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INTRODUCTION
Static electricity is a naturally occurring phenomenon
which is widespread both in nature and in man’s daily
activities. In practice the effects of static electricity may
go unnoticed either because the build up of static charge
is too small to have a significant effect or because the
static charge leaks away rapidly before its effects can be
felt. Static electricity and its effects may be of nuisance
value only in most cases. However, situations do exist
where the energy of the static charge is sufficient to
ignite inflammable gases, detonate explosives, damage
sensitive electronic equipment, etc.

in industrial situations static electricity can cause a
variety of problems during the processing and manufac-
ture of a wide range of materials. The transfer and
handling of dangerous materials such as dusts, powders
and petroleum products requires careful attention to
minimise the risk of fire or explosion caused by static
discharges [1]. Thus, for example, coal miners, refinery
workers, aircraft refuellers, etc. may be required to wear
antistatic clothing and footwear and follow strict ‘'safe
working' procedures. The machinery is usually earthed
and antistatic hoses, conveyor belts, etc. are employed.

In the textile industry, particularly in dry atmospheres,
static charges may cause fibres to lap around rollers,
yarns to ‘balloon’ and catch on adjacent machinery, or
fibres to be repelled from each other in charged slivers
and webs. On the domestic scene, garments can cling to
the body causing poor appearance and discomfort,
electrostatic shocks may be experienced after walking
over a carpet and touching an earthed surface or metal
object, etc. Reviews by Wilson [2] in 1976 and Hersh
[3] have outlined the nature of the problems of static
electricity and the available methods of control.

A literature search conducted for this review paper,
over the period 1975-1985, has found over 1 600 rele-
vant articles and patents of which 810 were the latter.

GENERATION OF STATIC ELECTRICITY ON
TEXTILES

In general, the generation of static electricity is subject to
the following conditions:

(i) contact between two different solid materials, and,
(ii) separation of these materials.

When two different solid materials (e.g. wool and
cotton} come into contact, some electrons in the wool
keratin polymer are at a higher energy level than vacant
energy levels in the cotton cellulose. Thus electrons will
flow from the wool to cotton until equilibrium is reached.
The equilibrium condition thus fulfilled is that the avail-
able electron levels are balanced in both substances at
the interface. When the two surfaces are separated, the
charge transfer between the two materials becomes
apparent and is called the electrostatic build-up in the
materials.

In the wool/cotton exampie given above, the wool
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would have a net positive charge while the cotton would
have an equal but opposite (negative) charge. The
separation of the two surfaces usually occurs relatively
rapidly compared with the period of contact and, since
the materials in question have a high electrical resis-
tance, the separated charges are not able to flow back
within the time of separation.

It is possible to construct a series of substances such
that when any substance is rubbed with another material
above it in the series it gains electrons and acquires a
negative charge, but if rubbed with one below it in the
series it acquires a positive charge. Such a series is called
a Triboelectric Series and some examples of such series
are given in Table 1. The greater the separation between
the materials in the triboelectric series, the greater wil!l be
the charge production, and hence static build-up when
the two materials are contacted and separated. Friction is
not necessary but will usually increase the extent of
charge build-up.

TABLE 1

A Comparison of Three Triboelectric Series

Ref. {4] Ref. (5] Ref. [6]

Polyurethane

Glass Nylon Glass

Wool Wool Wool
Silk Silk

Nyton 6 Viscose

Nylon 66 Human skin

Cotton Cotton Cotton

Garment leather Wood

Cellulose acetate  Cellulose acetate

Human skin

Raw silk

Polyester Polypropylene Polystyrene

Polypropylene Polyester Polyethylene
Acrylic

Poly({vinyl chloride)
Polytetrafluoroethylene Potytetrafluoroethylene

Cellulose nitrate

The electrical resistance of the contacting surfaces
plays a very important role in controlling the extent of
charge build-up. When the electrical resistances of the
two surfaces are low the charges tend to run back along
the separating surfaces to the point of contact where
they are neutralised. Even after separation is complete,
conduction of the charge from the materials will con-
tinue provided that they are not isolated from earth.

When the electrical resistances of the substances are
high then the charge cannot run back along the separ-
ated surfaces within the time of the separation and
hence the charge generation will be high.

Medley [7] has found that the frictional electrification
of some clean hygroscopic polymers is critically depen-
dent upon moisture content above a certain relative
humidity. Below this humidity, or with non-hygroscopic
substances, electrification is limited by gaseous dis-
charge between the rubbing surfaces.

