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Abstract N-halamine derivatives are efficient

antibacterial agents and have been widely used in

different kinds of surfaces due to their biocidal

functions against a broad range of microorganisms,

long term stabilities and regenerable properties. In this

study, 3-(30-acrylicacidpropylester)-5,5-dimethylhy-

dantoin was synthesized and bonded onto cotton fabric

by an electron beam irradiation process. Upon expo-

sure to household bleach, the coated cotton sample

could be rendered antibacterial. SEM, FTIR and EDX

were used to characterize the surface of modified

cotton which confirmed that the N-halamine precursor

was coated on the cotton successfully. The chlorinated

cotton samples were challenged with Staphylococcus

aureus and Escherichia coli O157:H7 and showed

excellent biocidal efficacy by inactivating 100 %of the

bacteria with the contact times of 10 and 5 min,

respectively. Standard washing and UV irradiation

tests demonstrated that the coated cotton presented

remarkable regenerable properties. The tensile loss

was about 20 %, which is in an acceptable range in

antimicrobial finishing.
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Introduction

Textile materials, especially cotton, insure a good

condition for micro-organisms to grow and breed. The

pathogens have a tendency to colonize on the cotton

surface and can cause the spread of infectious diseases.

It is reported that about sixty percent of investigated

health care workers’ uniforms and gowns have been

contaminated by pathogens in hospitals (Sun et al.

2001), and the microbes are very stubborn; some

infectious bacteria even can survive on the surface of

materials for more than 90 days (Sun et al. 2001). To

prevent cross-infection of diseases, an antibacterial

property is a necessary function which should be added

to medical and healthcare used textiles. Numerous

antibacterial agents have been reported, including

quaternary ammoniums (Kenawy et al. 1998, 2006;

Liang et al. 2006), metal ions (Du et al. 2009; Heidenau

et al. 2005; Nagar 1989; Rai et al. 2009), chitosan

(Alonso et al. 2009; Cheng et al. 2014; El-Tahlawy et al.

2005; Fu et al. 2011; Klaykruayat et al. 2010; Shin et al.

2013) andN-halamines (Akdag et al. 2007; Cerkez et al.

2012; Chen and Sun 2006; Liang et al. 2007a, b;Worley

et al. 1988). Among these biocidal agents, N-halamines

are themost promising candidates. They have been used

in antibacterial finishing and gained more and more

attention for their biocidal functions against a broad
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range of microorganisms. N-halamines have high

biocidal efficacy and regenerable properties upon

exposure to household bleach (Kocer et al. 2010a, b,

2011a, b, c). The disinfection mechanism is the direct

transfer of oxidative halogen from N-halamine to the

microbial cells, which will destroy or inhibit the

enzymatic or metabolic processes inside the cells,

leading to the expiration of the microorganisms (Kocer

et al. 2011a, b, c, 2010a, b). Among different types of

N-halamines, heterocyclic structures have been proved

to be more stable than acyclic structures (Kocer et al.

2011a, b, c). The heterocyclic structures such as

oxazolidinones, imidazolidinones, triazines and hydan-

toins are good representatives. Due to the relative

inexpensive price and excellent antibacterial efficacy,

hydantoins are widely used as the precursor of N-hala-

mines (Barnes et al. 2006; Chen et al. 2003; Grunzinger

et al. 2007; Kou et al. 2006). The coating procedure of

producing antibacterial cotton has been usually carried

out by a pad-dry-cure process and/or with the aid of

cross-linking (Ren et al. 2009a, b) or an initiator (Liu

et al. 2014).

In recent years, electron beam (EB) irradiation

processes have been widely used in modifying different

kinds of surfaces, including cotton (El-Naggar et al.

2005), polyacrylonitrile (Dietrich et al. 1996), ethylene

vinyl acetate copolymer (Wang et al. 2011), microcrys-

talline cellulose (Driscoll et al. 2009), etc. Due to the

uniform cross-linking, and energy-saving and less

environmentally hazardous, EB has received much

attention. Many functions can be added to the materials

via the EB process which is able to produce free radicals

on thematerialswithin severalminutes. Previous studies

showed that the cotton from three types of carbon-

centered radicals on the glucose ring result upon

treatment of EB irradiation (Alberti et al. 2005). Some

of these radicals may originate from b-fragmentation of

oxygen-centered radicalswhich can lead to the cleavage

of a glycosidic bond. The tensile strength of the coated

cottondecreases in somedegreewith irradiation ranging

from 20 to 200 KGy, but the degradation of the

materials is not significant. The monomers which can

be used to modify the cellulose by the EB process

usually contain unsaturated double bonds.

