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Abstract Human hair fibers in virgin and dyed forms

were treated with atmospheric pressure helium, helium/

oxygen, argon, and argon/oxygen plasma jets at 20 W of

power. The effects of 10-min plasma treatment on surface

morphology and chemistry were studied by scanning

electron microscopy and X-ray photoelectron spectros-

copy, respectively. The plasma treatment was quite effec-

tive for removing the organic residues from the surface and

creating oxidized functional groups. Helium plasma had a

mild cleaning effect on the surfaces while argon/oxygen

plasma had the strongest corrosive effect. Mild hydrogen

peroxide treatment for the same duration had neither the

cleaning nor the oxidizing power of the plasma jets. These

types of plasma jets have the potential to replace peroxide

treatment. The corrosive jets can be used to restore dyed

hair fibers. In addition, the jets can be used to clean the

surfaces of hair fibers to prepare samples for analytical

investigations where the organic residues may induce

problems.

Keywords Atmospheric pressure plasma jets � Hair

treatment � Surface cleaning � Plasma corrosion

1 Introduction

Atmospheric pressure cold plasma jets have been used in

textile, plastics, and automotive industry for a while [1–6].

Such plasmas are not under thermal equilibrium; typical

ion temperatures are about 300–400 K while the electron

temperatures are much higher [4]. This feature enables the

users to treat sensitive surfaces without the risk of thermal

damage. Atmospheric pressure plasma jets can meet the

practical requirements for surface activation, cleaning,

decontamination, or etching by changing the gas mixture

and/or excitation source [1–5].

Despite many laboratories employing atmospheric

pressure plasmas, even the reports on treatment of the same

surfaces may not always agree. The reason for the multi-

tude of information is that cold plasmas can be excited with

pulsed DC, AC, RF, and microwave sources thus gener-

ating a spread of electron and ion densities and energies

with various designs [7–9]. Furthermore, the presence of

highly energetic electrons, (deep) UV radiation, active

radicals, and metastable atoms in the plasma leads to

competing complex reaction mechanisms.

Natural and synthetic textile fibers have been treated

with atmospheric pressure plasma systems to alter wetta-

bility, surface roughness, chemical composition, and dye

uptake [6, 10–15]. We could find only one report about the

air plasma treatment of hair fibers to alter surface chemistry

[16]. Unfortunately, the details of the plasma application,

high-resolution microscopy images, or detailed surface

compositions were not presented. The current work reports

the detailed results of atmospheric pressure cold plasma jet
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treatment of human hair fibers, to our knowledge, for the

first time. Homemade plasma jets were used to treat the

surface of human hair fibers and the surface chemistry and

morphology changes were investigated.

The human hair is made out of three sections: the out-

ermost cuticle, the middle cortex, and the innermost

medulla [17]. The medulla is a thin cylindrical section rich

in lipids, while the cysteine-rich cortex surrounds the

medulla. The outermost cuticle is made out of overlapping

segments typically 8–11 layers. Each cell of the cuticle has

a top ca. 3-nm layer called the epicuticle. The chemical

composition of the top layer has been determined in detail

by various analytical techniques [18, 19]. The epicuticle

normally has a hydrophobic surface due to the extensive

coverage by 18-methyl eicosanoic acid (18-MEA) (ca.

25 %) containing lipids as well as the proteins (ca. 75 %)

rich in cross-linked cysteine. The 18-MEA layer is chem-

ically bonded to the amorphous keratin through thioester or

ester groups [20, 21]. However, 18-MEA layer is described

to have a heterogeneous coverage [22–24].

The top layer can be stripped off via processes such as

peroxide treatment [25–27], or ultraviolet exposure [26].

