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Surface Properties of Poly(vinyl alcohol) with

Iron(III)chloride Before and After UV-Irradiation

Jolanta Kowalonek, Halina Kaczmarek,* Dagmara Bajer

Summary: Surface properties of poly(vinyl alcohol) (PVA) with low content of FeCl3
(1, 5 wt.%) were studied by measurements of contact angles and atomic force

microscopy. The results of contact angles and the surface free energy calculations

revealed that the hydrophilicity of the surface of PVA films depended on the content

of iron (III) chloride in these polymeric films. Introduced salt also affected photo-

chemical reactions in poly(vinyl alcohol). Photooxidation of PVA was more effective in

the presence of FeCl3 because of formation of reactive chlorine atoms, which were

capable of initiating new reactions. Also the morphology and roughness parameters

of PVA film changed when iron (III) chloride was added.
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Introduction

Surface structure of polymeric films and

its properties differ from structure and

properties in polymer bulk. Surface of

the sample is the most outer layer which

is exposed to treatment of various

chemical and physical factors, like UV-

light. Photochemical reactions caused by

UV-irradiation begin on the surface at

first. The course of photodegradation

of pure polymers is known,[1,2] but it is

difficult to predict the course of photo-

degradation in polymers containing addi-

tives such as metal salts.

Films of poly(vinyl alcohol) (PVA)

containing iron (III) chloride were studied

by some scientists but not from photode-

gradative point of view.[3–5] Structural,

electrical, magnetic or optical properties

of doped poly(vinyl alcohol) were investi-

gated.[3–5] PVA films containing Fe3þ ions

showed higher electrical conductivity in

comparison to pure PVA films.[3] More-

over, g-irradiation caused an increase in

electrical conductivity of doped PVA films

due to the release of ions, electrons and
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free radicals, which were able to move in

polymer matrix and enhance electrical

conductivity. Addition of iron (III) chloride

to poly(vinyl alcohol) changed the struc-

ture, electrical, magnetic and optical prop-

erties of PVA film significantly.[3–5]

The purpose of the work was to study

the influence of low content of iron (III)

chloride on surface properties of poly-

(vinyl alcohol) films before and after UV-

irradiation.
Materials and Methods

Poly(vinyl alcohol) (PVA) 87–90% hydro-

lyzed with mol. wt. 30,000–70,000 and iron

(III) chloride reagent grade, 97%, were

purchased from Sigma-Aldrich.

Thin polymeric films of poly(vinyl

alcohol) with different content of FeCl3
(1, 5 wt.%) were prepared by casting from

water solutions onto levelled microscope

slides and evaporation of solvent.

Samples were exposed to UV-irradiation

with a low-pressure mercury vapour lamp

(TUV 30W, Philips, Holland) in air atmo-

sphere. The intensity of the incident light,

measured by HD 9021 Radiometer (Delta

OHM, Italy), was 19.5W/m2. Different

times of irradiation were applied.
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The measurements of contact angle, by

the sessile drop method, were carried out at

room temperature using the DSA10 goni-

ometer of Krüss GmbH (Germany). Gly-

cerol (polar liquid) and diiodomethane

(non-polar liquid) were used as the test

liquids. The liquid drop was placed onto

the polymer surface with a microsyringe.

The drop image was recorded by a video

camera and digitalized. The profile of a

single drop was numerically solved and

fitted by means of mathematical functions.

Each contact angle is the average value of

6-8 measurements and the deviation from

the average is within� 28. On the basis of

measurements of contact angles the surface

free energy and its components (polar

and dispersive) were calculated by

Owens-Wendt method.

AFM imaging in tapping mode and in

ambient conditions was done using Multi-

Mode NanoScope IIIa, Veeco Metrology

Inc. (USA). Commercial silicon tips with

spring constant 2-10N/m were used. The

roughness parameters such as arithmetic

mean (Ra) and root mean square (Rq)

were calculated for scanned area

(10mm� 10mm) using Nanoscope soft-

ware. The AFM pictures and roughness

calculations were obtained for different

sample places and themost typical areas are

presented.
Table 1.
The values of glycerol and diiodomethane contact angles
after UV-irradiation.

