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b Faculty of Mechanical Engineering and Naval Architecture, University of Zagreb, Ivana Lučića 5, 10000 Zagreb, Croatia
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Abstract

The application of heterogeneous photocatalysis is described as an advanced oxidation process (AOP) for the degradation of the diazo reactive

dye using immobilized TiO2 as a photocatalyst. Starting TiO2 solutions were prepared with and without the addition of polyethylene glycol (PEG)

and TiO2 films were directly deposited on a borosilicate glass substrate using the sol–gel dip-coating method. The surface morphology and the

nanoscale roughness of TiO2 films were studied by means of atomic force microscopy (AFM). Structural properties of TiO2 were identified by X-

ray diffraction (XRD). The decomposition behaviour of organic compounds from the gels was investigated using thermal gravimetry (TG) and

differential scanning calorimetry (DSC). Photocatalytic activities of TiO2 films in the process of degradation of the commercial diazo textile dye

Congo red (CR), used as a model pollutant, were monitored by means of UV/vis spectrophotometry. The kinetics of the degradation of the CR dye

was described with the Langmuir–Hinshelwood (L–H) kinetic model.

The addition of PEG to the TiO2 solution resulted in the changes in the film surface morphology, and affected the ratio of anatase–rutile crystal

phases and the photocatalytic activity of TiO2. The TiO2 film prepared with PEG is characterized by higher roughness parameters (Ra, Rmax, Rq, Rz

and Zmax), a lower amount of the rutile phase of TiO2, a higher amount of the anatase phase of TiO2 and a better photocatalytic activity compared to

the TiO2 film without the addition of PEG.
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1. Introduction

Synthetic organic dyes are used in various industries, such as

textile industry, leather tanning industry, paper production, hair

dye production, etc. Wastewaters containing these dyes may be

harmful to the environment and living organisms. Therefore, it

is very important to remove or degrade these dyes before

discharging them into the environment. In addition to standard

technologies for the degradation and/or removal of dyes,

several new specific technologies, the so-called advanced

oxidation processes (AOPs), have been developed to eliminate
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dangerous compounds from polluted waters. Heterogeneous

photocatalysis, as one of the AOPs, could be effective in the

oxidation/degradation of organic dyes. A major advantage of

using heterogeneous photocatalysis for this purpose is the total

mineralization of organic dyes, which results in CO2, H2O and

corresponding mineral acids [1–12]. The initial interest in the

heterogeneous photocatalysis was aroused in 1972 when

Fujishima and Honda discovered the photochemical splitting

of water into hydrogen and oxygen by the UV irradiated TiO2

[13]. After that, research on the heterogeneous photocatalysis

started growing rapidly [14] in many areas of water and air

treatment technologies.

Titanium dioxide generally exhibits the highest photocata-

lytic activity of all photocatalysts. The use of TiO2 as a

photocatalyst has been of great interest due to its high activity,
d.
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Table 1

The composition of coating solutions (sol 1 and sol 2) and molar ratios.

Sol Components, molar ratio m, g

Ti(OC3H7)4 C2H5

OH

CH3

COOH

CH3(CO)CH2

(CO)CH3

H2O PEG

Sol 1 1 40 0.9 1.3 12.5 0

Sol 2 1 40 0.9 1.3 12.5 2
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photochemical inertness, non-toxicity, efficiency, and low cost.

Other semiconductors that can be used as photocatalysts are

WO3, SrO2, ZrO2, ZnO, Fe2O3, CeO2, CdS, ZnS, etc.

Titanium dioxide occurs in three different crystalline

polymorphic forms: rutile (tetragonal), anatase (tetragonal)

and brookite (orthorhombic). Among these, the anatase phase

usually exhibits the best photocatalytic behaviour, while the

rutile phase is the most stable phase. A photocatalyst may be

used as a suspension in an aqueous solution or it may be

immobilized onto a supporting substrate. The immobilization

method is more convenient for practical use since the main

problem in the usage of TiO2 suspended in an aqueous solution

is the separation of TiO2 nanopartices after the photcatalytic

reaction and their reuse. Among several deposition techniques,

the sol–gel dip-coating method produces films with good

photocatalytic properties, large area coatings, with low

equipment and production costs [15–18]. The crystal structure

and the surface morphology of films influence the photo-

catalytic efficiency of TiO2. Atomic force microscopy (AFM) is

a very important tool for examining the thin film surface

morphology at the nanoscale. During the last decade, a

considerable interest has been expressed regarding the

application of AFM for structural studies of different materials

[19–21].

