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Abstract

Nanosized titanium oxide (Ti§) powders were prepared by sol-gel route. The preparation parameters are optimized by means of
Malachite green oxalate degradations. All catalysts were analyzed by X-ray diffraction (XRD) and BET technique. The best catalyst was
compared to Ti@-P25 using two other types of pollutant, 4-hydroxy benzoic and benzamide (BZ) and their performance was found to be
strongly dependant on the pollutant’s type.
© 2003 Published by Elsevier Science B.V.
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1. Introduction taminants into non toxic compounds like water, £&nd
diluted mineral acid3-5], removing heavy metal ions from
Photoassisted organic pollutants degradations induced bythe solution and converting them into less toxic ofggsand
illumination of suspensions containing small particles of water photosplitting into Hland @ [10,11]
semi-conducting oxides continue to attract great attention as In the recent years, scaling optical and electronic prop-
an alternative technology for wastewater treatment and areerties of nanomaterials which become strongly size depen-
a subject of many investigatiori$—8]. dant focused attention on the preparation of nanoparticle
The photoelectrochemical energy conversion depends onsemi-conductorgl12]. TiO, nanoparticles in powder have
the efficient spatial separation and subsequent interfacialreal advantages in relation to photocatalytic activity. In order
charge transfer of electrons and positively charged holesto do this, several methods of preparation have been reported,
(the two charges carriers) that are created by the absorp-€.g9. sol-gel organic or inorganic methjdd], hydrothermal
tion of photons in the semiconductor or by the molecules method[14] and hydrolysis of inorganic sg15].
at semiconductor-molecules interfaces. The separated elec- This work is devoted to the study of the influence of
trons and holes drive electrochemical oxidation—reduction different parameters like methanol and water ratios, tem-
reactions with the redox molecules at the semiconductor sur-perature and time of the refluxed process, on the prepa-
face. ration of TiO, nanoparticles. The photocatalytic efficiency
Semiconductors used for such applications must haveof these materials was evaluated using Malachite green as
a high resistance to photocorrosion, water hydrolysis pro- pollutant.
cesses and low coast. Their photosensitivity must be ef-
ficient when using the solar spectrum and have a high
quantum efficiency. However, the material having this ideal 2. Experimental
property has not been obtained.
It is well known that TiQ is the promising material as  2.1. Preparation of TiQ nanoparticles
semi-conductor having high photochemical stability and low
cost. TiQ is used for different environmental applications,  The following commercial reagents were used with-
such as, photocatalytic degradations of various organic con-out any further purifications: tetraisopropylorthotitanate
Ti(OCgH7)4, purity 99%; ethanol (EtOH) absolute grade,
* Corresponding author. Tel:33-3879-39108; fax:-33-3879-39101.  purity 99.9%; methanol (MeOH) absolute grade, purity
E-mail addressdrobert@iut.univ-metz.fr (D. Robert). 99.9%; hydroxypropyl cellulose P.M. 100.000 (HPC);
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TiO2-P25, purity 99.8% (Degussa Corporation). Malachite Two solutions containing respectively (wategrlcohol) and
green oxalate (Réactifs RAL, France); 4-hydroxy benzoic (TIPT, HPC, alcohol) were added to the solution obtained

acid (Aldrich); Benzamide (Aldrich). from the first stage. The resulting mixture was vigorously
stirred during 60 min. The powders were isolated by repeated
2.1.1. Method 1 centrifugation and dried at 7@ for 12 h.

