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TECHNICAL PAPER

Disinfection efficiency of chlorine dioxide gas in student cafeterias in
Taiwan
Ching-Shan Hsu® and Da-Ji Huang

Department of Environmental Resource Management, Chia-Nan University of Pharmacy and Science, Tainan, Taiwan, Republic of China
*Please address correspondence to: Ching-Shan Hsu, Department of Environmental Resource Management, Chia-Nan University of Pharmacy
and Science, Tainan 71710, Taiwan, Republic of China; e-mail: hsuhsu@mail.chna.edu.tw

In Taiwan, the food and drink requirements of students and faculty members are met by student cafeterias. The air quality within
these cafeterias should satisfy the guidelines laid down by the Taiwan Environmental Protection Agency (Taiwan EPA). Accordingly,
this study performed an experimental investigation into the efficiency of two different gaseous chlorine dioxide (CIO,) treatments in
disinfecting a local student cafeteria, namely a single, one-off application and a twice-daily application. In both cases, the ClO; was
applied using strategically placed aerosol devices. The air quality before and after disinfection was evaluated by measuring the
bioaerosol levels of bacteria and fungi. Moreover, a stepwise discriminant analysis method was applied for predicting the residual
concentrations of bacteria and fungi, as a function of the environmental parameters and the ClO, concentration. The experimental
results showed that the average background levels of bacteria and fungi prior to CIO, disinfection were 972.5 £ 623.6 and 1534.1 +
631.8 colony-forming units (CFU)/m’, respectively. A single ClO, application was found to reduce the bacterial and fungal
concentration levels by as much as 65% and 30%, respectively. By contrast, a twice-daily CIO, application was found to reduce
the bacterial and fungal concentration levels by as much as 74% and 38%, respectively. The statistical analysis results showed that
the residual bacterial concentration level was determined primarily by the number of individuals present in the cafeteria, the
temperature, and the CIlO, concentration, whereas the residual fungal concentration level was determined mainly by the
temperature, the total number of suspended particles, and the ClO, concentration. Thus, the integrated results suggest that the
air quality guidelines prescribed by the Taiwan EPA for student cafeteria can best be achieved by applying CIO, twice daily using an
appropriate deployment of aerosol devices.

Implications: Cl0, gas can destroy all manner of microorganisms, including bacteria, spores, fungi, viruses, and even protozoans,
in indoor environments. Moreover, it is popularly known that bioaerosols are able to grow and propagate on a wide variety of building
materials and indoor surfaces. Thus, through optimal ClO, disinfection methodology, the indoor microbial contaminants can be
decreased and the residual concentrations of bacteria and fungi as a function of the environmental parameters and the CIO,
concentration can be predicted via some statistical techniques.

human health and the development of suitable control measures
have attracted growing attention in recent years (Orsini et al.,
2002; Douwes et al., 2003; Adhikari et al., 2004; Jones and
Harrison, 2004).

Introduction

Particles of biological origin account for approximately 24%
of the total concentration of airborne particles (Matthias-Maser

and Jaenicke, 1995; Jones and Harrison, 2004). Such particles
result in a deterioration of the air quality and are thus of parti-
cular concern in confined, indoor environments, where their
concentrations may exceed the levels regarded as safe for
human health. Previous studies have shown a strong correlation
between sick building syndrome (SBS) and indoor air pollution
(Sanchez et al., 1987; Burge, 2004; Jaakkola et al., 2007).
Specifically, the onset of SBS, which comprises a series of
symptoms such as eye irritation, airway dryness, headaches,
sleepiness, skin rashes, and so on, has been attributed to the
presence of biological microbes or their components (World
Health Organization [WHO], 2002; Mendell et al., 2008). As a
result, the effects of microbial contamination of indoor air on

In general, the concentration and size distributions of indoor
bioaerosols depend on a wide range of biotic and abiotic factors.
For example, previous studies have shown that the moisture
content of building materials, the relative humidity and tempera-
ture of the local environment, the air exchange rate, the presence
of human activities, and the number of people and pets all
significantly affect the concentration level of indoor bioaerosols
(Kulmala et al., 1999; Buttner and Stetzenbach, 1993; American
Conference of Governmental Industrial Hygienists [ACGIH],
1999). In nonindustrial indoor environments, airborne bacteria
are generated mainly by the presence of humans and related
activities such as talking, sneezing, coughing, walking, washing,
toilet flushing, and so forth (Stetzenbach, 1997). Thus, although
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indoor environments are thought to be protective, they may in
fact be contaminated with particles that present different and
sometimes more serious risks than those encountered in outdoor
environments, if their concentration levels exceed recommended
safety limits.

According to the U.S. National Institute of Occupational
Safety and Health (NIOSH) and the ACGIH, the total number
of bioaerosol particles in indoor environments should not exceed
1000 colony-forming units [CFU]/m?, whereas the total cultur-
able count for bacteria should be no higher than 500 CFU/m?
(ACGIH, 1989; American Industrial Hygiene Association
[AIHA], 1996). In Taiwan, the indoor air quality should conform
to the guidelines prescribed by the Environmental Protection
Agency (Taiwan EPA) (Ling et al., 2008). For schools, educa-
tional facilities, playgrounds, hospitals, clinics, and health care
facilities for the elderly and disabled, the indoor bacterial con-
centration should be no higher than 500 CFU/m*, whereas that of
fungi should not exceed 1000 CFU/m® (Taiwan EPA, 2011).
According to the results of one long-term monitoring study, the
level of biological contamination in Taiwan is much higher than
the value of 1000 CFU/m® recommended by the WHO (Lin
et al., 2007). Thus, to satisfy the Taiwan EPA guidelines for the
air quality in indoor environments, effective disinfection treat-
ments are required.