The aim of this research was to prepare titania films, with

and without the addition of PEG, on a borosilicate glass

substrate by using the sol–gel dip-coating method and their use

as the photocatalysts. Characteristics of these films were

analyzed and indentified by means of AFM, X-ray diffraction

(XRD), thermal gravimetry (TG) and differential scanning

calorimetry (DSC).

Commercial diazo textile dye Congo Red (CR) was used as a

model pollutant.

2. Experimental

2.1. Preparation of sol–gel TiO2 films

TiO2 films were deposited on two types of borosilicate glass

substrates: borosilicate glass tubes (200 mm in height and

30 mm in diameter) and borosilicate glass plates with

dimensions of 25 mm � 30 mm � 2 mm. Two borosilicate

glass tubes were used as photoreactors and four borosilicate

glass plates were used for the characterization of films by

means of AFM. The substrates were carefully cleaned prior to

the process of deposition. First, the substrates were ultra-

sonically cleaned in detergent and rinsed with water. Then, they

were ultrasonically cleaned in acetone and subsequently in

ethanol for 10 min, respectively. Finally, they were thoroughly

rinsed with deionised water and dried.

For the preparation of solutions (TiO2 sols), the following

components were used:

� titanium (IV) isopropoxide, TIP (Ti(C3H7O)4, Mr = 284.25,

purity > 98%) as a titanium precursor;

� ethanol, (C2H5OH, Mr = 46.07) as a solvent;

� acetic acid (CH3COOH, Mr = 60.05) as a catalyst;
� acetylacetone (CH3(CO)CH2(CO)CH3, Mr = 100.12) for

peptization;

� distilled water (H2O, Mr = 18.02) for gelation;

� polyethylene glycol, PEG (HO(C2H4O)nH, Mr = 5000–7000)

as an organic/polymer additive.

In the present study, two sols (solutions) were prepared: sol 1

and sol 2. Sol 1 was prepared by dissolving titanium

isopropoxide in ethanol. A magnetic stirrer was used to

continuously stir the liquid. Then, acetylacetone, acetic acid,

and distilled water were added successively. Sol 1 was stirred

vigorously for 2 h and after that it was sonicated for 30 min. Sol

2 was prepared using the same procedure as the one described

for sol 1 with only one exception, i.e. the addition of 2 g of

polymer–polyethylene glycol (PEG). The molar ratios of

components used to prepare both titania coating solutions are

shown in Table 1.

Borosilicate glass plates were dipped into sol 1 and sol 2 by a

home-made, electrically driven pulley system. Substrates were

dipped into the sols at a rate of 10 mm/min, were kept there for

10 min, and then removed at the same rate. Also, sol 1 and sol 2

were each poured into a borosilicate glass tube, kept there for

10 min, and slowly poured out of them. Then, all substrates

were dried, first at 100 8C for 60 min, then at 500 8C for 4 h.

The dipping process was repeated three times for both

solutions.

2.2. Characterization of sol–gel TiO2 films

The surface topography and the roughness of the TiO2 films

were determined by using a Multimode AFM with a Nanoscope

IIIa controller (Veeco Instruments Santa Barbara, CA) with a

vertical engagement 125 mm scanner (JV). Contact mode

imaging was performed under ambient conditions in air, by

using silicon tips (NP, Nom. Freq. 18 kHz, Nom. Spring

constant of 0.06 N/m), and at a scan resolution of 512 samples

per line. The linear scanning rate was optimized between 1.0

and 2.0 Hz at a scan angle of 08. Images were processed and

analyzed by means of the offline AFM NanoScope software,

version 5.12r5. Particle dimensions of the granular micro-

structure of the TiO2 thin film were determined by means of the

Particle Analysis option within the AFM software.

Roughness analysis software option was used to performed

roughness analyses on 2 mm � 2 mm imaged surface area for

each sol–gel TiO2 film. Results are presented as the Ra, Rq, Rz,

Rmax and the Z range values.
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After the deposition of the sol–gel TiO2 coating onto glass

substrates, the remaining amount of solutions (sol 1 and sol 2)

was dried at 60 8C for 24 h in order to produce dried gels. Some

amount of the dried gels was used for the analysis by means of

thermal gravimetry (TG) and the differential scanning

calorimetry (DSC).

