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Reaction of Tetrabutyl Titanate in the Adsorption Layer on SiO, Surface

WANG Ting JIANG Xin*
(Department of Chemical Engineering, Zhejiang University, Hangzhou 310027)

Abstract: Reaction of tetrabutyl titanate (Ti(OBu),) which happened in a water-rich adsorption layer on the silica
surface was studied. The change of Ti content in the alcohol bulk during reaction process of Ti(OBu), was measured
by spectrophotometry. The results suggested that the sharp decrease of Ti content in the first 60 min of reaction time
was due to quick hydrolysis of Ti(OBu), in the adsorption layer. The different reaction activity of Ti(OBu), with
hydroxyl group and water molecule in two kinds of the adsorption layer caused various change in Ti content curves.
The EDAX results indicated that increase of temperature influenced little on reaction of Ti(OBu), in the alcohol
bulk,whereas, the influence of temperature on the preparation process of adsorption phase synthesis was
complicated. Both the changes of Ti content and morphology of TiO, had two kinds of features with temperature
increasing. And these different changes were explained by various effects of temperature on chemical-adsorption and

physical-adsorption.
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0 Introduction Microreactor synthesis, like microemulsion method, is
one of the remarkable methods because the significant

Synthesizing nanoparticles with maximum control  restriction on particles size®*. Adsorption Phase Syn-
over the composition and structure has recently been an thesis (APS) is one of the latest developments of mi-
interesting scientific and technological challenge! . croreactor synthesis and it is effective for the prepara-
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tion of various of composites with special construction.
The adsorption layer formed on the surface of supports
is employed as a nanoreactor in APS to prepare
nanoparticles”. Dekany and co-workers!"""'? have been
prepared several kinds of nanoparticles by APS, such
as CdS, Pd nanoparticles, and so on. The authors have
also synthesized TiO*", Ag!™ and NiO" nanoparticles
with 2~7 nm of diameter on the SiO, surface.

In our previous work!"""”, the volume of an adsorp-
tion layer was estimated firstly by measuring the change
of water content in the bulk during the adsorption pro-
cess. Then it was found that reaction of Ti(OBu), in the
adsorption layer could also be separated into two steps:
hydrolysis and condensation, which was similar to that
in impregnation method. However a sharp increase of Ti
content on the Si0, surface was a special phenomenon
only found in APS process. This result indicate that the
reaction in micro circumstance of nanoreactor was very
different from that in the bulk, which was corresponding
to results in studies on other microreactors, like mi-
croemulsion, reverse microemulsion ™" and layer sili-
cates' ™%,

In the preparation of TiO, via APS, the adsorption
layer was not only used as a reactor, but also provided
water molecules as the other reactants. The adsorbed
water molecules on the SiO, surface are different from
water molecules in alcohol solution and bulk water,
which resulted that reaction of Ti(OBu), in the adsorp-
tion layer was much distinguished from that in the bulk.
of adsorbed water

Furthermore, the properties

molecules should be influenced by change of reaction
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conditions, which also affected reaction of tetrabutyl ti-
tanate in the adsorption layer. In this paper, influence
of evaluation of the adsorption layer, including chemi-
cal and physical adsorption layer, is studied on reaction
of tetrabutyl titanate. Then the inherent mechanism
which led to sharp changes of reaction products was ex-

plored.

1 Experimental sections

1.1 Materials

Hydrophilic colloidal silica (Si0,) A-200 (average
particle diameter is 12 nm, Specific Area is (200£25)
m*-g™') was obtained from Degussa (Germany). Tetra-
butyl titanate was purchased from Shanghai chemical
reagent co. Ltd. and used as-received. Absolute ethyl
alcohol  (obtained from Shanghai chemical reagent co.
Ltd.) was distilled and stored over a 0.4 nm molecular
sieve (SCR 4A, China).
1.2 Preparation of TiO, nanoparticles
1.2.1 Preparation of TiO, by Adsorption Phase

Synthesis (APS, reaction in the water-rich
adsorption layer)

0.5 gram of hydrophilic SiO, nanoparticles (previ-
ously pre-dehydrated and kept in a desiccator at 393
K), and 200 mL of absolute alcohol together with differ-
ent volumes of water from 0 mL to 1.5 mL were added
into a triflask to adsorb and stirred under different tem-
peratures. Because of selective adsorption capacity of
Si0,, a water-rich adsorption layer formed gradually on
the SiO, surface (Fig.1). After adsorption equilibrium
(12 h), Ti(OBu), (2.15 g) dissolved in 50 mL of ethanol

Nanoparticles

(©

(a) Dispersion of silica in binary liquids; (b) Adsorption equilibrium; (c) Particles distribution after reaction

Scheme of preparation of TiO, in an adsorption layer
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was added. The molecules of Ti(OBu), diffused from the
bulk to SiO, surface and reacted in the adsorption layer.
TiO, particles were formed by hydrolysis and condensa-
tion in the adsorption layer on the silica surface. After
reaction for 5 h, the product was gained by several cen-
trifugation-redispersion-washing cycles and dried at
75~100 °C.