In this study, 5,5-dimethylhydantoin was chosen as a

heterocyclic precursor to synthesize 3-(30-acrylicacid-
propylester)-5,5-dimethylhydantoin. The synthesis

scheme is shown in Fig. 1. Electron beam irradiation

was applied for the coating, followed by a chlorination

process with diluted household bleach. There are three

advantages of EB process for manufacturing antimicro-

bial cotton fabrics. First, the chemicals used in synthe-

sizingmonomerwere not expensive. There is no need to

use any initiator or cross-linker in EB process. Second,

compared with traditional dipping process, EB irradi-

ation is a continuous technology, which can be

conducted efficiently in mass production. Third, the

irradiation process is an energy-saving process and

carried out at room temperature. The coated cotton after

chlorination was evaluated for biocidal efficacy against

6-logs Staphylococcus aureus and Escherichia coli

O157:H7. The stability and recharge ability of the N–Cl

bonds of theN-halamine coatingswere also investigated

by standard washing test and UV irradiation.

Experimental

Materials

1-Chloro-3-hydroxypropane and acryloyl chloride

were provided by J&K Chemical Co., Ltd., Shanghai.

5,5-Dimethylhydantoin was purchased from Hebei

Yaguang Fine Chemical Co., Ltd., China. Other

chemicals used in this study were purchased from

Sinopharm Chemical Reagent Co., Ltd., Shanghai. All

reagents were used as received without further purifi-

cation. Fabric of 100 % bleached cotton was pur-

chased from Zhejiang Guandong Printing and Dyeing

Company, China. The bacteria employed in the

research were S. aureus (ATCC 6538) and E. coli

O157:H7 (ATCC 43895) (American Type Culture

Collection, Rockville, MD). The Trypticase soy agar

used was from Difco Laboratories, Detroit, MI.

Instruments

The EB150/20-250S1 electron beam accelerator

(Hubei Eray Nuclear Technology Co., Ltd., China)

was used for the irradiation treatment. A SU-1510

field-emission scanning electron microscope (Hitachi,

Tokyo, Japan) was used to characterize the surface

morphology of control and the treated cotton fibers.

Fourier transform infrared (FTIR) spectra of cotton,

coated cotton, and chlorinated coated cotton were

obtained with a Nicolet NEXUS 470 spectrometer

(Nicolet Instrument Corporation, Madison, WI).

Nuclear magnetic resonance (NMR) spectra of the
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synthesized compound were recorded on an AVAN-

CEIII 400 MHz Digital NMR spectrometer (Bruker

AXS GmbH, Karlsruhe, Germany). EDX was con-

ducted by a S5500 FESEM (Hitachi, Tokyo, Japan).

UV light stabilities of the chlorinated cotton fabrics

were measured using an Accelerated Weathering

Tester (The Q-panel Company, USA). Tensile

strength was recorded with YG (B) 026D-250 Elec-

tronic Fabric Strength Tester.

Synthesis of 3-(30-hydroxypropyl)-5,5-
dimethylhydantoin (HPDMH)

3-(30-hydroxypropyl)-5,5-dimethylhydantoin was

synthesized by the following procedure. The 5,5-

dimethylhydantoin (0.1 mol) was mixed with NaOH

(0.1 mol) in 100 ml distilled water and refluxed for

15 min to obtain the sodium salt of the 5,5-dimethyl-

hydantoin. An equimolar quantity of 1-chloro-3-

hydroxypropane was added to the above solution,

and the mixture was stirred at 100 �C for 10 h. After

the reaction was completed, solvent water was

removed under reduced pressure. The solid product

was recrystallized in acetone with a yield of 89 %. 1H

NMR (D2O): d 1.68–1.82 (6H), 2.09–2.22 (2H),

3.84–3.98 (2H), 3.98–4.06 (2H).

