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Abstract In Taiwan, the immediate health care
requirements of students and faculty members are
satisfied by on-campus medical service centers.
The air quality within these centers should com-
ply with the guidelines laid down by the Taiwan
Environmental Protection Agency (EPA). Ac-
cordingly, this study performed an experimen-
tal investigation into the efficiency of various
chlorine dioxide applications in disinfecting a lo-
cal student health center (SHC). The air quality
before and after disinfection were evaluated in
terms of the bioaerosol levels of bacteria and
fungi. The average background levels of bacteria
and fungi before disinfection were found to be
1,142 ± 455.4 CFU/m3 and 520 ± 442.4 CFU/m3,
respectively. Chlorine dioxide (0.3 mg/m3) was
applied using three different methods, namely a
single, one-off application, multiple applications
within a single day, and regular (daily) applica-
tions. Among the three disinfection methods, the
regular application method was found to yield a
high disinfection efficiency for both bacteria and
fungi, i.e., 6.5 ± 0.7% and 4.2 ± 0.3%, respec-
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tively. The average residual bacteria and fungi
levels after regular daily interval disinfection were
318.8 ± 51.5 CFU/m3 and 254.0 ± 43.8 CFU/m3,
respectively. Therefore, the results suggest that
the air quality guidelines prescribed by the Taiwan
EPA for SHCs and other healthcare facilities can
best be achieved by applying chlorine dioxide at
regular (daily) intervals.
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Introduction

The term “bioaerosols” refers to microorganisms,
particles, gases, vapors, or fragments of biolog-
ical origin (either alive or released from a liv-
ing organism) which exist in the air (Berghofer
et al. 2003; Kodama and McGee 1986; Brasel
et al. 2005; Mitchell et al. 2007). Research has
shown that prolonged exposure to bioaerosols in
indoor environments may lead to infectious dis-
ease, sick building syndrome, or organic dust toxic
syndrome (Sanchez et al. 1987). Furthermore, el-
evated levels of particulate air pollution are as-
sociated with decreased lung function, increased
respiratory symptoms such as coughing, shortness
of breath, wheezing and asthma attacks, as well as
chronic obstructive pulmonary disease, cardiovas-
cular disease, and lung cancer (WHO 2002). As a
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result, exposure to bioaerosols in the workplace
has been a subject of growing concern in recent
years (Orsini et al. 2002; Adhikari et al. 2004;
Jones and Harrison 2004).

In non-industrial indoor environments, the
principal source of airborne bacteria is the pres-
ence of humans and related activities such as
talking, sneezing, coughing, walking, washing, and
toilet flushing (Stetzenbach 1997). Thus, while in-
door environments are supposed to be protective,
they can in fact become contaminated with parti-
cles which present different and sometimes more
serious risks than those in outdoor environments
if their concentration levels exceed recommended
safety limits. According to the National Institute
of Occupational Safety and Health in America
and the American Conference of Governmental
Industrial Health (ACGIH), the total number
of bioaerosol particles in indoor environments
should not exceed 1,000 CFUs/m3, while the total
culturable count for bacteria should be not higher
than 500 CFUs/m3 (ACGIH 1986, 1989; AIHA
1996). In Taiwan, the indoor air quality should
conform to the guidelines prescribed by the Envi-
ronmental Protection Agency (EPA) (Ling et al.
2008). For schools, educational facilities, play-
grounds, hospitals, clinics, and healthcare facilities
for older citizens and the disabled, the indoor
bacteria concentration should be not higher than
500 CFU/m3, while that of fungi should not exceed
1,000 CFU/m3 (Taiwan EPA 2005). However,
Taiwan lies in a subtropical zone, and is usually
warm and humid throughout the entire year. As
a result, the local climate is highly conducive to
the growth of bioaerosols (Tasi and Liu 2009). Ac-
cording to the results of one long-term monitoring
study, the concentration of biological contamina-
tion in Taiwan is much higher than the value of
1,000 CFU/m3 recommended by the WHO (Lin
et al. 2007). Thus, to satisfy the EPA guidelines for
the air quality in indoor environments, effective
disinfection treatments are required.

