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Airborne bacteria-containing bioaerosols have attracted increased research attention on account of their adverse
effects on human health. Ultraviolet germicidal irradiation (UVGI) is an effective method to inactivate airborne
microorganisms. The present study models and compares the inactivation performance of three UV sources in
the UVGI for aerosolized Escherichia coli. Inactivation efficiency of 0.5, 2.2 and 3.1 logarithmic orderwas obtained
at an exposure UVdose of 370 J/m3 underUVA (365 nm), UVC (254 nm) andUVD (185nm) sources, respectively.
A Beer–Lambert law-basedmodel was developed and validated to compare the inactivation performances of the
UV sources, and modeling enabled prediction of inactivation efficiency and analysis of the sensitivity of several
parameters. Low influent E. coli concentrations and high UV doses resulted in high energy consumption (EC).
The change in airborne endotoxin concentration during UV inactivation was analyzed, and UVC and UVA irradi-
ation showed nomarked effect on endotoxin degradation. By contrast, both free and bound endotoxins could be
removed by UVD treatment, which is attributed to the ozone generated by the UVD source. The results of this
study can provide a better understanding of the air disinfection and airborne endotoxin removal processes.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Bioaerosols are airbornemicrobial cells with fragments and particu-
late matter of biological origin (Liang et al., 2012). These small particles
affect human health by causing infectious diseases, acute toxic reac-
tions, and allergies (Gergen, 2011). Prevention and control measures
for bioaerosols have attracted worldwide attention as a result of the
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recent pandemics of severe acute respiratory syndrome (SARS) and in-
fluenza H1N1 (Zhang et al., 2010). Ultraviolet germicidal irradiation
(UVGI) systems are used as commercial engineering controls to prevent
the transmission of infectious diseases (Jensen et al., 1994). UVGI is an
effective method of inactivating airborne microorganisms (Xu et al.,
2005). Germicidal lamps containingmercury vapors under lowpressure
are a commonly used UV source for UVGI (Ryan et al., 2010).

Microorganisms present different UV sensitivities, which is often
measured by the UV fluence required for decreasing one logarithmic
order of bacterial number (Lytle and Sagripanti, 2005; Sagripanti et al.,
2009), and this value of 70.3, 73.3, and 18.3 J·m−2 have been observed
for vegetative cells of B. atrophaeus, P. agglomerans, and Y. ruckeri, re-
spectively (King et al., 2011). Higher UV sensitivity was observed at
higher relative humidity according to Walker's study on MS2 Bacterio-
phage (Walker and Ko, 2007). Other than the species of microorganism
and relative humidity (Xu et al., 2005), UVwavelength is also an impor-
tant parameter determining the UV inactivation efficiency of bacterial
aerosol. Maximum effectiveness is usually observed at around 254 nm
(UVC) (Koller, 1952) and many studies have been conducted on the in-
activation of airborne microorganisms by using UVC radiation. Inactiva-
tion performance under other UV wavelengths has also been explored.
Kim and Jang (2018), for example, investigated several photocatalytic
reactions by UVD (185 nm) with short irradiation times to inactivate
airborne MS2 viruses. Araud et al. (Araud et al., 2018) also investigated
the inactivation mechanisms of viruses via solar UVA and visible light.
However, the inactivation performance of different UV sources, espe-
cially UVD, which can damage microorganisms by producing ozone in
addition to UV irradiation, has rarely been compared. In addition, few
studies have reported the energy efficiency of UVGI devices, which is
also a factor to consider when choosing a UV source with which to con-
duct inactivation.

The effectiveness of UVGI devices has been modeled in previous
studies, as summarized in Table 1. Inactivation kinetics has been being
studied since twentieth century (Crittenden et al., 2011). Reaction
rates vary by one and one-half orders of magnitude for UV disinfection
(Zhao et al., 2014). Utilization of the Chick-Watson model (Ryan et al.,
2010; Xu et al., 2003; Kowalski and William, 2000) is the standard
method for modeling the response of microorganisms to UVGI. In
some cases, the two-stage curve (Noakes et al., 2015), such as
Rennecker-Marinasis model (Crittenden et al., 2011) and Collins-
Selleckmodel (Collins and Selleck, 1971), were used to describe the un-
usually high resistance of microorganisms to irradiation because many
microbial decay curves exhibit a decay curve shoulder (time-delayed
response) when exposed to UVGI. Most of the previousmodels were ki-
netic fitting of inactivation efficiency, while the present work takes
Table 1
Summary of models on bacteria inactivation using UV irradiation.

