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Abstract We have investigated the effect of titanium

dioxide as a durable finish on the flammability and photo-

catalytic self-cleaning of cellulosic fabric. Nano-sized tita-

nium dioxide particles were successfully synthesized and

deposited onto cellulosic fibers with good compatibility,

significant photocatalytic self-cleaning activity, and flame-

retardancy properties using the sol–gel process at low

temperature. The photocatalytic activity was tested by

measuring the photodegradation of methylene blue under

ultraviolet–visible illumination, and also flame-retardancy

effect was tested by flammability tester. The samples have

been characterized by several techniques such as scanning

electron microscopy, transmission electron microscopy,

diffuse reflectance spectroscopy, X-ray diffraction, and ther-

mogravimetric analysis. The titanium dioxide nanoparticles

with 10–20 nm in size have been found to form a homoge-

neous thin film on the fiber surface which shows efficient

photocatalytic and flame-retardancy properties. This prepa-

ration technique can also be applied to new fabrics to create

self-cleaning and flame-retardancy properties in them.
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Introduction

The field of flame-retardancy of polymers has greatly

developed and expanded during the last 20 years [1]. Most

polymers and cellulosic fibers as organic materials are very

sensitive to flame. Therefore, the improvement of their

flame-retardancy has become more and more important to

comply with the safety requirements. A flame-retardant is a

compound or mixture of components that, when added or

incorporated chemically and or physically into a polymer,

serves to hinder the ignition or growth of fire.

The progression of perpetual self-cleaning textiles is an

objective sought by the textile industry in the framework of

new products classified as intelligent textiles [2, 3].

Self-cleaning applications using semiconducting pow-

ders or thin films have become a subject of increasing

interest especially in the last 20 years. Among semicon-

ductor oxides, TiO2 is one of the most widely used mate-

rials for self-cleaning application [4–9].

Nano-sized anatase TiO2 has been widely used as an

efficient photocatalyst for the photodegradation of organic

pollutants in various phases owing to its thermostability,

inexpensiveness, non-toxicity, strong oxidizing power, and

long-term photostability [10–13].

The direct preparation of anatase/polymer nanocom-

posite films from sol–gel titania on polymer films is gen-

erally not possible due to the low resistance of the organic

polymers to heat treatment [14].

Recently, several studies on the formation processes of

anatase nanoparticles, onto different polymers including

cellulose surface at relatively low temperatures, have been

published [15–26]. Among these, the following processes

can be highlighted to obtain: (a) self-cleaning of cotton

textiles modified with TiO2 at low temperatures under

daylight irradiation [19], (b) anatase nanocrystals deposited

on cotton fabrics from titanium isopropoxide (TIP) solu-

tions by sol–gel process [23], (c) synthesis and character-

ization of self-cleaning cotton fabrics modified by TiO2

through a facile approach [25], (d) self-cleaning modified
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TiO2–cotton pretreated by UVC-light and RF-plasma in

vacuum and also under atmospheric pressure [26].

The aim of this investigation is to study the effect of

deposited titanium dioxide as a flame-retardant for the

impartation of flame-retardancy and also as a semicon-

ducting photocatalyst for self-cleaning properties to create

photoactive flame-retarded cellulosic fabric. This innova-

tion is important because it should allow its practical use

for industrial applications.

Experimental

Materials

Pure cellulosic fiber characterized by 10 lm diameter from

cotton was used for the entire process. Methylene blue

(MB) of AR grade obtained from Merck (Germany) was

used for the experiments. Other chemicals were obtained

from Merck (Germany) and used as such without further

purification. Water used in our experiments was triply

distilled.

Synthesis procedure (preparation of TiO2 nanosol)

The typical procedure for synthesis of nano TiO2 onto

cellulosic fibers is as follows.