Since the natural and synthetic polymers found in
commercial textile fibres have high electrical resis-
tances when dry, they act as insulators at low relative
humidity. However as the relative humidity increases, the



fibres absorb moisture and their electrical resistance
decreases [8] with a consequent reduction in electro-
static build-up [9].

The separated surfaces may become either positively
or negatively charged depending upon their position
relative to each other in the triboelectric series. The
polarity of the charge is of little practical consequence
when considering safety aspects of static discharges
because the amount of energy involved is the same
whether the discharge is from a positively or a negatively
charged object. However, from the point of view of
human comfort it is generally considered that people feel
comfortable when their bodies are negatively charged
while they may feel nauseous when positively charged.
Thus, if a small charge build up on the body is to be
allowed, it shouid be a negative charge.

From the textile production viewpoint also the polarity
of the charge is not very important. Problems arise
because like charges repel and opposite charges attract.
These effects cause charged textiles to cling to or repel
nearby conductors as the case may be.

Static electricity can also be produced on the human
body by induction effects. For example, if a person walks
over a carpet in non-conductive shoes, the charge
present on the underside of the shoe after separation
from the carpet cannot be distributed over the person by
conduction. However the charges remaining on the
underside of the sole produce a displacement of charges
within the body of the person (which is conductive)
[10]. The clinging behaviour of clothing to the human
body also results from induction effects [11].

DANGERS WITH STATIC ELECTRICITY

The principal risk arising out of electrostatic discharges is
that there might be sufficient energy in the discharge
spark to ignite or detonate inflammable gases or vapours
or other dangerous materials.

The amount of energy stored in the human body can be
substantial and theoretically capable of detonating a
variety of explosives and gas/air mixtures. It is relatively
easy 1o generate high voltages on the human body by the
activities of walking over a carpet, rising from a chair or
removing an outer garment [12]. At low relative humidity,
voltages in the range 5000-18000 V can be produced.
Taking an average body capacitance of 200 pF it can
be seen that an energy of between 2.5 mJoules and
32 mJoules is stored in the human body. Discharges to
earth from the body will cause unpleasant and some-
times painful shocks at these energy levels but the amount
of energy is not dangerous to human life [13].

It can readily be seen from the data given in Table 2
that the energy available on the human body is at least
an order of magnitude greater than the minimum ignition
energy required for a wide range of explosive mixtures.
However, in ignition experiments conducted by Wilson
[17], it was found that body energies required for
ignition of coal gas/air and natural gas/air mixtures were
about 100 and 60 times the published values respec-
tively. One dominant factor which contrals this effect is
the rate of transfer of charge from the body to the
earthed electrode. The electrical resistance of the body
controls the mobility of the charge leaving it and hence is
expected to produce a spark of lower temperature than if
the body had practically zero electrical resistance.

Bajinskis and Lott [18] were able to cause the ignition
of an electrically ignited detonator by having an opera-
tor, wearing microcellular rubber-soled footwear, get up
from a chair, walk to the bench and touch the detonator
lead. The charge generated by rising from the chair was
unable to decay before the lead was touched. An

TABLE 2

Minimum Ignition Energy for Explosive Materials
and Gases

Ignition energy  Body voltage

Material mdJ kv Ref.
Hydrocarbon/air mixture 0.25 1.58 14
Hydrogen/air mixture 0.02 0.45 14
Ether/air mixture 0.20 1.41 14
Lead azide 0.004 0.20 15
Lead styphnate 0.003 017 15
Natural gas/air 0.3 1.73 16
Town gas/air 0.03 0.55 16

electrically operated fuse and a flash bomb were also
detonated by electrostatic discharges in similar tests

CONTROL OF STATIC ELECTRICITY

The most effective way of minimising the build-up of
static electricity is to ensure that the electrical resistance
of the contacting surfaces or the through or volume
resistance of the substances in contact lies within a
prescribed resistance range. The specified upper limit of
this range ensures that minimal electrostatic build-up
occurs and the lower limit protects persons from acci-
dental fatal shock from the electricity supply. This ap-
proach is especially applied to floor coverings and
tootwear where it is essential to guard against both of
these potential hazards. For example, antistatic footwear
should have an electrical resistance in the range
5x10*-5x10” ohms [19] while antistatic carpets for
computer rooms should have a through resistance of
5x10°-2 x 10" ohms [20-21].

Since the electrical resistance of textile fibre depends
upon their moisture content, and hence on the prevailing
relative humidity, reasonable control of static build up in
production situations can be achieved by maintaining a
suitable relative humidity.