Model Equation

Chick-Watson lnð NN0
Þ ¼ −kIt

where I = UV intensity, W/m2

t = exposure time, s
k = inactivation rate, m2/J.

Scheible NðtÞ ¼ N0
−kD þ Np

kD ð1−e−kDÞ
where D = UV dose, J/m2

k = inactivation rate constant, s−1.
Rennecker-Marinas For It b b, lnð N

N0
Þ ¼ 0

For It N b, lnð N
N0
Þ ¼ ΛCW ðb−CtÞ

where ˄cw = coefficient of specific le
b = lag coefficient, J/m2.

Collins-Selleck For It b b, lnð N
N0
Þ ¼ 0

For It N b, lnð N
N0
Þ ¼ ΛCW ½ð lnðbÞ−CtÞ�

where ˄cw = log-based coefficient of
b = lag coefficient, J/m2.
mechanism of photoreaction into account, providing more insight into
the process of UV inactivating bacteria.

Microbial inactivation through UVGI results from denaturation of
enzymes, proteins, andmembranes and disruption of cellular metabolic
activities (Takashima et al., 2007). However, intracellular substances
may be releasedwhen the cells in bioaerosols are damaged or destroyed
(Mattsbybaltzer et al., 1991). Endotoxins are complexes of lipopolysac-
charides (LPS), proteins, and hazardous biological substances (Fig. S1 in
Supporting Information) (Liu et al., 2018; Wen et al., 2017). They are
widely distributed in the outer cell wall membranes of Gram-negative
bacteria and other microorganisms (Nilsson et al., 2011).

Several studies have observed waterborne endotoxin release during
inactivation of Gram-negative bacteria (Dufour et al., 2017; Zhang et al.,
2016; Sreeja and Shetty, 2016). The results of these works verify that
embedded endotoxins can be released into the environment after the
death of bacteria or cells. Airborne endotoxins may exist as shed mem-
brane complexes (free endotoxins) or bound endotoxins when com-
bined with other biological and nonbiological particles (Oldenburg
et al., 2007). Chronic exposure to endotoxins induces and exacerbates
airway symptoms (Mendy et al., 2016), such as asthma, coughing,
chronic obstructive pulmonary diseases, and organic dust lung diseases
(Kong et al., 2013; Reiman and Uitti, 2000). Endotoxins released from
airborne bacteria under UV irradiation have not been reported.

In this study, the inactivation performances of three different UV
sources toward aerosolized Escherichia coli (E. coli) were investigated
and compared, and the inactivation efficiency and rate of these sources
were analyzed. A Beer–Lambert law-based model was developed and
validated to compare the inactivation performances of the UV sources,
and their of energy utilization efficiencies during UV irradiation were
analyzed. The distribution and fate of airborne endotoxins were also in-
vestigated. The results of this studymay provide important insights into
the control of airborne microbes by using UV irradiation and help miti-
gate the environmental impacts of bioaerosols.
2. Materials and methods

2.1. Preparation and generation of airborne E. coli

E. coli (CMCC1.3373) inoculated into nutrient broth medium was
cultured in a constant-temperature oscillation incubator (IS-RSDA,
Crystal Technology & Industries, Inc., USA) at 37 °C and 170 r/min for
24 h. The suspension was centrifuged at 4000 r/min for 10min, washed
thrice with 0.85% NaCl solution to remove the medium, and then di-
luted. The bacteria-containing aqueous suspension was aerosolized by
Reference

Ryan et al., 2010

Gibson et al., 2017

thality, 1/(J/m2),

Crittenden et al., 2011

specific lethality, 1/(J/m2),

Collins and Selleck, 1971



Fig. 1. Experimental setup for bioaerosol exposure to the UVGI.
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an aerosol generator (Topas, ATM226, Germany) to particle size of 1–5
μm (Fig. S2 in Support Information).