During the chemical process, i.e., bleaching, the chemistry

of the top lipid layer and, when exposed, underlying

proteins are altered [19] resulting in the changes in sur-

face energy and hydrophobicity [24, 25], luster [28], and

mechanical properties [21]. The surface of a bleached hair

fiber has lower cysteine and higher cysteic acid (–SO3
-)

contents due to the removal of the 18-MEA layer and

oxidation of cysteine groups [19]. However, for cosmetic

applications, it is desirable to remove the top lipid layer

to decorate the surface with negatively charged cysteic

acid groups since they can interact with polar and reactive

groups of coloring agents more efficiently. On the other

hand, since the permanent coloring products contain

copious amounts of alkaline peroxide in an oxidative

environment, the hair fiber must also be protected by

adding fatty alcohols, cationic surfactants, or polymers to

the dying emulsions [27]. Therefore, a search for milder

reaction conditions is always active, especially for those

with intolerance and possible dermatological reactions

(2–15 % of general population) to bleaching agents [27].

In this work, atmospheric pressure plasma jets are

evaluated for their potential to strip the lipid layers from

the top epicuticle layer. Since the plasma gases are dis-

carded to ambient atmosphere, the use of reactive gases

such as ammonia, methane, or nitrous oxide is not per-

missible [11]. Instead, noble gases such as helium and

argon were used to generate plasma jets. Since it is easier

to reach plasma conditions with noble gases than air, the

power is typically lower. The reactivity of the plasma jet

was also increased by the addition of small amounts of

oxygen.

The possible applications of the plasma jets are not

limited to cosmetics of hair fibers. A dry cleaning method

can also prove useful for preparing specimen (hair, nail,

scab, etc.) for analytical analysis. The ease or resistance to

surface modification upon plasma treatment may also be

employed as a forensics and/or diagnostic tool.

2 Experimental

Hair samples were taken from two Caucasian female

donors in early 20 s. One donor’s hair has never been dyed,

i.e., virgin hair, and the other sample had dye on it. Single

strands of hair about 50 cm were taken; the first and last

5-cm segments were discarded. The remaining part was cut

into 5–7-cm-long pieces and suspended across boat-shaped

homemade ultra-high vacuum (UHV) compatible holders

for plasma treatment. The length of hair fiber available for

treatment was about 3 cm. The center part of the hair

segment was treated with atmospheric pressure helium,

helium/oxygen, argon, and argon/oxygen plasma jets for

10 min.

For comparison, hair samples were also treated for

10 min with mild hydrogen peroxide solution (3 % w)

basified with ammonia (100:1 v/v). The 5–7-cm-long fiber

strips were placed in the freshly prepared solutions. Gas

evolution near fiber surface was observed during the

treatment indicating the degradation of hydrogen peroxide.

At the end of treatment time, the fibers were rinsed with

deionized water, dried under ambient conditions, and

placed on the UHV compatible holder.

The homemade atmospheric pressure cold plasma sys-

tem is based on dielectric breakdown design with a central

electrode in a cylindrical glass tube (6-mm diameter) and a

ring outer electrode. The excitation is provided by a 1:800

transformer energized by a DC power supply and triggered

with a MOSFET at 1–10 kHz. The Vpp is about 12 kV, and

the average power drained from the DC supply is about

20 W. Cold plasmas are generated by He, He-1 % O2, Ar,

and Ar-1 % O2 gases, (mixtures) where the flow rates were

adjusted with manual flow meters. The triggering fre-

quency, flow rate, and duty cycle were optimized for (near)

resonance operation. The plasma jet diameter was about

3 mm and covered the entire diameter of the fiber. The

distance between the torch and the hair fiber was about

10–15 mm. Plasma treatment was carried out by placing a

single hair fiber, stretched across the UHV compatible

holder, directly under the plasma jet under ambient con-

ditions. The holder was placed in the experiment chamber

within 1 h of the treatment.

The X-ray photoelectron (XPS) spectra were recorded

with Thermo Scientific K-alpha model XPS using mono-

chromatized Al Ka radiation (1486.7 eV) with a spot size
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of 300 micrometer on the single hair fiber. The fiber

diameter was smaller than the X-ray spot size; however,

since the fiber was suspended, superfluous background

signal from the sample holder was not generated. A low-

energy flood gun (e0, Ar?) was used for charge compen-

sation. The pass energy of 50 eV corresponds to an energy

resolution of roughly 0.5 eV. The base pressure of

1 9 10-9 mbar rose to 1 9 10-7 mbar under operation.