In most situations, however, it is not possible to
control the relative humidity in the work place or at the
point of application of the textiles and hence some other
means of reducing static is required. The most common
means of control may be summarised as follows:

(1) Treat the textile with one of the wide variety of
commercially available antistatic agents

(2} Blend the textile with a conductive fibre, e.g.
stainless steel or carbon fibres

(3) In the case of synthetic fibres, incorporate suitable
antistatic compounds in the fibre spinning dope or
melt.

CLING TIME

Cling time test procedures attempt to duplicate the
clinging behaviour of clothing to the human body.
Clinging garments may feel uncomfortable, ride up the
body, look unsightly and spoil the drape of other cloth-
ing worn over them [11]. An example of such a test
method is the AATCC Test Method 115-1980 [22]
which integrates the effects of fabric weight, stiffness,
construction, surface character and finish application on
the tendency of fabrics to cling. A metal plate is used to
simulate the problems of clinging between charged
garments and the human body. However, fabric-to-
metal cling times cannot be directly related to fabric-to-
body c¢linging for different individuals [22]. The fabric to
be tested is rubbed with standard nylon and polyester
rubbing fabrics in the prescribed manner and the cling
time to the metal plate is recorded for three specimens in
both warp (or wale) and weft (or course) directions.
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Testing is discontinued if the cling time exceeds ten
minutes.

ELECTRICAL RESISTANCE

Test procedures based upon the measurement of the
electrical resistance of the textile are numerous and
exhibit a wide range of electrode geometries. Results
may be expressed as ohms, ohms/square, ohm cm?, etc
depending upon the electrode geometry and measure-
ment procedure. The electrical resistance of the textile
may be measured as a surface resistance where the
electrode system is placed upon one surface of the textile
or as a bulk or through resistance, sometimes called
volume resistance, where the resistance is measured
from the face to the back of the textile.

The test procedures can be subdivided into two broad
groups, namely, test procedures designed for fabrics
intended for apparel wear or furnishings and test pro-
cedures designed for floor coverings. The essential dif-
ferences between the electrode systems are in electrode
size and weight.

FABRIC TEST PROCEDURES

The test procedures outlined in BS 2050 [19], AATCC
76-1982 [23], AATCC 84-1981 [24] and DIN 53482
[25] are typical of the multitude of test procedures
available for the measurement of the electrical resistance
of fabrics.

Lewis and Pailthorpe [26] have compared the
measurements made by a number of test methods for
both the surface resistance and volume resistance of a
variety of textile materials. Excellent correlations were
found for surface resistance data between BS 2050 and
DIN 53482 and BS! (Draft) [27] while for volume
resistance electrode contact pressure was shown to have
a noticeable effect on the measured result.

In order to reduce the hazards from clothing it has
been recommended that the surface resistance should be
less than 5.0x 10" ohms [1] or 1 x 10" ohms/square
[28] at the desired working relative humidity.

CARPET TEST PROCEDURES
The test procedures designed for carpets are very similar
to those for fabrics except that the measuring electrodes
are usually heavier and larger. Some examples of such
tests would be the NFPASBA [29], ISO Draft [30] and
Draft Australian Standard AS2834 [20] test procedures.
Pass/fail criteria vary with test method and applica-
tion, but upper resistance limits of 2x10% ohms
[20-21] and 1 x 10" ohms [30] have been proposed.
Such upper limits will usually guarantee electrostatic
propensities of less than 1.0 kV as measured in a Stroll
Test [20] and thus not cause any discomfort to humans
or sensitive electronic equipment.

CHARGE BUILD-UP AND DECAY

Test procedures for both fabrics and carpets have been
devised which assess the generation of electrostatic
charges on the textile or on the test subject or the time
for such charge to decay. The time of decay is usually
expressed as the half-life time since the decay of charge
generally foliows an exponential function.

The electrostatic propensity of carpets can be assessed
directly by measuring the electrostatic charge developed
on a test subject whilst walking over the carpet. For
example, the AATCC 134-1979 test method [31] speci-
fies a standard set of conditions for such a test proce-
dure. The threshold of shock perception for the average
person is about 2800 V while some electronic equip-
ment may be sensitive to electrostatic discharges from
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persons charged to only 1000 V. The criticisms of test
procedures of this type are that the results depend on
shoe sole type, rate and style of walking and the
underlay and floor type over which the carpet is laid. For
example the test procedure specifies that the measure-
ments be made with the carpet laid over an insulating
rubber underlay and hence the surface resistance of the
carpet controls the charge build-up. However, in pra¢-
tice, in commercial installations the carpet may be laid
over concrete floors (which act as a pseudo-earth) and
metal access floors (which are earthed) and hence the
bulk, or through, resistance to earth controls the rate of
electrostatic build-up and decay.