TIPT and CHD were dissolved in 300 ml of absolute EtOH  All obtained products were treated at 5%8Dfor 2 or 10 h
with the molar ratio (1:1). The reaction mixture was stirred in air [17].
at 80°C for 3 h. After cooling, a controlled amount of water
was added dropwise to the solution. 2.2. Characterization

2.1.2. Method 2 X-ray diffraction (XRD) patterns are collected at 295K

TIPT was slowly added to a basic solution (pH9) of using Cu Kx (» = 0.15418 nm) radiation and were used to
hydrogen peroxide Dz (200ml, 3.6 M) under stirring at  getermine the identity of any phase present and their crys-
5°C. The yellow gel observed indicates the formation of a (5jjite size. The crystalline phase can be determined from
peroxide complex of Titanium. integration intensities of anatase (101), rutile (110) and

brookite (12 1) peaks. If a sample contains only anatase and

2-1-3; I_\/Iethod_3 ) ) rutile, the mass fraction of rutilexj can be calculated from
This is a variation of method 2, where the peroxide com- ha following equatiorj18].

plex of Tiis substituted by a complex obtained by dissolution

of TIPT in TEA (TEA/TIPT molar ratio: 0.5). The initial pH . Ir

of solutions obtained from the method 1-3 were adjusted to X= 0.8Ip + IR
6 by NH,OH or HNG;3, and then dispersed in 100 ml of hex-
ane with the presence of surfactant (Agar—Agaryag/ml X X
as emulsifying agents. After gelation, stirring was contin- anatase (101) and rutile (110) peaks, respectively.

ued for 1 h. The gel was filtered and washed subsequently Th.e a(\j/erage;rystallirt]e siz;a]s of anatage and_ rutilr(]a were de-
by water (500 ml) and EtOH (200 ml), dried at room tem- termined according to the Sc erer equat!on using t eFWHM
perature for 12 h. data of each phase after correcting the instrument broading.

The specific areas were determined by BET isotherms using

2.1.4. Method 4 Nz at 77K.

In order to get nanostructured TiO Ti(OCsH7)4
(Ti(OR)4) solution was dissolved in mixture of MeOH and 2.3. Photocatalytic activity
EtOH at different molar ratios and agitated at°€5dur-
ing 3h under magnetic stirrer. Water was added dropwise Malachite green (MG), benzamide (BZ) and 4-hydroxy-
into the hot solution (63C) during this period of time.  benzoic acid (4-HBZ) were taken as representative pollu-
The molar concentration of each species is related to thetants resulting from textile industry, pesticide and olive oil
concentration of alkoxide group (OR). The precipitate is extractions and can be considered as highly contaminant
isolated by filtration, washed with hot water and organic wastewater.
solvents to remove the adsorbed impurities, and heated at For the simplicity of its analysis and its quick degrada-

wherelp and Ir represent the integrated intensity of the

110°C for 12 h. tion process in the presence of Ti@s photocatalyst, MG
was used as pollutant for Tgpptimization procedure. So-
2.1.5. Method 5 lar box ATLAS SuntesCCPSt simulating natural radiation

TiCl4 was added dropwise and under stirring to 500 ml equipped with vapour Xenon lamp (300 nma < 800 nm)
of water at about 0C. The colloidal TiQ solution was was used in all experiments. In each run, 125 mg of,TiO
dialyzed until the pH lay between 2 and 3. The solvent was was dissolved in 250 ml of MG (10 mg/l) solutions. The mix-

removed by rotary evaporation. ture was sonicated before irradiation for 2 min. To obtain
highly dispersed catalysts and agitated in the dark for 1 h
2.1.6. Method 6 before irradiation procedure. At given irradiation time inter-

The present method of synthesis is an adaptation of thevals, the samples (5 ml) were taken out and then analyzed by
method used by Kim and Kinil6] for the preparation of  UV-Vis spectrophotometer “Shimadzu PC1201” (maximum
TiO2 nanosized using a two-stage mixed method. The start-absorbance was taken at 618 nm). For BZ and 4-HBZ degra-
ing solution containing water 70% and alcohol 30% (MeOH dations, typically 500 mg of Ti@was dissolved in 500 mi
and EtOH in the ratio 1:10) was added dropwise to a solution of such solutions (20 mg/l BZ, 30 mg/l 4-HBZ). During the
containing: TIPT+ HPC+ alcohol. Thereafter, the mixture irradiation procedure, 10 ml of solution were regularly tak-
resulting at the first stage was agitated for 60 min under Ar ing, filtered (Watmann, 0.4pm) and followed by HPLC
atmosphere. When the first stage reaction (semi-bath) wasequipped by a C18 column to calculate the remaining con-
finished, the bath reaction (the second stage) was startedcentrations.
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3. Results and discussion The products resulting from methods 2, 3 and 5 showed a
low photoactivity. Indeed, this comportment is attributed to
3.1. Preliminary results the poor crystallinity observed by X-ray analysis. The amor-