Titanium (IV) isopropoxide (TIP) was used as a precursor

of TiO2. A solution was prepared as follows: Titanium (IV)

isopropoxide (0.02 mol) was added to 2-isopropanol under

vigorous stirring conditions and then triethylamine

(0.005 mol) was added as a stabilizer of the solution and

stirred (200 rpm) for 15 min. Another solution was then

prepared separately as follows: hydrochloric acid (1 mL)

and water (0.5 mL) were added to 2-isopropanol and mixed

well by a magnetic stirrer for 10 min. This solution (50 mL)

was then added dropwise into above mixture (50 mL) con-

sisting of titanium (IV) isopropoxide (TIP), isopropanol, and

triethylamine, and stirred vigorously at room temperature to

carry out hydrolysis. Subsequently, after continuous stirring

for 2 h, the yellowish transparent sol was obtained

(100 mL). The formed TiO2 sol was transparent and quite

stable.

For the impregnation, fabric samples (2 cm 9 2 cm)

were treated with hot distilled water and acetone for

60 min to remove impurities and dried at room temperature

for 24 h. The cellulosic fabric after dried in a preheated

oven is then immersed for 5 min in the TiO2 containing

liquid nanosol. The extracted samples were then squeeze

rolled and placed in 70 �C preheated oven to remove the

solvent from the fiber and then heated at 110 �C for

30 min, to complete the formation of titanium dioxide from

the precursor. Finally, the impregnated fibers were rinsed

in distilled water. During this step, the unattached TiO2

particles were removed from the fiber surface.

Flame-retardancy experiment

All cellulosic fabrics were a plain construction, weighing

144 g m-2, unfinished 100% cotton, laundered, and dried.

They were 22 9 8 cm strips cut along the warp direction

and pre-washed in hot distilled water. The specimens were

dried at 110 �C for 30 min in an oven, cooled in a desic-

cator, and weighed with an analytical precision.

With the exception of the first set (Table 1), all other

specimens were impregnated with above as-prepared TiO2

nanosol at 20 �C. Afterward, they were squeeze rolled and

dried horizontally in an oven at 110 �C for 30 min. They

were then cooled in a desiccator and re-weighed with an

analytical balance so that the suitable add-on presented

onto the samples was obtained.

Flammability test

A vertical test method for the estimation of the fabric’s

combustibility has been designed and named as Mostas-

hari’s flammability tester. The conditions of the fabrics and

environment were on an average temperature ranged

Table 1 The effect of deposited titanium dioxide on the flame-retardancy imparted to cellulosic fabric

Set no.a Samples Percent (add-on) drying

at 110 �C and weighing

Burning time/s Burning rate/cm s-1 Char length/cm State of the fabric

1 Untreated – 25 0.88 – CB

2 Treatedb 4.80 – – 1 FR

3 Treatedc 7.44 – – 0.5 FR

CB completely burnt, FR flame-retarded
a Average of five tests for each set
b Treated sample with nanosol after washing
c Treated sample with nanosol before washing

Notes: (1) For flame-retardancy (FRs) samples, the char length B2.0 cm, (2) percent (add-on) means the mass of addition for impregnated dry

fabrics 9 100
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between 20 and 22 �C and relative humidity (RH) ranged

between 65 and 67%. The similar procedure is described in

DOC FF 3-71 [27]. The full description of our flammability

tester has been demonstrated in the previous investigations

[28–38].

Photocatalytic test

The photoactivity of the titanium dioxide-coated cellulosic

fibers has been investigated by exposing the samples con-

taining adsorbed MB to UV–Vis light.

For this purpose, 100 mL aqueous solutions (1.0 9

10-5 mol L-1) of MB were prepared. Both bare and TiO2-

covered fibers are treated in MB solution. The same

amount of each sample was immersed under mild stirring

in the same amount of the solution and remained over-

night to complete the adsorption. The solution was then

removed and the samples dried at room temperature. The

so-obtained samples were then exposed to UV–Vis to test

their photoactivity. For photocatalytic reactions, the irra-

diation was carried out on dry samples, by means of a high-

pressure mercury lamp (HPMV 400 W, Germany). The

lamp yields a spectrum ranging from ultraviolet to visible

(200–800 nm). The distance between the lamp and reactor

was 50 cm, and the intensity of the UV radiation reaching

the reactor was measured to be about 20 mW cm-2 by a

radiometer.

The photocatalytic decomposition rate was determined

from the following equation.