In Taiwan, the immediate health care require-
ments of students and faculty members are sat-
isfied by on-campus medical service centers. Stu-
dent health centers (SHCs) 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 disinfection protocols are required to
ensure the health and general well-being of the
center’s occupants. As in most healthcare facili-
ties around the world, disinfection of the SHCs
in Taiwan is accomplished using chlorine dioxide
(ClO2). ClO2 can destroy all manner of microor-
ganisms, including bacteria, spores, fungi, viruses,
and even protozoans (Taylor and Butler 1982;
Chen and Vaughn 1990; Sivaganesan et al. 2003;
Loret et al. 2005; Lu et al. 2004). ClO2 dissolves
readily in water, forming a stable state of small
particles. ClO2 has strong oxidizability, and there-
fore exists virtually entirely in a molecular state
following application. As a consequence, it readily
penetrates and destroys the cell membranes of
bacteria. The loss of the cell membrane suppresses
respiration in the bacterium body and renders
the phosphotransferase mechanism inactive. As
a consequence, the bacterium dies (Huang et al.
1997; Li and Kuo 1992; US OSHA 2006). Under
room temperature conditions, the ClO2 content
within the water evaporates and propagates nat-
urally through the local environment, providing
a disinfection function. In a study performed by
the US Environmental Protection Agency, it was
shown that ClO2 results in no physiologically rele-
vant alterations in human health provided that it is
present only in low concentrations (i.e., sub-toxic
levels) (US EPA 2000; Wilson et al. 2005).

In a previous study by the present group (Hsu
et al. 2010), it was shown that multiple and regu-
lar ClO2 applications yielded short-term (4–8 h)
disinfection efficiencies of more than 59.0% in
a local SHC in Taiwan. However, the longer-
term disinfection efficiency was not considered.
The present study performed a more detailed in-
vestigation, in which the sampling time following
disinfection was increased to 12 h, and factors
such as the number of people within the SHC, the
temperature, and the relative humidity were also
taken into account. As in the previous study, three
different ClO2 fumigation procedures were per-
formed, namely single, multiple, and regular. The
air quality in the SHC before and after ClO2 dis-
infection was evaluated in terms of the bioaerosol
levels of bacteria and fungi. The air quality results
were then analyzed in order to determine the rela-
tive disinfection efficiencies of the three different
methods.
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Materials and methods

The study was conducted in the SHC at Chia-
Nan University, Taiwan. Prior to disinfection, air
samples were collected and analyzed in order to
determine the background concentration levels of
bacteria and fungi. ClO2 disinfection was then
carried out using three different application pro-
cedures. On each sampling day, air samples were
collected over a 12-h period in order to evaluate
the reduction in the bacteria and fungi concentra-
tion levels. The details of the experimental proce-
dure are described in the sections below.

Study area and sampling time

Figure 1 presents the floor plan of the SHC con-
sidered in the present study. According to the
original blueprints, the SHC has a volume of
450 m3. As shown, sampling was conducted in a
single location within the SHC. The experimen-
tal investigation was conducted over a period of
6 months (June–November, 2009). On each sam-
pling day, samples were collected between the
hours of 8:00 am and 8:00 pm. Each time an air

sample was collected, the relative humidity and
temperature in the SHC were recorded using
a TES-1364 Humidity Temperature Meter (TES
Corp., Taiwan). In addition, a note was made of
the number of individuals present within the SHC
at the time.

Disinfection methods

According to the Occupational Safety and Health
Administration (OSHA) of the USA and the
American Conference of Governmental Indus-
trial Health, the 8-h time-weighted average
(TWA) of ClO2 in the workplace should not
exceed 0.3 mg/m3 (equivalent to 0.1 mg/L) (US
OSHA 2006). Meanwhile, the 15-min short-
term exposure limit of ClO2 should not exceed
0.9 mg/m3 (equivalent to 0.3 mg/L). Both limits
are required to protect workers against the risk of
skin and eye irritation or respiratory disease (Liou
and Lai 2003). As stated above, the SHC had a
volume of 450 m3. Thus, to satisfy the 8-h TWA
limit of 0.3 mg/m3, fumigation was performed us-
ing a 540-mL ClO2 solution (250 mg/L).