phous characters of compounds induce high concentrations

In the previous wor17], we have selected in the litera- Of defects. Each one acts as a recombination center when
ture six different methods of TiEnanoparticles preparation. ~ €lectrons and holes were generated under illuminaftt®is
The prepared Ti@ materials have been characterized by The same photoactivity was obtained when Ff@m meth-
XRD and BET ana|ysi5 and by Scanning electron microscopy ods 6 and 1 were used thOUgh both Compounds have different
(SEM). A thermal treatment is necessary to improve the Physical properties. The very low specific surface (6%8ghn
crystallinity of amorphous compounds. When Figbwders IS compensated by a high level of crytallinity for method 6
are calcinated at higher temperature, crystal structure transroducts. In addition, the interesting surface area obtained
formations may occur. The amorphous-anatase and anataserom method 1 (32.7 fig) confer sufficiently active surface
rutile transitions depend strongly on the method of to compensate the moderate crystallinity. The very small
preparation, the nature of the precursor and calcination crystallite size 10 nm) implies a high number of particles,
conditions. each particle acts like nanophotochemical radical generator.

Typically, the XRD patterns for different products calci- The effect of rutile-anatase distribution on photocatalytic
nated at 550C for 10 h were found to be more crystallized activity of TiO, can be observed by using the product
than the same products calcinated at 85Gor 2h. These  resulting from method 4. In fact, the best result of pho-
compounds indicate different stages of crystallization, de- toactivity was obtained close to that observed for 25
pending on the nature of the precursor and the procedure(30% of rutile and 70% of anatase powder). The higher
of preparation. Furthermore, the samples prepared fromcrystallinity combined with good surface improve the pho-
the Organic precursors presented more ab|||ty to form a tocatalytic performance. However, the surface area obtained
high crystallinity than the samples generated from mineral from this new method of preparation is low in comparison
precursors. In all cases, the particle size does not exceed® TiO2-P25 (50 né/g).
40 nm and the smaller crystallite was obtained with method It should be taken into account that this new method of
1 (Table 9. A good specific surface was also obtained by Preparation combining two alcohols has not been optimized.
this method (44.5 &ig) compared with other methods that Nevertheless, the optimization of method 4 is the main objec-
can not exceed-20 nt/g. tive of this work. It shows the high influence of methanol and

The SEM observation showed high homogeneity of the water ratios, temperature and time of the refluxed process.
samples prepared by method 1. The samples prepared with
reflux process (method 4) showed two types of aggregates3.2. Optimization of the method 4
with a different average siZd7].

The photoactivity of the prepared TiOnanoparticles  3.2.1. Effect of Methanol/alkoxy group of precursor
was investigated using benzamide (BZ). The photocat- (OR) molar ratio
alytic activity of the samples treated at 58D for 10 h was Fig. 1 shows the variation of the rate constant of Mala-
found to be higher than the samples treated for[2H. chite green photocatalytic degradation as a function of
This fact could be associated to the more crystalline struc- methanol/OR molar ratio (with Riso-propyl). These con-
ture observed for the samples calcinated for 10 h though stants were determined according to the kinetic equations
this long treatment induces the decrease of the specificof order 1 after 30 min of irradiation. We can see that the
area. amount of methanol induces the variation of catalyst effi-

In our case, the more influencing parameter is the level ciency. In the low and high concentrations of methanol, the
of crystallinity which can be concluded from the results of catalysts are very efficient. However, for the middle concen-
photocatalytic activity. The crystallinity and surface area are trations, the photoactivity of obtained catalysts decreases

two parameters involving on different ways. drastically.

