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6.1 Introduction

Healthcare and emergency workers urgently need personal bioprotective
equipment to prevent infections of pathogens such as SARS and biological
agents in working environments. Such a need has stimulated research in anti-
microbial textiles and polymers, and has led to development of bioprotective
clothing materials and polymers that can offer instant biocidal functions against
all major pathogens in recent years [1–6]. Biocidal functions can be divided
into sterilization, disinfection, and sanitization in an order of the strength of
the function. Biocidal functions for personal protection should be at least at the
disinfection level, which can inactivate most infectious microorganisms. On
the other hand, biocidal clothing materials should be safe to wear and environ-
mentally friendly. Among many available biocides, N -halamine compounds
possess superior disinfection power and safety; in fact, many of them are used
as swimming pool disinfectants [7]. In addition, N -halamines have demon-
strated the capability of providing rapid and total inactivation of a wide range
of microorganisms without causing the microorganisms to develop resistance
to them [2].

N -Halamine chemistry can be expressed in Eqs. (1) and (2). When
N -halamine structures are exposed to water, the reaction shown in Eq. (1)
may occur. The equilibrium in Eq. (1) may shift toward either reactants or
products depending on the N -halamine structures. Three principle N -halamine
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structures: imide, amide, and amine, are available, and their stability and dis-
sociation constants in water are shown

N HN Cl + H2O + Cl+ + OH- (1)

Kill bacteria

Bleach
N HN Cl (2)

in Table 6.1 [4]. N -Halamine structures can kill microorganisms directly also
without the release of free chlorine, as in Eq. (2) [8]. In fact, according to
their dissociation constants shown in Table 6.1, N -halamine structures such
as the amines may only release negligible amounts of free chlorine. Since
N -halamine structures are biocidal, and more importantly quite stable in ambi-
ent environments, incorporation of the N -halamine into polymeric and textile
materials will bring biocidal functions to them. Moreover, since Eq. (2) is a
reversible reaction, the biocidal functions on the materials are rechargeable
with a chlorinating agent, such as chlorine bleach. This rechargeable function
is most suitable for reusable medical textiles and clothing. In this chapter, we
will review the latest progresses in the application of N -halamine chemistry to
textiles and polymers.

Table 6.1. Stability of N -halamine structures [4]. (Journal of Applied
Polymer Science C© 2003)
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Figure 6.1. Structures of DMDMH and MTMIO

6.2 Incorporation of N-halamine in cellulose

6.2.1 DMDMH-treated cellulose

Both amide and imide N -halamines have been incorporated into cellulose-
containing fabrics by a conventional finishing method with 1,3-dimethylol-
5,5-dimethylhydantoin (DMDMH, shown in Figure 6.1) [3]. Although it would
appear from the structure in Figure 6.1 of DMDMH that there is no empty
nitrogen site for oxidative chlorine to bind, in practice some loss of formalde-
hyde occurs during the treatment process providing sites for chlorination with
chlorine bleach. The DMDMH-treated fabrics exhibited rapid biocidal func-
tions, but the washing durability of the functions requires improvement, due
to the dominating imide N -halamine functionality, which is the most reactive,
but least stable on the fabrics. However, DMDMH fabrics can be employed in
personal protection against various biological agents such as bacteria, viruses,
fungi, yeasts, and spores [3, 9]. Examples of the treated fabrics demonstrated
a complete elimination of pathogens in a contact time as short as 2 min [2–3].
The biocidal functions could be recharged repeatedly for at least 50 machine
washes.

6.2.2 MTMIO-treated cellulose

In order to increase washing durability of the N -halamine-treated tex-
tiles, the more stable amine N -halamine has been grafted to cellulose in a
similar approach by using 3-methylol-2,2,5,5-tetramethylimidazolidin-4-one
(MTMIO, shown in Figure 6.1) [4]. The resulting fabrics contained the more
stable, and less reactive, amine N -halamine structure, thus providing slow,
but durable, biocidal functions. The improved biocidal functions are summa-
rized in Table 6.2 which compares fabrics treated by DMDMH and MTMIO
separately. Both active chlorine contents and biocidal functions against Es-
cherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are listed in the
table.
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Table 6.2. Chlorine loss and anti-microbial effects of MTMIO- and DMDMH-modified
cotton samples

Against E. coli Against S. aureus

Washing Cl Cl Log Cl Cl Log
Chemical cycles (ppm) loss (%) reduction (ppm) loss (%) reduction

MTMIO
0 565 — 6 654 — 6
2 507 10.2 5 616 6.1 6
5 498 11.9 4 601 8.4 4

DMDMH
0 863 — 6 934 — 6
2 218 74.7 1.5 380 59.3 3
5 157 81 0.9 274 70.7 2

Pure cotton fabric 493#; total finishing bath concentration: 4%. Wet pick-up: 70%. Concentrations of bacteria:
E. coli 5 × 106 CFU/mL and S. aureus 7 × 106 CFU/mL. A six log reduction is equivalent to 99.9999%
inactivation. Contact time: 60 min. Machine washing according to AATCC standard test method 124-1999;
tests 1 and 2. The MTMIO-treated fabric was bleached separately from the DMDMH-treated fabric with the
same concentration of active chlorine (150 ppm) used in each case (Journal of Applied Polymer Science C©
2003).

