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Abstract

A homogeneous TiO, gel was obtained by hydrolysing titanium(IV) isopropoxide that was previ-
ously modified by reaction with acetic acid. The so stabilized precursor was hydrolysed under strong
acidic medium (pH=0 by HCI). Dried TiO, powders were characterized by FT-IR, XRD, N, adsorp-
tion analyses, coupled thermogravimetric (TG) gas chromatographic (GC) and mass spectromet-
ric (MS) analyses. A semiquantitative analysis of the main evolved chemical species allowed to de-
pict both the chemical rearrangements occurring in the TiO, matrix during pyrolysis and the
chemical composition of the initial gel.
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Introduction

With reference to what reported in the first two parts [1, 2], the results concerning
TiO, gel obtained by modifying the titanium alkoxide precursor by reaction with ace-
tic acid are presented in this paper. The use of this ligand was presented in previous
works [3, 4] but the preparation of this new TiO, sample has been carried out by using
the same values of the sol—gel parameters employed for samples obtained by reaction
with formic and oxalic acids [1, 2]. The reaction of acetic acid with the titanium
alkoxide transforms the monomeric tetracoordinate precursor units into oligomeric
species. In these oligomers the increase of the coordination sphere of titanium atoms
reduces the intrinsic bent of the metal vs. hydrolysis reaction, allowing a better con-
trol of the gelling process. Moreover, both the precursor modification and the strong
acidic medium used in the hydrolysis process lead to a preferential linear growth of
the metal-oxide chains yielding a TiO, gel structure characterized of a high specific
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surface area. This morphology feature helps the occurrence of a homogeneous poly-
crystalline TiO,-anatase phase dispersion, during the subsequent heat treatment, in
order to enhance the photocatalytic properties of this material.

The TiO, sample presented in this paper was studied in order to compare its ther-
mal stability in respect of other specimens and in particular to confirm the validity of
our semi-quantitative TG-MS/TG-GC-MS data processing just in a more intricate
case, i.e. when the thermal decomposition of acetate ligands affords the release of
several different chemical species. Nevertheless, a precise identification of all the
evolved species is required for a correct interpretation of the chemical processes oc-
curring in the rearrangement of the TiO, gel matrix. On the other hand, the gas phase
elimination of ligand groups, variously coordinated to Ti atoms during gel pyrolysis,
generates the formation of new cavity responsible for the microporosity features in
the TiO, network. Indeed, this fact partially contrasts the densification effect due to
the condensation of adjacent not-hydrolyzed groups between Ti—O-Ti chains. More-
over, the increase of degree of freedom of titanium atoms, due to the release of these
terminal groups, allows their coordination environmental rearrangement playing a
fundamental role in the incipient TiO, crystallization into the polymorph phase ana-
tase. For these reasons, the knowledge of the intrinsic pyrolysis mechanisms becomes
a crucial aspect in the preparation of polycrystalline TiO, anatase powders with tai-
lored morphological features devoted to photocatalytic applications [5-9].

Experimental procedure

Chemicals and instrumentation

Titanium isopropoxide (98.5%) was purchased from ABCR, acetic acid (99.99%),
and 2-propanol (99%) were Aldrich reagent grade products. The 1 M hydrochloric
acid solution, used to hydrolyse the titanium alkoxide precursor, was obtained dilut-
inga HC137% (d=1.186 g cm ) Carlo-Erba pure reagent grade solution. All chemi-
cals were used as received without any further purification.

The details of instrumentation and analysis procedures concerning sample char-
acterisation by nitrogen adsorption measurements, X-ray diffraction analyses, IR
spectroscopy, thermal analyses coupled with mass spectrometric and gas chromato-
graphic measurements are reported in part 1 [1].