1.2.2  Preparation of TiO, by Impregnation Method

(IM, reaction in the alcohol bulk)

200 mL of absolute alcohol and different volumes
of water from O mL to 1.5 mL were added into a triflask.
Then Ti(OBu), (2.15 g) dissolved in 50 mL of ethanol
was added to react under different temperatures. After
reacting for 4 h, 0.5 g of SiO, (previously kept in a des-
iccator at 393 K for 2 h) was added into the reaction
system. After reaction completed (5 h), the product was
gained by several centrifugation-redispersion-washing
cycles and dried at 75~100 °C.

1.3 Characterization
1.3.1 Spectrophotometry

A standard curve of Ti content vs absorbance was
estimated first by 721 spectrophotometry (shanghai,
china). During the preparation process of APS, the sus-
pension was centrifuged at different reaction time and 5
mL of the supernatant liquid was separated, followed by
an evaporation of the solvent. Then the residue gained
after evaporation process was dissolved in hot concen-
trated sulfuric acid and the solution with different Ti
content was gained. Finally spectrophotometry (wave-
length 390 nm) was used to measure the absorbance of
the solution and Ti content in the supernatant liquid
could be calculated combining with the standard curve.
1.3.2  Transmission electron microscopy (TEM)

One drop of an ultrasonic-mixed, dilute alcohol
suspension of the “as-prepared” (see Section 1.2) sam-
ples was placed on a carbon-coated grid, followed by an
evaporation of the solvent. Electron micrographs of the
particles were taken by JEM-200CX transmission elec-
tron microscope.

1.3.3  Energy dispersive X-ray microanalysis (EDAX)

A small amount of samples were placed on a plat-
form and compressed to flat. Then two areas of sample

surface were scanned and analyzed by energy disper-

sive X-ray microanalysis (Genesis 4000) to measure Ti

content on Si0,.
2 Results and discussion

2.1 Measure of Ti content in the alcohol bulk
during reaction

In our previous work!"”, it was found that evalua-
tion of an adsorption layer, especially formation of a
physical-adsorption layer, led to great increase of Ti
content on the SiO, surface after reaction finished. For
further study on influence of the adsorption layer on re-
action of Ti(OBu),, the change of Ti content in the alco-
hol bulk during reaction process was measured by
spectrophotometry 721.

Fig.2 is changes of Ti content in the alcohol bulk
during the reaction under different water concentra-
tions. The first curve in Fig.2 shows that when no water
added in preparation, Ti content changes slowly during
whole reaction process. Whereas other four curves can
all be divided obviously into two segments: Ti content
decreases rapidly in the first 60 min; then changes

slowly after 60 min, which is similar to the first curve.
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Fig.2 Dependences of Ti quantity on reaction time
during APS process under different water

concentrations
According to the literature®, there were many -Si-
OH distributed on the surface of hydrophilic SiO,, so Ti
(OBu), could react with these -Si-OH when no water
added:

N 7/ \ /
;TI—OBquHO—Si— —>» —Ti—O—Si— (1)

~ / \
This reaction was a slow-reaction, so the first Ti

content curve decreased slowly.
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When water was added into reaction system, two
similar changes in Ti content curves, reflected different
reaction rate of Ti(OBu), with water molecules and hy-
droxyl groups. According to our former work!™, when an
adsorption layer formed, Ti(OBu), hydrolyzed in the ad-
sorption layer at first:

—Ti—OBu + H,0—> >Ti~OH 2)

Ti(OBu), almost hydrolyzed quickly to intermedi-
ate-products in the adsorption layer while it was added
to reaction system, so Ti content in the bulk decreased
sharply in the first 60 min. After hydrolysis of Ti(OBu),
finished, two reactions should happen on the SiO, sur-

face besides condensation (1):

/ \
~Ti—OH + HO—Ti- —— —Ti~0—Ti- 3)
e \ Ve N
N / \ Ve
“Ti—OH + BuO—Ti- ———Ti~O—Tiv @)
e \ Ve N

These reactions were all slow reactions and their
rates were similar to condensation (1), therefore Ti con-
tent in the bulk decreases slowly. And the changes of
four Ti content curves after 60 min in Fig.2 almost par-
allel the first Ti content curve.