Photocatalytic decomposition ¼ C0 � Cð Þ=C0

¼ A0 � Að Þ=A0

where C0 represents the initial concentration of the dyes on

fiber surface, C the final concentration after illumination by

UV light, A0 the initial absorbance, and A the variable

absorbance.

Characterization techniques

To investigate the morphology of the pure and TiO2-

modified cellulosic fibers, scanning electron microscopy

(SEM) images were obtained on a Philips, XL30 equipped

with energy dispersive (EDS) microanalysis system for

compositional analysis of the TiO2-coated cellulosic fibers.

The TiO2 particle sizes were obtained by transmission

electron microscope (TEM) images on a Philips CM10

instrument with an accelerating voltage of 100 kV. For

photodecomposition reaction, the UV–Vis reflectance

spectra were recorded at room temperature by a UV-2100

Shimadzu Spectrophotometer in the reflectance mode by

investigating the evolution of the absorbance.

X-ray diffraction measurements were recorded by a D8

Bruker advance diffractometer with Cu Ka radiation, scan

rate 0.02 2h/s and within a rang of 2h of 10–70 at room

temperature.

To investigate the thermal behavior of samples, ther-

mogravimetric analysis was performed under air and

nitrogen atmosphere at a heating rate of 10 �C min-1 using

a thermogravimetric analyzer (TGA V5.1A DuPont 2000).

Results and discussion

SEM, TEM images, and EDS analysis of TiO2 coatings

In order to investigate the morphology of the obtained

samples, comparison between the SEM images of the

treated and untreated cellulosic fibers is illustrated in

Fig. 1 SEM images of a pure

fiber (910,000), b TiO2-coated

fiber after washing (930,000),

c TiO2-coated fiber before

washing (910,000), and d TiO2-

coated fiber before washing

(930,000)
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Fig. 1. It clearly shows that treated fiber before and after

washing is covered by a continuous and homogeneous

TiO2 thin film. SEM study of TiO2 thin film deposited onto

cellulosic fibers indicate that the particle size of the

deposited titania on the fibers surface is less than 100 nm

(Fig. 1d, b).

In Fig. 2, the EDS analysis of TiO2-covered fibers

before washing (a) and after washing (b) is reported. On the

basis of this result, it is noteworthy to observe that the

deposited material consists of titanium and oxygen and

after washing, remarkable amount of titania is still present

on the cellulosic fibers surface. This means that TiO2

particles are firmly anchored to the surface of fibers.

In order to investigate the size of TiO2 particles forming

the TiO2 film, a portion of the material was collected by

scratching the surface and was analyzed by TEM. TEM

images, reported in Fig. 3, show that the deposited titania

film consists of spherical particles of average diameter

10–20 nm (Fig. 3a, b).

X-ray diffraction (XRD) analysis

The XRD patterns of pure, titania-coated cellulosic fibers

and sol–gel derived TiO2 powders are reported in Fig. 4.

Figure 4a reports two broad peaks and one intense peak at

13.16�, 15.12�, and 21.4�, respectively, which comprise the

typical XRD pattern of cellulosic fibers [39]. Two of three

major peaks at 13.16� and 15.12� are related to amorphous

phase of fiber, while the peak at 21.4� is due to the crys-

talline phase.

Figure 4b shows XRD pattern of TiO2-covered fibers.

Since the amount of TiO2 onto surface fibers was low,

therefore TiO2 on the fibers surface did not show good

crystalline phase intensity in XRD pattern. However, small

peaks were observed at 2h = 25�, 37�, and 48�. These are

associated with diffraction peaks corresponding to anatase

crystallites.

Figure 4c and d shows XRD patterns of sol–gel-derived

TiO2 powders calcined at 500 and 700 �C, respectively.

TiO2 powder calcined at 500 �C in the spectrum of TiO2

is easily identified as the crystal of anatase form, whereas

at 700 �C is easily taken as the crystal of rutile form.