Synthesis of sample

0.96 cm® of CH;COOH (1.67-10% mol) were added dropwise to 4.97 cm’® of
Ti(OCH(CHs),)s (1.67-10% mol), previously diluted with 12.8 c¢m® of 2-PrOH
(0.167 mol), working under nitrogen flow and the solution was then stirred for
15 min. 0.31 cm® of a 1 M HCI solution (corresponding to 1.67-10% mol of H,O
and 3.1-10* mol of H;0"), previously diluted in 12.8 cm® of 2-propanol (0.167 mol),
were added to the modified titanium alkoxide solution yielding a white emulsion.
This emulsion, processed in air, turned to a transparent solution yielding a homoge-
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neous gel within 4-5 days. The wet gel was aged in air for one week to obtain a solid,
which was milled in a mortar to fine powders. The gel powders were dried at room
temperature for 5 days, and then under vacuum (10> hPa) for further 2 days, yielding
the xerogel sample used in the characterization study. Adopted sol-gel parameters
were Ti-alkoxide (precursor):acetic acid (ligand):2-propanol (solvent):water:hydro-
chloric acid (hydrolysis catalyst)=1:1:20:1:0.0184. This titania sample was labelled
as TiO,—Ac.

Results and discussion

Specific surface area and porosity determinations, FTIR and XRD data

An amorphous TiO, sample was obtained from the sol—gel synthesis. Polycrystalline
Ti0,-anatase powders were recovered by heating the gel at temperatures higher
than 400°C, as revealed by XRD spectra, reported in Fig. 1, according to JCPDS card
n° 21-1272.

ﬂ TiO2—Ac heated up to 500°C

o AM A

TiO;-Ac dried gel

Intensity/a. u.

10 20 30 40 50 60 70 80
26/degree

Fig. 1 X-ray diffraction analyses of TiO,—Ac sample dried at room temperature and af-
ter heat treatment up to 500°C

FT-IR spectrum of crude TiO, gel shows, together with —O—H and Ti—O-Ti absorp-
tions at 3300 and 600 cm ™' [10], two intense bands centred at 1533 and 1450 cm ™ due to
acetate ligand, variously coordinated to titanium atoms and preferentially bonded in
bridging mode by considering the antisymmetric stretching frequency value [3, 4, 11].
These last signals are not present in the annealed samples, as shown in Fig. 2.

N, adsorption data, processed by B.E.T. and B.J.H. equations [12, 13], show an
isotherm curve typical of a mesoporous material. TiO,—Ac sample presents specific
surface area and average pore diameter of 200 m” g~ and 3.4 nm, respectively.
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Fig. 2 FT-IR spectra of TiO,—Ac sample dried at room temperature and after heat treat-
ment up to 500°C

Pyrolysis study

Thermogravimetric analysis of TiO,—Ac gel presents a broad mass loss in the 50-450°C
range with total intensity of 44.2% as shown in Fig. 3. Derivative TG curve (DTG) shows
this event split in two subsequent bands centred at 110 and 340°C, both of them followed
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Fig. 3 Thermogravimetric mass spectrometric coupled analyses of TiO,—Ac gel. TG,
DTG, DTA curves with the total ion current (7/C) plot of the evolved gas phase
vs. pyrolysis temperature. In the insets mass spectra recorded at the maximum of
the 7IC peaks
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by shoulders at 220 and 430°C, respectively. DTA curve presents two endothermic broad
bands, according to DTG trend, and a sharp exothermic peak at 430°C (Fig. 3), due to the
TiO, crystallization [14].

Evolved gas species afforded a total ion current (7/C) curve (Fig. 3) which is ex-
actly the symmetric image of DTG trend. Mass spectra recorded inside the first 7/C
peak at 110°C show the evolution of 2-propanol (inset 7=110°C, m/z signals
at 59, 45) with a minor amount of H,O (inset 7=110°C, m/z 18, 17) and CH;COOH
(inset 7=110°C, m/z 60, 43), whereas spectra recorded at 220°C indicate the main re-
lease of CH;COOCH(CHj3), (inset 7=220°C, m/z 87, 61, 43). H,0O, 2-PrOH and
CH3;COOH can derive both from the release of molecules physically adsorbed or en-
trapped into the TiO, network and from thermal promoted condensation reactions in-
volving not hydrolyzed isopropoxide and acetate groups, as observed in previous
studies of TiO, gels similarly synthesised [3, 4]:

=Ti~-OH+HO-Ti=—=Ti—-O-Ti=H,0(g) (1)
=Ti-OH+(CH;),CH-O-Ti=—=Ti-O-Ti=+(CH;),CHOH(g) )
=Ti-OH+CH;CO-O-Ti=—=Ti-O-Ti=+CH;COOH(g) (3)

Isopropyl acetate could arise from gas phase esterification of released acetic acid
and 2-propanol, or more probably, by condensation reaction between isopropoxide and
acetate groups still coordinated to titanium atoms, as observed by other authors [15].