The spectra are referenced for the C 1 s signal at 285.0 eV

and intensity normalized for each hair sample with respect

to the C 1 s spectra. The Avantage v5 software by Thermo

Fischer Scientific was used for quantification.

The FE-SEM analysis was conducted with a Zeiss Ultra

Plus field-emission scanning electron microscope operating

at low voltage (0.5–2 kV) to avoid surface damage and

charging. Additional conductive coating was not applied to

the samples.

The plasma treatments were repeated three times. The

XPS spectra, for each sample, were collected from 3–5

different points within the region exposed to the plasma jet.

The quantitative results were reproducible within ±5 %.

The representative images and spectra are presented here.

3 Results

3.1 Virgin Hair

The FE-SEM images of virgin hair, virgin hair treated with

atmospheric pressure helium, helium/oxygen, argon, and

argon/oxygen plasma jets for 10 min are presented in

Fig. 1. For comparison, virgin hair treated with basic

hydrogen peroxide solution is also presented. The virgin

hair (Fig. 1a) has the overlapping cuticle structure with

organic residues on and in between the layers of the cuticle.

The organic residues are most likely 18-MEA and any

other matter gathered from the environment (scalp) and

hair care products.

Treatment of virgin hair with helium plasma jet for

10 min (Fig. 1b) removed the residues on the cuticles.

After the treatment, only the residues in between the layers

remained since the plasma jet could not reach these loca-

tions. The surface morphology of fiber remained unchan-

ged. Introduction of oxygen into the helium plasma

(Fig. 1c) not only cleaned the surface but also created a

slightly rough surface covering the entire epicuticle. This

new formation is most likely due to the oxidation of the

organic/inorganic matter on the surface. The argon plasma

jet treatment of the virgin hair surface (Fig. 1d) leaved a

clean surface without organic residues; however, there was

minor surface damage in terms of discoloration and pitting.

The lack of organic coating on the surface is also deduced

from the quality of the SEM image recorded under the

same conditions as others. Argon plasma seems to have a

greater cleaning effect than helium; even the spaces

between the layers were cleaned and crisp SEM images

could be taken. Mixing oxygen with argon (Fig. 1e)

removed the residual organics effectively and high-quality

SEM images could be taken. However, it also generated

small humps all over the surface causing increased

roughness. This effect is much more significant compared

to the He/O2 plasma jet case. The virgin hair sample treated

with basic hydrogen peroxide (Fig. 1f) on the other hand

did not show signs of severe cleaning or etching on the

surface. The residual matter on and in between the layers

was still highly visible.

The detailed XPS analysis of plasma jet-treated virgin

hair is presented in Fig. 2. The bottom spectra belong to

untreated virgin hair. The surface carbon content is about

80 % mostly due to the aliphatic carbon from 18-MEA

registered at a binding energy of 285.0 eV. A weak

shoulder on the higher binding energy side in the C 1 s

region reveals the presence of carbonyl and carboxyl spe-

cies. These species, and the nitrogen-, oxygen-, and sulfur-

containing moieties, are due to the protein layers under the

18-MEA layer. This is a valid assumption since XPS is

sensitive to the top 3–5 nm of the surface due to the

inelastic electron mean free path [29], and the length of a

C18 carbon chain is about 2.1 nm [30]. The symmetric N

1 s peak, centered at 400.3 eV, is indicating the presence of

amine groups due to the amino acids present in the epi-

cuticle layer [29]. The nitrogen content is about 3.5 %. The

O 1 s peak is positioned at 532.4 eV for carboxyl moiety of

the peptides with an abundance of 13.3 %. The S 2p region

shows the presence of two different sulfur moieties; the

organic sulfur, i.e., S–C or S–S, at 163.9 eV from the

cystine groups and an oxidized sulfur moiety at 168.7 eV

[29]. The sulfur peak at 168.7 eV is assigned to the cysteic

acid (–SO3
-) group, which arises due to the stripping of the

18-MEA layer [19]. This reveals that the virgin hair fiber

has regions where the 18-MEA layer is already stripped.