Flame-retardancy analysis

The experimental results of analysis are summarized to

identify the burning characteristics of the specimens in

Table 1. Vertical flame spread tests were carefully con-

ducted to determine the add-on values on the burning time

in seconds in column 3. The states of the specimens (after

the tests) are illustrated in column 7, CB means complete

burn, and FR stands for flame-retardation. The burning

rates in cm s-1 were calculated by means of dividing the

length of the burned fabrics by their burning time shown in

column 5. Char lengths in cm are given in column 6. It can
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Fig. 2 EDS spectra of TiO2-coated cellulosic fibers a before washing

and b after washing

Fig. 3 TEM images of a TiO2 nanoparticles forming the TiO2 film

and b magnified TEM image of TiO2 nanoparticles

720 H. F. Moafi et al.

123



be deduced from the experimental results of column 3 that

the efficient quantity of titanium oxide as a flame-retardant

to cellulosic fabric expressed in g per 100 g of dried fabric

is about 4.8%. Moreover, this add-on value is an efficient

amount for impartation of flame-retardancy to the cellu-

losic fabric.

Concerning thermogravimetry (TG), it is widely used to

investigate the thermal decomposition of polymers to assess

their relative thermal stabilities and the pathway of com-

bustion and pyrolysis. TG curves of the samples under

nitrogen and air atmospheres are given in Fig. 5. TG curve of

untreated cellulosic fibers (Fig. 5a) reveals that its pyrolysis

includes three stages: initial, main, and char decomposition

steps [40]. The related temperature, speed, and mass loss of

every stage can be found from the TG curve.

In the initial stage, where the temperature range is below

300 �C, the most important changes of the polymer occur

in its physical properties and little mass loss happens. Here,

the damage to cellulose occurs mostly in its amorphous

region. The main pyrolysis stage occurs in the temperature

range of 300–370 �C. In this stage, the mass loss is very

fast and significant. Most of pyrolysis products are pro-

duced in this stage. Referring to the literature, glucose is

one of the major products, together with all kinds of

combustible gases [40].

The char pyrolysis occurs at the temperature above

370 �C. During this process, dehydration and charring

reactions complete with the production of glucose, with the

dehydration and charring reactions being more obvious.

The mass decomposition continues to dehydration and

decarboxylization, releasing more water and carbon diox-

ide, and producing double bond and carbonyl products. The

carbon content in the decomposed products becomes

higher and higher, and charred residues are formed.

Although the exact temperature ranges of cellulose pyro-

lysis may vary depending on different cellulosic materials

and experimental conditions, the three steps always exist in

pyrolysis of cellulose. In fact, the pyrolysis will go from

amorphous regions to crystalline regions in cellulose [40].

The outcomes of TG curves concerning the flame-

retarded supported samples show the similar three stages

but with lower decomposition temperatures and mass loss,

i.e., these stages happen well below under the thermal

degradation of untreated cellulose. It is obvious that the

decomposition temperature of the treated substrate with

TiO2 is lower than the untreated one (Fig. 5c, d), that

indicating the influence of TiO2 as a flame-retardant agent.

Untreated fiber started rapid thermal degradation at 300 �C

and lost about 98% of this mass at 550 �C (Fig. 5a).

However, the treated sample at the optimum level of

addition for impartation of flame-retardancy started deg-

radation ranging from 250 �C. It is mentionable that the

major mass loss for untreated fiber occurred at 350 �C

about 70% of its mass was lost. However, the treated

sample lost only 50% of its mass at this temperature.

Therefore, it can be deduced that by the application of

titanium dioxide as a flame-retardant, the formation of
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Fig. 4 XRD patterns of samples: (a) pure cellulosic fibers, (b) TiO2-

covered fibers, (c) sol–gel-derived TiO2 powder at 500 �C (d) sol–gel-

derived TiO2 powder at 800 �C
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Fig. 5 TG comparative curves of untreated and treated cellulosic

fabric with TiO2 to impart flame-retardancy: (a) untreated fabric

under air atmosphere, (b) untreated fabric under nitrogen atmosphere,

(c) treated cellulosic fabric with TiO2 under air atmosphere, and

(d) treated cellulosic fabric with TiO2 under nitrogen atmosphere
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volatile pyrolysis products has been postponed when the

polymer is subjected to the thermal degradation.