2.2. Experimental set-up for UVGI system

A schematic representation of the experimental setup for
inactivating airborne microorganisms is shown in Fig.1. The UV unit is
cylinder-shapedwith its dimension ofΦ7cm× 47 cm, including a verti-
cally placed ultraviolet lamp in it. UV irradiation of UVA (365 nm), UVC
(254 nm) andUVD (185 nm)was obtained using three kind of commer-
cial low pressure mercury lamp with two types of output power
(GPH550T5L, 28W and GPH287T5L, 14W, Hanovia Ltd., USA). The
Table 2
Summary of models on determination of the average absorbed energy density inside various r

Model Reactor type Reaction phase Abstract

Two-fluid model

Cube Liquid-gas Prediction of e

Tube Bubbling dispersion system,
Gas-solid-liquid phase

Prediction of e

Model based on
distribution function

Tube
Air phase Estimation of a

Water or NIS solution system Estimation of fi

Tubular
bubble tower

Nitrogen radiation
measurement system

Estimation of a
air/water ratio

Nitrogen-chorine-toluene
system

Estimation of r

Model based on
Monte-carlo method

Tube Absorption-diffusion medium Estimation of e

Parallel plate Fiber bundle suspension
system

Prediction of th
reaction, on ac

Model based on
effective absorption
rate

Cubic bubble
tower

Nitrogen‑potassium nitrate
aqueous solution

Estimation of r

Tubular
bubbling
tower

Nitrogen-aqueous solution
Estimating the
on account of m

Annular
stirring tower

Chlorine‑nitrogen-
chloroform solution

Prediction of th

LSDE: Line Source Diffuse Emission; LSSE: Line Source Spherical Emission.
LSPP: Line Source Parallel Plane; ESVE: Extense Source Volumetric Emission.
bacterial bioaerosol is generated by nebulizing the bacteria-containing
aqueous suspension, diluted with sterile air. The air stream containing
airborne bacteria passed through UV unit from bottom to top, and was
subsequently collected and measured.

The airflow rate varied through the UV unit to change the bacteria's
exposure time to UV irradiation, ranging from 0.26 to 0.65 m3/h. UV
dose is obtained by multiplying Iv,ave by exposure time, where Iv,ave is
calculated using LSSE model as discussed before, and exposure time is
determined by the reactor volume(m3) divided by airflow rate (m3/h).
The bacteria concentration was calculated as CFUs obtained by plate
counting method divided by the volume of collected bioaerosol (m3).
Besides, each of experiments was conducted in duplication.
eactors.

Classification Reference

nergy flow density
Incidence
model

Akehata
et al., 1976

nergy flow density Radial
incidence
model

Inokawa,
1980

bsorption rate of radiation energy
Incidence
model

Yokota et al.,
1981

lter effect of dispersed phase Incidence
model

bsorption rate of radiation energy on account of
LSDE

Yokota et al.,
1981

adiation energy absorption rate in half-batch reactor LSDE Yokota et al.,
1981

nergy absorption in a continuous reactor LSSE
Jacob and
Dranoff, 1968

e absorption rate of light energy in light synthesis
count of cell concentration

Point lights
model

Koizumi
et al., 1980

adiation field in gas-liquid dispersed phase
LSPP,
LSDE

Otake et al.,
1983

absorption rate of Light Energy in Gas-liquid system
odified attenuation coefficient

LSDE
Yokota et al.,
1981

e energy absorption rate of chlorination Reaction ESVE
Alfano et al.,
1986



0 100 200 300 400
0.0

0.7

1.4

2.1

2.8

3.5
 UVD-measured data

 UVC-measured data

 UVA- measured data

 UVD-model fitting

 UVC-model fitting

 UVA-model fitting

UV dose (J/m
3
)

N(
gl(

yc
neiciffe

n
oita

vitca
nI

0
/N

))

Fig. 2.Model fitting of airborne E.coli inactivation under different UV sources (UV density
= 15.2 W/m3).
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2.3. Sampling and analysis of airborne E. coli

A six-stage Andersen sampler (ZLKZR-B01, Beijing Jolyc Technology
Co., Ltd., China)was used to obtain bioaerosol samples. A glass Petri dish
containing 25 mL of nutrient agar medium was placed on each stage of
the device, and samples were obtained at a flow rate of 28.3 L/min for
5 min. After sampling, the nutrient agar plates were incubated for
48 h in a constant-temperature incubator at 37 °C. The number of
colony-forming units (CFUs) on each nutrient agar plate was manually
counted.
2.4. Airborne endotoxin analysis

Airborne endotoxin samples (Liu et al., 2018)were collectedwith an
AGI-30 impinger (Qingdao Junray Intelligent Instrument Co., Ltd.,
China). Samples were stored in a sealed pyrogen-free flask at 4 °C for
nomore than 2 h. The airborne endotoxin concentrations of the samples
were determined using a limulus amebocyte lysate (LAL) assay reagent
with a chromogenic endpoint. The kinetic chromogenic LAL assay is
widely applied to airborne endotoxin tests (Liu et al., 2018; Wen et al.,
2017).