The intensity of the oxidized sulfur moiety is higher than

the organic sulfur groups. However, the unexpected

intensity pattern can be explained by the attenuation of the

photoelectrons from the organic sulfur moieties by the long

carbon chain lipid layer, since the virgin hair is expected to

have extensive 18-MEA coverage. The amount of total

surface sulfur is low, ca. 0.8 %, which yields a non-stoi-

chiometric C/S ratio for pure 18-MEA layer. This obser-

vation also supports the fact that the observed XPS spectra

have contributions from the underlying protein layer.

Finally, Si 2p region reveals the presence of 2.3 % silicon

due to the use of hair care products. The binding energy of

102.3 eV confirms the siloxane structure [29].

Figure 2 also shows the XPS results of virgin hair

treated with helium, helium/oxygen, argon, and argon/
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oxygen plasma jets for 10 min as well as hair treated in

basic hydrogen peroxide for 10 min. For the hair treated

with helium plasma jet, the clear increase in the intensity of

the high-binding energy side of C 1 s reveals the oxidation

of surface carbon species. At the same time, the carbon

amount decreased to 60.5 % which is consistent with the

SEM observations. The increase in the oxidized carbon

species was also accompanied with the increase in the

oxygen content of the surface from 13.3 to 26.2 %. This

increase is most likely due to the reaction between oxygen

and/or water vapor with the radical groups on the surface

generated during the plasma jet treatment. At the same

time, the nitrogen amount increased slightly to 6.6 % and

oxidized nitrogen species arose in the higher binding

energy side of the N 1 s spectrum. A significant change in

the S 2p spectrum was observed; the oxidized sulfur

amount increased several folds and the total sulfur content

increased to 2.7 %. The silicon 2p peak showed a slight

shift in the binding energy to 103.2 eV indicating the

partial oxidation of the silicon species. The amount of

silicon also increased to 4.0 %. One can argue that upon

removal of the organic residue, nitrogen, sulfur, and silicon

species are more exposed on the surface and slight

increases in the quantities were detected. For these species,

the oxidation of moieties is also evident due to the

increasing intensity of peaks on the high binding energy

side. However, alternative explanations are also possible

for the increased quantities. It is well known that nitrogen

in air can be excited and ionized by the metastable helium

atoms present in the helium plasma jet [31, 32]. Therefore,

nitrogen addition to the organic structure is also a possi-

bility. The increase in the oxidized sulfur moiety signifies

that the helium plasma jet application strips the 18-MEA

layer, and the cysteic acid groups are now exposed on the

top surface.

Introduction of 1 % oxygen into the helium plasma

modified the surface similar to the helium plasma jet case.

The C 1 s region showed a small increase in the high

binding energy side, while the total carbon amount

decreased to 61.4 %. The N 1 s peak broadened toward the

higher binding energy side, the O 1 s peak slightly shifted

to higher binding energy, the intensity of the S 2p peak for

Fig. 1 FE-SEM images of

a virgin hair, virgin hair treated

with b He plasma, c He/O2

plasma, d Ar plasma, e Ar/O2

plasma, f H2O2 solution
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cysteic acid groups increased, and the Si 2p peak shifted

toward higher binding energy side. Comparable to the

helium plasma jet case, the nitrogen, sulfur, and silicon

species previously located at the subsurface moved toward

the top surface upon the removal of the residual organic

layer.