In Taiwan, the food and drink requirements of students and
faculty members are met by student cafeterias. Such cafeterias
are characterized by a high level of human activity and are
conducive to the generation and propagation of a large number
of bioaerosols by their very nature. As a result, stringent disin-
fection protocols are required to ensure the health of the cafeter-
ia’s occupants. The generation of gaseous chlorine dioxide
(Cl0Oy,) is one of several techniques available for the remediation
of structures impacted by microbial growth (U.S. Environmental
Protection Agency [EPA], 2007). C1O, can destroy all manner of
microorganisms, including bacteria, spores, fungi, viruses, and
even protozoans (Taylor and Butler, 1982; Chen and Vaughn,
1990; Sivaganesan et al., 2003; Loret et al., 2005). ClO, dis-
solves readily in water, forming a stable state of small particles.
Under room temperature conditions, the C1O, content within the
water evaporates and propagates naturally through the local
environment, providing a disinfection function. Being in a gas-
eous form, the Cl1O, molecules are able to penetrate deeply into
building cavities, wall cavities, and other hard-to-access areas,
and therefore provide an extremely thorough sterilization func-
tion (Buttner et al., 2004; Han et al., 2003). Gaseous ClO, has
been approved by the EPA as a disinfectant, sanitizer, and ster-
ilant for the paper, fruit, vegetable, dairy, poultry and beef
processing industries (EPA, 2000), and for the processing of
industrial wastewater (Lee et al., 2006). Furthermore, aqueous
ClO, is commonly used for the treatment of drinking water and
for the control of mold in libraries (Southwell, 2002; Weaver-
Meyers et al., 1998). Following the 9-11 attacks in the USA,
ClO, gas was used to treat the Bacillus anthracis spores detected
in certain government buildings and on the exterior of mail
packages addressed to a small number of government institu-
tions (EPA, 2006; Canter et al., 2005). Finally, various studies
have demonstrated the efficiency of ClO, in deactivating
Bacillus endospores (surrogates for B. anthracis spores)
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(Buttner et al., 2001; Cortezzo et al., 2004; Young and Setlow,
2003).

In our previous study (Hsu et al., 2013), we found that a one-
off ClO, application yielded a 12-hr disinfection efficiency of
less than 26.0% in a local cafeteria in Taiwan. In performing the
disinfection process, the Cl10, solution (0.3 mg/m?) was simply
placed in unsealed containers and allowed to evaporate and
propagate naturally through the environment. In this condition,
air samples were collected from five sampling points in the
indoor area of the cafeteria. According to the results of the
one-way analysis of variance (ANOVA) test, the sampling data
in the indoor area of the cafeteria showed no significant differ-
ence (p > 0.05). Therefore, in the present study sampling was
conducted in single location within the cafeteria and a more
rigorous disinfection treatment was performed, in which C1O,
was applied via strategically placed aerosol devices. Two differ-
ent ClO, disinfection protocols were considered: namely, a sin-
gle, one-off application and a twice-daily application. The air
quality in the cafeteria before and after ClO, disinfection was
evaluated in terms of the bioaerosol levels of bacteria and fungi.

Moreover, we know that discriminant statistical analysis can
be used, firstly, to predict group membership for new cases,
especially when there are more than two groups and, secondly,
to provide a visual representation of structure underlying the
relationships among large numbers of variables and groups
(Savi¢ et al., 2008). Therefore, for clarifying the influencing
parameters of the air quality in student cafeterias, we used a
stepwise discriminant analysis method to determine the relative
disinfection efficiencies of the two different methods and to
develop analytical formulae for predicting the residual concen-
trations of bacteria and fungi as a function of the environmental
parameters and the C10, concentration. Finally, according to the
total results, we will recommend a good ClO, disinfection
method in such an environment.

Materials and Methods

The study was conducted in the student cafeteria at Chia-Nan
University in southern Taiwan. Prior to disinfection, air samples
were collected and analyzed in order to determine the back-
ground concentration levels of bacteria and fungi. CIO, disin-
fection was then carried out using the two different application
procedures described above. On each sampling day, air samples
were collected over a 12-hr period in order to evaluate the
reduction in the bacterial and fungal concentration levels. The
details of the experimental procedure are described in the sec-
tions below.

Study area and sampling time

Figure 1 presents the floor plan of the student cafeteria where
only a single sampling point is selected and marked. The reason
is that all five sampling points installed at different locations
inside the cafeteria provided no significant difference in air
sample characteristics, as shown in our previous study (Hsu
et al., 2013). The experimental investigation was conducted
over a 12-month period (i.e., June 2010~May 2011). On each
sampling day, air samples were collected on an hourly basis



798

E Toilet
1 Door! {Door|
%% % :I|Elevator
O ~
C I T ] ] ] ]
v O] CoJd ) |
s L 5Y 110 G
- oo ocooo 5]
I O I | | U |8
g /Y = 5
= iDoor | I Doorl ] i %
| Deor o ol o &
o [ D%Em o g
g 1] 1] 8
EE 10 11 % °]
L I I
g |Door | =—=1Door| EEI
£
g Qo i o [ R | ||
O
Ose OO —
store DDE”EE' OO

Figure 1. Floor plan of student cafeteria at Chia-Nan University of Pharmacy
and Science, Taiwan. ¥ = location of ultrasonic aerosol devices; V = sample
collection location.

between 8:00 a.m. and 8:00 p.m. The samples were then ana-
lyzed in order to determine the concentrations of the various
biological (i.e., bacterial and fungal) and nonbiological (i.e.,
CO;) components. To ensure the reliability of the analysis
results, each sample was tested in triplicate. To investigate the
effects of the environmental factors on the disinfection efficien-
cies of the two methods, the relative humidity and temperature
were measured each time a sample was collected using a TES-
1364 humidity temperature meter (TES Corp., Taipei, Taiwan).
The Q-TRAK Indoor Air Quality (IAQ) meter (model 7565; TSI
Inc., St. Paul, MN, USA) used to measure the air flow velocity
and CO, concentration. Moreover, the total number of sus-
pended particles (TSP) was measured using an Aerocet-531
mass particle counter (Met One Instruments, Inc., Grants Pass,
OR, USA). Finally, a record of the number of individuals present
within the cafeteria at the time the sample was collected.