Airborne endotoxins may exist in a bound or free state (Demonty
and Grawe, 1982). Bound endotoxins remain bound to the bacterial
outer membrane, whereas free endotoxins are shed from membrane
complexes containing phospholipids, proteins, and LPS. Water samples
were filtered through a 0.22 μm PTFE membrane prior to the LAL assay.
The endotoxin that remained in the filtrate was referred to as “free-en-
dotoxin”. The amount of endotoxin determined prior to filtration was
referred to as “total-endotoxin”. The amount of “bound-endotoxin”
was measured by subtracting the “free-endotoxin” from the “total-en-
dotoxin”. A schematic of LAL method and detailed information on the
Table 3
Model fitting results.

UV source Reaction rate constant k (s−1) Fitting formula R2

UVD 0.131 lg N0
N ¼ 0:00862IUVτUV 0.9925

UVC 0.090 lg N0
N ¼ 0:00593IUVτUV 0.9863

UVA 0.023 lg N0
N ¼ 0:00154IUVτUV 0.9822

lg N0
NUV

¼ kt, where inactivation rate constant k (s−1) was defined as the log order of bac-

teria number being inactivated per unit time.
detection of airborne endotoxins is provided in Fig. S3 in the Supporting
Information.

2.5. Modeling of airborne E. coli inactivation by UV irradiation

2.5.1. Photochemical process
In the gas phase, photons are absorbed to inactivate bacteria in

bioaerosols. Herein, the quantum yield (Φ) is defined as follows:

Φ ¼ dNA

dx
ð1Þ

where NA is the number of inactivated airborne bacteria and x is the
number of absorbed photons.

The equation can be further expanded as follows:

−
dcA
dt

¼ Φ
NE1

IV ð2Þ

where cA is the concentration of airborne bacteria, N (mol−1) is the
Avogadro constant of 6.023 × 1023 (Becker, 2001), E1 (J) is the energy
of one photon, IV (W·m−3) is the absorbed energy density, and t (s) is
the exposure time.

Based on the Beer–Lambert law (Mortensen and Xiao, 2007), the ki-
netic model for bacterial inactivation can be written as follows:

I ¼ I0 1−eεACAb
� �

ð3Þ

where εA (dm3·mol−1·cm−1) is themolar extinction coefficient, b (cm)
is the optical length, and I and I0 (W·m−3) are the absorbed and inci-
dent energy densities, respectively.

From Eqs. (2) and (3),

−
dcA
dt

¼ Φ
NE1

IV ;0 1−e−εAcAb
� �

ð4Þ

UV light absorption is a weak process in the gas phase; hence,

1−e−εAcAb ≈ εAcAb ð5Þ

Therefore,

−
dcA
dt

¼ −rA ¼ Φ
NE1

IV ;0εAcAb ð6Þ

where –rA (mg·m−3·hr−1) is the bacterial inactivation rate.

2.5.2. Photochemical inactivation in the UV reactor
The flow pattern of the UV reactor used in this study can be consid-

ered as an ideal plug flow. Thus, the following equation is given as fol-
lows:

dcA
dt

¼ −
d Q cAð Þ

dV
ð7Þ

whereQ (m3·h−1) is the gas flow rate, V (m3) is the reactor volume, and
t (sec) is the time. From Eqs. (6) and (7):

− ln
NUV

N0
¼ εAbΦ

NE1
IV ;aveτUV ð8Þ

where NUV and N0 are the respective bacterial concentrations in the
bioaerosol at the outlet and inlet (CFU/m3), IV, ave (W·m−3) is the aver-
age absorbed energy density inside the reactor. τ (sec) is exposure time
inside the reactor, which is calculated as reactor volume(m3) divided by
airflow rate (m3/s).
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Fig. 3. Model simulation and verification in terms of (a) retention time (b) influent E.coli concentration (c) UV average absorbed energy density (d) UV dose.
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2.5.3. Determination of the average absorbed energy density
The average absorbed energy density inside the reactor was calcu-

lated by the line source with spherical emission (LSSE) model. A sum-
mary of models and detailed information for solving IV,ave can be
found in Table 2 and Fig. S4 in the Supporting Information.

