
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 8
:4

4:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A novel method
aFashion Institute, Donghua University, S

fddingxm@dhu.edu.cn
bShanghai International Institute of Design

China
cKey Laboratory of Clothing Design & Tech

Education, Shanghai 200051, P. R. China
dTextile Pollution Controlling Engineering

Protection, College of Environmental Scien

2999 North Renmin Road, Shanghai 201620
eShanghai Institute of Pollution Control an

Shanghai 200092, P. R. China
fShanghai Customs District, Shanghai 2000
gInstitute of Biosciences, Freiberg Universi

09599, Germany

† Electronic supplementary informa
10.1039/c9ra01988j

Cite this: RSC Adv., 2019, 9, 17726

Received 15th March 2019
Accepted 15th May 2019

DOI: 10.1039/c9ra01988j

rsc.li/rsc-advances

17726 | RSC Adv., 2019, 9, 17726–17736
for textile odor removal using
engineered water nanostructures†

Lisha Zhu, abc Yanbiao Liu, de Xuemei Ding, *abc Xiongying Wu,f

Wolfgang Sanddg and Huiling Zhouabc

The malodor attached to textiles not only causes indoor environmental pollution but also endangers

people's health even at low concentrations. Existing technologies cannot effectively eliminate the odor.

Herein, an effective and environmentally friendly technology was proposed to address this challenging

issue. This technology utilizes electrospraying process to produce Engineered Water Nanostructures

(EWNS) in a controllable manner. Upon application of a high voltage to the Taylor cone, EWNS can be

generated from the condensed vapor water through a Peltier element. Smoking, cooking and

perspiration, considered the typical indoor malodorous gases emitted from human activities, were

studied in this paper. A headspace SPME method in conjunction with GC-MS was employed for the

extraction, detection and quantification of any odor residues. Results indicated that EWNS played

a significant role in the deodorization process with removal efficiencies for the three odors were 95.3 �
0.1%, 100.0 � 0.0% and 43.7 � 2.3%, respectively. The Reactive Oxygen Species (ROS) contained in the

EWNS, mainly hydroxyl (OHc) and superoxide radicals ðO2
��Þ are the possible mechanisms for the odor

removal. These ROS are strong oxidative and highly reactive and have the ability to convert odorous

compounds to non-odorous compounds through various chemical reaction mechanisms. This study

showed clearly the potential of the proposed method in the field of odor removal and can be applied in

the battle against indoor air pollution.
1. Introduction

Terrible indoor air quality in office buildings, public places
and residential dwellings can be potentially harmful to
human health even at very lower concentrations.1–4 As
a common odor carrier,5 textile tends to absorb odors arising
from various sources (e.g. body odor, tobacco, food aromas).6

Once absorbed, the odors in textiles can become more
permanent upon exposure to heat and time, which means
that the odor is likely to resurface with repeated wears and
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laundering.7 The retained residual odor in textiles can cause
the occurrence of indoor air pollution, and potentially harms
to the human body.1–3 For example, third-handed smoke can
enter houses through clothes and be released again, resulting
in a secondary pollution.8–10 And according to the report,7,11

there are more than 71% of people that have been plagued by
odor problems in their clothing. Therefore, removing odors
on textiles is an urgent task to maintain a safe and healthy
life.

So far, several methods have been developed to remove
malodors from the textiles, such as absorption/adsorption of
odorous volatiles,12–16 hot water or steam extraction,17–21 and
masking unpleasant odors through adding a fragrance-
carrying compound to the surface or to the air.22–25

However, these approaches only demonstrated limited effi-
cacy.22 Firstly, the malodors absorbed by the powered acti-
vated carbon or cyclodextrins can be released back into the
room due to saturation or an elevated temperature.16 The
malodors may still be perceived in clothing despite laun-
dering or steam extracting.18,26 The high costs and non-
reusability of sorptive substances, the consumption of large
amounts of water, electricity and various chemical detergents
during the washing process undoubtedly call for more
advanced solutions. Secondly, certain repeated cleaning
techniques such as laundering or steam extraction can result
This journal is © The Royal Society of Chemistry 2019
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in the deterioration of fabrics and thus shorten the life of
textiles.19 For large-scale home textile products such as
carpets and curtains, washing and cleaning is not an easy
task. So removing odors by laundering is not an ultimate
solution. What is more, rather than eliminating odors, some
techniques only mask the odors with fragrance. Fragrances
associated with scented powders or sprays provide temporary
pleasant smells to the textiles in which they are used, but the
malodors are again apparent once the fragrance disperses.
Furthermore, their high fragrance or perfume content may
aggravate the allergies of some users.22

