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Received: 11 November 2014 / Accepted: 13 February 2015 / Published online: 21 February 2015

� Springer Science+Business Media New York 2015

Abstract An underwater diaphragm discharge generated

at atmospheric pressure by high voltage pulses was used

for plasma polymerization of acrylic acid and simultane-

ously for the deposition of polymer coating on

polypropylene multifilament fibers. The deposition process

was monitored by Fourier transform infrared spectroscopy

in combination with scanning electron microscopy. Possi-

ble schemes of polymerization are suggested also.

Introduction

Polyolefins, like polypropylene (PP) or polyethylene, are

widely used in many technological fields due to their

suitable bulk properties, easy processability, and low

manufacturing cost. While maintaining the bulk properties

of polymers, the plasma modification of their surface

properties can tailor polymers for specific use [1]. Many

industrial applications of PP films also require good ad-

hesion to the second surface for example, its adhesion of

inks during printing, painting, coatings, lamination etc.

Generally, the presence of polar groups and the mor-

phology of the surface play a very important role for

obtaining good adhesion. However, PP films/fibers have

limitation to their adhesion properties due to their non-

polar nature and low surface tension.

Many researchers are interested in the production of thin

organic layers containing carboxylic groups on PP by

various methods. The polymerization of acrylic acid solu-

tion on the PP substrate after electron beam bombardment

or gas discharge treatment have been studied in [2, 3] while

the photografting acrylic acid was also used for better ad-

hesion between PP and polyethylene films [4–6].

The underwater electrical discharge makes it possible to

generate in liquid phase the non-equilibrium, low-tem-

perature plasmas with chemical active species. These

species such as H, OH radicals and hydrated electrons in-

duce in aqueous solutions various chemical reactions

which result in surface treatment of both natural and syn-

thetic polymer materials. There are several reported ex-

perimental arrangements based on the underwater

discharge that are suggested for various applications such

as wastewater treatment [7–9], oxidative degradation [10],

surface modification [11], etc.

The diaphragm discharge which has been used in our

experiments represents peculiar type of underwater elec-

trical discharges. As discussed in [12–15], the discharge

ignition is preceded by the generation of steam and steam-

gas bubbles in the electrolyte bulk. The process is caused

by the local overheating of the solution. As it is known

[13], the particular mechanism of bubble growth and

electric breakdown depends on the electrode geometry and

primarily on the diameter of the overlapping cross section

of the capillary or diaphragm. It is generally agreed that in

this case the generation of a bubble results in the over-

lapping of the transporting channel and the termination of

the electrolysis current. If potential difference is large

enough, electric breakdown occurs. Data of [14] allows to
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specify the assumed scenario of the underwater discharge

formation in the case of a thin capillary. The generation of

a bubble in the form of a ring growing from the side of the

walls caused by the local solution overheating will really

result in the progressive narrowing of the transporting

channel along the capillary axis and the increase of the

voltage drop in this part. As in the previous case, with the

voltage drop being great enough, there occurs the electric

breakdown of the bubble. However, the complete over-

lapping of the capillary before the breakdown is not nec-

essary. It is easy to verify that, in this case, the breakdown

conditions will depend on the full voltage in the cell and

the system’s geometry. The experimental data for capillary

discharges are not in contradiction with the described

situation [15].

Finally, the underwater and glow discharge electrolysis

treatments of polymers show more variability and effi-

ciency because of the additive’s broad variety which can be

used to improve the polymer surface modification process.

The UV radiation, electrons, and free radicals generated by

discharge penetrate into liquid and induce polymer surface

modification [16].

In this paper, we suggest to use the pulsed HV di-

aphragm discharge for surface treatment of PP fibers. Note

that contrary to invariable DC voltage, the pulsed DC

power supply has several advantages. Namely, the pulsed

DC voltage overcomes big problem with heating of tem-

perature samples such as PP which always appears while

using a power supply with steady DC. It also means that the

consumed energy is low. Diagnostic methods used in ex-

periments monitor properties of treated samples as well as

the state of plasma.

Materials and methods

Materials

PP multifilament fibers used in experiments are produced

by KrampeHarex, Germany. The acrylic acid, purity of

99.5 %, was obtained by Acros Organics. The distilled

water solution of acrylic acid prepared at various concen-

trations in the range of 0.1–3.3 M L-1 was used as liquid

environment for the discharge.

The rest of acrylic acid which remains on the surface of

PP fibers after the plasma treatment was always washed in

acetone. The acetone was used because the poly(acrylic

acid) unlike the acrylic acid that does not dissolve in it.