Synthesis of 3-(30-acrylicacidpropylester)-5,5-
dimethylhydantoin (APDMH)

0.1 Mol 3-(30-hydroxypropyl)-5,5-dimethylhydantoin

and an equimolar quantity of trimethylamine were

added to 100 ml tetrahydrofuran (THF) and the

mixture was stirred for 10 min to obtain a uniform

solution. After cooling to 0 �C, 0.1 mol of acryloyl

chloridewas added dropwise to the solution and stirred

for 1 h. Then the mixture was stirred for 20 h at

ambient temperature. The product was collected via

filtration and washed with THF and acetone (yield:

83 %). The product exhibited the following spectral

data: 1H NMR (DMSO-d6): d 1.26–1.33 (6H),

1.83–1.96 (2H), 3.42–3.52 (2H), 4.01–4.15 (2H), 5.90–

6.00(1H), 6.10–6.22(1H), 6.28–6.40(1H), 8.23(1H).

Coating procedures

Electron beam (EB) irradiation was applied in this

study. AHDMH was dissolved in distilled water at

concentrations ranging from 3 to 8 %. Cotton

swatches were impregnated in the water bath for

20 min with bath ratio of 50:1 (water to cotton by

weight), and padded through a laboratory wringer.

Two dips and two nips were used to get a wet pick-up

of 100 wt%. Then the swatches were irradiated in air

at room temperature by using an EB accelerator.

Irradiation doses were set up in the range of

7–65 KGy. The energy of the EB accelerator was

130 KW. The average beam current was maintained at

1 mA. After irradiation, the swatches were dried at

100 �C for 3 min. The dried fabrics were soaked in

0.5 % detergent solution for 15 min, washed with

distilled water to remove unbonded agent, and dried in

air.

Fig. 1 The synthesis scheme of APDMH
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Chlorination and analytical titration

Cotton swatches coated with 3-(30-acrylicacidpropy-
lester)-5,5-dimethylhydantoin were soaked in a 10 %

commercial aqueous sodium hypochlorite solution

(0.5 % NaOCl) at pH 7 at room temperature for

60 min. Then the swatches were rinsed thoroughly

with distilled water and dried at 45 �C for 60 min to

remove the free chlorine absorbed on the surface of the

cotton fabrics. The loaded chlorine concentration on

the coated swatches was determined by the iodomet-

ric/thiosulfate titration method, and the weight per-

centage of chlorine was calculated according to the

following equation:

Clþ % ¼ N � V � 35:45

W � 2
� 100

where N and V are the normality (equiv/L) and volume

(L) of sodium thiosulfate, respectively, and W is the

weight (g) of the swatch.

Antimicrobial test

Both unchlorinated and chlorinated swatches were

challenged with S. aureus (ATCC 6538) and E. coli

O157:H7 (ATCC43895) using a modified AATCC

Test Method 100-1999 to evaluate the biocidal

efficacies of the coatings. Bacterial suspensions at

designated populations were prepared in 100 mM

phosphate buffer at pH 7. An aliquot of 25 lL
bacterial suspension was taken and added to the center

of a 1-inch square swatch. Then another 1-inch square

swatch was put on it to insure that the suspension was

sandwiched between two identical swatches which

were held in place by sterile weights. After contact

times of 5, 10, and 30 min, the samples were

transferred to tubes contained 5 mL of sterile 0.02 N

sodium thiosulfate solution and vortexed for 2 min to

remove all oxidative chlorine residuals. The quenched

solutions were diluted with 100 mM phosphate buffer

(pH 7), and plated on Trypticase soy agar plates. After

incubation at 37 �C for 24 h, the viable bacterial

colonies were counted to determine antibacterial

efficacy.

UV light stability testing

An Accelerated Weathering Tester was used to

measure the UV light stabilities of coated cotton.

The chlorinated swatches were exposed to the UV

light (Type A, 315–400 nm, 0.89 W, 60 �C) chamber

for contact times ranging from 1 to 24 h. After a

specific time period of exposure to UV light, the cotton

samples were removed from the UV chamber and

titrated, or rechlorinated and titrated for the analysis of

UV light stability.

Stability testing of chlorine on coated cotton

The washing stability of the treated cotton was

recorded with a Launder-Ometer (Darong Textile

Instrument Co., Ltd., Zhejiang, China) according to

AATCC Test Method 61-1996 (Test 2A Procedure).