Nanotechnology may provide a better choice to address
this issue.20 Among them, an Engineered Water Nano-
structures (EWNS) method, which is based on the conversion
of atmospheric water vapor into EWNS by electrospraying,
has attracted much attention recently. The EWNS technology
was rstly reported by the Panasonic Group and the Harvard
University in 2012. In their previous studies, EWNS was
primarily used to inactivate pathogens (different types of
bacteria)27–30 and food safety controls31–33 and has been
successfully applied in commerce. Later, some Chinese
scholars from Tongji University developed a water ion device
which is similar to the EWNS technology and applied it in the
air purication area.34,35 But cigarette was the only purica-
tion object in their research. It has been revealed that EWNS
possess a unique set of physical and biological properties,
e.g. limited average nanoscale size, extended lifetime, highly
reactive (due to more Reactive Oxygen Species (ROS)
produced) and strong surface charge.36 The ROS contained in
the EWNS, primarily hydroxyl (OHc) and superoxide radicals
ðO2

��Þ; are regarded as the major antimicrobial species that
can destruct the outer microbial cell envelope.37 As ROS are
molecules containing an oxygen atom with an unpaired
electron in its outer shell, they are very unstable and tend to
donate single electrons or steal electrons from neighboring
molecules. Although ROS has been report to cause oxidative
stress in cells,38,39 Pyrgiotakis et al.40 found that EWNS
showed no signicant adverse health effects through an
inhalation toxicological study which was performed by using
an animal model. And this may be because when EWNS
interact with alveolar or airway uid, the ROS contents get
neutralized by the organic molecules before they contact with
epithelial cells located under the lining uid. Therefore,
although the EWNS contain ROS, they do not cause any lung
damage or inammation.40 However, the application of ROS
is limited by their extremely short lifetime,41,42 e.g. 10�9

seconds for OHc43–45 and 10�5 seconds for O2
��:45 But when

wrapped in the EWNS, the ROS lifespan have been reported
to be extended to more than 38 min,30 in which case the ROS
efficiency is improved greatly and the scope of application
becomes expanded.

Based on this background, for the rst time we applied the
promising EWNS technology for the textile malodor removal.
An EWNS experiment platform has been established to
implement the odor removal experiments, and the solid-
phase micro extraction (SPME) followed by Gas
Chromatography-Mass Spectrometry (GC-MS) was applied for
This journal is © The Royal Society of Chemistry 2019
the detection and quantication of odor residues before and
aer EWNS treatment. Promising results suggest that the
EWNS showed a great efficiency in the odor removal of
textiles and has the potential to be used in the battle against
indoor air pollution.
2. Materials and methods
2.1 EWNS synthesis

EWNS were synthesized based on an electrospraying tech-
nique,46 which divides liquid into fairly uniform fragments,
ranging from few nanometers to hundred microns.47 Herein,
water vapor from the air were condensed on an electrode
cooled by a Peltier element. Above the electrode, a counter
electrode was arranged concentrically. High voltage was
applied between the two electrodes (condensing electrode,
�5 kV, grounded counter electrodes) to form a Taylor cone
due to the electrical shear stress. The capillary is placed at
a negative voltage while the counter electrode is connected to
a positive voltage. At this point, the liquid jet contained lots
of negative ions. Subsequently, since the Coulomb repulsion
instability generated by the ions was greater than the surface
tension, the liquid jet continued to be dispersed into ne
droplets.27,48–50 As the droplets volume decreased, the charge
density of the droplets exceeded the limit of surface tension,
causing these droplets spontaneously split, eventually
reaching a stable radius called Rayleigh critical radius51 and
producing EWNS. The generation process of EWNS is illus-
trated in Fig. 1.