Disinfection methods

According to the U.S. Occupational Safety and Health
Administration (OSHA) and the ACGIH, the 8-hr time-weighted
average (TWA) of ClO, in the workplace should not exceed 0.3
mg/m’ (equivalent to 0.1 mg/L) (OSHA, 2006). Meanwhile, the
15-min short-term exposure limit (STEL) of ClO, should not
exceed 0.9 mg/m> (equivalent to 0.3 mg/L) (OSHA, 2006).
According to the design blueprints of the cafeteria, the cafeteria
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had a volume of 2375 m>. Thus, to satisfy the 8-hr TWA limit of
0.3 mg/m?, disinfection was performed using 250 mg/L ClO,
solution. In performing the disinfection process, the C1O, solu-
tion was equally divided among six ultrasonic aerosol devices
(i.e., less than 0.475 L per container), which were then placed at
the six locations shown in Figure 1. At temperatures of 11 °C or
higher, the free radical of ClO, occurs in gaseous form (Han
et al., 2003). Because the average temperature within the cafe-
teria was always higher than 11 °C during the experimental
period, the CIO, solution evaporated immediately following
nebulization and then propagated naturally through the local
environment.

On each sampling day, disinfection was performed at 10:00
a.m. and air samples were then collected on an hourly basis until
8:00 p.m. As described above, two different disinfection modes
were considered, namely a single-application mode (SAM) and a
twice-daily application mode (TAM). In the SAM disinfection,
the ClO, solution was applied for 1 day only, and was not
replenished as it nebulized. In the TAM disinfection, the CIO,
solution was also applied for 1 day only, but was replenished
after 5 hr.

Air sample collection

Air samples with a volume of 1000 L were collected at a
single sampling point (see Figure 1) in accordance with the
Taiwan National Institute of Environmental Analysis (NIEA)
guidelines (i.e., NIEA E301.11C for bacteria and E401.11C for
fungus; Taiwan EPA, 2008). The samples were collected using a
MAS-100 Eco Microbial Air Sampler (Merck, Darmstadt,
Germany; 100 L/min) containing Petri dishes with tryptic soy
agar (TSA) plates and malt extract agar (MEA) plates. Following
a 10-min collection period, the Petri dishes were removed from
the sampler in order to cultivate the bioaerosols. For the bacterial
bioaerosols, the TSA plates were incubated at a temperature of
30 £ 1 °C for 48 + 2 hr. Meanwhile, for the fungal bioaerosols,
the MEA plates were incubated at 25 £+ 1 °C for 4 £ 1 days. The
bacterial and fungal concentrations were then evaluated by
counting the colonies formed on the respective agar surfaces.

Statistical analysis

The sample data were analyzed using the SPSS statistical
package (version 12, 2003; SPSS Inc., Chicago, IL, USA). All
of the data collected in the study were shown by the Shapiro-
Wilks test to satisfy the assumption of normality. The correlation
between the colony count and the environmental parameters (i.e.,
temperature, relative humidity, airflow velocity, CO, level, TSP,
and number of individuals in the cafeteria) was examined by
means of a Pearson’s correlation analysis. In addition, a one-way
ANOVA test was used to test for significant differences in the
relative effects of the environmental parameters on the formation
of the bacterial and fungal colonies in the semester and vacation
periods. Moreover, a Duncan’s multiple-range test was used to
test for significant differences in the respective effects of the two
disinfection methods on the formation of the bacterial and fungal
colonies in the semester and vacation periods (ANOVA, o =
0.05; SPSS). To estimate the effects of the two disinfection
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protocols on the residual concentrations of bacteria and fungi,
the following regression formulae were constructed to relate the
residual bacterial and fungal concentrations with the environ-
mental and experimental variables:
A;j = o9 + By x (no. of individuals); + B, x (temperature); + B3

x (relative humidity); + B4 x (airflow velocity); + Bs

x (CO; concentration); + B4 x (TSP); + B,

x (CIO; concentration),

B; = 0 + B, x (no. of individuals); + 8, x (temperature); + B
x (relative humidity); + B, x (airflow velocity); + Bs
x (CO; concentration); + B4 x (TSP); + B,
x (CIO; concentration),

where 4; denotes the residual bacterial concentration (CFU/m?);
B; is the residual fungal concentration (CFU/m?); oy is a con-
stant; and P; is the regression coefficient of the ith variable. A
stepwise discriminant analysis procedure (one variable removed,
P > 0.1) was then applied to filter out the least significant
variables such that two simplified expressions for the residual
bacterial and fungal concentrations were obtained.

Results and Discussion
Air quality in cafeteria

As discussed earlier, indoor environments can potentially
pose a greater risk to human health than the outdoor envir-
onment because the enclosed space can lead to a danger-

ously high accumulation of bioparticles and other harmful
contaminants. Previous research has shown that the indoor
air quality is affected by a number of factors, including the
ambient temperature, the relative humidity, the air exchange
rate, the air velocity, the degree of ventilation, the level of
human activity, and so on (Tsai et al., 2010; Yu et al., 2009).
As discussed above, the experimental investigation per-
formed in this study was conducted over a period of 12
months (June 2010~May 2011). In other words, the indoor
air quality was investigated during both semester and vaca-
tion periods. Because the semester and vacation periods are
characterized by a large difference in the degree of human
activity, the sampling results given in the remainder of this
paper are presented separately for the semester and vacation
periods.

Table 1 summarizes the measurement results (mean =+
SD) obtained in the semester and vacation periods for the
relative humidity, temperature, airflow velocity, CO, level,
TSP level, number of individuals in the cafeteria, ClO,
concentration, residual bacterial concentration, and residual
fungal concentration given the two disinfection protocols,
namely SAM (single-application mode) and TAM (twice-
daily application mode). In the vacation period, the average
temperature during the SAM and TAM application proce-
dures was 22.3 4+ 0.3 and 16.4 4+ 0.4 °C, respectively. The
corresponding relative humidity values were 73.3% £ 0.9%
and 67.7% =+ 1.6%, whereas the corresponding airflow velo-
cities were 2.68 £ 0.24 and 0.46 £ 0.40 ft/min. Similarly, in
the semester period, the average temperature during the
SAM and TAM application procedures was 22.9 + 0.4 and

Table 1. Experimental conditions before and after C10, treatment in the vacation and semester periods (mean + SD)