6.2.3 Hydantoinylsiloxane-treated cellulose

Biocidal functionality can also be introduced into cellulose by condensing
the hydroxyl groups on 3-trihydroxysilylpropyl-5,5-dimethylhydantoin (SPH)
(Figure 6.2) with those on cellulose followed by chlorination of the amide ni-
trogen on the hydantoin ring with chlorine bleach [10]. It was observed that
a complete 5.7 log reduction of S. aureus could be obtained in a contact-time
interval of 30–60 min. Likewise, a complete 5.9 log reduction of E. coli was
observed in a contact-time interval of 60–120 min. The chlorine loading on the
cotton cloth was 0.5–0.6% by weight in these experiments. For comparison pur-
poses, cotton cloth was also treated with the quaternary ammonium compound
dimethyloctadecyltrimethoxysilylpropylammonium chloride. In this case the
log reductions of S. aureus and E. coli were only 1.8 and 2.5, respectively, in
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Figure 6.2. Structure of SPH
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the same contact-time intervals as those tested for the samples treated with SPH.
This comparison demonstrates conclusively the superiority of cellulose treated
with N -halamines over that treated with biocidal quaternary ammonium salts.
The chlorinated SPH-treated cloth is reasonably stable to loss of chlorine during
dry storage. A loss from 0.62% to 0.54% Cl was observed over a 50-day period
for the treated cloth stored in a non-airtight plastic bag. In standard washing
tests it was found that cotton cloth treated with SPH and chlorinated with an
initial chlorine loading of 0.61% retained 0.42% Cl after 5 machine washings,
0.41% after 10 washings, and 0.10% after 50 washings; thus the material still
retained some biocidal functionality even after 50 machine washings.

The SPH compound has also been employed to treat commercial office
envelope paper [10]. In this case, a chlorine loading of 0.82% by weight was
obtained. The chlorine content declined only to 0.78% over a 36-day period
of storage in a vacuum desiccator. The paper completely inactivated S. aureus
(5.4 logs) at a contact time of only 10 min.

6.3 Incorporation of N-halamines in other textile materials

6.3.1 ADMH-treated fibers

Recently, a hydantoin-containing monomer, 3-allyl-5,5-dimethylhydantoin
(ADMH, as shown in Scheme 6.1) was prepared to incorporate only amide
N -halamine structures into synthetic fibers [11, 12]. Due to the amide structure,
the thus-produced fabrics could demonstrate both powerful and durable biocidal
functions. Synthetic fabrics such as nylon-66, polyester (PET), polypropylene
(PP), acrylics, Nomex IIIa, PBI/Kevlar, and Kermel, as well as pure cotton
fabrics, were used in the chemical modification. The ADMH can be incor-
porated in surfaces of fibers by a controlled radical grafting reaction which
can ensure short chain grafts instead of long chain self-polymerization of the
monomers.
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NGrafting Reaction

OO N

N
Cl

Any Polymer

ADMH

ADMH Grafted Polymer Biocidal Polymer

Cl Bleaching

Kill Germs

Scheme 6.1. Structure of ADMH and its grafting reactions on synthetic polymers



86 Chapter 6

6.3.2 Grafting polymerization

Both water-soluble and water-insoluble initiators such as potassium persul-
fate (PPS) and benzoyl peroxide (BPO) were used to initiate radical grafting re-
actions on fibers. Water-soluble initiators can specifically work on hydrophilic
fibers such as cellulose, while water-insoluble BPO was quite effective on
hydrophobic fibers such as polyester and most synthetic fibers. The fab-
ric treatment was conducted in a convenient wet finishing process involving
pad-dry-cure. Fabrics were immersed in the chemical solutions and padded
under pressure to expel additional liquid. The fabrics were dried at 50 ◦C for
5 min, cured at an elevated temperature for a specific period of time, and
then washed with a large amount of distilled water, dried at 60 ◦C for 24 h,
and stored in a conditioned room (25 ◦C, 65% RH) for 48 h to reach constant
weight. The chemical reactions involved in this process are shown in Scheme 6.1
[11, 12].

6.3.3 Observed results

Biocidal properties of the modified fibers could be demonstrated after a
chlorination reaction by exposing the grafted fibers to a diluted chlorine so-
lution, with which the grafted hydantoin rings were converted to N -halamine
structures. The polymeric N -halamines could provide powerful and rapid anti-
bacterial activities against E. coli and S. aureus. Most of the fibers could com-
pletely inactivate a large number of bacteria (1 × 106 CFU) in a 10–30 min
contact time. In addition, the anti-bacterial activities of these polymeric N -
halamines could be easily recovered after usage by simply exposing to chlorine
solution again.