=Ti-OCH(CH;),*CH;COOH(g)—>=Ti-OH+CH;CO-OCH(CH)x(g)  (4)
=Ti-O-COCH;+(CH;),CHOH(g)—=Ti-OH+CH;CO-OCH(CH:)x(g)  (5)
=Ti-OCH(CH;),+CH;CO-O-Ti=—=Ti-O-Ti=+CH;CO-OCH(CH;)»(g) (6)

Some TG-GC-MS analyses were carried out at the maximum intensity of the
mass losses in order to characterize the evolved species better by using both OV1 and
PoraPlotQ columns. Table 1 summarizes the chemical species detected and identified
in these gas chromatograms. Gas samplings at 110°C confirmed the evolution of
H,O0, 2-propanol and CH;COOH, whereas gas chromatograms at 220°C revealed the
release of several species, being isopropyl acetate the main component. Actually,
other acetic esters were formed and detected, although in very low extent, in a tem-
perature range close to 220°C as summarised in Table 1. The formation of these last
compounds required reactions involving structure rearrangements of not-hydrolysed
acetate and isopropoxide groups originally bonded to titanium atoms. Propene was
also detected around the 200°C temperatures; this olefin arises from elimination reac-
tion of isopropoxide groups:

=Ti-OCH(CH3), ->=Ti-OH+CH;-CH=CH,(g) (7)

Moreover, small amounts of 2-chloropropane were also recorded. This chlori-
nated hydrocarbon could be formed by reaction between released propene and HCI,
as previously observed in the thermal behaviour of SiO, gels prepared in similar op-
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erative conditions [16]. Actually, hydrochloric acid can derive from the hydrolysis of
=Ti—Cl bonds, present in low extent inside the TiO, gel network, which could be
formed during the hydrolysis of Ti-alkoxide precursor occurred under strong acidic
catalytic conditions.

From TG-MS analysis during the most intense mass loss, centred at 340°C, mass
spectra (Fig. 1) indicate the release of CH;COCH; (inset 7=340°C, m/z 58, 43) and CO,
(inset 7=340°C, m/z 44, 28), with a minor contribution of acetic acid. The first two com-
pounds derive from condensation reaction between two vicinal Ti-acetate groups [3]:

2=Ti-O-COCH;—>=Ti-O-Ti=+CH;COCH;(g)+CO5(g) (8)

Mass spectra recorded inside the small shoulder at 430°C show the evolution of
CO,, CO, H,0 and other species with minor intensity (Fig. 3, inset 7=430°C).

TG-GC-MS analyses at 340°C confirm the main release, in the same extent, of
CH;3COCH; and CO,, and of a butene isomer (probably the 2-methylpropene). Bu-
tene isomers could derive from reactions between acetate groups and isopropoxide
moieties, yielding in addition CO, and H,, being the last species not well detectable in
the operative conditions used:

=Ti-O-COCH;+(CH;),CH-O-Ti=—>
=Ti-O-Ti=+CH,=C(CHj3),(g)*+CO1(g)+Hx(g) )

OV1 chromatogram shows the presence, in very low extent, of some more ‘com-
plex’ organic compounds such as methyl-alkyl-ketone derivatives, unsaturated hy-
drocarbons (containing up to 8-carbon atoms), and aromatic species like
1,3,5-trimethylbenzene. These high molecular mass compounds could arise from
cracking and oligomerization reactions of primary evolved species, occurring on
Ti0, surface. Indeed, TiO, matrix could act as heterogeneous catalyst, as observed by
other authors [17, 18]. So, for example, detected methyl-benzene derivates can be
formed by dehydrogenation and cyclization of propene and butene:

CH}CH:CH2+(CH3)2C:CHQ—)C6H5—CH3+3H2 (10)
2(CH;),C=CH,—>C¢H,~(CH;),+3H, (11)
3CH;CH=CH,—>C¢H;—(CH;);+3H, (12)

In the last thermogravimetric event, at 430°C, the presence of these derivatives
is further increased as shown in the respective gas chromatographic elutions.