After C1O, Treatment

Vacation Semester
Before CIO,

Items Treatment SAM TAM SAM TAM
Number of samples 52 221 78 78 39
Number of individuals 20+ 1.7° 344 0.8 27+ 142 69.1 + 1.4° 87.2 + 1.9

present
Temperature (°C) 26.8 + 0.5 223 +0.3° 16.4 + 0.4° 229 +0.4° 232+ 0.6°
Relative humidity (%) 87.7+1.9° 733 +0.9° 67.7 +1.6° 57.5 + 1.6° 58.4 +2.3¢
Airflow velocity (ft/min) 0.79 + 0.49° 2.68 +0.24°  0.46 £ 0.40° 6.10 4 0.40° 3.26 4 0.58°
Carbon dioxide (ppm) 297.2 + 10.4% 255.6 £ 05.0°  239.9+08.5°  333.3 +08.5° 389.8 + 11.9°
TSP (mg/m”) 0.13 & 0.10° 031 £0.05® 032 +0.08%° 0.42 +0.08° 0.34 + 0.12%
Chlorine dioxide (mg/L) 0.00 + 0.000 0.270 £0.175  0.257 £0.000  0.257 £0.000  0.257 + 0.000
Residual bacteria (CFU/m?) 972.5 + 623.6° 339.4 +257.1° 249.6 + 145.9°  534.6 +372.3°  469.1 + 190.1°
Total disinfected — 65.1 74.3 45.0 51.8

bacteria (%)
Residual fungi (CFU/m?) 1534.1 + 631.8° 1063.8 + 604.8°  952.8 +303.4° 1026.0 +421.9° 1077.8 + 469.6°

Total disinfected fungi (%)

30.7

37.9

33.1

29.7

Note: Within the same column, entries annotated with different superscript letters exhibit a statistical difference according to Duncan ANOVA test (p < 0.05).
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23.2 £ 0.6 °C, respectively. The corresponding relative
humidity values were 57.5% =+ 1.6% and 58.4% =+ 2.3%,
whereas the corresponding airflow velocities were 6.10 +
0.40 and 3.26 + 0.58 ft/min. Finally, the number of indivi-
duals present during the SAM and TAM application proce-
dures in the vacation period was 3.4 4+ 0.8 and 2.7 £ 1.4,
respectively, whereas in the semester period the correspond-
ing number of individuals was 69.1 £+ 1.4 and 87.2 + 1.9.
The results presented in Table 1 show that the number of
individuals present in the cafeteria at the time the samples
were collected is significantly lower in the vacation period
than in the semester period because the cafeteria is closed
for business during the vacation. As shown in Table 2, the
results show that a positive correlation exists between the
residual bacterial concentration and the indoor temperature
(bacteria: » = 0.366, p < 0.01) and the number of indivi-
duals present (bacteria: » = 0.153, p < 0.01) and relative
humidity (bacteria: » = 0.192, p < 0.01; fungi: » = 0.184, P
< 0.01) and carbon dioxide (bacteria: » = 0.207, p < 0.01).
A negative correlation exists between the residual fungal
concentration and the indoor temperature (fungi: r =
—0.228, p < 0.01), between the residual fungal concentration
and airflow velocity (fungi: » = —0.274, p < 0.01), and
between the residual fungal concentration and TSP (fungi:
r = —0.168, p < 0.01). The results show that the residual
bacterial concentration increases with an increasing tempera-
ture or an increasing number of individuals or an increasing
relative humidity or an increasing carbon dioxide within the
cafeteria. The residual fungal concentration decreases with
an increasing temperature or an increasing airflow velocity
or an increasing TSP within the cafeteria. However, a nega-
tive correlation exists between the residual bacterial and
fungal concentrations and the ClO, concentration (bacteria:
r = —0.334, p < 0.01; fungi: » = —0.482, p < 0.01). The
results confirm the efficacy of the two disinfection protocols
in reducing the residual levels of bacteria and fungi in the
cafeteria. That is because airflow velocity is conducive to the
spread of ClO,, so it can propagate naturally through the
environment. Thus, airflow velocity has significant impact
on ClO, concentration.

Hsu and Huang / Journal of the Air & Waste Management Association 63 (2013) 796-805

Table 1 shows the average bacterial and fungal concentra-
tion levels in the cafeteria before and after ClO, treatment.
Note that the annotation “before” refers to the samples
collected in a preliminary investigation performed prior to
the disinfection experiments, whereas the annotation “after”
refers to the samples collected during the experimental stage
of the investigation in which ClO, was applied using the
SAM and TAM disinfection methods. As shown, the average
concentrations of bacteria and fungi prior to disinfection
were 972.5 + 623.6 and 1534.1 + 631.8 CFU/m>, respec-
tively. These concentration levels are higher than the recom-
mended levels prescribed by the Taiwan EPA (i.e., 500 and
1000 CFU/m>, respectively; Taiwan EPA, 2011). The results
confirm the need for ClO, disinfection in order to ensure
that the air quality within the cafeteria complies with Taiwan
EPA standards.

As shown in Table 1, the residual bacterial concentration
following the SAM and TAM disinfection methods was
respectively 339.4 + 257.1 and 249.6 + 145.9 CFU/m’ in
the vacation period, and 534.6 £+ 372.3 and 469.1 £+ 190.1
CFU/m’ in the semester period. Similarly, the residual fungal
concentration following the SAM and TAM disinfection meth-
ods was respectively 1063.8 £ 604.8 and 952.8 + 303.4 CFU/
m’ in the vacation period, and 1026.0 & 421.9 and 1077.8 +
469.6 CFU/m’ in the semester period. According to the results
obtained from the Duncan ANOVA test, the residual bacterial
and fungal concentrations in the semester period are signifi-
cantly higher than those in the vacation period (p < 0.05).
Moreover, in both periods, the residual bacterial and fungal
concentrations following SAM disinfection are significantly
higher than those following TAM disinfection (»p < 0.05). In
general, the results show that the application of ClO, yields
an effective reduction in both the residual bacterial concentra-
tion and the residual fungal concentration. The reduction is
particularly apparent in the case of the bacterial concentration.
Moreover, it is seen that of the two methods, the TAM
application method generally yields a greater disinfection
efficacy. However, a negative correlation exists between the
residual fungal concentration and airflow velocity within the
cafeteria. The airflow velocity following the SAM and TAM

Table 2. The correlation between the colony count and the environmental parameters