Argon plasma jet treatment of virgin hair was quite

effective in cleaning the surface hydrocarbons. Although

the amount of carbon (64.4 %) is comparable to previous

cases, the SEM images corroborate to the better cleaning

performance of argon. The reason of similar C 1 s intensity

is the underlying organic content, i.e., cuticle, which is

common for all hair samples. In addition to the better

cleaning performance, the argon seems to have higher

oxidation efficiency as deduced by the nitrogen and oxygen

1 s signals. The oxidized nitrogen species at 402.2 eV

gained significant intensity with argon plasma jet treatment

compared to other treatments. The increase in the nitrogen

content is not as much as the previous cases, i.e., 4.9 %;

however, this may be an indication of a mild etching

process, as well. The binding energy shift of the O 1 s peak

to 532.7 eV also supports the higher oxidation efficiency of

the argon plasma jet. The oxygen content at 23.7 % is

comparable to previous cases. The S 2p region was dom-

inated by the cysteic acid groups at 168.6 eV with 2.6 %

abundance. The organic sulfur content around 164 eV is

quite weak indicating a near-complete stripping of the

18-MEA layer. This is probably the reason of much crispier

SEM image since charging of surface is less likely to

happen when it is almost completely covered with anionic

cysteic acid groups. The Si 2p region showed the presence

of Si4? species at 103.3 eV as well as less oxidized moi-

eties with an overall abundance of 4.4 %.

Introduction of 1 % oxygen to argon plasma jet altered

the surface composition slightly compared to argon only

jet, despite the morphological changes observed in SEM

images. The carbon content decreased to one of the lowest

values observed, i.e., 60.9 %, with contributions from

oxidized carbon species. The nitrogen signal was a little

lower than the argon only jet, i.e., 4.1 %, with significantly

less contribution of the oxidized nitrogen species. The O

1 s peak was shifted to slightly higher binding energies and

reached the maximum amount, i.e., 25.8 % among all the

samples investigated. The sulfur species were almost

completely the cysteic acid moieties at 167.7 eV; however,

the amount, 1.7 %, was the lowest among all the plasma jet

treatment cases. The silicon amount also presented another

extreme; the quantity of 7.4 % was the highest among all

samples. The majority of silicon species had ?4 oxidation

state with binding energy at 103.3 eV in addition to the less

oxidized moieties at lower binding energy values. These

results demonstrate the corrosive nature of the argon/oxy-

gen plasma jet. The argon/oxygen jet treatment clearly has

started to remove the cysteic acid groups from the surface

causing a decrease in the sulfur amount. The increase in the

silicon amount is related to the small humps observed with

Fig. 2 XPS spectra of virgin

hair and hair treated with He,

He/O2, Ar, Ar/O2 plasma jets

and H2O2
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SEM covering the entire surface. The oxidized silicon

species (SiO2) bind to the surface and enrich while the

organic material is removed, probably in the form of vol-

atile oxides, during the mild etching process.

For comparison, the virgin hair was also treated with

3 % H2O2 solution as described in the experimental part.

Peroxide treatment decreased the carbon amount from 80.1

to 68.0 % while generating significant amounts of oxidized

carbon species. The nitrogen amount increased signifi-

cantly to 8.8 % due to the presence of ammonia in the

solution. The O 1 s peak, contrary to other cases, was

positioned at 531.5 eV and its amount was registered as

18.2 %. The opposite shift in the oxygen position signifies

the differences in the chemical/physico-chemical processes

involved in removing the 18-MEA layer. This effect is also

visible in the unshifted binding energy position of the sil-

icon species. The sulfur 2p region showed the presence of

two different sulfur species, organic sulfur at 163.5 eV, and

the cysteic acid moieties at 167.7 eV with comparable

intensity. The total amount of surface sulfur was greater

than that of virgin hair. Contrary to the deduction from the

SEM images, the H2O2 treatment did generate chemical

changes on the surface by removing the 18-MEA layer

partially. However, the extent of this chemical change was

not as significant as plasma jet treatment, nor it shared the

same chemical processes.