Other methods have been devised which establish
standardised rubbing conditions for the sample and
measure the limiting values of the field intensity on
frictional charging and of the half-decay time {32].

Bajinskis and Lott [18] in assessing the electrostatic
hazards from insulated operators concluded that "‘Decay
time of the charge is a major factor in determining the
energy available, and is the best single parameter for
assessing the hazard'. In their work, the electrical resis-
tance of the footwear controlled the decay time of
charge after the test subject had risen from a chair. A
decay time of 0.1s with an associated energy of
0.0004 mJ, was selected as a safe value. The amount of
energy involved was one tenth of that required to ignite
even the most sensitive materials [18].

ANTISTATIC TREATMENTS

Wilson [2] has reviewed the types of antistatic fibres and
finishes available for the control of static electricity.
Wilson categorised these as (a) chemical (b) polyamides
(¢) fibres with metal or carbon additives and (d) metallic
yarns. Moderately or highly durable chemical treatments
of the fibre surface included Arkostat AC (HOE), Elfugin
UW and Statexan HA (BAY). Most of the treatments
reviewed were designed for synthetic fibres.

Fibres with internal antistatic additives are believed to
function [2] by providing a conducting layer in the form
of moisture and ions at the fibre surface by the slow
diffusion of the antistatic agent to the surface. Nylon 6
and nylon 66 antistatic fibres listed by Wilson include
Ultron (Monsanto), Anso X (Allied Chemical) and Ny-
lon L (Toray). No information was given on the nature of
the antistatic agents. Nevertheless cling times (for cloth-
ing fabrics) and walk test body voltages {for carpets)
demonstrated the effectiveness of the treatments,

Fibres with metal or carbon additives are claimed to be
more effective than fibres treated with humectants at low
humidities. In addition they are more resistant to clean-
ing and to wear. Some examples quoted [2] include
Antron Il (DUP) which has a conducting core of
polymer dispersed with carbon and Epitropic  (ICl)
which is a bicomponent fibre coated with carbon.

Metal fibres can be blended with natural and synthetic
fibres before spinning to produce carpet yarns. A satis-
factory effect can be achieved on carpets with about
0.5 % by weight of steel fibres on weight of pile. Some
of the better known metallic fibres include Bekinox
(Bekaert), Brunsmet (Brunswick) and Zefstat (Dow
Badische).

Wilson [2] concluded by suggesting that the future
trends will include the use of internal antistats and other
structural modifications in polyester, acrylics and other
synthetic fibres. He further predicted that, in hazardous
locations, conductive fibres are likely to play a dominant
role because of their low dependence on atmospheric
moisture.

Reich [10] outlined the general methods for reducing



the static generation in carpets as follows:

(i)  The incorporation of conductive fibres into the pile

(ii) The use of high-conductivity synthetics, and

{iii) The application of conductive substances to the
pile.

The application of antistatic compounds to the pile
was said to be a reliable and economical way of avoiding
static problems and Reich concentrated on that method
for the majority of the paper.

A few examples of the many classes of antistatic
chemical compounds given by Reich include polygly-
cols, polyglycol esters, fatty amide polyglycol esters,
ethoxylated amines, amine oxides, ammonium salts,
quaternary ethoxylated amines, quaternary fatty amide
amines, alkyl polyglycol ether sulphates, phosphoaric
esters, phosphoric esters of ethoxylated alcohols, am-
monium salts of phosphoric esters, quaternary polymers
of vinyl pyridine and quaternary copolymers of vinyl
pyridine and vinyl| pyrrolidone.

Reich [10] also outlined the user industry require-
ments for antistatic chemical compounds as follows:

(i) Ease of application - for easy application the
antistatic compounds must be readily dilutable and
suitable for normal agueous application procedures
such as spraying, application by kiss roller and
padding

(i) No effect on dyeing - the antistatic compound
must not affect dye fastness or colour

(ti) Thermal stability — the antistatic compound must
not decompose, vapourise or diffuse into the inter-
ior of the fibre during such processes as vulcanisa-
tion of the backing

{iv) No increase in soiling

(v) Good abrasion resistance

(vi) Moderate price — this requires that the antistatic
compound must be effective at low add-on.

Gutcho [33] has recently described the role of textile
conditioners as antistatic finishes for textiles. Gutcho
illustrates the discussion with examples taken from US
patents based upon quaternary ammonium compounds,
polychlorohydrin ethers and polyethers. Combined an-
tistat and softener compositions include iithium chloride
plus quaternary sulphates, amidopolyamine sulphonates
and methylolated fatty acid condensation products.