The remaining amount of the dried gels was calcined at a

temperature of 500 8C for 4 h and prepared in the form of

powder. These synthesized powders were analyzed in terms of

phase compositions of titania by means of X-ray diffraction

(XRD) using a Philips PW 3040/60 X’Pert PRO powder

diffractometer (Philips, Almelo, The Netherlands) with CuKa

radiation (l = 1.54055 Å) at 45 kV and 40 mA. The thermal

characterization of the TiO2 samples was carried out by means

of differential scanning calorimetry (TA Instruments DSC,

Model 2910) and thermogravimetry (SDT, Model 2960).

2.3. Photocatalytic experiments

All experiments were carried out in 0.11 L borosilicate glass

tubes as reactors, with 200 mm in height and 30 mm in diameter:

(i) a reactor with a sol–gel TiO2 film without the addition of PEG,

(ii) a reactor with a sol–gel TiO2 film with the addition of PEG

and (iii) a borosilicate glass tube without coating. An UV-

radiation lamp was placed in the middle of each reactor. The UV

radiation reached the TiO2 photocatalyst through the CR

solution, causing the start of the photocatalytic oxidation process.

The CR dye was supplied by ACROS, as a high purity

biological stain, and was used as a model compound without

further purification. All solutions used in the experiments were

prepared by using double distilled demineralised water.

The radiation source was a mercury UV lamp, model Pen-

Ray 90-0019-04, with lmax = 365 nm, manufactured by UVP.

The UV lamp was placed in the centre of the reactor. The

removal of CR was investigated at a temperature of

25 � 0.2 8C, with continuous purging with air (O2), using

three different conditions: (i) under UV illumination in the

absence of sol–gel TiO2 coatings (photolysis), (ii) in the dark

with sol–gel TiO2 coatings (adsorption) and (iii) under UV

illumination in the presence of sol–gel TiO2 coatings

(photocatalysis). The reaction temperature was controlled by

the circulation of cooling water. The initial concentration of CR

was 17.5 mg L�1. Before turning the UV lamp on, the solution

was placed in the dark and covered with aluminium foil. The

samples were taken from the reactor for analysis at certain

particular intervals (15, 30, 45, 60, 90 and 120 min) and the

remaining dye concentration was analyzed with a UV–vis

spectrophotometer (HEWLETT PACKARD, Model HP 8430)

at 498 nm by using a 1 cm quartz cell. For each condition,

repetition tests were done to ensure reproducibility.

3. Results and discussion

3.1. Results of the AFM analysis of sol–gel TiO2 films

The surface morphologies and the roughness of a single-

layer and a three-layer sol–gel TiO2 film without PEG (film 1)
and with the addition of PEG (film 2) are obviously different.

The well-defined crystallinity and size of TiO2 particles were

confirmed by the AFM analysis. Figs. 1 and 2 show 3D-views of

height data, and the characteristic vertical profiles (‘‘section

analysis’’) of single nano-particles of the samples (film 1 and

film 2), each with a single-layer and a three-layer sol–gel TiO2

film. As shown in Figs. 1 and 2, the films reveal a homogeneous

granular surface. The single-layer TiO2 film and the three-layer

TiO2 film prepared from sol 1 without the addition of PEG show

granular microstructures which are composed of regular

particles with heights within a range of 1–8.1 nm and of

1.0–5.4 nm, respectively (Table 2). On the other hand, the

single-layer TiO2 film and the three-layer TiO2 film prepared

from sol 2 with the addition of PEG show granular

microstructures which are composed of irregular particles

with heights within a range of 2.1–27.3 nm and of 6.9–54.0 nm,

respectively. Results indicate that there is a mesoporous

structure between the almost monodispersed TiO2 particles. In

addition to particle height, the AFM Roughness analysis also

gives the values of the surface roughness parameters. The

values of roughness parameters of both investigated films are

presented in Table 3. The Ra values of the single-layer and

three-layer sol–gel TiO2 films without PEG are 1.61 nm and

1.00 nm, respectively. The Ra values were lower than those

reported (2–4 nm) in the literature [22–24], indicating a

possibility that the films are optically smooth [22]. The lower

roughness value represents good homogeneity of the TiO2

particles on the surface [25]. The surface morphology is also

affected by the number of layers of TiO2 film without the

addition of PEG, which can be noted in the results of the

roughness parameters presented in Table 3. These results agree

with the results obtained by section analysis, as presented in

Fig. 1.