3.2 Dyed Hair

The FE-SEM images of the dyed hair, dyed hair treated

with helium, helium/oxygen, argon, and argon/oxygen

plasma jets and H2O2 solution are presented in Fig. 3. The

dyed hair surface looks quite different than the virgin hair

(Fig. 3a). A thick layer coats the epicuticle layer and fills

the gaps between the layers. Residual organic matter, most

likely from the scalp lipids, is visible on the step edges of

the cuticle layers and on the sides of the image. Helium and

argon plasma jet treatments were successful in removing

the organic residue, but they did not induce any noticeable

morphology changes on the surface (Figs. 3b and d,

respectively). Introduction of oxygen into the helium

plasma jet not only cleaned the organic matter, but also

generated pitting corrosion on the coating (dye) layer as

indicated with arrows in Fig. 3c. Argon/oxygen plasma jet

treatment (Fig. 3e), on the other hand, lead to an overall

coverage of the surface with small lumps, most likely

oxidation products. These lumps increased the surface

roughness of the fiber significantly. Hydrogen peroxide

treatment of dyed hair (Fig. 3f) did not induce noticeable

morphology change within 10 min.

The XPS analysis of the dyed hair in ‘‘as is’’, plasma jet-

and hydrogen peroxide-treated forms are presented in

Fig. 4. The dyed ‘‘as is’’ hair has C 1 s peak at 285.0 eV

with a small shoulder on the high binding energy side

indicating the small amount of carbonyl and carboxyl

species on the surface. The surface carbon amount was

61.5 %. The N 1 s region showed the presence of 3.6 %

nitrogen in the form of amine and nitro groups at 400.1 and

402.8 eV, respectively. The surface oxygen amounted to

21.9 % with a binding energy of 532.5 eV. The sulfur 2p

region shows the presence of two different kinds: the

organic sulfur at 164.0 eV and the oxidized sulfur at

168.0 eV. The total amount of sulfur was 1.1 % with 2/3 of

them in oxidized form. The amount of silicon was quite

high due to the dye, 11.9 %, and the binding energy of

102.2 eV indicated the presence of siloxane species.

Helium plasma jet treatment of the dyed hair fiber cre-

ated minor changes on the surface chemistry. The C 1 s

region seems to have lower intensity around 287 eV, i.e.,

carbonyl region, whereas the intensity around 289 eV, i.e.,

carboxyl region, increased. The oxidation of surface carbon

was also accompanied by the increase in the oxygen

amount to 25.0 %. The helium plasma jet treatment

diminished the nitrogen and sulfur amounts and left the

surface with the oxidized moieties of these elements. The

silicon amount remained essentially the same; however, the

oxidation of the silicon species with helium jet treatment

was evident by the shift in the Si 2p binding energy to

103.2 eV, i.e. Si4? form. These chemical changes could be

attributed to effective cleaning of the helium plasma jet

with very mild surface erosion.

He/O2 plasma jet treatment of the surface led to slightly

less carbon amount (57.8 %), while the higher binding

energy side of the C 1 s spectrum also slightly lost inten-

sity. The nitrogen, sulfur, and silicon amounts were slightly

higher than helium only plasma jet, and all shifted to higher

binding energy values indicating the oxidation potential of

the plasma jet. The slight decrease in the carbon amount

and the slight increase of the other elements in the surface

composition can be attributed to the light corrosive effect

of the plasma jet. Since the SEM results also showed the

minor pitting erosion, one can argue that these small

changes in the elemental composition were due to exposure

of the subsurface.

The argon plasma jet treatment had a discernable oxi-

dation effect on the surface; it generated oxidized carbon,

nitrogen, sulfur, and silicon species. The total carbon

amount decreased to 53.2 % while the carboxyl species

increased. Nitrogen amount increased to 6.3 % with the

nitro groups (402.5 eV) as intense as the amine groups

(400.1 eV). A similar trend was also generated with the

sulfur content; the amount increased to 2.9 % and was

dominated by the oxidized sulfur species, i.e., cysteic acid

moieties. The oxygen amount increased to 29.2 % and the

peak broadened in parallel to the multitude of the oxidized

species on the surface. Due to the increase in other species,
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a decrease to 8.4 % in the silicon amount was detected. The

silicon oxidation state was determined as ?4. The increases

in the nitrogen and sulfur species with respect to the ‘‘as is

dyed fiber’’ stems from the slight corrosion effect of the

argon jet plasma such that the subsurface species, i.e.,

protein cysteine moieties, can be exposed afterward.