No. of

Individuals Relative Airflow Carbon Residual ~ Residual
Items Present Temperature  Humidity ~ Velocity Dioxide TSP Bacteria Fungi
Temperature 0.113*
Relative humidity —0.257** 0.129**
Airflow velocity 0.249%* 0.349**  —0.473**
Carbon dioxide 0.486** 0.319*%*  —0.080 0.102*
TSP —0.038 0.007 —0.183** 0.020 —0.031
Residual bacteria 0.153%%* 0.366** 0.192**  —0.006 0.207** 0.029
Residual fungi —0.037 —0.228** 0.184**  —0.274**  —0.075 —0.168** 0.169%*
Chlorine dioxide 0.098* —0.264**  —0.418** 0.240**  —0.052 0.095%  —0.482%**  —0.334%**

Notes: **Correlation is significant at the 0.01 level (two-tailed). *Correlation is significant at the 0.05 level (two-tailed).
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was respectively 6.10 £ 0.40 and 3.26 + 0.58 ft/min in the
semester period. The results show that the airflow velocity
difference results in the total disinfected fungal percent of the
SAM is higher than that of the TAM. However, the residual
fungal concentration decreases with an increasing airflow
velocity and TSP within the cafeteria. Therefore, the SAM
method outperforms the TAM method in disinfecting fungi
during the semester period.

In Table 1, it can be seen that the SAM and TAM
application methods reduce the original bacterial concentra-
tion by respectively 65.1% and 74.3% in the vacation period,
and by 45.0% and 51.8% in the semester period. Similarly,
the SAM and TAM application methods reduce the residual
fungal concentration by respectively 30.7% and 37.9% in the
vacation period, and by 33.1% and 29.7% in the semester
period. The reduction in the residual contaminant concentra-
tion level is significant in every case. The results confirm
that the TAM disinfection method yields a greater average
disinfection efficiency (48.4%) than the SAM disinfection
method (43.6%). Furthermore, the TAM application method
reduces the concentration levels of both contaminants to a
level consistent with (or very close to) the Taiwan EPA
guidelines. Finally, the results show that, in general, the
disinfection efficiencies of the two methods are improved
during the vacation period due to the corresponding reduc-
tion in human activity.

Stepwise discriminant analysis

The correlation between the colony count and the envir-
onmental parameters was already shown in Table 2. The
stepwise discriminant analysis procedure (one variable
removed, significance level p > 0.1) was applied to identify
the environmental and experimental parameters having the
greatest effect on the residual bacterial and fungal concen-
tration levels. The results showed that the residual bacterial
concentration level was determined primarily by the number
of individuals present in the cafeteria, the temperature, and
the ClO, concentration, whereas the residual fungal con-
centration level was determined mainly by the temperature,
the total number of suspended particles, and the CIO,
concentration. Moreover, the coefficients in the two regres-
sion formulae for the residual bacterial and fungal concen-
trations were shown to be as follows:
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A; =470.0702 + 1.249561 x (no. of individuals),
+ 18.74183 x (temperature); — 1989.13
x (C10; concentration), (D)

B; = 2651.472 — 40.755 x (temperature), — 87.3871
x (TSP); —2681.76 x (C10, concentration), 2)

Utilizing a holdout sample cross-validation technique, the
residual bacterial concentration was found to be 751 CFU/m?
with no people present in the cafeteria, 0 mg/L of ClO,, and a
temperature of 15 °C (see Table 3). Similarly, the residual bac-
terial concentration was found to be 814 CFU/m’ given 50
people present, 0 mg/L of CIO,, and a temperature of 15 °C;
939 CFU/m’ given no people present, 0 mg/L of ClO,, and a
temperature of 25 °C; and 1001 CFU/m’® given 50 people pre-
sent, 0 mg/L of ClO,, and a temperature of 25 °C. Given a ClO,
concentration of 0.3 mg/L, the residual bacterial concentration
was found to be 154 CFU/m’ given no people present and a
temperature of 15 °C; 217 CFU/m’ given 50 people present and
a temperature of 15 °C; 342 CFU/m’® given no people present
and a temperature of 25 °C; and 404 CFU/m® given 50 people
present and a temperature of 25 °C. In other words, the residual
bacterial concentration decreases with an increasing ClO, con-
centration, but increases with both an increasing number of
individuals in the cafeteria and an increasing temperature.

Utilizing the same holdout sample cross-validation technique,
the residual fungal concentration was found to be 2040 CFU/m’
given a ClO, concentration of 0 mg/L, a TSP concentration of 0
mg/m’, and a temperature of 15 °C; 1996 CFU/m’ given a ClO,
concentration of 0 mg/L, a TSP concentration of 0.5 mg/m’, and a
temperature of 15 °C; 1633 CFU/m’ given a ClO, concentration
of 0 mg/L, a TSP concentration of 0 mg/m°, and a temperature of
25°C; and 1589 CFU/m> given a ClO, concentration of 0 mg/L, a
TSP concentration of 0.5 mg/m?, and a temperature of 25 °C (see
Table 4). Given a ClO, concentration of 0.3 mg/L, the residual
fungal concentration was found to be 1236 CFU/m® given a TSP
concentration of 0 mg/m® and a temperature of 15 °C; 1192 CFU/
m’ given a TSP concentration of 0.5 mg/m’ and a temperature of
15 °C; 828 CFU/m? given a TSP of 0 mg/m?® and a temperature of
25 °C; and 784 CFU/m’ given a TSP of 0.5 mg/m® and a tem-
perature of 25 °C. In other words, the residual fungal concentra-
tion decreases with an increasing ClO, concentration, an
increasing TSP concentration, and an increasing temperature.

Table 3. Factor analysis: Variables affecting bacterial concentration in cafeteria

Bacterial Concentration (CFU/m?)