The addition of a small amount of PEG to a TiO2 film

drastically changes the surface morphology, as well as the

roughness parameters. With the addition of PEG, films become

rougher. Roughness parameters (Ra, Rmax, Rq, Rz and Zmax) are

higher in comparison to the values found in a sol–gel TiO2 film

without the addition of PEG, which is in agreement with the

results reported in [26]. Grain boundaries become less sharp

and the matrix shows a smoother appearance. These results

could be explained by assuming that the PEG adsorbed on the

surface of TiO2 particles produces stabilization by steric effects

and leads to the formation of more compact and higher

aggregates. Similar roughness surfaces were reported in

[27,28].

3.2. Results of the TG and the DSC analysis of TiO2 gels

Fig. 3 shows the TG-DTA curves of TiO2 gels of sample 1

(TiO2 gel prepared without the addition of PEG) and sample 2

(TiO2 gel prepared with the addition of PEG). The TG curves

for both gels show weight loss in two stages. The first weight

loss was observed between 25 8C and 125 8C and the second

weight loss was recorded in a temperature range from 125 8C to

550 8C. Results of weight loss for both gels are summarized in

Table 4. From these results it is clear that both gels have similar



Fig. 1. AFM analysis of film 1 with single-layer and three-layer sol–gel TiO2 film. Surface topography is presented as a 3D-view of height data and as a height profile

along the indicated lines (‘‘section analysis’’). (A) Surface topography of a single-layer film (scan size 1 mm � 1 mm, vertical scale 30 nm) and (B) corresponding

section analysis. (C) Surface topography of a three-layer film (scan size 2 mm � 2 mm, vertical scale 20 nm) and (D) corresponding section analysis.

Fig. 2. AFM analysis of film 2 with single-layer and three-layer sol–gel TiO2 film. Surface topography is presented as a 3D-view of height data and as a height profile

along the indicated lines (‘‘section analysis’’). (A) Surface topography of a single-layer film (scan size 2 mm � 2 mm, vertical scale 50 nm) and (B) corresponding

section analysis. (C) Surface topography of a three-layer film (scan size 2 mm � 2 mm, vertical scale 250 nm) and (D) corresponding section analysis.
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Table 2

The number of analyzed TiO2 particles, their minimum, maximum and mean

particle size and corresponding standard deviation obtained from the analyzed

area.

Sol–gel TiO2 film Particle

number

Mean height,

(nm)

Minimum

(nm)

Maximum

(nm)

Stand.

deviation

Film 1, 1 layer 473 1.6 1.0 8.1 1.2

Film 1, 3 layers 695 1.3 1.0 5.4 0.4

Film 2, 1 layer 311 6.7 2.1 27.3 5.0

Film 2, 3 layers 258 21.5 6.9 54.0 15.1

Table 3

The roughness parameters of film 1 and film 2 with single-layer and three-layer

sol–gel TiO2.

Sol–gel TiO2 film Ra (nm) Rq (nm) Rz (nm) Rmax (nm) Zmax (nm)

Film 1, 1 layer 1.61 2.08 3.98 20.10 20.90

Film 1, 3 layers 1.00 1.25 1.73 10.50 11.00

Film 2, 1 layer 4.60 5.82 11.00 46.90 46.90

Film 2, 3 layers 9.19 11.90 32.30 73.40 74.30

Table 4

Summarized results of DTA and TGA curves shown in Fig. 3.

Sample Weight loss

(from 25 to

125 8C) (%)

Weight loss

(from 125 to

550 8C) (%)

Total weight loss

(from 20 to

550 8C) (%)

1 8.13 24.54 32.68

2 9.20 42.29 51.49
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weight loss (8.13% for the titania without PEG and 9.2% for the

PEG-doped titania) in the first temperature interval. The

recorded weight loss could be attributed to the evaporation of

absorbed water and ethanol in the titania gels and a significant

endothermic effect can be found in the corresponding DSC

curves (Fig. 4). At temperatures between 125 8C and 550 8C,

weight losses of 24.54% and 42.29% were recorded for sample

1 and for sample 2, respectively. That weight loss could be

attributed to the combustion of unhydrolyzed isopropoxide

ligands and other organic substances bonded to nano-titania

particles (for both gels) and the combustion of PEG (for the

titania gel doped with PEG). This exothermic process can be

found in a corresponding DSC curve.