Introduction of oxygen to the argon plasma on the other

hand significantly altered the surface chemistry as well as

the morphology. While the total carbon amount decreased

to 41.0 %, a significant intensity was registered for the

oxidized carbonyl and carboxyl species. The nitrogen

content increased to 9.1 % comparable intensity in the

amine and nitro groups present. The oxygen amount shot

up to 36.0 % and the surface sulfur amount increased to the

highest value of 3.6 % in the oxidized form. The silicon

was converted to Si4? with a binding energy of 103.4 eV

and the amount was 10.3 %. The structures observed in the

SEM image are most likely the silicon oxidation products

bound to the surface. However, the enrichment effect was

not as significant as the He/O2 plasma jet case due to

already high silicon amount and thick overcoat. The Ar/O2

plasma jet has a significant oxidation effect on the dyed

hair as well as a moderate corrosive effect.

The hydrogen peroxide treatment of dyed hair resulted in

the selective cleaning of the oxidized carbon species. The

carbon amount remained essentially unchanged with respect

to the ‘‘as is’’ dyed hair, while the amount of oxidized carbon

decreased. Slight decreases in the nitrogen, oxygen, and sulfur

amount were detected. The silicon amount increases slightly

with respect to the ‘‘as is’’ dyed hair, which is due to the overall

decrease in the other species. However, the oxidation state of

silicon, as deduced from the unchanged binding energy,

remained the same. Therefore, the hydrogen peroxide treat-

ment on the dyed hair could not induce as significant chemical

and morphological changes as the treatment of the virgin hair

with the used formulation and duration.

4 Discussions

The epicuticle layer of human hair fibers is covered in-

homogenously with a lipid layer (18-MEA) which is

Fig. 3 FE-SEM images of

a dyed hair, dyed hair treated

with b He plasma, c He/O2

plasma, d Ar plasma, e Ar/O2

plasma, f H2O2 solution
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attached to the underlying protein layer via chemical

linkers. The removal of the 18-MEA layer exposes the

oxidized thioester linkers, i.e., cysteic acid (–SO3
-) groups,

hence Si 2p XPS spectra could be used to assess the cov-

erage of the layer. The XPS spectrum of virgin hair showed

that some of the 18-MEA layer was already removed from

these fibers since the oxidized sulfur signal could already

be detected. The plasma jet treatment clearly stripped off

the lipid layer and exposed the subsurface. During the

10 min of plasma treatment, regardless of the gas type

used, the carbon percentage decreased, oxygen percentage

increased together with the increase in the oxidized species

of nitrogen, sulfur, and silicon. The cleaning effect of the

Ar plasma jet was more potent than that of Helium plasma

jet, which could not completely clean the space between

the platelet overlays. However, XPS could barely detect

these differences since the remaining residues were out of

direct sight of the incoming X-ray beam. The differences in

the surface compositions must be interpreted together with

changes in the surface morphology. Oxygen-containing

plasma jets had a corrosive nature that created a rougher

surface decorated with sub-micrometer scale bumps. These

bumps are most probably SiO2 islands formed during

oxidative plasma treatment. The argon/oxygen plasma jet

was more corrosive than the helium/oxygen plasma jet,

which is evident by the extent of surface damage created.

Those samples also had lesser nitrogen and sulfur

remaining on the surface due to etching.