The chlorinated cotton (1 in 9 2 in), 50 stainless steel

balls, and 150 mL of 0.15 % AATCC detergent water

solution were added in stainless steel canisters which

were fixed in a Launder-Ometer, and rotated at 42 rpm

at 49 �C for 45 min for a washing cycle. Each cycle of

washing in this method is equivalent to five machine

washings. The cotton swatches were washed for the

equivalents of 5, 10, 25, and 50 washing cycles. After

the washings the swatches were rinsed thoroughly

with distilled water and dried at room temperature.

Then the chlorine loadings of washed swatches and

rechlorinated swatches were determined by the titra-

tion procedure addressed above.

Tensile strength testing

The GB/T3923-1997 standard method was used to

assess the tensile strength of the uncoated cotton and

coated cotton before and after chlorination. Five

replicates (25 cm 9 5 cm) were tested for each sam-

ple in an electronic fabric strength tester, and their

averages were reported. All the tests were performed

at ambient temperature.

Result and discussion

Characterization of the coated cotton swatches

The scanning electron microscopy (SEM) morpholo-

gies of the uncoated and coated cotton with a

magnification of 50009 are shown in Fig. 2. Com-

pared with the uncoated cotton which has a very

smooth surface, the coated cotton is uneven and rough.

The differences between the two samples evidently
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demonstrated the presence of the copolymers on the

surface of cotton fibers.

The FTIR spectra of cotton, unchlorinated

APDMH-cotton and chlorinated APDMH-cotton are

presented in Fig. 3. There are characteristic vibra-

tional bands in the spectra of the coated cotton before

and after chlorination at 1708 and 1729 cm-1,

respectively, which are attributed to the vibration of

C=O in the APDMH (Ren et al. 2008a, b). However,

this band is not observed in the spectra of uncoated

cotton. Due to the electron withdrawing effect of

oxidative chlorine, the stretching vibrational band

shifts from 1708 to 1729 cm-1 after chlorination. The

shifts to higher wavenumber of the hydantoin carbonyl

bands after chlorination have been also reported for

other N-halamines (Ren et al. 2009a, b).

In order to confirm the elements on the surface of

fibers, EDX was performed in cotton, treated cotton

and treated cotton after chlorination. The three

elements of C, O, Cl was tested in each sample.

Figure 4 shows that both C and O can be seen on the

three samples. The contents of elements in each

sample are different due to the chemical reaction

between APDMH and cotton fibers. It was observed

that Cl (0.84 wt%) existed as a new peak in Fig. 4c

which proved the presence of Cl on the sample.

Compared with Fig. 4c, the content of Cl in Fig. 4b is

only 0.04 % and could not be found in the image

which might be due to the contamination. The new

peak of Cl and the changes in contents (C, O, Cl)

indicated that the surface of fiber has been modified

successfully.

Biocidal efficacy

The antibacterial efficacy of modified cotton is shown

in Table 1. Both unchlorinated and chlorinated sam-

ples were challenged with S. aureus and E. coli

O157:H7. Cotton coated with APDMH without chlo-

rination was used as control sample. With contact time

of 30 min, the control sample showed 0.585 log

reduction for S. aureus and 0.338 log reduction for E.

coliO157:H7. The reduction of bacteria for the control

samples was due to the adhesion of the bacteria to

cotton instead of inactivation (Ren et al. 2008a, b).

Meanwhile, the reduction of S. aureus is obviously

higher than E. coli O157:H7, which is due to the

different cellular structures of bacteria. Compared

Fig. 2 SEM micrographs of the uncoated cotton fabric (a) and coated cotton fabric (b)

Fig. 3 FTIR spectra of the coated fabrics (a—cotton, b—

coated cotton, c—chlorinated coated cotton)
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with the control samples, the chlorinated samples

showed excellent biocidal efficacy. With contact time

of 5 min, the chlorinated samples could inactivate

99.99 % S. aureus and 100 % E. coli O157:H7. When

the contact time extended to 10 min, S. aureus was

completely inactivated.

The UV light stability

The ultraviolet (UV) stability of the coated cotton

upon chlorination is summarized in Table 2. With the

increasing of UV irradiation time, the chlorine loading

on the modified cotton decreased rapidly, especially in

the first and second hours. After 4 h UV irradiation,

50 % of loaded chlorine was disappeared. With the

irradiation time up to 24 h, most of the chlorines on the

coated cotton were lost. The chlorine loss under UV

irradiation is due to two reasons which are the

dissociation of the N–Cl bond and the dissociation of

the bond between the APDMH and cotton (Kocer et al.