During this electrospray process, some water molecules
and oxygen molecules were split or lost electrons under high
electric eld creating several kinds of ROS, like OHc and
O2

��:52,53 It has been proven that those ROS are encapsulated
in EWNS, which prevents them from neutralization by other
air molecules and extends signicantly their lifetime.54

Detailed information on the EWNS synthesis can be found in
the series paper of the Harvard group.27–29,40 Unlike the
previous studies by the Harvard group, in this study, a novel
EWNS generator was employed with a new type of linear
structure electrode developed by the Panasonic Corporation.
It can increase signicantly the discharging area and
produces increased concentrations of ROS per unit of time.
2.2 ROS characterization of EWNS

Electron Spin Resonance (ESR) spin trapping was applied to
examine the existence of short-lived free radical intermediates
in the EWNS. And 5,5-dimethyl-L-pyrroline-N-oxide (DMPO),
a widely-used spin-trapping agent55 was used for the detection
of radicals. DMPO was obtained from Dojindo laboratories
(Kumamoto, Japan). The detection of OHc were carried out on
a Bruker EMX plus equipment (Brucker Instruments Inc., Bill-
erica, MA, USA) operating with a spectrometer and a at cell
assembly. The DMPO solution with concentration of 0.22 M
were used in this process. For detecting O2

��; a JEOL-FA200 ESR
spectrometer equipment (Akishima, Japan) was used with
a DMPO–ethanol solution (30 mL of DMPO was dissolved in
RSC Adv., 2019, 9, 17726–17736 | 17727
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Fig. 1 The generation of EWNS.
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1 mL of ethanol). The DMPO solutions were all poured into
glass dishes and placed 5 cm below the EWNS generator for
a period of 20 minutes. The EWNS ejected from the generator
react with DMPO to form intermediate products, thereby indi-
rectly measuring the presence and content of OHc and O2

��:

2.3 Odor removal experiment

2.3.1 Specimens preparation. Smoking, cooking and
perspiration are considered as typical indoor malodorous gases
produced from human behaviors.56 Therefore, to investigate the
removal efficiency of EWNS on real odors, the smells of cigarette
smoke, hot pot and human sweat were taken as representative
odors. The nal products used in the experiment and their
selection basis are listed in Table 1.

Natural bers easily absorb odors due to their absorbent
properties.57,58 Cotton is by far the most common natural bers
in the global apparel market.6 In this study, a cotton terry fabric
(bottom warp yarns 32 s, upper and lower loops 21 s, no crepe,
gram weight 85 g m�2) was used as substrate for uptake of the
odor. The reason for using a towel structure fabric is that this
structure gives a tremendous surface area per unit volume,59

making it suitable to uptake the odor emitted by the sample
odors. In all cases, fabric stripes of 2 cm width and 5 cm length
were used as samples, pre-washed 3 times according to the
Table 1 Final products used in the odor removal experiment

Odor type Final product

Smoking HONGTASHAN classic cigarette

Cooking HAIDILAO clear soup hot pot bottom mate

Perspiration 20 g of isovaleric acid dissolving into 1 L o
ethanol

17728 | RSC Adv., 2019, 9, 17726–17736
standard procedures,60 and conditioned (temperature 20� 2 �C,
humidity 65 � 5%) for at least 24 h before any experiment.