Items No. of Individuals Present 15°C 22.5°C 25°C
0 mg/L ClO, 0 751 892 939
50 814 954 1001
0.2 mg/L ClO, 0 353 494 541
50 416 556 603
0.3 mg/L ClO, 0 154 295 342
50 217 358 404
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Table 4. Factor analysis: Variables affecting fungal concentration in cafeteria

Fungal Concentration (CFU/m”)

Ttems TSP (mg/m’) 15°C 22.5°C 25°C
0 mg/L ClO, 0 2040 1734 1633
0.5 1996 1691 1589
0.2 mg/L ClO, 0 1504 1198 1096
0.5 1460 1154 1053
0.3 mg/L CIO, 0 1236 930 828
0.5 1192 886 784

From eq 1, the residual bacterial concentration is estimated to be
469 CFU/m’ given the use of the TAM disinfection method with 87
people present in the cafeteria, a temperature of 23.2 °C, and a C1O,
concentration of 0.257 mg/L. This estimated result is in good agree-
ment with the experimental measurement (i.e., 469.1 4+ 190.1 CFU/
m?; see Table 1). From eq 2, the residual fungal concentration is
estimated to be 1078 CFU/m’ given the use of the TAM disinfection
method with 87 people present, a temperature of 23.2 °C, and a C1O,
concentration of 0.257 mg/L. This estimated result is also in good
agreement with the experimental measurement (i.e., 1077.8 £ 469
CFU/m’; see Table 1). In other words, the basic validity of the
regression formulae presented in eqs 1 and 2 for the residual bacterial
concentration and residual fungal concentration is confirmed.

Bacterial and fungal concentration levels before and
after C10, treatment

Figures 2 and 3 show the hourly variation in the bacterial and
fungal concentration levels in the student cafeteria during the
semester and vacation periods given the use of the SAM and
TAM disinfection protocols. Note that as in Table 1, the

a. in vacation, SAM

annotation “before” refers to the samples collected in a preli-
minary investigation prior to the disinfection experiments,
whereas the annotation “after” refers to the samples collected
during the disinfection experiments. As shown in Figures 2 and
3, the average bacterial and fungal concentrations in the cafeteria
prior to disinfection were 972.5 4+ 623.6 and 1534.1 + 631.8
CFU/m’, respectively. These concentration levels are higher than
the maximum permissible levels prescribed by the Taiwan EPA
(i.e., 500 and 1000 CFU/m?, respectively; Ling et al., 2008;
Taiwan EPA, 2011). The results confirm the need for ClO,
disinfection in order to ensure that the air quality within the
cafeteria complies with Taiwan EPA standards.

It is seen that the bacterial and fungal contaminants both have
a relatively low concentration at 8:00 a.m. due to settlement
overnight. However, during the course of the day, the back-
ground bacterial concentration level increases and varies signif-
icantly as a result of activities such as cooking, cleaning, eating,
and the movement of people. This finding confirms that the
concentration of airborne bacteria in indoor settings is deter-
mined primarily by the presence of humans (Council of the
European Community [CEC], 1993). As commented above,

2 b. in vacation, TAM
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Figure 2. Impact of the two disinfection methods on indoor bacterial bioaerosol concentration during semester and vacation periods.
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a. in vacation, SAM
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b. in vacation, TAM
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Figure 3. Impact of the two disinfection methods on indoor fungal bioaerosol concentration during semester and vacation periods.

the bacterial concentration is higher than the value of 500 CFU/
m® recommended by the Taiwan EPA. During the vacation
period, both ClO, treatments reduce the concentration level to
a value less than the recommended one (see Figure 2a and b).
Comparing the two panels, it is seen that the bacterial concentra-
tion following TAM disinfection is less than that following SAM
disinfection. Figure 2c and d shows that during the semester, the
bacterial concentration is significantly higher than the recom-
mended value of 500 CFU/m? at virtually all of the sampling
times (particularly during the peak dining hours of 10.00~2.00
p.m. and 6.00 p.m.). By contrast, for the residual bacterial con-
centration per hour, SAM the standard deviation (SD) of the
bacterial concentration is all greater than TAM the SD of the
bacteria concentration by examining each point of the “after”
line in SAM and TAM conditions. Thus, the single Cl1O, treat-
ment (i.e. SAM) has little effect in improving the air quality
within the cafeteria. In other words, it is inferred that the TAM
method provides an improved disinfection performance.

As shown in Figure 3, both disinfection methods reduce
the fungal concentration levels in the vacation and semester
periods. However, the residual fungal concentration level is
still slightly higher than the maximum permissible limit pre-
scribed by the Taiwan EPA (1000 CFU/m?) in most cases. In
other words, the two disinfection protocols are less effective
in reducing the fungal concentration level than in reducing the
bacterial concentration level. In addition, it is seen that there
is little difference in the efficiencies of the two disinfection
protocols in the semester period and the vacation period,
respectively. The results support the findings of the stepwise
discriminant analysis, which shows that the residual fungal
concentration is not greatly influenced by the number of
individuals in the cafeteria (see eq 2). As shown in Figure
3, for the residual fungal concentration the hourly, SAM the
standard deviation (SD) of the fungal concentration level is
mostly greater than TAM the SD of the fungal concentration
by examining each point of the “after” line in SAM and TAM

conditions. Therefore, the SAM treatment protocol has little
effect in improving the air quality. It is inferred that of the
two disinfection methods, the TAM method has a greater
efficiency in reducing the residual fungal concentration.

Overall, the results presented in this study show that for both
the semester period and the vacation period, the residual bacterial
and fungal concentrations following disinfection are signifi-
cantly lower than those before disinfection. In addition, the
disinfection efficiency of the TAM method is generally better
than that of the SAM method. For both methods, the ClO,
disinfection process results in a more effective reduction in the
bacterial concentration level than in the fungal concentration
level. For both disinfection methods, the residual bacterial con-
centration level in the semester period is significantly higher
than that in the vacation period. The results confirm that cook-
ing, cleaning, and the passage of individuals are major sources of
indoor bioaerosols (Abt et al., 2000). In the vacation period, both
disinfection methods reduce the residual bacterial concentration
to a level complying with the Taiwan EPA guidelines for the air
quality in student cafeterias. However, during the semester per-
iod, a single application of CIO, is insufficient to satisfy the
Taiwan EPA requirement and should be replaced by a twice-daily
application.

Conclusion

This study has performed an experimental investigation into
the efficacy of ClO, as a disinfection agent for student cafeterias
in Taiwan. Two different ClO, application methods have been
considered, namely a single, daily treatment and a twice-daily
treatment. In both methods, disinfection was performed using a
ClO, concentration of not exceeding 0.3 mg/m’. Furthermore,
the CIO, solution was nebulized using ultrasonic aerosol devices
and then allowed to propagate naturally through the local envir-
onment. The experimental results support the following major
conclusions:



804

(a) From our statistical analysis results, we can infer that the
residual bacterial concentration following disinfection is
determined primarily by the number of individuals present
in the cafeteria, the temperature, and the ClO, concentra-
tion, whereas the residual fungal concentration level is
determined mainly by the temperature, the total number of
suspended particles, and the ClO, concentration.