2008). But about 86 % chlorine loading can be

recovered upon exposure to an aqueous solution of

sodium hypochlorite after 24 h UV irradiation, which

is very remarkable compared with previous research

(Kocer et al. 2010a, b). Considering the high recharge

ability, the antibacterial cotton can be used for outdoor

clothings.

Fig. 4 EDX images of a cotton, b cotton-APDMH, c cotton-APDMH-Cl

Table 1 Biocidal efficacy testing

Samples Contact time (min) S. aureusa E. coli O157:H7b

Reduction (%) Log reduction Reduction (%) Log reduction

Control 30 73.98 0.585 54.08 0.338

Chlorinated 5 99.99 3.886 100 6.000

10 100 6.013 100 6.000

30 100 6.013 100 6.000

a The inoculum concentration was 1.26 9 106 CFU/sample
b The inoculum concentration was 1.43 9 106 CFU/sample

Table 2 UV light stability of chlorinated coating on cotton

fabrics

Exposure time (h) Chlorine loading (wt%)a

0 0.36

1 0.31

2 0.20

4 0.18

6 0.12

8 0.10

12 0.07

24 0.03

Rechlorination 0.31

a The error in the measured Cl? weight percentage values was

±0.01
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Washing stability

The stability of the modified cotton towards washing

was measured according to the method mentioned in

the experimental section. The results are shown in

Table 3. Two types of washing were performed to

determine the stability of chlorine loading, prechlori-

nated samples upon certain machine washes (C),

prechlorinated and rechlorinated samples after a given

number of machine washes (R). Table 3 demonstrates

that the chlorine loading on the samples decreased

with the extension of washing cycles. After 5 washing

cycles, the chlorine loading was decreased from 0.48

to 0.32 %. However, upon re-chlorination most of

chlorine can be regained. After 50 washing cycles,

0.11 % chlorine was still left on the cotton which

indicated that the N–Cl bonds on the APDMH coated

cotton were more stable than on the hydantoin coated

one reported previously (Kocer et al. 2010a, b; Kou

et al. 2009; Ren et al. 2008a, b). After exposure to

diluted sodium hypochlorite, the chlorine loading on

the sample with 50 washing cycles could be recovered

to 0.23 %, which is sufficient for rapid disinfection

microorganisms according to the previous studies

(Liang et al. 2007a, b).

Tensile strength test

Table 4 shows the results of tensile strength of cotton

and coated cotton before and after chlorination. Both

the warp and weft tensile strength of coated cotton

showed some degree of decrease compared with

uncoated cotton. The strength loss can be attributed

to two reasons. The EB irradiation contained high

energy which caused some breakage of bonds in the

cotton fabric’s structure (Choi et al. 2008), and the

grafting polymerization of APDMH on cotton could

also cause the loss of strength. After chlorination, the

sample could maintain 80 and 78 % of the original

tensile strength in warp and weft directions, respec-

tively. The small decrease in tensile strength demon-

strates that the EB irradiation process has an advantage

to produce antimicrobial N-halamine fabrics as com-

pared to the traditional coating process. The reduction

of breaking strength caused by the chlorination was

due to oxidation of cotton fabric by household bleach,

which has been reported in other studies (Ma et al.

2014).

Conclusion

A N-halamine precursor 3-(30-acrylicacidpropy-
lester)-5,5-dimethylhydantoin (APDMH) was suc-

cessfully synthesized and confirmed by 1H NMR,

and coated on cotton through an EB irradiation

process. SEM, FTIR and EDX spectra showed that

APDMH was successfully coated onto the surface of

cotton. The coated cotton after chlorination presented

outstanding antibacterial properties against S. aureus

and E. coli O157:H7, which could inactivate both

bacteria completely with 6.01 and 6.00 log reductions

within the contact time of 10 and 5 min, respectively.

The oxidative chlorine bonded to APDMH coated

cotton is very stable and regenerable after standard

washing and UVA irradiation. In addition, the tensile

strength loss is in small degree, which shows a

potential in applying the antibacterial cotton in the

healthcare field.
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