Sello and Stevens [34] have given an excellent, up-
to-date review of the available ternporary and durable
antistatic finishes. Temporary effects are obtained using
simple humectants such as glycerol in combination with
potassium acetate, inorganic salts such as lithium chior-
ide, amines such as triethanolamine, and various organic
surface-active agents.

The requirements for temporary antistatic finishes
given by Sello and Stevens include freedom from yel-
lowing and low toxicity, volatility and flammability. They
must also be non-corrosive, particularly if the treated
material comes into contact with metal equipment dut-
ing processing.

The most widely used class of compounds for tempor-
ary antistatic finishes was said to be quaternary am-
monium derivatives of fatty compounds [34]. Quater-
nary ammonium compounds normally impart very good
antistatic protection at levels as low as 0.25% on weight of
the material. The substitution of poly(oxyethylene)
groups for one or more of the alkyl groups present on the
nitrogen atom of the quaternary ammonium compounds
improves their water solubility.

Some anionic compounds are also used as antistatic
agents, particularly in ‘spin-finishes’. Some examples of
the anionics used are mixtures of mono- and diesters of

phosphoric acid and semiester salts of alkylphosphonic
acids.

Sello and Stevens also discussed durable antistatic
finishes for hydrophobic fibres in some detail. Durable
antistatic finishes are usually based mainly on the forma-
tion in situ of a cross-linked polymetic network contain-
ing ionic and/or hygroscopic groups. The ideal durable
finish should form an insoluble sheath around the fibres
and should combine the highest possible moisture re-
gain at medium to low relative humidities with the
lowest possible swelling in water.

Durable antistatic finishes consisting of cationic poly-
electrolytes containing polyethylene oxide were first
disclosed in 1957, and are still the most important class
of compound for durable antistatic finishing. These early
durable antistatic polymers were based on polyamines
containing poly({oxyethylene) groups in their backbone,
and were formed in situ in nylon, polyester of triacetate
tabrics [34].

Many further developments have been based on in-
solubilisation of hydrophilic prepolymers of similar struc-
ture with various cross-linking agents in addition to
poly(ethyleneglycol) dihalides, such as epoxy com-
pounds, cyanuric chloride, acryloyl and allyl derivatives
of piperazine and hexahydro- s-triazine, polyaziridines
and N,N’-methylene-bis(acrylamide).

The use of polyhydroxypolyamines (PHPA) in cross-
linkable antistatic systems has the advantage that more
hygroscopic oxyethylene groups can be included in the
structure while providing additional cross-finkable hy-
droxyl sites.

Sandostat PWA Liquid (S) is a cationic condensation
product used for finishing textiles made from polyamide,
polyester or acrylic fibres. When cross-linked with the
optimum ratio of hexa(methoxymethyl)melamine
(HMMM), Sandostat PWA gives excellent antistatic
performance without any substantial impairment of soil-
release properties and only moderate impairment of soil-
redeposition properties. Similar results were obtained
using Ethoquad 1825 (Armak Industrial Chemicals Divi-
sion) [34].

Another approach for the insolubilisation of durable
antistatic finishes involves the application of palyfunc-
tional «,5-chlorohydrin terminated polymers containing
poly{ethylene oxide) and a tertiary or quaternary nitro-
gen in the backbone.

PROTEIN FIBRES

Providing the relative humidity is above about 50 %,
protein fibres can usually be considered ‘low static’ for
normal domestic and commercial use. However at low
relative humidities, in common with other textile fibres,
protein fibres are susceptible to the development of
static charges. For specialised applications, where static
build-up must be minimised for various safety reasons,
protein fibres require an antistatic treatment.

Clothing made from wool usually causes no electro-
static generation problems when worn. However, sub-
stantial charges can be generated as a result of removing
an outer wool garment, e.g. a pullover, from the person.
For this reason the removal of outer garments, irrespec-
tive of fibre composition, is usually banned in hazardous
working environments.

In spite of its high regain, wool fabrics have high
surface resistance even at 65% r.h. Lewis et al. [26]
report values of 6.0 x 102 ohms while Brown et al. [35]
report values in the range 10"°-10" ohms depending
upon wooi and fabric type. Oxidation of the wool
[36-38] usually causes a reduction in the surface resis-
tance probably by making the wool epicuticle more
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hydrophilic in character. The surface electrical properties
of wool have been reviewed by Makinson [39].