Sample Time of
UV-irradiation (h)

PVA 0
5
10
15
20

PVAþ 1% FeCl3 0
5
10
15
20

PVAþ 5% FeCl3 0
5
10
15
20
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Results and Discussion

Table 1 shows the values of glycerol and

diiodomethane contact angles of poly(vinyl

alcohol) and of this polymer with 1% of

FeCl3 or 5% of FeCl3. Before UV-irradia-

tion the surfaces of studied polymeric films

were rather hydrophobic as the values of

glycerol contact angles were higher than the

values of diiodomethane contact angles.

Glycerol interacts with surface by polar

forces, i.e. dipole – dipole, dipole – induced

dipole, hydrogen bonding interactions, but

diiodomethane interacts with surface by

dispersion forces.[6–9] The lowest value of

glycerol contact angle is found for

PVAþ 1% FeCl3, which suggests that this

surface is the most hydrophilic. The highest

value of glycerol contact angle is for

PVAþ 5% FeCl3 and it is the most

hydrophobic surface. As it can be seen,

the addition of 1% of FeCl3 into PVA

makes the surface of this polymer more

hydrophilic, but addition of 5% of FeCl3
makes this polymeric surface hydrophobic.

Probably hydrophilic groups of PVA such

as hydroxyl groups come out on the surface

when 1% of FeCl3 is added. When the

content of iron (III) chloride is higher

the hydrophilic groups are below the

surface. Possible interactions between

OH groups of PVA and iron (III) chloride
of PVA, PVAþ 1% FeCl3 and PVAþ 5% FeCl3 before and

Contact angle (deg)

Glycerol Diiodomethane

68.4 54.3
61.0 53.7
70.2 45.7
68.3 48.4
61.7 51.0
62.7 57.5
64.1 44.9
59.3 47.6
61.5 51.6
51.5 50.4
86.5 56.5
54.5 46.8
55.1 48.4
54.3 50.1
44.4 43.8
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as well as the distribution of FeCl3 in

poly(vinyl alcohol) film depend on the

content of this salt.[3,4]

After UV-irradiation glycerol contact

angles decrease (Table 1), especially in the

case of PVAþ 5% FeCl3, which indicates

the formation of new products containing

hydrophilic groups. Iron (III) chloride

facilitates the photooxidation of PVA,

especially higher content of FeCl3 favours

the formation of oxidized groups on the

sample surface.

More detailed information can be

obtained by analysing the surface free

energy and its components (Table 2).

Before UV-irradiation the differences in

values of surface free energy are not large

for all studied samples. The values of

dispersive component are much higher

than these of polar component, which

indicates predominantly hydrophobic

properties of the surfaces. The value of

polar component is the lowest for PVA

with 5% of FeCl3, which indicates rather

hydrophobic character of this surface. The

highest value of polar component is

characteristic of PVA with 1% of FeCl3,

which means that this surface possesses

some polarity.

After UV-irradiation surface free

energy and its polar component increase

in all samples, the most in PVA with 5% of

FeCl3, the least in pure PVA, which
Table 2.
The values of surface free energy and its polar and dispers
FeCl3 before and after UV-irradiation.

Sample Time of
UV-irradiation (h)

Surface fre
energy gs (mJ

PVA 0 35.98
5 39.23
10 38.77
15 38.25
20 39.72

PVAþ 1% FeCl3 0 37.31
5 40.96
10 41.88
15 39.66
20 44.68

PVAþ 5% FeCl3 0 30.77
5 44.22
10 43.49
15 43.39
20 48.72
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indicates that the new polar groups appear

on the surfaces of studied samples. Thus,

the presence of iron (III) chloride makes

the photooxidation process easier. The

dispersive component of surface free

energy does not change significantly, espe-

cially in the case of PVA with 5% of FeCl3,

which suggests that the dispersion interac-

tions do not change substantially after

irradiation.

Figure 1 shows AFM images of studied

sample surfaces. Before UV-irradiation all

surfaces were very flat, especially these with

iron (III) chloride. In this figure it is seen

that the surface of pure PVA is slightly

more folded than the surfaces of PVA with

iron (III) chloride, which indicates that

added salt caused smoothing the sample

surfaces. The values of roughness para-

meters of these samples (Table 3) were very

low before irradiation. Slightly higher

values of these parameters are character-

istic of pure poly(vinyl alcohol).