2.3.2 Odor analysis method. The fabrics were put into the
10 mL headspace vials bought from ANPEL Laboratory Tech-
nologies Inc. for the odor concentration test. The SPME
program consisted of the extraction at 80 �C for 30 min and
desorption for 1 min. The GC-MS experiments were performed
using a QP-2010 DC-MS instrument (Shimadzu, Kyoto, Japan)
equipped with an DB-5MS capillary column (30 m long,
0.25mm id, 0.25 mm lm thickness; Agilent Technologies, Santa
Clara, CA, USA) and the NIST 11 mass spectra library. PAL Cycle
Composer Control soware (CTC Analytics, Zwingen, Switzer-
land) was used to control the GC-MS instrument and to acquire
and process the data. Unless otherwise stated, the GC condi-
tions are as follows. The injector temperature was 250 �C and
the carrier gas (helium, 99.999%) was used at a constant ow
rate of 1.0 mL min�1. The GC oven temperature was 40 �C for
2 min, increased at 15 �C min�1 to 280 �C, which was held for
5 min. The mass spectrometer was operated in an electron-
impact mode. The scan range was 29–500 m/z with a rate of
0.3 s per scan. The temperature at ionization source and
interface were 200 and 280 �C, respectively.

2.3.3 Experimental procedures. The deodorization effi-
ciency of EWNS was evaluated in this study. The experimental
Selection reference

GB/T 18801—2015 air cleaner61

APIAC/LM 01—2015 indoor air cleaner's
purication performance evaluation
requirements

rial Top 1 Chinese hot pot brand
Jingdong's best-selling product in hot pot
bottom material category

f ISO 17299-3 2014 Textile – determination of
deodorant property – part 3: Gas
chromatography method62

Timo R. Hammer (2013)63

Chris Callewaert (2014)64

This journal is © The Royal Society of Chemistry 2019
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Table 2 The one-way ANOVA result (initial smoke concentration).

Source of variation Sum of squares df Mean square F Sig.

Between groups 1.979 � 1013 9 2.199 � 1012 0.839 0.599
Within groups 2.622 � 1013 10 2.622 � 1012

Total 4.601 � 1013 19
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group and the control group were comparatively studied. The
experimental group indicate that the odor was treated by the
EWNS, while the control group was only under the condition of
natural attenuation. The treatment time was set to 1 h, 3 h and
5 h and each experiment was conducted in triplicate.

For the smoke removal experiment, all fabric strips were
rstly hung in a closed square acrylic box (50 cm � 50 cm � 50
cm) to absorb these smoke (as shown in Fig. 2). These strips
were evenly distributed in order to absorb the same amount of
the odor. The distance between the le and right sides of each
strip was 4.25 cm, and the distance between the front and back
rows was about 16.6 cm. And the bottom of the strip is
approximately 32.5 cm from the bottom of the cabinet. Three
cigarettes were used in the experiment to amplify the results
and the smoke sorption time was set to 15 min. A small direct-
current fan was placed in the edge of the box to spread the
smoke. The air volume of the fan was not too large to blow the
fabric stripes. To determine the initial smoke concentration of
each fabric in the box, we randomly selected strips at 10 loca-
tions for analysis. Odor concentrations were tested by the GC-
MS and the one-way ANOVA method was used with SPSS so-
ware.65,66 The results showed that under the experimental
condition, no signicant correlation between the smoke
concentration absorbed by the strip and the position was
observed (as shown in Table 2). Hence, the amount of initial
smoke absorbed by the strips at different locations was very
similar and can be considered as identical. As for the cooking
smell removal experiment, the fabrics were prepared in
a similar way. For the perspiration smell experiment, the
preparation of the original fabrics was implemented according
to ISO 17299-3.62

Aer each initial treatment, three fabric strips were taken out
and put into the headspace vials for the GC-MS measurement.
Three pieces of fabric were used to mark the initial smoke
concentration value. The other 18 strips were placed into two
Fig. 2 Schematic diagram of the box to absorb the smoke smell.

This journal is © The Royal Society of Chemistry 2019
identical semi-closed cabinets (23 cm � 10 cm � 15 cm) for the
EWNS treatment or the control experiments. In each cabinet, 9
samples were laid at at equal intervals in the 3 � 3 arrange-
ment at the bottom. The EWNS generator was placed in the
middle of the box, 13 cm from the bottom. The two group
experiments were carried out at a temperature of 20 � 2 �C and
a humidity of 65� 5%. When treating aer given time intervals,
all strips were taken out and put into the headspace vials for the
GC-MS analysis.
3. Results and discussion
3.1 Detection and quantication of ROS in EWNS