From the data in Fig.2, it is also found that the de-
crease of Ti content in first 60 min of reaction time be-
comes more sharply with water concentration increas-
ing. Whereas the decreases in four Ti content curves
after 60 min change little with water concentration in-
creasing. It is notable to find that after reacting for 60
min, mass of Ti in the alcohol bulk falls sharply from
247 mg to 227 mg (decreased by 20 mg), when amount
of water changes from 1.0 mL to 1.1 mL. However when
quantity of water increases by 0.5 mL  (from 0.5 mL to
1.0 mL), Ti content at 60 min of reaction time only de-
creases by 28 mg. This phenomenon indicates that
there is a sharp decrease of Ti content in the alcohol
bulk within scope of 1.0~1.1 mL of water (as an arrow
shown in Fig.2), that is to say Ti concentration on the
Si0, surface increases dramatically, which being con-
sistent with the EDAX results in our former work!".

According to literature™ and our previous work!""?,
this sharp decrease was due to the evaluation of the ad-
sorption layer with water concentration increasing. The

evaluation of the adsorption layer was a gradual pro-

cess. When water molecules were adsorbed on the SiO,
surface, a chemical-adsorption layer was formed first on
the silica surface and water molecules in the chemical-
adsorption layer combined strongly with surface of SiO,

via chemical bonds.

HH HH
H H ﬂ 8
o) 0 0 0 S)

| |
—Si—0—S8i— + HyO——> —§i—0—Si—

When water concentration was higher than the
critical value™ (like 1.1 mL of water here), a physical-
adsorption layer could form. The physical-adsorption
layer was a multi-molecules layer and water molecules
in this layer combined with the silica surface via weak
molecular force
Waals force).

Being in different state, hydroxyl groups on the

(such as hydrogen bond and van der

silica surface, water molecules in the chemical-adsorp-
tion layer, and water molecules in the physical-adsorp-
tion layer had different reaction activity with Ti(OBu),.
Condensation reaction between Ti(OBu), and hydroxyl
groups was the slowest reaction. And the hydrolysis of
Ti(OBu), with water molecules in the physical-adsorp-
tion layer was the fastest one. With increase of water
concentration, the reaction of Ti(OBu), in first 60 min
became faster and Ti content in the alcohol bulk de-
creased more. The sharp change between 1.0 mL of wa-
ter and 1.1 mL of water showed the effect of the physi-
cal adsorption layer (as shown by as an arrow in Fig.2).
2.2 Temperature experiments under different
water concentrations
2.2.1 Temperature experiments of impregnation
method (IM)

In our former research™, it was found that Ti con-
tent on the SiO, surface also changed with temperature
increasing, which might be due to damage of physical-
adsorption by increase of temperature. To explore this
effect further, we should realize the influence of tem-
perature on reaction of Ti(OBu), in the alcohol bulk at
first. Therefore based on the results in our former work!™,
experiments of IM under two water concentrations (0.5
mL and 1.2 mL) and different temperatures (0~70 °C)
was designed. And Fig.3 is Ti content of samples by IM
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Fig.3 Dependence of Ti concentrations in samples by

IM on temperature

From the results by TEM in our former work™, the
morphology of samples by IM was very uneven. So there
are obvious fluctuations in two Ti content curves in Fig.
3. With water concentration increasing, the fluctuation
becomes more obvious due to more heterogeneous mor-
phology. Ignoring these fluctuations, it is found that Ti
content of IM samples changes little with temperature
increasing and can be treated as straight lines. There-
fore the change of temperature influences little on reac-
tion of Ti(OBu), in the alcohol bulk.

The reaction of Ti(OBu), is exothermal ™ (-AH, =
19.3 kJ -mol™ under 25 °C), which restricted and weak-
en the influence of temperature on condensation rate.
Phenomena appeared in Fig.3 was due to the reaction
features of Ti(OBu),. Increase of temperature could pro-
mote the rate of condensation and more TiO, could be
formed in same reaction time. Therefore the reaction of
Ti(OBu), in the alcohol bulk changed little with tem-
perature increasing.
2.2.2  Temperature experiments of adsorption phase

synthesis

To investigate further different reaction of Ti(OBu),
in the chemical-adsorption layer and the physical-ad-
sorption layer, we designed preparation experiments
under different temperatures with various volume of
(from O mL to 1.5 mL). EDAX was em-
ployed to measure Ti content on the SiO, surface after
reacting for 5 h (Fig.4).