Iave;λ ¼ SLPi;λ

2V

Z H

0
:

Z R

r1
:

Z L

0

exp −μ i r−r1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ z−lð Þ2

q
=r

� �

r2 þ z−lð Þ2
rdldrdz

ð9Þ

where SL (W·m−1) is the light source strength per unit length (lamp
power divided by lamp length), λ (nm) is thewavelength, Pi is the emit-
ting energy fraction at wavelength λi, V is the reactor volume, H is the
reactor height, r1 is the lamp radius, R is the reactor internal radius, L
is the lamp length, μi is the absorbency per unit optical thickness, r
(m) is the radial coordinate, z (m) is the rectangular coordinate, and l
(m) is the point source height.

Using the LSSE model, the UV average absorbed energy densities of
two lamps in this study (with different powers and lengths)were calcu-
lated to be 15.2 and 36.1 W/m3, respectively.

3. Results and discussion

3.1. Model fitting and simulation of inactivation performance by UVGI

3.1.1. Model fitting
The experimental data obtained from the three UV sources with a

UV average absorbed energy density of 15.2 W/m3 were fitted to a
model to obtain the related parameters. The inactivation efficiency (E)
Table 4
RSI of main operating parameters.

Parameter cA0 τ SL r Q

RSI 1 −1.703 −1.703 −1.767 2.072
is defined as the logarithmic order of bacteria concentration decreasing
after UV inactivation (Ishiguro et al., 2013; Wang et al., 2018):

E ¼ lg
N0

NUV
ð10Þ

As shown in Fig. 2 and Table 3, inactivation efficiency showed
pseudo-first-order reaction kinetics, which also indicates that it corre-
sponds to the theoretical model where the inactivation rate constant k
(s−1) under the three UV sources is related to εA, b, and Φ.

In Fig. 2, the inactivation efficiency of the three UV sources gradually
increased at different rates with increasing exposure time or UV dose.
The inactivation rate increased under different UVwavelengths, follow-
ing the order UVD N UVC N UVA at the same exposure time. The UV
doses required to decrease 1 logarithmic (lg) order of airborne E. coli
by UVD, UVC, and UVA irradiation were 116, 169, and 649 J/m3, respec-
tively. At an exposure UV dose of 370 J/m3, the inactivation efficiency of
UVD was 3.1 lg orders, which is slightly higher than that of UVC, which
was 2.2 lg orders. The inactivation efficiency of UVA was much lower
than those of the two other UV irradiation sources, and its efficiency
was only 0.5 lg orders at the same UV dose.

The effective performance of UVD could be attributed to the genera-
tion of reactive oxygen species (Ono et al., 2016) by vacuum ultraviolet
photolysis of water vapor. UVC irradiation is generally utilized to inacti-
vate aerosolizedmicroorganisms because bacterial cells strongly absorb
UV radiation (peak absorption, 250–270 nm). The generally accepted
mechanism for this process is that UV irradiation inactivates bacteria
by damaging their DNA, thereby preventing microorganisms from rep-
licating and multiplying. While the damage to DNA molecules brought
about by UVA irradiation (Tang and Guo, 2005) is far less than that
brought about by UVC, UVA still confers slight damage to the B-form
backbone of bacterial DNA by cutting off phosphodiester bonds and
disrupting themain spatial structure of DNA aswell as affecting the thy-
mine groups.



Fig. 4. EC calculation under (a) UVD (b) UVC (c) UVA source.
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3.1.2. Model stimulation of inactivation performance by UVGI
Experimental data on inactivation efficiency were obtained under

two UV average absorbed energy densities (15.2 and 36.1 W/m3). The
linear relation of inactivation efficiency versus UV dose was fitted ac-
cording to the former set of data obtained at 15.2W/m3, and the inacti-
vation rate constant k obtained in this step was used to predict the
relation under the latter UV average absorbed energy density condition
(36.1 W/m3). Results are shown in Fig. 3.