The ESR spectra during the treatment were presented in Fig. 3.
The ESR spectrum clearly indicates the presence of OHc and
O2

�� by EWNS, consists with former literature.30 The generation
speeds of ROS from EWNS were calculated by dividing the total
number of the ROS reacted with the spin trap over the detection
time (20 minutes) for three measurements. The content of OHc

is estimated about 4.58 � 0.41 � 1012 spins per second and O2
�

is approximately 6.92 � 0.78 � 1012 spins per second. The
productivity of ROS is relatively stable and remains nearly
unchanged during the experiment (from 1 h to 5 h). This is
consistent with the previous research.31 The ROS were mainly
generated due to the corona discharge.67–70 A stable corona
discharge was observed at the tip of Taylor cone, which is
similar to the research by Seto et al.50 The high voltage in the
corona discharge can induce a chain reaction of high-velocity
particle collisions, resulting in the generation of more
ions.71,72 The OHc and O2

�� were mainly produced by this
electron-molecule collision process, and the reactions are as
follows:73–75 H2O + e� / Hc + OHc + e� and O2 þ e�/O2

��: It
should be mentioned that limited by the existing inspection
technology, we found that the OHc and O2

�� are the main ROS
contained in the EWNS, which consisting with the former
literature.42However, future research is still needed to gure out
whether there are other trace substances in the EWNS which
may inuence the property of EWNS.
3.2 Odor removal experiments

3.2.1 Determination of characteristic substances. Since the
malodors investigated in this study are actually in mixed forms,
it is necessary to gure out the characteristic substance of each
type. The characteristic substances were rationally chosen
based on the literature as well as the actual GC-MS results. For
the smoke smell, nicotine was chosen as the marker since it is
the most important tobacco smoke constituent containing
critical biological properties.76 It has been already used as
a marker for tobacco smoke exposure.77–79 The GC-MS results
RSC Adv., 2019, 9, 17726–17736 | 17729
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Fig. 3 ROS characterization of EWNS by ESR. (a) Detection of OHc. (b) Detection of O2
��:
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also proved the presence of nicotine in the smoke. The
composition of the hot pot smell, its composition is rather
complicated. As reported by Zeng et al.,80 the common
compounds detected in the red oil hot pot were linalool, 4-
terpineol, linalyl acetate, methyl palmitate, pinene, camphene,
3-methylene-6-(1-methyl ethyl) cyclohexene, myrcene, ocimene,
g-terpinene, caryophyllene and anethole. Linalool and anethole
have been identied as the most abundant compounds in the
hot pot seasoning, as reported by Zhang et al.81 We tried to
extract all the substances listed above in our sample and nally
chose the substance with the highest concentration as the odor
marker for the hot pot smell. Due to the complexity of the hot
pot, two substances with the highest concentrations were
selected – linalool and anethole. For the perspiration smell,
single isovaleric acid was used as the characteristic substance
because it is the dominant smelling component in the human
sweat. The detailed information about the characteristic
substances for each odor is listed in the Table 3.

3.2.2 Removal of smoke. The smoke odor removal results
are shown in Fig. 4(a and b). It should be mentioned that the
Table 3 Introduction of characteristic substances

Odor type Characteristic substance CAS

Smoke Nicotine 54-1

Cooking

Linalool 78-7

Anethole 104-

Perspiration Isovaleric acid 503-

17730 | RSC Adv., 2019, 9, 17726–17736
odors in the control group naturally decayed without any
treatment. Therefore, a comparison between the experimental
and control groups can demonstrate, whether EWNS has an
effect on odor removal. As shown in Fig. 4(a), the ordinate peak
area indicates the relative concentration of nicotine. The
natural decay of nicotine is very slow and the concentration
showed little attenuation from 1 h to 5 h. Contrarily, the
concentration of nicotine was reduced signicantly by the
treatment with EWNS, especially aer 3 h. Fig. 4(b) illustrates
the abundance–time relationship of nicotine in different
experiments. The areas of various colors indicate the different
amounts of nicotine remaining aer 1–5 h of EWNS treatment.
Further, as shown in Fig. 5, in the case of an EWNS treatment
for 5 h, the residual rate of nicotine was only 4.7� 0.1% and the
smoke removal efficiency by EWNS reached 95.3 � 0.1%. All
original data are available in the ESI.†