Table 1

Physical properties of obtained TiO

Thermal treatment Method 1 Method 2 Method 3 Method 4 Method 5 Method 6

duration (h)

2 L (nm) 7.92 19.81 13.21 19.87 - 23.23

S (m?/g) 44.5 - 23.1 17.2 14.9 6.7

10 L (nm) 10.02 20.24 13.21 19.81 17.23 39.65
S (m?/g) 32.07 - 19.50 14.00 15.4 6.8
Percentage of BZ 50 15 40 75 30 60

degraded after 1h
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Fig. 1. Effect of methanol on photocatalytic activity of Hi®alachite green as pollutant.

Table 2
XRD data of prepared Ti@samples with the preparation conditions

Nb of sample OR:methanol:water ratios Bath temperatt@® ( Refluxing time (h) Amount of each phdse Crystallite siz&

1 1:1:50 65 3 A: 91.3,R 8.7 Da: 20.44,Dgr: 41.06
2 1:20:50 65 3 A: 89.66,R: 10.34 Da: 20.40,Dg: 20.53
3 1:1:1 65 3 A: 62.35,R 37.66 Da: 20.45,DRr: 25.66
4 1:1:75 65 3 A: 50.82,R: 49.18 Da: 20.45,DR: 25.66
5 1:1:75 55 3 A: 91.35,R: 8.65 Da: 22.71,Dgr: 13.68
6 1:1:75 67 3 A: 87.5,R 12.50 Da: 20.40,DR: 25.66
7 1:1:75 75 9 A: 94.12,R: 5.88 Da: 20.25,Dgr: 20.52

aA: anatase phase amRl rutile phase.
bDa: crystallite size of anatase aridk: crystallite size of rutile.

If we compare the physical properties of the sample hav- catalyst whose alkoxy-groups (OR) and water molar ratio
ing the lowest photoactivity with the sample having the best was 1:75.
photoactivity, only the grain sizes of rutile phase are dif- According to Livage et a[20], the total sol-gel synthesis
ferent (Table 9. The amount of anatase and rutile phases can be described by an alcoholic permutation reaction, hy-
is practically the same and no significant variation of sur- drolysis, and condensation reactions, which are competitive
face area is observeddble 3. Their surface areas were with alkoxolation, oxolation and olation as follows:
found to be very low. The conditions to prepare a bet-  (for our study, M: TH, R: iso-CsH7)
ter catalyst are selected for investigation of water effect 1. Alcoholic permutation
(D). M(OR), + xR'(OH) <> M(OR),_,(OR)x + xROH (1)

3.3. Effect of water 2. Hydrolysis
The effect of the water amount used during the preparation M(OR),, + nH,0 <> M(OH)n + nROH (2)

procedures on the photoactivity of catalysts can be observed _ _

onFig. 2 The photoactivity of catalysts is proportional to the 3. Conde_nsatlons reactions

amount of water used. The best result was obtained for the Alcoxolation:

N M R
/0 +M—0OR — /O‘-‘M—OR-——‘ M—O—M<—:O\ == M—0—M +R—0H
H H H 3)
Oxolation:
M ki H
0 +M—-0OH — O:—~M-OH— M-0-M-—:0 =—=M-0-M +H,0

/ /
H H H (4)



Y. Bessekhouad et al./Journal of Photochemistry and Photobiology A: Chemistry 157 (2003) 47-53 51

Table 3
Surface and rate constant of MG degradation for the;T8@mples
Nb of sample Sget (MP/g) K (mgmin)yt
1 7.7 0.0419
2 4.9 0.0282
3 6.6 0.0298
4 7.4 0.0546
5 35 0.0429
6 24 0.0743
7 26.6 0.0495
Olation:
oM
/
M—-OH + M<—:O\ _ /0= — H+ R—OH
R M (5)
H M
/ \
M—-OH + M=—:0 =— 0:—H + H,0
\ /
H M (6)