Fig. 1 Floor plan of SHC in Chia-Nan University of Pharmacy and Science, Taiwan. (Circled plus sample location)
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Three different disinfection modes were con-
sidered, namely a single application mode (SAM),
a multiple application mode (MAM), and a regu-
lar application mode (RAM). In the SAM mode,
the 540 mL ClO2 solution (250 mg/L) was applied
for 1 day only, and was not replenished as it
evaporated, the experimental investigations were
conducted in June and September. In the MAM
mode, the 540 mL ClO2 solution (250 mg/L) was
also applied for 1 day only, but was replenished
every 4 h, the experimental investigations were
conducted in July and October. Finally, in the
RAM mode, the 540 mL ClO2 solution (250 mg/L)
was applied once a day (without replenish-
ment) for five consecutive days, the experimen-
tal investigations were conducted in August and
November.

Air sample collection

Air samples with a volume of 1,000 l were col-
lected before and after ClO2 fumigation in accor-
dance with the Taiwan NIEA Guidelines (NIEA
E301.11C and E401.11C for bacteria and fungi,
respectively) (Taiwan EPA 2008). The samples
were collected using a MAS-100 Eco Microbial
Air Sampler (Merck, Germany; 100 L/min). Fol-
lowing a collection time of 10 min, the Petri dishes
were extracted from the sampler in order to culti-
vate the bioaerosols. For the bacteria bioaerosols,
the Tryptic Soy Agar plates were incubated at a
temperature of 30 ± 1◦C for 48 ± 2 h. Meanwhile,
for the fungi bioaerosols, the malt extract agar
plates were incubated at 25 ± 1◦C for 4 ± 1 days.
The background concentration levels of bacteria
and fungi were then evaluated by counting the
colonies formed on the respective agar surfaces.

Statistical analysis

Significant differences among the disinfection
efficiencies of the three ClO2 application proce-

dures, were evaluated by means of the Duncan
analysis of variance test (ANOVA, α = 0.05;
SPSS Inc., USA 2003).

Results and discussion

As described in the previous section, the relative
humidity, temperature, and number of individu-
als present in the SHC were recorded each time
an air sample was collected. The corresponding
results are presented in Table 1. As shown, for
the SAM, MAM, and RAM application meth-
ods, the average temperature was 26.2 ± 0.7◦C,
26.5 ± 3.3◦C, and 26.2 ± 0.4◦C, respectively, the
relative humidity was 53.6 ± 6.8%, 53.1 ± 5.1%,
and 53.5 ± 0.4%, respectively, and the number
of SHC occupants was 8.7 ± 5.1, 7.4 ± 3.6, and
6.8 ± 3.6, respectively. A one-way ANOVA test
was performed to test for significant differences
among the average temperature, relative humid-
ity, and number of SHC occupants in the three
different application methods. Moreover, a corre-
lation analysis was performed to investigate the
relationship among the temperature, relative hu-
midity, and number of SHC occupants. The re-
sults of the ANOVA test showed that there were
no significant differences among the temperature,
relative humidity, and number of SHC occupants
in the SAM, MAM, and RAM application meth-
ods (p > 0.05). Moreover, no significant relation-
ship was observed among the three environmental
conditions for the three different methods.

As shown in Figs. 2 and 3, the average bac-
teria and fungi concentrations in the SHC prior
to disinfection were 1,142 ± 455.4 CFU/m3 and
520.0 ± 442.4 CFU/m3, respectively. The average
bacteria concentration is higher than the recom-
mended level (i.e., 500 CFU/m3). The average
fungi concentration is less than the maximum per-
missible level prescribed by the Taiwan EPA (i.e.,
1,000 CFU/m3) (Taiwan EPA 2005). Figures 2 and

Table 1 Temperature,
humidity, and number
of occupants in SHC

Disinfection method Temperature Relative humidity No. of occupants
(◦C) (%) in SHC

Single application 26.2 ± 0.7 53.6 ± 6.8 8.7 ± 5.1
Multiple applications 26.5 ± 3.3 53.1 ± 5.1 7.4 ± 3.6
Regular applications 26.2 ± 0.4 53.5 ± 0.4 6.8 ± 3.6
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Fig. 2 a–c Impact of three disinfection modes on indoor
bacteria bioaerosol concentration (downwards arrow addi-
tion of ClO2)