Fig. 3(a)–(d) illustrate the effects of exposure time, initial bacteria
concentration, UV average absorbed energy density, and UV dose on ef-
fluent bacteria concentration, which are four key parameters for reactor
design and performance. Given a certain influent bacteria concentra-
tion, the curve of predicted effluent concentration after exposure to
the three UV sources based on the inactivation rate constant k (Fig. 2)
is shown in Fig. 3(a); measured values are also marked individually.

Comparison of the predicted and measured values reveals that the
model is reasonable. Experiments on three influent bacteria concentra-
tions (generated by nebulizing bacterial suspensions of 106, 107, and
108 CFU/mL) and two UV average absorbed energy densities were con-
ducted to explore their influence on k. The prediction results of the
curve in Eq. (9) and the values measured at an exposure time of 10 s
are shown in Fig. 3(b) and (c). Straight lines with different slopes indi-
cate that the influent concentration and UV average absorbed energy
density haveno effect on k, which coincideswith themodel. Thisfinding
confirms that inactivation efficiency remains relatively unchanged de-
spite variations in initial bacteria concentration but increases with in-
creasing UV average absorbed energy density.
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3.2. Parameter sensitivity of model

To evaluate the sensitivity of the objective function to changes in dif-
ferent parameters in the model, the relative sensitive index (RSI) is de-
fined as follows:

RSI ¼ yi−yi0ð Þ
p−p0ð Þ

p0
yi0

ð11Þ

where p0 and p are the values of an operating parameter before and
after adjustment, respectively, yi0 is the original value of the objective
function, and yi is the value of this function after adjustment. In the
model, the objective function is the E. coli concentration in the effluent
after UV inactivation; an influent E. coli concentration of 1.94
× 105 CFU/m3, exposure time of 10 s, UV average absorbed energy den-
sity of 15.2 W/m3, and k of 0.00593 under UVC irradiation (fitted from
Section 3.1) were also adopted. Moreover, the value of p is 1.2 times
of p0. The sensitivity of the parameters of the model was analyzed,
and the RSIs of t, Q, r, and SL are listed in Table 4.

Effluent E.coli concentration NUV was directly proportional to influ-
ent concentration N0 with an RSI of 1. By contrast, negative relations
existed between NUV and exposure time t, light source strength per
unit length SL, and reactor radius r. Among the parameters tested, NUV

was the most sensitive to flow rate Q (RSI, 2.072), thereby indicating
that high flow rate results in significantly low inactivation efficiency.
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Fig. 6. Degradation of different type of endotoxin during UVD treatment.
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3.3. Energy utilization during inactivation

Energy consumption (EC), a common index in the electrochemical
oxidation field (Gurung et al., 2018; Wang et al., 2014), was used to
measure the energy utilization efficiency of a process. In this study,
only the energy consumed by UV lamps was taken into account while
other consumption was not included. As discussed above, our model
showed good agreement with the experimental data. To optimize air-
borne bacteria inactivation and improve economic efficiency, EC
(Zhou et al., 2018) was adjusted and applied to evaluate energy utiliza-
tion during UV inactivation process. Here, EC is defined as the average
electrical energy consumed (power multiplied by time) required to in-
activate 1 CFU of bacterium in 1 m3 of air (Eq. 12). Thus a lower EC cor-
responds to a higher electrical energy utilization efficiency when
inactivating 1 CFU of bacterium.

EC J=CFUð Þ ¼ P � t
V � N0−Nð Þ ð12Þ

Fig. 4 illustrates changes in EC (log scale) as a function of UV dose
and influent E. coli concentration after exposure to different UV sources.
Cool colors (such as purple and blue) represent low EC values, while
Fig. 7. Proposed degradation mechanism
warm colors (such as red and orange) represent high values. A signifi-
cant difference in EC between UVD and UVC was not found, although
the latter was slightly higher than the former. The EC values obtained
from the UVA treatment were remarkably higher than those obtained
from the UVD and UVC treatments, corresponding to the different inac-
tivation efficiencies observed in Section 3.1. Furthermore, low influent
E. coli concentrations and high UV doses resulted in relatively higher
EC values, thus suggesting that higher EC is required to achieve higher
inactivation efficiency.