Wool carpets, in common with all usual carpet fibre
types, generate substantial static charges on the body of
the person walking over the carpet. At low humidities
(20-25 %) it is not uncommon to measure negative
body voltages in the Stroll Test [31] of 10000-17 000 V
on wool carpets [40].

Aliquat 336 (trioctylmethylammonium chloride) has
been shown [41-43] to be very effective in reducing the
electrostatic charge build-up caused by walking on wool
carpets. Aliquat 336 is insoluble in water and is marketed
as a dispersion under the tradename Disperstat W
(Stevenson Bros Ltd) [44). Treatment levels of
0.8-1.2% wt/wt reduce the body voltages in the Stroll
Test from —16 000 V to zero. However, further addition
of Aliquat 336 causes the body voltage to increase to
about +3000 V. This result suggests an overall tribo-
electric effect, which varies according to the extent of
masking of the wool surface [40]. This proposal 1s
supported by the fact that Disperstat W does not sig-
nificantly reduce the electrical resistance of wool [26].

Wool carpets may also be made antistatic by blending
with stainless steel fibres and by using a conductive latex
to bind primary and secondary backings [45]. The IWS
[46] has outlined the range of antistatic agents available
for wool yarns, fabrics and carpets. Recent work by
Brown and Pailthorpe [35] has shown that quaternised
ethoxylated amines with polyethylene oxide chain
lengths of mol. wt 600 are very effective in reducing the
electrical resistance of wool fabrics. Surface resistance
values drop from 10 ohms to 10° ohms at 65% r.h. ltis
proposed to make the antistatic finish washfast by
reaction with epoxy groups.

Silk fibres can be made antistatic by grafting the fibres
with glycidyl methacrylate, styrene and methyl metha-
crylate [47].

After degumming, silk treated with 6% alky! trimethyl
ammonium chloride for 30 min at 40-45°C is antistatic
[48].

CELLULOSICS

Cotton materials are usually considered to be low static
and are the preferred materials for applications where
electrostatic discharges must be avoided, e.g. operating
theatres, armourers, etc.

Cotton has a low surface resistance at 65% r.h., being
in the range 10°-10" ohms/square [17] increasing to
10%-10" ohms at 20 % r.h. Thus for normal applications
any charge produced upon rubbing the cloth can readily
flow back to the point of separation and be neutralised.
Hence for the processing of cotton, humidity control in
the mill is all that is usually necessary and antistatic
treatments are not common for cellulose.

Antistatic agents may be sprayed onto the cotton
seeds before ginning [49] to minimise electrostatic
problems while alkylolated polyurethane resin com-
pounds [50] can be applied as antistatic agents to cotton
fabrics.

ACETATE

The electrical resistance of acetate fabrics can be reduced
significantly by surface saponification with sodium hy-
droxide. Dolgova et al. [51] have reported a drop in
resistance from 5.3 x 10" to 9 x 10° ohms after surface
saponification.

Acetate fibres, after surface saponification with so-
dium hydroxide, can be impregnated with carboxyme-
thylcellulose, urea and a binder to produce a hydrophilic
antistatic surface [52].
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Antistatic treatments based on polyethylene oxide
derivatives give good results [53] while salts bound to
the fabric surface are also claimed to confer an antistatic
effect [54].

POLYOLEFINS

Polyolefin filaments can be spun from a mixture contain-
ing carbon black and a free-radical forming organic
peroxide. The filaments are first cooled and then passed
through a microwave field in which cross-linking occurs
to produce weavable, cross-linked conductive fibres
[65]. Antimony-doped, tin oxide-coated, titanium diox-
ide particles (0.2 um diameter) are also effective anti-
static agents for polyethylene fibres [56].

Antos et al. [67] have made polypropylene fibres more
hydrophilic in character by initiating grafting with maleic
anhydride in a peroxide medium and then curing with
ethoxylated alkyl phenols or polyglycol ethers. Alterna-
tively, the maleic anhydride may be photochemically
grafted to the polypropylene [58]. Similar hydrophilic
character can be achieved by treating polypropylene
with the condensation product of maleic anhydride/
polypropylene/ethoxylated atkyl phenol or polyethylene
glycol/poly (octadecyl maleic anhydride) [59] followed
by heat curing. The hydrophilic polypropylene so pro-
duced has improved antistatic behaviour. A graft
copolymer produced from ethylene/3-methylbutene/
maleic anhydride and polyethylene oxide when blended
with polypropylene and subseguently melt-spun [60]
forms antistatic polypropylene fibres. Other internal anti-
static agents include alkali-metal salts of alkylphos-
phates [61] and tetrahydropyrimidines in which two
long alkyl chains are present [62].