TG curve samples under nitrogen atmospheres show the

similar three stages (Fig. 5b). The untreated cotton fabric

(curve b) has a decomposition temperature starting at

300 �C where the treated fabrics have lower decomposition

temperatures because of a catalytic dehydration of cellu-

lose by the flame-retardant (Fig. 5d).

It can be observed that a noticeable reduction have

occurred at the initiating stage of treated sample that this

could be due to the catalytic effect of TiO2 nanoparticles

and interaction of functional groups of cellulose fiber and

hydroxyl groups on the surface of fiber with nanoparticles.

However, the remaining residue, i.e., TiO2, seems to

play the role of dust or wall for heat absorption and dis-

sipation in the combustion zone as described in the Wall

Effect Theory [41]. According to this theory, ‘‘if a high

enough concentration of dust is present in the air, no flame

can propagate.’’ Hence a lowering of temperature is the

result and the goal of flame-retardancy could be achieved.

After combustion of all organic part in TiO2-covered

fibers, the residual amount (*17% by mass) corresponds

to TiO2 (Fig. 5c). From this result, it is evident that the

thermogravimetric analysis technique in air allows to

evaluate the present of TiO2 covering the cellulosic fibers.

Photocatalytic self-cleaning

The photoactivity of the synthesized titanium dioxide on

cellulosic fibers has been investigated by exposing the

samples containing adsorbed MB to UV–Vis light. The

UV–Vis reflectance spectra obtained on the dried samples

before (spectrum a) and after illumination (spectrum b–e)

are reported in Figs. 6 and 7, respectively. From Fig. 6a, it

can be observed that the absorption bands in the

500–700 nm interval due to adsorption of MB change

rapidly because supported TiO2 promotes the catalytic

photodegradation (spectrum b–f). This is not unexpected

since the photocatalytic activity of TiO2 is well known

[42, 43]. The disappearance rate of the band due to MB

adsorbed on the TiO2-covered fibers is much higher than

that observed in case of untreated fibers (Fig. 7). Of course,

450 500 550 600 650 700 750 800
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Fig. 6 UV–Vis reflectance spectral changes of MB on TiO2-coated

fibers at room temperature, under UV–Vis light irradiation: spectra

a–f for 0, 1, 2, 4, 6, and 8 h irradiation time, respectively
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Fig. 7 UV–Vis reflectance spectral changes of MB on pure cellulosic

fibers at room temperature, under UV–Vis light irradiation: spectra

a–f for 0, 1, 2, 4, 6, and 8 h irradiation time, respectively
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Fig. 8 Time dependence of the surface concentration of adsorbed

MB upon light exposure: (a) untreated fibers, (b) photocatalytic

activity of TiO2-coated fibers, and (c) P25 (Degussa), where C0 is the

initial concentration of the dye on surface fiber and C is the final

concentration after illumination by UV–Vis light
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the photodegradation effect is lower than that observed on

P25 (Fig. 8), which is the best TiO2 catalyst.

It is evident that TiO2-covered fibers promote the pho-

todegradation process, and the high-surface area associated

with the small particle size ensures a favorable condition

for a relatively fast degradation.

Conclusions

Nano-sized TiO2-coated cellulosic fibers were successfully

prepared by sol–gel technique at low temperature with

significant photocatalytic self-cleaning and flame-retar-

dancy activity. This preparation allows to deposit and to

graft TiO2 nanoparticles on fibers, and titanium dioxide

covers uniformly surface of the fibers. The TiO2-covered

cellulosic fibers show high-photocatalytic efficiency in

decomposing the pre-adsorbed MB under UV–Vis light.

Supported TiO2 particles on cellulosic textiles promote the

photodegradation process and fire-retardancy. The high

surface area associated with the small particle size ensures

a favorable condition for self-cleaning purposes. Flame-

retardancy action of the remained TiO2 in the consumed

ashes could be referred due to Dust or Wall Effect Theory

suggested by Jolles. That is, the enough concentration of

the dust in the flame zone absorbs the heat and causes the

heat dissipation. Hence leading to lowering of temperature

and consequently to retardation of the flame.
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