The working mechanisms of EWNS may be due to a series of
chemical reactions. The ROS contained in the EWNS possess
exceptionally high reactivity.75 Preliminary studies on the pulse
radiolysis and gamma radiolysis of nicotine by Cercek and
number
Molecular
formula 2D structure

1-5 C10H14N2

0-6 C10H18O

46-1 C10H12O2

74-2 C5H10O2

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01988j


Fig. 4 Odor removal data for nicotine, linalool, anethole and isovaleric acid. (a and b) The peak area and abundance of nicotine (smoke smell)
among groups; (c–f) the peak area and abundance of linalool and anethole (cooking smell) among groups; (g and h) the peak area and
abundance of isovaleric acid (perspiration smell) among groups.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 17726–17736 | 17731
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Fig. 5 The decreasing concentrations of nicotine, linalool, anethole
and isovaleric acid.
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Ebert82 proved that OHc radicals can react with nicotine mole-
cule mainly by preferentially attacking the pyrrolidine moiety to
form the corresponding adducts. Similar results obtained by
many other groups also conrmed this conclusion.83–85 And in
some biological studies, nicotine has been conrmed to
decrease ROS from human leukemia cells (e.g.HL60).86,87 It also
has been found that nicotine has the ability to scavenge OHc,
O2

��; and other free radicals in gas-phase cigarette smoke.88

Thus, it can be assumed that the ROS contained in the EWNS
can react with nicotine, and, thus, decrease the concentration of
the smoke odor from textile products. One thing should be
considered for this application is that there are any harmful
intermediates produced during the reactions. In one paper,76

isocyanic acid (HNCO), a toxic molecule was speculated to form
in the reaction between nicotine and OHc, which might be
a potential indoor pollution. However, in this study, we did not
detect the existence of HNCO. It may be attributed to that the
special conditions are needed for the reaction.

3.2.3 Removal of cooking smell. Due to the complexity of
the ingredients in the hot pot taste, two representative
substances – linalool and anethole were selected and the
experimental results were summarized in Fig. 4(c–f). The
concentrations of linalool and anethole were decreased gradu-
ally with the increase of EWNS treatment time. When treated for
5 h, the residual amount of the two characteristic substances
was below the detection limit. Fig. 5 also veries the fact that
the removal efficiency of linalool and anethole both reached 100
� 0.0% aer treatment for 5 h, indicating that EWNS plays
a signicant role in removing the odor of hot pot.

Linalool is a terpene derivative produced by plants,
including orange blossoms and certain trees and the vegetation
in the Mediterranean area. It has been reported that linalool
reacts rapidly in the gas phase in the troposphere with OHc and
O3 with a calculated lifetime of �1 h or less.89–91 Gunaseelan
et al.92 applied the vitro free radical assay and found out that
linalool has a strong ability to scavenge O2

�� and OHc. Atkinson
et al.89,93,94 proved that the main route for the reaction of OHc

and linalool is by initially adding the OHc to the pC]C bonds.
17732 | RSC Adv., 2019, 9, 17726–17736
And the terminal addition of the OHc to the pC]C group
results in the formation of 6-methyl-5-hepten-2-one,89 which
proves to be a safe product and does not cause eye or skin
irritations while linalool does.95–97 As for the removal of anet-
hole, it has been proved that anethole is an effective free radical
scavenger because it can easily form a conjugated free radical
cation that can be delocalized with the aromatic ring and
further stabilized the methoxy group through 1,4 interac-
tion.91,98,99 Meylan et al.100 found that anethole can react with
photochemically produced OHc in the atmosphere. And anet-
hole has also been shown to inhibit the generation of ROS in
human cells.91,101,102 All of these indicate the possible reaction
mechanisms between ROS and anethole.