Polypropylene fibres spun from a mixture containing
polypropylene, a polyether ester-amide and nony! phe-
nyt phosphate have greatly improved antistatic quality
[63]. Even after twenty washings the surface charge is
reduced from 8 600 V to 700 V in a rubbing test. Similar
results are obtained for polypropylene which is first
epoxidised and then reacted with polypropylene glycol
(mol. wt 300-2 000) in the presence of sulphuric acid at
60-120°C. After five launderings the surface potential is
reduced from 14.5 kV to 4.8 kV [64].

Polyolefin fibres used in brattice cloths intended for
use in the mining of coal can be made both antistatic and
flameproof by treating with a combination of chlorinated
paraffins, electrolyte, hygroscopic surfactant and an
elastomeric binder [65].

ACRYLICS

Acrylic fibres can be made ‘conductive’ by spinning from
mixtures containing electroconductive fillers such as
carbon black [66], antimony tin oxide or titanium oxide
[67], ammonium or metal salts [68] or copper ions [69].

Washfast antistatic fibres are prepared by including

antistatic agents such as:

(i) Diacrylic ester of polyethylene glycol [70]

(i) Polyalkylene oxide compound containing sulpho-
nate groups [71]

(i} Sulphur-containing polyethers [72]. or

(iv) Polyester/polyether block copolymers {73-75] in
the fibre spinning mixtures.

Garvanska et al, [76] report a reduction in volume
resistance for acrylic tow treated with an antistatic agent
based upon ethoxylated diethylene triamine from
21x10"™ ohm cm? to 8.4x10° chm cm? at 65% r.h.
Other lubricant finishes for the processing of acrylics are
based upon cationic agents [77] or compositions based
upon polymer cationic agents in combination with an
anionic surfactant [78].



POLYAMIDE
Normal polyamide fibres, and fabrics produced from
them, have high electrical resistance values even at high
refative humidity. Depending upon their chemical, ther-
mal and mechanicai history there is a wide variation in
the electrical resistance of different specimens of nylon
[8]. Because of their high electrical resistance, nylon
fabrics and carpets have a high electrostatic propensity
which is responsible for such problems as fabric cling
and electrostatic charge generation whilst walking over
nylon carpets. A review by Davis [79] outlines the
electrostatic propensity problems with nylon carpets
while Taeger et al. [80] have outlined the criteria to be
used in assessing the suitability of antistatic agents for
the internal modification of nylon filaments.

Earlier antistatic treatments for nylon included the
silver coating of nylon fibres for use in tufted carpets
(81--82]. The silver was applied to the fibres from an
aqueous solution containing the silver salt, ammonia, an
anionic surfactant and formaldehyde to form a conduc-
tive nylon fibre {81]. More recently, conductive nylon
fibres have been spun containing:

(i) Copper sulphide and silver sulphide [83]

(i) Tin oxide or tin oxide coated particles [84]

(iii) Copper iodide and carbon black in a nylon core
surrounded by a nylon sheath [85], and

(iv) A nylon 66 core with a 30/70 nylon 6/nylon 66
copolymer sheath containing conductive carbon
black [86].

In the last two examples, resistance values of 7 %108
ohm ¢m? and 5 x 10° ohm cm? respectively are claimed.

Antistatic nylon fibre can be produced by incorpora-
ting a variety of poly(ethylene oxide) or poly(ethylene-
imine) derivatives in the spinning melt. For example:

(i) 3% of a block copolymer of N-acrylethylene imine
and poly{oxyethylene) [87]

(ii) 2-10% of poly(acetylethylene imine) [88]

(iii) 2% wt/wt of poly(ethyleneglycol-ethyienediam-
ine) ether or poly(ethyleneglycol-diethylenetriam-
ine ether) [89-91]

{iv) Polyglycol ether phenyl derivatives [92-94] and

(v} Ethoxylated alkylamines [95].

Such treatments are claimed to reduce the electrical
resistance by many orders of magnitude [89-90] or
reduce the half life for charge decay from greater than
60 s for the control to about 2 s for the treated specimen
[95].