olation [Egs. (5) and () because these reactions develop
the three-dimensional skeletons of titania. The amounts
of water used during the gelation procedure determine
the contribution of each reaction. For the low amount of
water, hydrolysis of Eqg. (2) rates are low and excess ti-
tanium alkoxide in the solvent favours the development of
Ti—O-Ti chains through alcoxolationE(l. (3). Because
each Ti is coordinated with four O atoms, the development
of Ti—O-Ti chains results in three-dimensional polymeric
skeletons with close packing. For a medium amount of wa-
ter, high hydrolysisEq. (2) rates favour the formation of
Ti(OH)4 and reduce the relative contribution of alcoxola-
tion (Eqg. (3). Furthermore, the excess water suppresses the
development of Ti—-O-Ti chains by oxolatiokd. (4), be-
cause chemical equilibrium favours the creation of Ti-OH
species. As a result, the first-order particles are loosely
packed due to the presence of a large quantity of Ti-OH and
insufficient development of three-dimensional polymeric
skeletons.

For high concentration of water, the large excess of
water favours the formation of Ti(OWD™H, by the co-

The structure of the final gel depends on the relative con- ordination of water to Ti(OH) (solvation phenomenon).
tribution of alkoxolation Eq. (3)), oxolation Eq. (4), and

0,06

0,04 1

K (mg” min™)

OR : Methanol : H;O
1:1:x

This result in reactive Ti-H®-Ti species can contribute to

0 = T T T
1 10 25 50 75 100

x: H;O

Fig. 2. Effect of HO on photocatalytic activity of Ti@ Malachite green as pollutant.
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Fig. 3. Effect of bath temperatures on photocatalytic activity of ;TMalachite green as pollutant.
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Fig. 4. Effect of gel formation time on photocatalytic activity of Ti®Malachite green as pollutant.
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Fig. 5. Photocatalytic activity of optimized Ty (a) 4-hydroxy benzoic acid; (b) Malachite green; (c) benzamide.
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the development of polymeric Ti-O-Ti chains through the 4. Conclusion

olation reaction EEqg. (6). Thus, a three-dimensionally de-

veloped gel skeleton again yields closely packed first-order The research work presented in this paper leads us to
particles. Although excess water favours the formation draw the following conclusions. TiDprepared by sol-gel
of Ti-OH species by chemical equilibrium, the formed route was optimized using Malachite green oxalate during
Ti-O*H-H species are very reactive and quickly condense photocatalytic test. The optimum conditions are obtained
on other Ti—-OH with production of wateEg. (6)) or alco- with the ratios 1:1:75 between alkoxide group of precursor,
hol (Eq. (5) to yield Ti—-O-Ti chains. In brief, the amount  methanol, and L. The mixture must be prepared in bath
of water used during the gelation procedure is determinantfor 3 h at 75°C. These conditions produced a better catalyst
in terms of reaction mechanism occurring during the gel for Malachite green degradation. Moreover, when this cata-
formation. As a consequence, the amount of active sites islyst was used for degradation of benzamide and 4-hydroxy

tribute to the water amount. benzoic acid, other efficiency was observed in comparison
to TiO,-P25. From all this results, we can conclude that op-
3.4. Effect of temperature and gel formation time timization of one method using only one type of pollutant

is not sufficient because the development of certain affinity
occur between catalyst and pollutant during the optimization
procedure. We assume that it can be found catalyst having
efficient use in every situation but it is better to focus our
attention to develop performent catalyst for certain type of
_pollutant such as dyes and phenols. Particularly, when the
treatment of this pollutant is expensive by classical methods
or the pollutant is persistent. The pollutant must be treated
upstream before to be a mixture of pollutant.

Fig. 3 shows the effect of bath temperature on pho-
tocatalytic activity of final product. The constant rate of
degradation increases with the temperature untiP@5
At 75°C, the best photoactivity was obtained. This tem-
perature is greater than temperature of solvent evapora
tions (ethanol and methanol). When the bath temperature
is equal to 85C, the constant rate of degradation de-
creases. The effect of refluxing time was investigated at
75°C and it can be observed that 3h under reflux are
enough to produce a catalyst with interesting efficiency References
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