(b) Both disinfection methods yield a reduction in the bacterial
and fungal concentration levels during the semester and
vacation periods. However, in general, the two methods
are more effective in reducing the bacterial concentration
level than the fungal concentration level.

(c) In general, both disinfection methods reduce the residual
bacterial and fungal concentration levels to a level consis-
tent with (or very close to) the Taiwan EPA guidelines.
However, in the semester period, the single-application
method fails to meet the Taiwan EPA guidelines for the
bacterial concentration level. Thus, overall, the present
results suggest that the twice-daily application method pro-
vides a more robust protocol for meeting the Taiwan EPA
guidelines for the indoor air quality in student cafeterias in
Taiwan.

(d) The present study has focused on the specific case of stu-
dent cafeterias in Taiwan. However, it is reasonable to infer
that the findings presented in this study regarding the effi-
cacy of a twice-daily CIO, application can be extended to
the case of all education institutions, health care facilities,
and public areas, where the reduction of bioaerosols are of
particular concern.

Acknowledgment

This research was supported by the National Science Council
of Taiwan under grant NSC97-2622-E-041-002-CC3.

References

Abt, E., H.H. Suh, G. Allen, and P. Koutrakis. 2000. Characterization of indoor
particle sources: A study conducted in the metropolitan Boston area. Environ.
Health Perspect. 108:35-44. doi:10.1289/ehp.0010835

Adhikari, A., M.M. Sen, S. Gupta-Bhattacharya, and S. Chanda. 2004.
Volumetric assessment of airborne fungi in two sections of a rural indoor
dairy cattle shed. Environ. Int. 29:1071-1078. doi:10.1016/S0160-4120(03)
00103-X

American Conference of Governmental Industrial Hygienists. 1989. Guidelines
for the Assessment of Bioaerosols in the Indoor Environment. Cincinnati, OH:
American Conference of Governmental Industrial Hygienists Bioaerosol
Committee.

American Conference of Governmental Industrial Hygienists. 1999. Bioaerosols:
Assessment and Control, 1st ed. Cincinnati, OH: American Conference of
Governmental Industrial Hygienists.

American Industrial Hygiene Association (AIHA). 1996. Field Guide for the
Determination of Biological Contaminants in Environmental Samples.
Fairfax, VA: AIHA Press.

Burge, PS. 2004. Sick building syndrome. Occup. Environ. Med. 61:185-190.
doi:10.1136/0em.2003.008813

Buttner, M.P,, P. Cruz-Perez, and L.D. Stetzenbach. 2001. Enhanced detection of
surface-associated bacteria in indoor environments by quantitative PCR.
Appl.  Environ. Microbiol. 67:2564-2570. doi:10.1128/AEM.67.6.2564-
2570.2001

Hsu and Huang / Journal of the Air & Waste Management Association 63 (2013) 796-805

Buttner, M.P, P. Cruz, L.D. Stetzenbach, A.K. Klima-Comba, V.L. Stevens, and
T.D. Cronin. 2004. Determination of the efficacy of two building decontamina-
tion strategies by surface sampling with culture and quantitative PCR analysis.
Appl.  Environ. Microbiol. 70:4740-4747. doi:10.1128/AEM.70.8.4740-
4747.2004

Buttner, M.P, and L.D. Stetzenbach. 1993. Monitoring airborne fungal spores in
an experimental indoor environment to evaluate sampling methods and the
effects of human activity on air sampling. Appl. Environ. Microbiol.
59:219-226. doi: 10.1128/AEM.01825-06

Canter, D.A., D. Gunning, P. Rodgers, L. O’Connor, C. Traunero, and C.J.
Kempter. 2005. Remediation of Bacillus anthracis contamination in the
U.S. Department of Justice mail facility. Biosecur. Bioterror. 3:119-127.
doi:10.1089/bsp.2005.3.119

Chen, Y.S., and J.M. Vaughn. 1990. Inactivation of human and simian rotaviruses
by chlorine dioxide. Appl. Environ. Microbiol. 56:1363—1366.

Cortezzo, D.E., K. Koziol-Dube, B. Setlow, and P. Setlow. 2004. Treatment with
oxidizing agents damages the inner membrane of spores of Bacillus subtilis
and sensitizes spores to subsequent stress. J. Appl. Microbiol. 97:838-852.
doi:10.1111/j.1365-2672.2004.02370.x

Council of the European Community. 1993. Biological Particles in Indoor
Environments. Luxembourg: Council of the European Community,
European Collaborative Action.

Douwes, J., P. Thorne, N. Pearce, and D. Heederik. 2003. Bioaerosol health
effects and exposure assessment: Progress and prospects. Ann. Occup. Hyg.
47:187-200. doi:10.1093/annhyg/meg032

Han, Y. B. Applegate, R.H. Linton, and P.E. Nelson. 2003. Decontamination of
Bacillus thuringiensis spores on selected surfaces by chlorine dioxide gas.
J. Environ. Health 66:16-21.

Hsu, C.S., M.C. Lu, and D.J. Huang. 2011. Effect of gaseous chlorine dioxide on
student cafeteria bioaerosols. Clean-Soil Air Water 41, in press.

Jaakkola, M.S., L. Yang, A. Ieromnimon, and J.J.K. Jaakkola. 2007. Office work
exposures and respiratory and sick building syndrome symptoms. Occup.
Environ. Med. 64:178-184. doi:10.1136/0em.2005.024596

Jones, A.M., and R.M. Harrison. 2004. The effects of meteorological factors on
atmospheric bioaerosol concentrations—A review. Sci. Total Environ.
326:151-180. doi:10.1016/j.scitotenv.2003.11.021

Kulmala, M., A. Asmi, and L. Pirjola. 1999. Indoor air acrosol model: The effect
of outdoor air, filtration and ventilation on indoor concentrations. Afmos.
Environ. 33:2133-2144. doi:10.1016/S1352-2310(99)00070-9

Lee, S.Y., G.I. Dancer, S.S. Chang, M.S. Rhee, and D.H. Kang. 2006. Efficacy of
chlorine dioxide gas against Alicyclobacillus acidoterrestris spores on apple
surfaces. Int. J  Food Microbiol. 108:364-368. doi:10.1016/j.
ijfoodmicro.2005.11.023

Lin, K.S., M.J. Hsieh, M.J. Liou, S.L. Lee, and C.K. Lai. 2007. Disinfection
effect of chlorine dioxide on air quality control in Armed Forces General
Hospital of Taiwan. Nat. Sci. 5:94-99.