Experimental setup

The underwater plasma reactor setup shown in Fig. 1

consists of two electrodes submerged in electrochemical

cell separated by a dielectric wall with diaphragm. The

core of the underwater assembly, the diaphragm with the

inner diameter of 2.5 mm, separates as a barrier the two

filled chambers solution apart. The PP fiber passes through

diaphragm with a speed of 10 cm min-1. The DC pulses of

100 Hz was applied with a peak-to-peak voltage of max-

imum 25 kV, pulse duration of 3 ls, and a rise time of

around 0.2 ls. The typical voltage waveform of pulsed

diaphragm discharge in aqueous solution is shown in

Fig. 2. Experiments were carried out in two versions. First,

the work solution was filled in both chambers of electro-

chemical cell (volume of solution was 500 mL) while in

the second case the tap water is used in one chamber of cell

and the second chamber was filled by acrylic acid solution.

The fiber passed through aqueous solution into the plasma

zone and thereafter continued into the work solution again.

The mean contact time of fiber and plasma was about 30 s.

Fig. 1 Experimental setup of the underwater diaphragm discharge: 1

electrodes, 2 fiber holders, 3 dielectric wall with diaphragm, 4 fiber, 5

plasma zone, 6 work solution

Fig. 2 Voltage waveform of pulsed diaphragm discharge; peak-to-

peak voltage is 20 kV
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According to [17] the polymerization of acrylic acid caused

by DC corona discharge occurs after 12 min. In order to

observe the polymerization in the acrylic acid based solu-

tion, the last one was treated by plasma during 20 min.

This time was supposed to be enough for polymerization to

take place.

Since the contact time of fiber and working solution in

plasma zone is short, the mechanism of grafting effect of

treated solution on the treated fiber has been studied. The

PP fibers were treated by underwater plasma discharge

generated in distilled water and then the treated fibers were

immersed in the poly(acrylic acid) solution. The grafting

was carried out for 15 min at a room temperature.

Instrumentals

FTIR-ATR spectroscopy and scanning electron microscopy

were used to characterize the efficiency of coating effect.

FTIR spectra were acquired on a VERTEX 80 spec-

trometer by Brucker Optics with ATR reflectance attach-

ment in the range of 4000–450 cm-1 with a spectral

resolution of 4 cm-1. The samples for IR were prepared in

the KBr pellets.

Treated and untreated fibers were evaluated using the

scanning electron microscope TS 5136MM by TESCAN.

The surface morphology of fibers treated under different

conditions was investigated. Before SEM observation,

samples were dried and coated with gold.

Results and discussion

The acrylic acid coating

It was supposed that PP fiber passed through acrylic acid

solution is coated by thin layer with functional groups.

Then, the acrylic acid is polymerized in the plasma zone

under the radical mechanism (see the Scheme 1) as re-

ported in [11].

The IR spectra of untreated PP fibers as well as the

spectra of fibers treated in acrylic acid solutions of various

concentrations are shown in Fig. 3. All spectra are nor-

malized to the absorption peak at 2922 cm-1, which rep-

resents the CH2 group vibration of the main PP polymer

chain. All spectra in Fig. 3 exhibit the broad band around

3200–3600 cm-1 that can be assigned to O–H elastic vi-

brations. Also all spectra show four large peaks in the wave

number range 3000–2800 cm-1: the peak at 2955 and

2873 cm-1 can be attributed to CH3 asymmetric and

symmetric stretching vibrations, respectively while the

peaks at 2922 and 2843 cm-1 are due to CH2 asymmetric

and symmetric stretching vibrations, respectively. IR

spectra also show two intensive peaks at 1460 and

1378 cm-1. The peak 1460 cm-1 is caused by CH3

asymmetric deformation vibration or CH2 scissor vibra-

tions, while the peak at 1378 cm-1 is due to CH3 sym-

metric deformation vibration. All spectra contain numerous

small peaks in wave number range of 1200–750 cm-1. The

peak at 1167 cm-1 can be attributed to C–C asymmetric

stretching, CH3 asymmetric rocking and C–H wagging

vibrations, while the peak at 998 cm-1 is due to CH3

asymmetric rocking vibrations. The peak at 840 cm-1 is

attributed to CH2 rocking vibrations [18, 19]. As it is

shown in Fig. 3, the (c) curve has an additional peak at

1554 cm-1 (shown by pointer). This band can be assigned

to –COOH group (antisymmetric vibrations). According to

[20] the peak position depends on adsorption process.