The applied hydrogen peroxide treatment was not as

successful as the plasma treatment in cleaning the organic

residues off the surface. Although a decrease in the carbon

amount could be detected, the presence of organic sulfur

and unaltered position of the silicon peak lead to the con-

clusion that the oxidation potential of the plasma treatment

was significantly higher and the kinetics was faster. The

hydrogen peroxide degradation creates the highly reactive

hydroxyl radical, which reacts with surface moieties and

degrade them into fragments. This reaction seems to be

effective in oxidizing carbon species, however not so much

toward nitrogen, sulfur, and silicon. The plasma jet, on the

other hand, provides several different competing reaction

pathways including highly reactive radicals, metastable

helium atoms, and ultraviolet radiation, all of which can

attack organic matter as well as silicon. For this reason, all

of the plasma jet versions seem to effectively oxidize all

the surface species. The differences between the helium

and argon plasmas probably stem from the differences in

their ionization energies (24.6 vs. 15.8 eV) and the densi-

ties of radicals, ions, and metastable atoms in the plasma

jets.

The dye coating on the hair was so thick that a 10-min

atmospheric pressure plasma jet treatment could not etch it

completely. The helium plasma jet had a mild cleaning

effect, while argon plasma jet had a mild corrosive effect

on the surface. Introduction of oxygen into the plasma

increased the corrosive characters relatively. The argon/

Fig. 4 XPS spectra of dyed hair

and dyed hair treated with He,

He/O2, Ar, Ar/O2 plasma jet and

H2O2 solution
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oxygen plasma jet was much more corrosive than the

helium/oxygen plasma jet. The argon/oxygen plasma jet

effectively stripped off the layers of dye and exposed the

underlying layers. For the same treatment time, argon/

oxygen plasma jet application proved to be a better etcher

than mild basic hydrogen peroxide.

This work unveils the potential of the atmospheric

pressure plasma jets to replace the classical hydrogen

peroxide treatment. The chemistry leading to the removal

of the lipid layer is different than the peroxide treatment

case. A helium or argon plasma jet is highly capable of

cleaning the residual organic matter from the hair fiber

surface, exposing the cysteic acid groups and generating

oxidized carbon and nitrogen groups which can bind to the

polar dye groups effectively. The effect is limited to the top

few nanometers of the fiber surface; therefore, bulk damage

to the fiber is avoided. The plasma treatment also has the

advantage of acting on all surface species without partic-

ular chemical selectivity.

The oxygen-containing plasma jets have more corrosive

character and can be used to treat more resistant types of

hairs or coatings. The corrosive behavior of these types of

plasma jets was observed both for the virgin and dyed hair.

While it is not probably healthy to apply to untreated hair,

their potential for restoring hair to original condition or

color should be explored.

Furthermore, noble gas atmospheric pressure plasma jet

treatment proved to be a fast method to clean hair fibers

before analytical analyses. There are several techniques

such as electron microscopy, optical microscopy, color

testing, light scattering, elemental analysis, laser ablation,

etc. which may benefit from the removal of organic resi-

dues from the surface of the hair. Pretreatment of hair by

atmospheric pressure plasma jets may improve the quality

and reproducibility of such investigations. Finally, the

study must be extended to include age, gender, race, and

type differences to investigate the potential for differenti-

ation toward diagnostic or forensic applications.

5 Conclusions

Human hair fibers in virgin and dyed form were treated

with atmospheric pressure plasma jets run with different

gases at low power. The changes generated on the surface

of the hair were studied by electron microscopy and X-ray

photoelectron spectroscopy. Ten-minute noble gas plasma

jet treatment of virgin hair was sufficient to clean organic

contaminants and create oxidized functional groups. The

mild hydrogen peroxide treatment with the same duration

could not reach the same performance. Therefore, these

types of plasma jets have the potential to replace peroxide

treatment. The plasma jets can also gain corrosive

properties when oxygen is added to the gas mixture. These

types of corrosive jets can also be used to restore dyed hair

fibers. In addition, the jets can be used to clean the surfaces

of hair fibers to prepare samples for analytical investiga-

tions where the organic residues may create interference or

hardship.
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