For sample 1 (TiO2 gel prepared without the addition of

PEG), two overlapping exothermic reactions can be

observed. The first, smaller, exothermic peak starts at

approximately 200 8C. The second, larger, exothermic peak
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Fig. 3. TG curves of titania gels dried at 25 8C, sample 1 (TiO2 gel prepared

without the addition of PEG) and sample 2 (TiO2 gel prepared with the addition

of PEG).
was found to start at approximately 330 8C. The exothermic

processes are completed at 550 8C. For sample 2 (TiO2 gel

prepared with the addition of PEG), two exothermic

reactions can be observed, the same as for sample 1, but

at a different temperature range and with a different peak

size. The first exothermic peak is larger and occurs at

temperatures between 275 8C and 390 8C, while the second

exothermic peak is smaller and occurs at temperatures

between 400 8C and 550 8C. For both samples of gels, the

endothermic peak is attributed to the evaporation of adsorbed

water and ethanol. The first exothermic peak is attributed to

the combustion and the release of organic substances. The

second exothermic peak is ascribed to the transformation of

the amorphous phase to the anatase phase and to the small

amounts of rutile phase.

3.3. Results of the XRD analysis of TiO2 nanoparticles

The crystalline structure of calcined TiO2 samples was

studied by XRD. XRD patterns show that titania samples

contain two crystalline phases: anatase as a main phase and

rutile as a secondary phase (Fig. 5A and B). The sample with

the initial sol content of 2 g of PEG has a higher amount of the

anatase phase and a lower amount of the rutile phase than the

sample without PEG.

3.4. Decolourization kinetics

The results of decolourization of the CR dye by two reactors

with the sol–gel coating under UVA irradiation are shown in
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Fig. 4. DCS curves of sample 1 (TiO2 gel prepared without the addition of

PEG) and sample 2 (TiO2 gel prepared with the addition of PEG).



●

●●

●
●

●●

▫

▫
▫ ▫

▫
▫▫

●

▫

Counts

A B
Counts

0

2000

4000

6000
 LC-sol1-2

Anatase

●

50               6040  30    10               20         

2Θ/°CuKα 2Θ/°CuKα

●●

●
●

●●

▫

▫
▫ ▫

▫
▫▫

●

▫ Rutile

In
te

si
ty

, a
.u

. 

●

●●

●
●

●●
▫

▫ ▫ ▫ ▫
▫

●

▫

0

2000

4000

 LC-sol2-2

50               6040  10               20               30    

●

●●

●
●

●●
▫

▫ ▫ ▫ ▫
▫

●

▫

●

●●

●
●

●●
▫

▫ ▫ ▫ ▫
▫

Anatase●
Rutile▫

In
te

si
ty

,a
.u

.

Fig. 5. X-ray diffraction pattern of TiO2 sample prepared from (A) sol 1 – without the addition of PEG and (B) with the addition of 2 g of PEG to sol 2.
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Fig. 6. Also, experiments were performed in both reactors

without UVA irradiation as well as in a reactor without the sol–

gel TiO2 coating under UVA irradiation. Under the latter

conditions, the decolourization and adsorption effects were

negligible. In the presence of the sol–gel TiO2 coating and the

UVA irradiation, the decolourization process progresses

proportionally with the irradiation time. Therefore, for these

conditions, the pseudo-first order rate constant k0 was not

determined. Obtained results show that the addition of PEG to

the initial sol improves the photocatalytic decolourization of

the CR dye. For each experimental condition, three tests were

performed simultaneously to confirm the repeatability. Test

results confirmed that the used immobilized photocatalyst had

retained its constant photocatalytic activity.

The photocatalytic decolourization of the CR dye follows

the Langmuir–Hinshelwood kinetics model given by the
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Fig. 6. Photocatalytic decolorization of Congo Red dye (the initial concentra-

tion of CR dye is 17.5 mg L�1) under the control conditions (sol–gel TiO2

coating 1, sol–gel TiO2 coating 2 only and UV only) and the photocatalytic

condition.
following equation [22]:

� dc

dt
¼ kKc

1þ Kc
(1)

where c is the CR concentration (mg L�1) at a time t (min), k is

the reaction rate constant (mg L�1 min�1), and K is the ad-

sorption coefficient of CR (L mg�1). After integration, Eq. (1)

is transformed into:

t ¼ 1

Kk
ln

c0

c

� �
þ 1

k
ðc0 � cÞ (2)

As the initial concentration (c0) is a millimolar solution

(c0 < 0.1 mmol L�1), the second term on the right-hand side of

Eq. (2) is relatively negligible [29,30]. Therefore, Eq. (2) can be

further simplified to give an apparent first-order equation:

�ln
c0

c

� �
ffi kKt ¼ k0t (3)

where k0 is the pseudo-first order rate constant in min�1.