From Fig.4, it is shown that the change of Ti con-

water added

tent with temperature increasing can be separated into
two kinds: when volume of water added is less than 1.1

mL, Ti content changes little with temperature increas-
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Fig.4 Dependence of Ti concentrations in all samples
by APS on temperature

ing and Ti concentration curves are almost horizontal
lines. While water added exceeds 1.1 mL (including 1.1
mL of water), there are sharp decreases appeared in Ti
content curves with temperature rising. At low tempera-
ture, Ti concentration under two water concentration
changes slightly. When temperature increases more
than 30 °C, sharp decreases appear (the turning tem-
peratures are all 40 “C) and the decrement of Ti is about
50%. As temperature increases continuously, the curves
become smoothly again.

Combining with the results in section 2.1 and
2.2.1, these two kinds of curves, we consider, were due
to different influence of temperature on physical and
chemical-adsorption. According to the results in section
2.1 and our former work™™, when amount of water added
was less than 1.1 mL, there was only a chemical-ad-
sorption layer formed on the SiO, surface. And the ad-
sorption layer changed little with temperature increas-
ing because of the stable chemical-bond. Therefore Ti
concentration curves were almost straight lines (as Ti
content curves under 0 mL, 0.5 mL and 1.0 mL of water
shown in Fig.4).

When volume of water reached 1.1 mL, the physi-
cal-adsorption layer was the main structure of the ad-
sorption layer (as shown in Fig.5a). At low temperature,
both chemical-adsorption and physical-adsorption ex-
isted stably and the physical adsorption layer changed
slowly with temperature increasing, which influenced
little on reaction of Ti(OBu),. So Ti concentration in
samples kept almost unchanged and the first flatten
stage appeared in curves. When temperature increased

continuously, the aggravation of molecular motion
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Fig.5 Scheme of the evaluation of the adsorption layer on the silica surface with temperature increasing

reached a limit, which resulted in rapid thinning of the
physical-adsorption layer. The chemical-adsorption
layer became main reaction site of Ti(OBu),, therefore
reaction quantity lessened greatly and sharp decreases
in curves appeared (the turning temperature of two
curves were both 40 °C). When temperature was very
high (50 °C here), the physical-adsorption layer almost
vanished and there was only the chemical-adsorption
layer left on the silica surface. Due to the stable combi-
nation between chemical-adsorptive water and surface
of Si0,, the change of temperature affected little the ad-
sorption layer and the nanoreactor became more stable.

So the second flatten stage in curves appeared.

2.3 TEM morphology of TiO, gained by APS
under different water concentrations and
temperatures

Corresponding to Ti content curves in Fig.4, the

morphology of TiO, in TEM can also be divided into two

Temperature
—_—

Increasing

(b) )

kinds. When volume of water was less than 1.1 mL, on-
ly the chemical-adsorption layer formed on the SiO,
surface, so Ti content curves under different tempera-
tures were almost straight lines (as shown in Fig.4) after
reaction in the chemical-adsorption layer. So the mor-
phology of all samples in TEM changes little with tem-
perature increasing. Fig.6 is TEM pictures of samples
under 1.0 mL of water gained by APS.

When amount of water exceeded 1.1 mL, there was
the physical-adsorption layer formed on the SiO, sur-
face and its nature changed much with temperature in-
creasing. So the grey of regions on the support surface
both become light (Fig.7) with temperature rising, espe-
cially when temperature reaches 50 °C, the characteris-
tic of samples is similar to that of TiO, formed in the
chemical-adsorption layer (as shown in Fig.6). These

phenomena consist with the conclusions gained from Ti

concentration curves (Fig.4).

()30 C

(b) 50 C

Fig.6 TEM photography of APS samples under 1.0 mL of water
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Fig.7 TEM photography of APS samples under 1.2 mL of water

3 Conclusions

The reaction of Ti(OBu), on the SiO, surface
changed with evaluation of the adsorption layer. With
increase of water concentration in preparation, the main
reactants which reacted with Ti(OBu), changed from-
Si-OH on the SiO, surface to water molecules in the
chemical adsorption layer, then to water molecules in
the physical adsorption layer. Both reaction rate and Ti
concentration on the SiO, surface manifested a sharp
increase when the physical-adsorption layer formed.

The influence of temperature on physical-adsorp-
tion and chemical-adsorption was different. Due to the
stable chemical bonds, the chemical adsorption layer
changed little with temperature increasing. However in-
crease of temperature affected obviously physical ad-
sorption. And the physical adsorption layer vanished
eventually under high temperature. These vary changes
of different adsorption with temperature changing caused

different changes of Ti concentration on the SiO, surface.
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