2-Propanol, acetic acid, propene, isopropyl acetate, water, carbon dioxide, acetone
and butene were the main compounds constituting the evolved gas mixture, although a
wide variety of species was found. The evolution of some of these species during pyrol-
ysis can be easily followed by monitoring the m/z ion currents of suitable fragment
ions, as shown in Fig. 4, appropriately selected from the mass spectra of the pure sub-
stance, as listed in Table 2. 2-Propanol development, followed by m/z 45 signal
([CH;CHOH]"), was centred at 95°C, whereas the two small bands observed at 240
and 300°C were contributions due to fragmentation ions arising from CH;COOH and
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Fig. 4 lon currents of selected ions chosen to represent the main released chemical spe-
cies during TiO,—Ac gel pyrolysis. The intensity of each m/z ion current is plot-
ted considering the molar concentration value found for that compound in the
TG-MS semiquantitative analysis (Table 3)

CO; release. The pyrolysis temperature increase leaded to a main H,O evolution
(m/z 18) ([H,0]™") at 105°C, followed by a less intense one at 380°C. The acetic acid
release (m/z 60) ((CH,COOH] ™) was also observed in two events, of similar intensity,
at 130 and 300°C, with a third smaller one at 240°C. Isopropyl acetate (m/z 87)
([CH;COOCHCH;]") development was detected at 195°C. The release of this ester to-
gether with the propene one gave rise to the formation of the shoulder at 220°C in the
TIC curve. M/Z 41 ion current, used to monitor propene release ([CH,CHCH,]),
showed three subsequent bands at 95,220 and 350°C. Indeed, the first event was due to
an ion arising from the fragmentation of 2-propanol and the last one to the evolution of
butene. Both m/z 44 and 58 ion currents, attributed to CO, ([CO,]™) and acetone
([CH,COCH,]™) formation, respectively, presented the same trend characterized by a
single broad band centred at 330°C. Finally, butene release was detected, by means of
m/z 56 signal ([C,H,]™"), in a temperature range around 350°C together with the for-
mation of the compounds with higher molecular mass.

The trend of the global release of all compounds can be obtained by considering
the sum of the ions currents used to monitor the single species. This last curve was per-
fectly overlapped to that representing the total ion current, as shown in Fig. 5. This fact
confirms the reliability of the proposed interpretation of the pyrolysis mechanism.

A semiquantitative evaluation of pyrolysis data

Thermogravimetric analysis of TiO,—Ac gel was carried out on 56.9 mg of sample
yielding a residual solid of 31.7 and 25.2 mg of evolved gas. The amounts of the main
detected species constituting the released gas mixture, i.e. 2-propanol, water,
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Fig. 5 Comparison between the experimental total ion current curve (7/C) with the
trend of the curve obtained adding the signals of the m/z ion currents chosen to
represent the main evolved species in TiO,—Ac gel pyrolysis

propene, carbon dioxide, acetone, acetic acid, butene and isopropyl ester, were calcu-
lated from TG-MS data as described in part 1 [1]. The relative intensities of all ions
(r(@D)i=h(i)i/ h(i);), detected in the mass spectrum of each chemical species (j), with
their integrated m/z ion current values (/m/z(i)) for those ions used in data processing,
are reported in Table 2.

Butene, acetic acid, water, acetone and isopropyl acetate amounts (4(7)=Im/z(i)/r(i))
were first directly evaluated considering the integrated signal ([m/z(i);j=Im/z(i)rG-msdata)
of their representative ions (respectively m/z 56, 60, 18, 58 and 87), being these ions ex-
clusively formed from the ionization and fragmentation process of that compound only.
2-Propanol amount was then calculated from the integrated value of m/z 45 signal, ne-
glecting the contribute due to CO, release which occurs in another temperature range,
and subtracting the contribution of CH;COOH and CH;COOCH(CHj3), species:

Im/z(45 )Z-propanolzlm/z(45 )TG-MSdata_Im/Z(45)acetic acid_[m/z(45 )isopropyl acetate™
=784.56-10°-196.08-10°~7.71-10°=580.77-10°.