Ling, LM., M.C. Lu, and C.S. Hsu. 2008. Environmental quality improvement on
indoor swimming pools by application of chlorine dioxide. Fresen. Environ.
Bull. 17:1014-1021.

Loret, J.E, S. Robert, V. Thomas, A.J. Cooper, W.FE. McCoy, and Y. Levi. 2005.
Comparison of disinfectants for biofilm, protozoa and Legionella control.
J. Water Health 3:423-433. doi:10.2166/wh.2005.047

Matthias-Maser, S., and R. Jaenicke. 1995. The size distribution of primary
biological aerosol particles with radii >0.2 wm in an urban/rural influenced
region. Atmos. Res. 39:279-286. doi:10.1016/0169-8095(95)00017-8

Mendell, M.J., Q. Lei-Gomez, A.G. Mirer, O. Seppanen, and G. Brunner. 2008.
Risk factors in heating, ventilating, and air-conditioning systems for occupant
symptoms in US office buildings: The US EPA BASE study. Indoor Air
18:301-316. doi:10.1111/j.1600-0668.2008.0053 1.x

Orsini, M., P. Laurenti, F. Boninti, D. Arzani, A. Ianni, and V. Romano-Spica.
2002. A molecular typing approach for evaluating bioaerosol exposure in
wastewater treatment plant workers. Water Res. 36:1375-1378. doi:10.1016/
S0043-1354(01)00336-0

Sanchez, D.C., M. Mason, and C. Norris. 1987. Methods and results of char-
acterization of organic emissions from indoor material. Atmos. Environ.
21:337-345. doi:10.1016/0004-6981(87)90010-2



Hsu and Huang / Journal of the Air & Waste Management Association 63 (2013) 796-805

Savi¢, M., D. Brcanov, and S. Daki¢. 2008. Discriminant analysis-applications
and software support. Manag. Informat. Syst. 3:29-33.

Sivaganesan, M., E.W. Rice, and B.J. Marinas. 2003. A Bayesian method of
estimating kinetic parameters for the inactivation of Cryptosporidium parvu-
moocysts with chlorine dioxide and ozone. Water Res. 37:4533-4543.
doi:10.1016/S0043-1354(03)00412-3

Southwell, K.L. 2002. The use of chlorine dioxide as a mold treatment and its
effect on paper acidity: A case study. J. Acad. Libr. 28:400-405. doi:10.1016/
S0099-1333(02)00347-6

Stetzenbach, L.D. 1997. Manual of Environmental Microbiology. Washington
DC: ASM Press.

Taiwan Environmental Protection Agency. 2008. Guidelines on Environmental
Analysis Laboratory, Taiwan Environmental Protection Agency. http://www.
niea.gov.tw/analysis/method/ListMethod.asp?methodtype=LIVE (accessed
June 22, 2011).

Taiwan Environmental Protection Agency. 2011. Guidelines on Indoor Air
Quality, Taiwan Environmental Protection Agency. http://www.indoorair.
org.tw/ (accessed February 11, 2012).

Taylor, G.R., and M. Butler. 1982. A comparison of the virucidal properties of
chlorine, chlorine dioxide, bromine chloride and iodine. J Hyg. (Lond.)
89:321-328. doi:10.1017/S0022172400070856

Tsai, T.T., C.M. Kao, R.Y. Surampalli, C.H. Weng, and S.H. Liang. 2010.
Treatment of TCE contaminated groundwater using Fenton-like oxidation
activated with basic oxygen furnace slag. J Environ. Eng. 136:288-294.
doi:10.1061/(ASCE)EE.1943-7870.0000137

U.S. Environmental Protection Agency. 2007. Pesticides: Topical & chemical fact
sheets—Chlorine dioxide. Washington, DC. http://www.epa.gov/pesticides/
factsheets/chemicals/chlorinedioxidefactsheet.htm (accessed December 20,
2011).

805

U.S. Environmental Protection Agency. 2006. Technical Evaluation Report on
Evaluation of Chlorine Dioxide Gas Generator. EPA 600-R-06. Washington,
DC: U.S. Environmental Protection Agency.

U.S. Environmental Protection Agency. 2000. Toxicological Review of Chlorine
Dioxide and Chlorite. EPA/635/R-00/007. Washington, DC: U.S. Environ-
mental Protection Agency.

U.S. Occupational Safety and Health Administration. 2006. Occupational safety
and health guideline for chlorine dioxide. http://www.osha.gov/SLTC/
healthguidelines/chlorinedioxide/recognetion.html (accessed June 22, 2011).

Weaver-Meyers, PL., W.A. Stolt, and B. Kowaleski. 1998. Controlling mold on
library materials with chlorine dioxide: An eight-year case study. J. Acad.
Libr. 2:455-458. doi:10.1016/S0099-1333(98)90006-4

World Health Organization. 2002. Guidelines for Concentration and Exposure—
Response Measurements of Fine and Ultra Fine Particulate Matter for Use in
Epidemiological Studies. Geneva: World Health Organization.

Young, S.B., and P. Setlow. 2003. Mechanisms of killing of Bacillus subtilis
spores by hypochlorite and chlorine dioxide. J. Appl. Microbiol. 95:54-67.
doi:10.1046/).1365-2672.2003.01960.x

Yu, B.F,, Z.B. Hu, M. Liu, H.L. Yang, Q.X. Kong, and Y.H. Liu. 2009. Review of
research on air-conditioning systems and indoor air quality control for human
health. Int. J. Refrig. 32:3-20. doi:10.1016/j.ijrefrig.2008.05.004

About the Authors

Ching-Shan Hsu is an assistant professor and Da-Ji Huang is an associate
professor, respectively, in the Department of Environmental Resource
Management at Chia-Nan University of Pharmacy and Science, Tainan, Taiwan.



