100% for chemicas with H. 3 toluene) can be attributed
to the high water temperatures used in dishwashers, rlaively high liquid-phase mass transfer
coefficients associated with airborne droplets, and large headspace volume relative to water
volume within the dishwasher.

Chemicas are rapidly stripped from water to the interior headspace of dishwashers during the first
minute of water soraying, that is, during rinse and wash cycles. Theresfter, chemicas with Henry's
law congtants less than or equa to those associated with ethylbenzene approach a Sate of
chemica equilibrium.



5. Themos significant release of chemicasto indoor air would occur if the dishwasher door is
opened immediately after use.

9.5. CONCLUSIONS: WASHING MACHINES

Chemicd emissons from washing machines have received some attention in the published
literature. However, variations in machine operating conditions and chemical properties have been
limited. Furthermore, previous researchers have not addressed the potential for emissions during fill

cycles. Thefollowing conclusons come from 57 experiments using a commercid washing machine

1. Washing machines are well ventilated, with air exchange rates exceeding those for dishwashers by

one to two orders of magnitude.

2. Theuseof hot water leads to significant increases in washing machine ventilation rates caused by
buoyancy-induced air flows.

3. Stripping efficiencies from washing machines, more than any other source, are extremdy sensitive
to system operating conditions.

4.  Under gppropriate conditions (hot water, rinse cycle with no detergent present, low clothes
loading), stripping efficiencies for chemicas with Henry’ s law congtants greater than toluene can
approach 100%.

5. Chemicd emissons during machinefilling are generdly lower than emissons during wash and rinse
cycles.



6. During wash and rinse cycles, gas-phase resstance to mass transfer isimportant for al chemicals
with Henry’s law congtants less than or equd to H, for ethylbenzene.

9.6. CONCLUSIONS: BATHTUBS

Previous research has focused on volatilization of chemicas during shower events. The argument
for such sudiesisthat, unlike other sources, showers lead to potentialy significant human exposure.
However, thisis aso true for bathing, thet is, volatilization from bathtubs to indoor air. For this sudly,
17 experiments were completed to assess chemica voldtilization during the filling of bathtubs, during
bathing events, and for gpplications in which water enters atub and is dlowed to flow directly into an
open drain. Significant conclusions are listed below:

1. Chemicd dripping efficiencies are smilar during flow-through, filling, and bathing events. Here,
bathing refers to volatilization from the water surface with mild agitation of the weter over a 20-

minute event.

2. Stripping efficiencies are more sengtive to chemica properties, particularly Henry' s law congtant
(Ho), during tub filling than during flow-through or surface voldilization events. Thisis because of
the significant degree of air entrainment that occurs as the water jet impacts the underlying bath
pool. Diffused air bubbles promote gas-liquid mass trandfer, that is, chemicas transferred from
liquid to bubbles. Thistransfer mechanism is sendtive to H,, as accumulation of chemica massin
bubbles can lead to an approach to chemica equilibrium for compounds with low H_.
Furthermore, gas-phase res stance to mass transfer tends to be more significant when air bubbles

are present. Thisfact is consistent with the reletively low value of k /k; for fill events

3. Combined gtripping efficiencies for fill and bathing events are dightly lower, but comparable, to

those associated with shower events. Not included in the bathtub estimate are emissions from
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water flowing through the tub when attempting to attain a water temperature gppropriate for
bathing.

Because of the longer exposure times, chemical emissions during the use of bathtubs may be as, or
more, Sgnificant than during showers, in terms of human inhdation. Thisis particularly important
given that samdl children are typicaly washed in bathtubs rather than showers and are generdly
more sengtive to chemica exposure than are hedthy adults.

RECOMMENDATIONS FOR FUTURE RESEARCH
The research described herein has increased the existing knowledge base associated with chemical

volatilization from water to indoor air. A natura progresson would be to use the results of this sudy to

complete an integrated exposure assessment for various water contaminants and water usage scenarios.

The assessment should include bounds that account for uncertainties in mass transfer parameters and

other relevant exposure factors. However, based solely on the findings of the study described in this

report, recommendations for future research are asfollows:.

The database that now exigts for volatilization during showersislarge. Additiond research rdated
to chemica voldilization during showersis not recommended. However, information regarding
aerosol formation and the associated impact on chemical volatilization for showers and other

relevant sources is warranted.

Currently, thereisalack of information on Henry’s law congtants a elevated temperatures for
most potentia drinking water contaminants. As shown by thiswork, the total mass emissons from
severd sources are highly dependent on this parameter and could be significantly over- or
underestimated for these chemicas. Additiona research is needed to determine Henry’s law
constants at water temperatures ranging from 30°C to 60°C.



The results of this study suggest that volatilization during the use of bathtubs may be as, or more,
sgnificant than during showersin terms of human exposure, particularly for smal children.
Additiona research may be warranted to improve estimates of chemicd volatilization from
bathtubs, including an assessment of the effects of soap films on retardation of mass trandfer.
Furthermore, additiona studies should be completed to better smulate the kinetic energy imparted
on bath water by human bathing activities.

The database that has been generated for dishwashersis novel and suggests that chemical
equilibrium is achieved rapidly between the water and the dishwasher headspace. As such, the
rate of air exchange between dishwasher and room atmospheresis a critical parameter. In this
study, that rate was quantified for a commonly purchased commercid dishwasher. 1t would be
beneficid to repeat a series of air exchange experiments on severa commercidly available
dishwashers. These experiments could be used to quantify arange or distribution of air exchange

rates.

Washing machines may need the grestest amount of additional research based on the range of
experimenta results achieved for a sngle washing machine, and the potentia for nearly complete
volatilization of many chemicas. Specific research should focus on improved estimates of
headspace air exchange rates, particularly during the use of hot water, and the formation of
chlorination by-products during the use of sodium-hypochlorite containing bleaches. The laiter
was not studied as part of this research effort, but was previoudy documented by the principa
investigator of this project. Additiona washing machine designs should be considered, including
upright machines (vertical door) such as are often used in laundromats.

Severd additiona sources of chemica volatilization from water to indoor air were not sudied

during this research effort and are deserving of future experimental work. These include toilets,



indoor saunas and tubs, aguariums, and humidifiers. The latter should include centralized
humidification sysems, which are now common in many parts of the United States.

It would be beneficid to incorporate the source models developed herein into an indoor air quality
modd!.

The model described in Recommendation 7 should be used in conjunction with information related
to water usage and human activity patterns to assess the significance of human inhaation exposure
to chemicdsthat originate in drinking water. An important example involves lower volatility
disinfection by-products, which should be characterized by significant gas-phase resistance to

mass transfer.
The database and models developed during this research effort should be supported with fied

data. In addition to water and air sampling in a home with a contaminated water supply, other

potentia sources include laundromats, gymnasium shower facilities, and restaurant kitchens.
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