3.4. Changes in airborne endotoxins during inactivation

3.4.1. Endotoxin degradation and the corresponding mechanism
As a constituent of the Gram-negative bacterial cell membrane, en-

dotoxins may be released during bacterial inactivation and bursting.
Thus, measuring the change in endotoxin concentration from airborne
microorganisms during UV treatment is necessary. The concentrations
of airborne endotoxins were measured before and after UV treatment
with different UV sources, and the results are shown in Fig. 5(a).

The total endotoxin concentration did not change significantly after
treatment by UVA or UVC because the photo energy of UVA and UVC ir-
radiation is too weak to break the molecular structure of endotoxins.
UVA and UVC irradiation exerted no significant effect on the removal
of endotoxins. However, the total-endotoxin concentration showed an
obvious decrease with increasing exposure time under UVD treatment,
possibly due to the generation of ozone. The change in endotoxin con-
centration with ozone production rate is shown in Fig. 5(b).

UVD irradiation is capable of sterilizing bioaerosols by generating
ozone from oxygen in the air, as well as by damaging the DNA ofmicro-
organisms through irradiation (Eischeid et al., 2009). The ozone gener-
ation path is as follows:

Hv 185 nmð Þ þ O2 ¼ Oþ O

Oþ O2→O3

Ozone inactivates airborne bacteria by oxidizing their cell mem-
brane. Besides DNA, the cellular structure of the microbes is destroyed,
which increases the possibility of degrading endotoxins attached to
the cell membrane. As ozone can oxidize endotoxins and decompose
them into smaller molecules, removal of airborne endotoxins and the
pathways of endotoxin degradation by ozone should be studied through
further experiments.
of endotoxin under UVD treatment.
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3.4.2. Changes in free and bound endotoxins
The change in different types of endotoxins was further explored

during UVD irradiation. Airborne endotoxins are present in the air in
twomain forms. Thefirst corresponds to pure LPSmolecules (free endo-
toxins). The second form corresponds to LPSs associated with other cell
wall components or an intact bacterial cell (bound endotoxins)
(Duquenne et al., 2013). Fig. 6 shows the change in the concentrations
of total, free, and bound endotoxins with exposure time. Free endo-
toxins initially made up about 20% of the total endotoxin concentration.
The concentrations of both free and bound endotoxins decreased grad-
ually as exposure time increased, thereby indicating that UVD treatment
has good ability to remove endotoxins regardless of type. The ratio of
free endotoxins first increased and then decreasedwith time, indicating
a possible release or transformation from bound to free endotoxins at
the beginning of the UV irradiation process and subsequent degrada-
tion. A proposed degradation mechanism is shown in Fig. 7.

To the best of our knowledge, the degradation of airborne endo-
toxins has never been reported, and few scholars have conducted re-
search on the degradation of waterborne endotoxins (Oh et al., 2014).
Some oxidative processes employing free chlorine, ozone, plasma, and
advanced oxidation processes (O3/H2O2 and UV/H2O2) (Oh et al.,
2014; Zhang et al., 2016) have been reported for waterborne endotoxin
degradation. The present study is the first to report endotoxin degrada-
tion in an atmospheric environment. The results of this study may help
provide new strategies to control airborne endotoxins and mitigate the
environmental impacts of bioaerosols.

4. Conclusion

This study investigated and compared the inactivation performance
of three UV sources (UVD, UVC, and UVA) toward aerosolized E. coli by
modeling their inactivation efficiency, energy utilization, and endotoxin
removal ability. Inactivation efficiency of 0.5, 2.2 and 3.1 logarithmic
order was obtained at an exposure UV dose of 370 J/m3 under UVA,
UVC and UVD treatment, respectively. UVD and UVC were significantly
more effective than UVA for inactivating bacteria. Modeling enabled
prediction of inactivation efficiencies and analysis of the parameters
that may affect inactivation constant k. Energy utilization efficiency
was also analyzed by measuring E values. High EC was generally re-
quired in the case of relatively low influent E. coli concentrations and
high UV doses, especially for the UVA inactivation process.

Changes in airborne endotoxin concentration duringUV inactivation
were measured in this work. Whereas UVC and UVA showed no effect
on endotoxin degradation, both free and bound endotoxins could be re-
moved by UVD treatment, whichwas attributed to the ozone generated
by the UVD source during irradiation. The ratio of free endotoxins first
increased then decreased with time, indicating a possible release or
transformation from bound to free endotoxins during UV irradiation.
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