3.2.4 Removal of perspiration smell. The results of the
removal of the perspiration odor are described in Fig. 4(g, h)
and 5. The results showed that in the rst hour, the residue
amount of the isovaleric acid was rapidly reduced by nearly
30%, while the amount was decreased by less than 14% in the
next four hours. And there were still 56.3 � 2.3% of isovaleric
acid detected at the end of the experiment. But it should be
noted that the original concentration of each substance was
different because it is hard to control their amount in the fabric
by absorbing the odor from real product (in order to simulate
the real scenarios, we used the real commodities in the exper-
iments which can be found in Table 1). Thus, the removal data
are not directly comparable. However, the data here show that
EWNS have the potential of reducing the concentration of iso-
valeric acid.

Again, this may be explained by the fact that the ROS in the
EWNS can react with the isovaleric acid.103 Assadi et al.104

investigated the removal of isovaleric acid using a nonthermal
plasma and found that the removal rate of isovaleric acid can be
improved by increasing the energy density. They considered
that this might be due to an increase in the production of OHc

radicals, since the C–O substituent in isovaleric acid molecule
can be easily oxidized by free radicals. Furthermore, the vapor-
phase reaction of isovaleric acid has been estimated to react
with photochemically produced OHc under the rate of 4.1 �
10�12 cm3 per molecule per second by the structure estimation
method.100 Consequently, we believe that the ROS in the EWNS
play the key role in the odor removal process. However, it is
unclear whether only ROS work in this scenario. Further
investigations are needed to better understand the deep
mechanisms involved in these chemical reactions.

3.2.5 Comparison with other methods. The comparison
between traditional odor removal methods and the EWNS
methods were summarized in Table 4. Compared with the
traditional methods, the odor compounds from pollutions can
be ultimately decomposed by the EWNS method due to the
highly active ROS while other methods can only eliminate the
odors temporarily by dissolving them and transfer them else-
where. Besides, these conventional technologies have unavoid-
able disadvantages, such as large consumption of non-
renewable resources such as water and sorbing materials,
which greatly increase the pressure on the environment.
Although, for now, the EWNS method is more time-consuming
than other methods, the parameters of the generated EWNS can
This journal is © The Royal Society of Chemistry 2019
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Table 4 Comparison among existing textile odor removal methods

Method Brief experimental descriptions Comparison with efficacy Other risks

Absorption/adsorption12–16 Activated carbon and cyclodextrins
were applied as the adsorption
material

Not ultimately decompose the odor
compounds

Odors can be released back due to
saturation or an elevated
temperature
Large consumption of non-
renewable resources

Hot water/steam extraction17–21 Water and hot steam were used to
remove the odors in the washing
machine or clothes dryer

Not ultimately decompose the odor
compounds

Shorten the life of textiles
Not suitable for large-scale home
textile products
Large consumption of water
Water pollution

Masking with fragrance
compound22–25

Scented powder or spray were used
to mask malodors

Not ultimately decompose the odor
compounds

Odors are again apparent once the
fragrance disperses
Allergy aggravation

EWNS method EWNS technology was applied to
remove malodors

Ultimately decompose the odor
compounds

Time-consuming
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be optimized in the further research. In future, we plan to build
a more optimized generator to fully control the parameters of
the ENWS and shorten its working time to achieve better
performance.

4. Conclusion

In this study, an effective and environmentally friendly tech-
nology has been introduced to reduce the malodors from
textiles. Results suggest that the EWNS played a signicant role
in the removal of various smells. Thus, it has the potential to
clean the indoor environment from odor pollution. The highly
reactive ROS from EWNS are considered as the main reason for
the deodorization. These reactive species are highly reactive and
capable to convert odorous compounds to non-odorous
compounds through various chemical reaction mechanisms.
But it is still not conclusive and there might be other synergistic
pathways associated with other conspiracy features of EWNS,
such as their excess charge and quantum phenomena associ-
ated with nanoscale. Further investigations are needed to better
understand the chemical mechanisms involved in the odor
removal. Compared with the traditional method, the EWNS can
ultimately break down the odors with high efficacy. The results
of this study show clearly the potential for deodorization and
may also be used in a wide range of elds including wastewater
odor treatment in the chemical or the livestock breeding
industry.
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