After U-irradiation surfaces of studied

samples changed significantly - holes and

hills appeared, which is seen in AFM

images in the Fig. 1. However, roughness

parameters (Ra, Rq) increased insignifi-

cantly (Table 3). Such changes in sample

surfaces may result from various photo-

oxidation, photodegradation and photo-

crosslinking reactions occurring in poly-

(vinyl alcohol).
ive components of PVA, PVAþ 1% FeCl3 and PVAþ 5%

e
/m2)

Polar component
gps (mJ/m2)

Dispersive

component gds (mJ/m2)

8.46 27.52
12.43 26.79
5.82 32.96
7.20 31.05
11.29 28.49
12.55 24.76
8.54 32.42
11.75 30.13
11.55 28.11
17.24 27.44
1.72 29.06

14.32 29.90
14.42 29.07
15.41 27.98
19.46 30.26
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Figure 1.

The AFM images: (a) PVA before UV-irradiation, (b) PVA after 15h irradiation, (c) PVAþ 1% FeCl3 before UV-

irradiation, (d) PVAþ 1% FeCl3 after 15h irradiation, (e) PVAþ 5% FeCl3 before UV-irradiation, (f) PVAþ 5% FeCl3
after 15h irradiation. Scan area 10mm� 10mm, z-scale 60 nm.
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Varied radicals produced in poly(vinyl

alcohol) because of UV-irradiation can

react with oxygen from air forming alkoxy

radicals and in consequence of this reaction

new oxidized groups are formed.
Fe3+(Cl-)n      Fe2+(Cl-)n-hν
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More effective photooxidation reactions of

PVA in the presence of FeCl3 may be caused

by reactive chlorine atoms which are formed

as a result of photoreduction of iron (III)

complexes according to the reaction:[10,11]
1...Cl• → Fe2+(Cl-)n-1 + Cl•
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Table 3.
The values of roughness parameters (Rq, Ra) (nm) of PVA, PVAþ 1% FeCl3 and PVAþ 5% FeCl3 before and after
UV-irradiation (Rq - root mean square Ra - arithmetic mean).

Sample Time of
UV-irradiation (h)

Roughness parameters (nm)

Rq Ra

PVA 0 3.05 2.36
15 4.28 3.34

PVAþ 1% FeCl3 0 1.60 0.94
15 4.17 2.02

PVAþ 5% FeCl3 0 1.08 0.77
15 2.01 1.43

Macromol. Symp. 2010, 295, 114–118118
These reactive chlorine atoms can react

with polymer and produce new radicals:

-CH2-CH- + Cl 
OH OH

-CH2-C- + HCl
•  •

The new polymeric radicals may take

part in many various secondary reactions.

Free radicals combine to form inactive

compounds, including crosslinking struc-

tures, and to finish the photodegradation

processes in polymer.
Conclusion

PVA with 5% of FeCl3 has the most

hydrophobic surface while PVA with 1%

of FeCl3 has the least hydrophobic surface

among the studied samples, which means

that the hydrophobicity of PVA surface

depends on the quantity and the distribu-

tion of added FeCl3.

After UV-irradiation glycerol contact

angles decrease and the surface free energy

and its polar component increase, which

indicates that new oxidized groups appear

on the surfaces of the samples. The most

significant rise in these values is in the case

of PVA with 5% of FeCl3, the smallest

changes of these values are found for pure

PVA.

The surfaces of PVA and PVA with

FeCl3 are flat, they have very low values of

roughness parameters. The surface of pure
Copyright � 2010 WILEY-VCH Verlag GmbH & Co. KGaA
PVAhas slightly higher values of roughness

parameters than surfaces of PVA with iron

(III) chloride.

After UV-irradiation roughness para-

meters increases insignificantly in all

samples as a result of photooxidative

degradation of PVA.

Probably chlorine atoms which origi-

nated from iron (III) chloride are respon-

sible for more effective photooxidation

reactions in PVA containing iron (III)

chloride.
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