Figure 6.3 reveals grafting yields on common fabrics using BPO as rad-
ical initiator and triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TATAT) as a
co-monomer in the grafting reactions [12]. These fabrics represent the most
commonly employed fabric materials in institutional and consumer uses. The
grafting reactions were almost quantitative for several fabrics. However, since
BPO is very hydrophobic, it did not work as effectively on cotton fabrics as
did hydrophilic radical initiators [12]. Table 6.3 shows the durability of the
biocidal functions provided by the ADMH grafted fabrics. The biocidal func-
tions on most hydrophobic fabrics were more durable than those on hydrophilic
fabrics and could last for more than 15 washes without recharging. After 50
washes, the lost biocidal functions were fully recharged by a dilute chlorine
washing.

The controlled radical grafting reaction also worked effectively on some
high performance fabrics such as Nomex, Kermel, and Kevlar/PBI, which are
often employed in firefighter and military uniforms. Shown in Figure 6.4 are
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Table 6.3. Log reduction of E. coli after washing. (Journal of Applied Polymer Science C© 2002)

Log reduction of E. coli (%)

Washing times Nylon PET PP Acrylic Cotton PET/Cotton

0 5 5 5 5 5 5
5 5 5 5 5 3 5

15 5 5 5 5 1 5
30 3 3 2 1 UDa 3
50 UD 1 1 1 UD UD
50b 5 5 5 5 5 5

Note: contact time = 30 min (E. coli concentration: 105–106 CFU/mL; all of the samples were tested with
machine washing following AATCC Test Method 124. AATCC standard reference detergent 124 was used
in all of the machine-washing tests.
a No reduction of E. coli was detected.
b These samples were re-bleached after 50 times of washing.
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Figure 6.3. Influence of BPO concentration (wt%) on grafting yields [12]. (Journal of Applied
Polymer Science C© 2002) Grafting conditions: Padding bath contained ADMH, 4 wt%; TATAT,
1.5 wt%; the softener, 1.5 wt%; and different amounts of BPO. The fabrics were dipped and
padded twice at a 100% expression, dried at 50 ◦C for 5 min, cured at 130 ◦C for 5 min (for PP,
the fabric was cured at 105 ◦C for 5 min), washed, and dried

grafting yields of ADMH on these fabrics. The reaction on Nomex was espe-
cially highly efficient with the grafting yields above 4%. This result may be
caused by lower crystallinity of the polymer than the other two since the reac-
tion could only occur in amorphous areas of the polymers. Since these fabrics
are quite hydrophobic, the adsorption of ADMH on the polymers was relatively
difficult, which may contribute to overall lower grafting yields and low biocidal
functions on Kermel and Kevlar/PBI fabrics.

Hydrophobic properties may prevent hydrolysis of N -halamine structures
on the fabrics. Thus, these fabrics all demonstrated quite durable biocidal
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Figure 6.4. Grafting yields on Nomex, Kermel, and Kevlar/PBI fabrics. (Journal of Applied
Polymer Science C© 2003) Padding bath contained: ADMH, 3 wt%; PEG-DIA, 2 wt%; and the
softener, 1.5 wt%. The fabrics were dipped and padded twice at a 100% expression, dried at
50 ◦C for 5 min, cured at 140 ◦C for 5 min, washed, and dried.

functions, as shown in Table 6.4. The grafting reactions on Kermel and
Kevlar/PBI fabrics were less effective, as observed by the low-active chlorine
contents on the fabrics, and low biocidal efficacy.

6.3.4 Condensation reactions

It has also been demonstrated that nylon-66 and PET can be rendered bio-
cidal by utilization of N -halamine chemistry analogous to that discussed for

Table 6.4. Log reduction of the bacteria after washing at a contact time of 60 min (bacteria
concentration: 106–107 CFU/mL). (Journal of Applied Polymer Science C© 2003)

Nomex R© Kermel R© PBI R©/Kevlar R©

Wash MCl × 105 E . S. MCl × 105 E . S. MCl × 105 E . S.

times (mol/g) coli aureus (mol/g) coli aureus (mol/g) coli aureus

0 1.22 6 6 0.33 3 5 0.41 3 6
5 1.20 6 6 0.28 3 4 0.41 3 4

15 0.63 6 5 0.23 3 2 0.37 3 2
30 0.27 3 4 UDa 1 1 0.20 1 2
50 UDa 1 1 UDa UDa UDa UDa UDa UDa

50b 1.14 6 6 0.29 3 5 0.43 3 6

aNo reduction was detected.
bThese samples were re-bleached after 50 times of washing.
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DMDMH in section 6.2.1 [13, 14] and the hydantoinylsiloxane in section 6.2.3
[10].
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