The pseudo-first order rate constant k0 from Eq. (3) is

evaluated through the linear regression of �ln (c/c0) versus t

(and is in compliance with other research data [31,32]). The

corresponding values of the pseudo-first order rate constant k0

as well as the determination coefficient R2 are given in Table 5.

The results show that the photocatalytic decolourization of the

CR dye can be described by the pseudo-first order kinetic

model.
Table 5

The pseudo-first order rate constant (k0) for the decolorization process of CR

aqueous solution in reactor 1 (sol–gel TiO2 film without the addition of PEG to

sol 1) and reactor 2 (sol–gel TiO2 film with the addition of PEG to sol 2).

Reactor k0(�10�3, min�1) R2

Reactor 1 8.1 0.9942

Reactor 2 12.8 0.9877
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The rate constants were calculated to be 8.1 � 10�3 and

12.8 � 10�3 for experiments performed in reactor 1 and reactor

2, respectively (Table 5). The obtained values of the

determination coefficient R2 (Table 5) indicate that the

pseudo-first order rate is suitable for describing the photo-

degradation process of CR photocatalytic degradation with sol–

gel TiO2 coatings as the photocatalyst.

The values of the pseudo-first order rate constants of

photocatalytic decolourization are higher for the experiments

performed by the sol–gel TiO2 coating prepared from a sol

which contains PEG than for the experiments performed by the

sol–gel TiO2 coating prepared without the addition of PEG.

4. Conclusions

This paper presents the results of the photodegradation

process of a diazo Congo Red (CR) dye aqueous solution in the

presence of UV irradiation, oxygen and a sol–gel TiO2 ceramics

film. Two sol–gel TiO2 films were prepared. The first sol–gel

TiO2 film was prepared from the sol without the addition of

polyethylene glycol (PEG) and other one was prepared with the

addition of PEG.

The results of AFM analysis confirmed the presence of

nano-structured sol–gel titania films on the glass substrate.

Roughness parameters (Ra, Rmax, Rq, Rz and Zmax) of a sol–gel

TiO2 film with the addition of PEG are higher than the values

for the sol–gel TiO2 film without the addition of PEG.

The sol–gel TiO2 films with the addition of PEG have a

higher ratio of the anatase/rutile crystal phases than the sol–gel

TiO2 films without the addition of PEG.

The sol–gel TiO2 film prepared from the sol with the

addition of PEG was found to be more photocatalyticly efficient

than the sol–gel TiO2 film prepared from the sol without the

addition of PEG.

These results indicate that the photocatalytic properties of

sol–gel TiO2 films depend on the surface morphology and

roughness as well as on the ratio of two crystalline phases, the

anatase (as a main phase) and the rutile (as a secondary phase).

The surface morphology, the anatase/rutile phase ratio and

the photocatalytic properties of sol–gel TiO2 films change with

the addition of PEG to the initial sol.

The mechanisms of photocatalytic oxidation of the Congo

Red dye by sol–gel TiO2 coatings were described by a pseudo-

first order kinetic model. The value of the pseudo-first order rate

constant of CR dye photocatalytic decolourization is higher for

the sol–gel TiO2 film prepared from the sol which contained

PEG (k0 = 12.8 � 10�3 min�1) than for the sol–gel TiO2

coating prepared without the addition of PEG (k0 = 8.1 �
10�3 min�1).
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[19] E.J. Kontturi, P.C. Thüne, A. Alekseev, J.W. Niemantsverdriet, Introduc-

ing open films of nanosized cellulose-atomic force microscopy and

quantification of morphology, Polymer 46 (10) (2005) 3307–3317.

[20] A.A. Baker, W. Helbert, J. Sugiyama, M.J. Miles, New insight into

cellulose structure by atomic force microscopy shows the Ia crystal phase

at near-atomic resolution, Biophysical Journal 79 (2000) 1139–1145.

[21] M. Zaharescu, M. Crisan, Atomic force microscopy study of TiO2 films

obtained by the sol–gel method, Journal of Sol–Gel Science and Tech-

nology 13 (1998) 769–773.
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