Figure 4 depicts SEM photographs of untreated and

treated fibers in acrylic acid solution. The untreated PP

fiber surface is smooth (Fig. 4a) while after treatment in

0.2 M acrylic acid one can see that the surface is slightly

rough and a film of poly(acrylic acid) is deposited on the

surface of the fiber (Fig. 4b). In the first case, the OH

groups which were formed in solution by underwater di-

aphragm discharge react with PP chain and form polar

groups on the surface. The molecules of poly(acrylic acid)

were attached to surface via these polar groups. However,

there were differences in the surface morphology for fibersScheme 1 Polymerization of acrylic acid—principal scheme

Fig. 3 IR spectra of PP fibers untreated (a), and treated in acrylic

acid 0.2 M (b), 0.4 M (c), 1 M (d), 2 M (e), 3.3 M (f)
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treated in 0.2 M and 0.4 M solution of acrylic acid

(Fig. 4c). In the case of high concentration of acrylic acid,

the fiber surface is smooth like a surface of untreated fiber.

It can be explained in two ways: (i) the deposited film

covered the fiber fully or (ii) there is no film on the surface.

According to our data of IR spectra, the second hypothesis

is correct. However, one can assume that the thin film of

poly(acrylic acid) was deposited on the PP surface but the

selected method of monitoring is not enough for surface

analysis. One can suggest that the concentration of 0.2 M

of acrylic acid is more convenient for the formation of

uniform surfaces on the PP fibers. On the other hand ac-

cording to [21, 22] there is condition of concentration. In

the existence of acrylic acid solution, the polymerization

on surface usually competes with homopolymerization

occurring in acrylic acid solution. When the monomer

concentration is low, the polymerization on surface has

more chance to occur than homopolymerization. However,

at high monomer concentration, homopolymerization

Fig. 4 SEM photographs of PP fibers untreated (a), treated in 0.2 M

(b) and 0.4 M (c) acrylic acid solution, respectively

Fig. 5 ATR-IR spectra obtained as difference between the respective

spectrum of untreated and treated one

Scheme 2 The reactions of active species with polymer molecules
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becomes more dominant than polymerization on the sur-

face that occurs only in a confined region.

The activation of PP in water

Therefore to highlight chemical changes on the surface,

one must subtract a reference sample spectrum from treated

one. Figure 5 presents the subtraction of ATR-IR spectra

measured for PP fibers in acrylic acid and PP-untreated

samples (used as reference). As a result, two new IR bands

appear. The first band is rather broad. It stretched between

3300 and 3530 cm-1, while being centered at about

3400 cm-1. It is attributed to OH elastic vibrations. Band 2

consists of 4 resolved peaks at 1440, 1554, 1641, and

1714 cm-1, which attributed to C=O and COOH groups of

poly(acrylic acid) [18, 23]. It should be noted that the same

results were obtained for all concentrations till 1 M. Thus,

one can deduce that adhesion of poly(acrylic acid) on the

PP fiber occurs at the concentration of acid less than 1 M.

Grafting effect

Data of ATR spectra and SEM photographs morphology

after grafting shoewd that the results are the same as data

which obtained at direct of PP fiber and acrylic acid in plasma

zone. The ATR spectra also have a band, that attributed to

OH elastic vibrations, and peaks, that attributed to C=O and

COOH groups of poly(acrylic acid). At high concentration of

acrylic acid there is no grafting effect at the surface. It can be

explained that at large concentration of acid, the polymer-

ization process by plasma action does not occur.

Based on results mentioned above one can suggest a

mechanism of interaction of PP surface and poly(acrylic

acid). The ignition of electrical discharge inside water

generates formation of chemically active species such as H,

OH radicals, solvated electrons, singlet oxygen, etc. These

active species may react with polymer molecules. And,

hence, the breaking of molecular bands on the surface

occurs and bonding of polar OH groups (mainly C–O–H,

C=O, and C–O) as seen in the Scheme 2 takes place.

Authors of [22] suggest that acrylic acid/poly(acrylic acid)

grafted to activated PP by radical mechanism with the

participation of primary carbon atom (Scheme 3). It was

supposed that COOH group attached to PP surface only in

random order and formed thin polymer film, which has

irregular structure [11]. The grafting mechanism of

acetylsalicylic acid to the PP monofilament fibers in plas-

ma-solution system was assumed [24]. The connection

occurs via methyl group substitution by carboxyl one.

Taking into consideration the conditions of plasma ignition

and plasma treatment, the most probable mechanism of

grafting poly(acrylic acid) can be shown in Scheme 4. The

appearance of peak at 3200–3600 cm-1 before and after

grafting poly(acrylic acid) can be explained.

Conclusions

Using pulsed underwater discharge enables treating of PP

multifilament fibers and formation of polar groups on the

surface. It allows to graft poly(acrylic acid) to PP fibers. As

shown by the experimental results, the grafting effect of

poly(acrylic acid) on the activated PP surface is the same as

at direct coating of surface with poly(acrylic acid). The big

advantage of treatment over grafting is the time needed for

adhesion. In case of using only one chamber with chemi-

cals, the results obtained are practically the same. Hence, in

order to decrease consumption of chemicals the usage of

second method for activation of PP fiber surface is better.
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