3 show the average bacteria and fungi concentra-
tion levels in the SHC following the three ClO2

applications. The bacteria and fungi disinfection
efficiencies of the three application methods are
summarized in Table 2. The disinfection per hour
was determined to get the average disinfection for
comparing the average disinfection efficiency of
the three methods in this study. As shown, the
SAM, MAM, and RAM application methods re-
sult in 5.8 ± 0.4%, 5.8 ± 0.1%, and 6.5 ± 0.7% bac-
terium disinfections per hour, respectively, and
4.8 ± 0.8%, 4.1 ± 0.5%, and 4.2 ± 0.5% fungi dis-
infections. According to the results of the Duncan
ANOVA test, the residual bacteria level following
SAM disinfection is significantly higher than that
following the MAM or RAM treatments (p <

0.05). However, there is no significant difference
among the three different treatment methods in
the residual fungi level. The results presented in

Figs. 2b and 3b show that the multiple application
treatment reduces both the bacteria and the fungi
bioaerosols to acceptable levels. Figure 2c show
that the RAM application method also reduces
the residual bacteria concentration levels to a
value compatible with the EPA guidelines.

As shown in Table 2, the SAM, MAM, and
RAM application methods result in 49.5%, 59.8%,
and 72.1% total bacterium disinfections per day,
respectively, and 55.1%, 50.7%, and 51.1% fungi
disinfections. The results presented in Figs. 2b
and 3b show that the multiple application treat-
ment reduces both the bacteria and the fungi
bioaerosols to acceptable levels. Figure 2c show
that the RAM application method also reduces
the residual bacteria concentration levels to a
value compatible with the EPA guidelines.

Comparing the results presented in Table 2 for
the three ClO2 application methods, it is seen that
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Fig. 3 a–c Impact of three disinfection modes on indoor
fungi bioaerosol concentration (downwards arrow addition
of ClO2)
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Table 2 Disinfection efficiencies of three treatment methods for bacteria and fungi bioaerosols

Disinfection method Disinfected Disinfected Residual Total Residual Total
bacteria fungi bacteria disinfected fungi disinfected
per hour (%) per hour (%) (CFU/m3) bacteria (%) (CFU/m3) fungi (%)

Single application 5.8 ± 0.4 4.8 ± 0.8 577.1 ± 69.3a 49.5 233.3 ± 44.1 55.1
Multiple applications 5.8 ± 0.1 4.1 ± 0.5 459.3 ± 39.1b 59.8 256.4 ± 32.0 50.7
Regular applications 6.5 ± 0.7 4.2 ± 0.3 318.8 ± 51.5b 72.1 254.0 ± 43.8 51.1

a,bWithin the same column, entries annotated with different superscripts exhibit a statistical difference according to Duncan
ANOVA test (p < 0.05)

the single application method yields the poorest
disinfection efficiency, while the regular applica-
tion method results in the highest disinfection
efficiency. Figure 2 show that the EPA guidelines
for the indoor air quality in medical centers can
be achieved using either the MAM method or the
RAM method. However, an inspection of Table 2
reveals that the overall disinfection efficiency of
the RAM method is slightly higher than that of the
MAM method. Furthermore, the RAM method
involves fewer daily ClO2 applications, and is
therefore more convenient. Thus, the present re-
sults suggest that regular (i.e., daily) application
of ClO2 represents the most efficient and practical
means of satisfying the Taiwan EPA guidelines for
the air quality in SHCs in Taiwan.

Conclusion

This study has performed an experimental investi-
gation into the effectiveness of ClO2 as a disinfec-
tion agent for student health centers in Taiwan.
Three different ClO2 application methods have
been considered, namely a single treatment,
multiple treatments at 4-h intervals, and regular
(i.e., daily) treatments. In every case, disinfection
was performed using 0.3 mg/m3 of ClO2, and the
ClO2 was allowed to evaporate and propagate
naturally through the air. The experimental
results have shown that the multiple treatment
method and the regular treatment method both
reduce the residual bacteria and fungi concen-
trations to a level consistent with the guidelines
issued by the Taiwan EPA (i.e., 500 CFU/m3

and 1,000 CFU/m3, respectively). In the former
method, the ClO2 should be replenished on a four-
hourly basis. However, in the latter method, the

ClO2 need be replaced only once a day. Moreover,
the disinfection efficiency of the latter method
is slightly higher than that of the former. As a
consequence, the experimental results suggest
that the regular ClO2 treatment process is the
most effective and practical means of satisfying
the Taiwan EPA guidelines for the indoor air
quality in SHCs and similar healthcare facilities.
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