Normal nylon can be made antistatic by a variety of
aftertreatments including:

(i) Coating with aluminium fibres and particles fixed
in a polyurethane elastomeric binder [96] giving a
surface resistance of 5 x 108 ohms

(i) By treating with a solution of diglycidy! ether of a
polyethyiene glyco! and heat curing [97-98] to
give an antistatic finish fast to 50 washings

(iii) Grafting with polyacrylic acid followed by conver-
sion to the sodium salt [99]

(iv} Finishing the surface of carpets with a black copoly-
mer of poly(ethylene oxide) and poly (methyl-
methacrylate) [100]

{v) Applying an antistatic agent prepared by methylol-
ation of nylon 6 followed by esterification with
poiyethylene glycol [101].

POLYESTER

Considerabie work has been carried out on reducing the
static propensity of polyester materials since polyester
usually has a very high electrical resistance. For example,
even at 65% r.h. the surface resistance of polyester can
exceed 10" ohms [8]. Recent reviews [102-104] cover

the problem of static build-up on polyester and discuss

the effects of synthesis conditions, heat setting and

sodium hydroxide treatments on the properties of poly-
esters,

Caustic soda treatments, which are normally used to
restore handle after heat setting, are claimed to reduce
the static problems on polyester [105-108]. For exam-
ple, Li [108] has reported that a sodium hydroxide
treatment reduces electrostatic charge generation from
280 V to 100 V and the half-life from 5 to 2.5 5. Saneda
[109] has patented a process wherein the polyester is
first treated with caustic soda and then dipped in a 10%
aqueous solution of a polyethylene glycol (mol. wt
1000) which contains epoxy groups at each end of the
poly (oxyethylene) chain. The treatment is claimed to be
fast to 30 washings.

Electroconductive polyester fibres can be spun by
including copper iodide and a poly(oxyalkylene) [110]
or by melt spinning together one polymer as the sheath
and a second polymer containing carbon black as the
core [11]. In the latter case poly (ethylene terephthalate)
forms the sheath around a nylon 66 core containing 35%
carbon black. The whiteness of the carbon black ‘doped’
fibres can be improved by preparing hollow fibres
wherein polyethylene terephthalate containing 35% car-
bon black forms the inner ‘tube’ around which is a poly-
(ethylene terephthalate) sheath [112]. Hollow fibres can
also be prepared where the hollow core is coated with
polyoxyalkylene glycol and an anionic antistatic agent,
e.g. sodium alkyl sulphonate, is dispersed through the
fibre [113].

A variety of compounds can be included in the meit
prior to spinning, for example:

(i) A compound derived from the polyesterification of
2.2 dimethylpropane-1,3-dial [114]

(i)  Sulphonated polyoxyalkylenes [115]

(iii) Polyoxyalkylene glycol [116-117]

(iv) Esteramides, e.g. N-(2-hydr0xyethy|)-N~(2-capri-
noyloxyethyl) capric acid amide [118]

(v) Various polyoxyaikylene derivatives [119-121].

Polyester fibres, yarns and fabrics can be treated in a
variety of ways to achieve washfast antistatic properties,
for example:

(i} A poly(ethylene oxide)diglycidyl ether and an aci-
dic catalyst such as zinc fluoroborate cured at
150°C gives a washfast finish [1 22]

(i)  Polyethylene glycols or polypropylene glycols can
be fixed to polyester with a diglycidyl ether [123]

(iii) Condensation products of a fatty acid (e.g. capric
acid) and an alkanolamine {e.g. diethanolamine)
give a durable spin finish [1 24]

(iv) Quaternary ammonium salts reduce the surface
resistance from 1x10" to 1.3x10° ohm em?
[125], while quaternary ammonium functional sili-
con compounds [126] are claimed to reduce the
electrical resistance from 1.02x 10" to 3.5 x 10
ohms when a 5% solution is applied

(v) Block copolymers containing a polyester segment
and a polyoxyaikylene segment of mol. wt 600
[127-128].

(vi) Esteramides, e.g. N-(2-hydroxyethyl) - N- (2-lau-
royloxyethyl)-lauramide [129].

(vii} Various acrylic derivatives [130-133].

CONCLUSION

As can be seen from the above discussion, a wide range
of antistatic preparations is now available for the
production of antistatic fibres. It is now possible to
obtain antistatic fibres, under a variety of trade names,
which will meet most antistatic criteria. Aiternatively,

REV. PROG. COLORATION VOL. 16 1986 13




antistatic fibres can be blended with conventional fibres
for the production of safety clothing, antistatic carpets,

etc.

Antistatic finishes are readily available for the after
treatment of fibres or compaosites. However, many do not
have a suitably high washfastness. Recent developments
include the production of reactive antistatic agents
which either react with the fibre or crosslink to form a
washfast surface treatment.

Thus it should now be possible to produce textile
commodities which will satisfy consumer requirements
for low static applications.
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