Released CO, amount was determined from the integrated signal of 44 m/z ion
current subtracting the contribution of 2-PrOH, CH;COOH, CH;COCH; and
CH;COOCH(CHs;),:

Im/z(44) carbon dioxide™
=Im/z(44)1G-Mmsdata—M/z (44)2—propanol_l m/z(44)acetic acia—
—Im/z(44)acetone—Im/z(44)isopropy! acetate™
=490.47-10°-26.70-10°-12.57-10°-5.03-10°~7.71-10°=438.46-10°.

Finally, the amount of propene was evaluated from m/z 41 signal considering the
co-presence of 2-PrOH, CH;COOH, C4Hg, CH;COCH; and CH;COOCH(CHs),:

J. Therm. Anal. Cal., 75, 2004
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Im/z(41)propenc=
:Im/Z(4 1 )TG-MSdata_Im/Z(4 1 )2-pr0panol_[m/z(4 1 )acetic acid_lm/Z(4 1 )butene
—Im/z (4 1 )acetone_l m/z (4 1 )isopropyl acetate™

=280.79-10°-53.40-10°-10.06-10°-52.06-10°~7.5410°-33.42-10°=124.31-10°.

Subsequently, the absolute amount of each released species during the entire py-
rolysis process has been determined from data of Tables 2 and 3, which show the
chemical composition of the evolved gas phase and the intensity of the sample mass
loss. The ‘degree of identification’ of the gas mixture (i.e. ZAG)/Itic=
4167.70-10°/4979.55-10°) was 84%.

Table 3 Chemical composition of gas mixture (25.2 mg) evolved in the whole TiO,—Ac pyroly-
sis process calculated from TG-MS data

Chemical species

(molecular mass) Molar% Mass% Amount/mmol
CO, (44) 10.7 8.8 5.040107
H,0 (18) 16.3 55 7.7001072
2-Propanol (60) 25.1 28.3 11.8801072
Propene (42) 93 73 4380107
Isopropyl acetate (102) 9.2 17.6 4350107
Acetic acid (60) 16.3 18.4 7720107
Butene (56) 3.7 39 1.760107
Acetone (58) 9.4 10.2 4430107

The amounts of isopropoxide, hydroxyl and acetate groups originally bonded to
the titanium atoms (0.3967 mmol) inside the TiO, network, 0.2237, 0.3062
and 0.2269 mmol, respectively, were then calculated by taking into account the pro-
posed pyrolysis mechanism described by Eqs (1)—~(9). So, 0.8302 mmol of bridging ox-
ygen bonds, which correspond to 0.4151 mmol of oxygen atoms, were calculated from
the difference between the 1.587 mmol of titanium atom bonds and the 0.7569 mmol of
bonds with the above terminal groups.

This gel composition, nominally TiO ¢s(OH)g.77(OCH(CHj3),)0.56(OCOCH3)0 57,
leads to a mass balance of 57.4 mg of crude TiO, sample in comparison with the ex-
perimental 56.9 mg leading to a relative error of +0.9%.

Conclusions

The hydrolysis of the acetate-modified Ti alkoxide precursor, carried out under
strong acidic catalytic conditions, allowed to prepare an amorphous titania gel of high
specific surface area. A complete crystallization to anatase phase was observed by
heating this TiO, powders at 430°C. In spite of the numerous different species de-
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tected by TG-GC-MS measurements, the main processes occurring during pyrolysis
are: the condensation reactions, which release molecules of H,O and 2-propanol; the
hydrolysis of the ligand, with development of CH;COOH; the thermal decomposition
of isopropoxide groups with the elimination of propene. The particular reactivity of
the acetate group enriches the evolved gas mixture with several other compounds,
arising from the decomposition reactions involving the interaction between vicinal
acetate and/or isopropoxide groups. These reactions required methyl migration and
decarboxylation, yielding relevant amounts of CO,, acetone and butene, beside the
release of isopropyl acetate. Nevertheless, the articulate pyrolysis process and the
correct recognition of the main reactions occurring during TiO, network rearrange-
ment are confirmed by the quite good results regarding the mass balance of the initial
Ti0, gel. This TG-MS data elaboration allows also to describe the chemical composi-
tion of the TiO, matrix from the semiquantitative analysis of the evolved gas phase.
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