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Effect of hydrolysis conditions on hydrous TiO, polymorphs precipitated from
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Abstract: The relationship between hydrolysis conditions and hydrous titania polymorphs obtained in a titanyl sulfate and sulfuric acid solu-
tion was investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), and high-resolution transmission electron micros-
copy (HRTEM). The results revealed that the feeding rate of the titanyl sulfate stock solution, the concentration of sulfuric acid, and the seed
dosage of rutile crystal could significantly affect the hydrolysis rate, thus influencing the titania crystal phase. Hydrous TiO, in the form of
rutile, anatase, or the mixture of both could be obtained in solutions of low titanium concentrations and 2.5wt% to 15wt% sulfuric acid at
100°C. When the hydrolysis rate of titanium expressed by TiO, was more than or equal to 0.04 g/(L-min), the hydrolysate was almost
phase-pure anatase, while the main phase state was rutile when the hydrolysis rate was less than or equal to 0.01 g/(L-min). With the hy-
drolysis rate between 0.02 and 0.03 g/(L-min), the hydrolysate contained almost equal magnitude of rutile and anatase. It seems that although
rutile phase is thermodynamically stable in very acidic solutions, anatase is a kinetically stable phase.
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sulfate process, while in the high-temperature chloride pro-

1. Introduction

Titania is widely used due to its peculiar physicochemical
properties applicable to various scientific and technical
fields and exists in three crystal phases: rutile, anatase, and
brookite. Titania with a rutile structure is the most widely
used because of its high refractive index, tinting strength,
and inert chemical properties. The anatase form is preferred
as a photocatalyst used for the purification of water and air
[1-3] and titania membrane applications in dye-sensitized
titanium oxide solar cells [4]. Thus, controlling the crystal
phase of titania is of great importance from the viewpoint of
potential applications [5].

TiO, is commercially produced by two methods, i.e.,
sulfate process and chloride process. Generally, hydrous ti-
tania with anatase is obtained in the hydrolysis section of the
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cess the rutile form is obtained.

To understand the thermodynamic phase stability of TiO,,
a great deal of work was involved [6-14]. It has been found
that the phase stability of nanosized TiO, is size dependent
in air [7]. The stability in aqueous solutions was also ex-
plored. Yanagisawa and Ovenstone [15] demonstrated that
the protonation degree of TiO, surfaces increased with the
increase of acid concentration, leading to dissolution of
anatase and formation of rutile. Finnegan et al. [16] showed
that the stability of TiO, phase strongly depended on pH
values. At small size, rutile is more stable than anatase phase
in very acidic solutions. Clearly, rutile is thermodynamically
more stable in acid solutions.

Also, quite a lot of work focused on the relationship be-
tween polymorph phases of hydrous TiO, and hydrolysis
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conditions in aqueous solutions. Majority of them were
dedicated to aqueous chloride systems using TiCl, [17-19],
TiCl; [20], or TiOCl,[21] as precursors. Few examined the
relationship in sulfuric acid systems, although the hydrolysis
of titanyl sulfate solutions was widely investigated [22-24].

In the present work, hydrolyzing a titanyl sulfate stock
solution in 2.5wt% to 15wt% sulfuric acid solutions was
studied. The effects of hydrolysis conditions such as the
feeding speed of the titanyl sulfate stock solution, the con-
centration of sulfuric acid, and the dosage of crystal seeds
on the crystal phase of hydrous TiO, were investigated.

2. Experimental

2.1. Hydrolysis experiment

Hydrolysis of the titanyl sulfate solutions was carried out
in a four-necked flask equipped with an agitator, a con-
denser, and a thermometer. The fourth opening was used to
feed reactants and withdraw reacting slurry samples. The
flask was heated using an oil bath with a temperature fluc-
tuation within £2°C. In each experiment, a 300 mL sulfuric
acid solution with different concentrations was first intro-
duced to the flask and preheated to 100°C. A total of 9 or 18
mL titanyl sulfate stock solution with a TiO, concentration
of 200 g/L. was added at a certain constant speed using a
peristaltic pump (BT50-1J, Baoding Longer Precision Pump
Co., Ltd., China) with an allowable error of less than 5%.
The total reaction time including both the stock solution
feeding (the titanium hydrolysis occurred during the feeding)
and subsequent annealing time was fixed at 9 h unless oth-
erwise specified. The agitation was kept constant at 150 +
10 1/min during the entire hydrolysis operation.

A 2 mL hydrolytic slurry sample was periodically with-
drawn, rapidly cooled, filtered, and washed with a Swt%
H,SO, solution. Having been fixed up volumetrically, the
as-prepared solution was chemically analyzed. At the end of
each test, all the remainder reacting slurry was filtered and
washed first by a dilute solution then deionized water. The
solid sample thus obtained was collected and dried at 100°C
for characterization.

Rutile crystal seeds were obtained by dripping 50 mL of
1 mol/L sodium hydroxide solution into 20 mL of 0.625
mol/L TiCl, solution at room temperature. The white pre-
cipitate obtained was washed until all the impurities were
removed and then dispersed in deionized water and kept for
later usage.

2.2. Analysis and characterization

The titanium ion concentration in reacting solutions was
determined using reduction-oxidation titration [25]. The hy-
drolysates were subjected to X-ray diffraction (XRD) analy-
sis (DX-1000 diffractometer, Dan. Instrument Co., Ltd.,
China). The voltage and anode current used were 45 kV and
25 mA, respectively. The K, of the copper target is 0.15405
nm and the continuously scanning mode with 0.06 intervals
was used to collect the XRD patterns of the samples over a
20 range of 20° to 80°. The mass fractions of rutile and ana-
tase phase in these solid samples were calculated with the
XRD data by using the Rietveld whole pattern fitting
method [26-30], which was embedded in MAUD software.

The grain size was determined using the Scherrer equa-
tion, L=KA/ficosf, where L is the average grain size (nm), 4
is the wavelength of X-ray radiation (0.154056 nm for the
copper target), K is a constant usually taken as 0.9, and 6 is
the diffracting angle. f=B—b, where b is the peak width (full
width at half-maximum, FWHM) of a standard sample (the
crystallites must be larger than 1 mm) and B is the FWHM
for samples at the peak position given by the scattering an-
gle 26.

The morphology of the hydrolysates was observed using
an S-450 scanning electron microscope (SEM, Hitachi, Ja-
pan) at an accelerating voltage of 20 kV. High-resolution
transmission electron microscopy (HRTEM) images of the
samples were taken with a JEM-3010 transmission electron mi-
croscope (JEOL, Japan) at an accelerating voltage of 200 kV.

3. Results

3.1. Effect of the feeding rate of the titanyl sulfate stock
solution

A series of tests was conducted in 5% H,SOj, solution at
100°C. The applied feeding rates were 1, 2, 4, and 8 mL/h.
Thus, in the former two occasions, it took up 9 h to add total
9 and 18 mL titanyl sulfate stock solution, respectively,
without subsequent annealing, while in the latter two occa-
sions it took up 4.5 and 2.25 h, respectively, to add 18 mL
titanyl sulfate stock solution and then the reacting slurry
continuously annealed up to 9 h.

Fig. 1 shows the variation of Ti*" concentration in the re-
acting slurry with time at different feeding rates. In each test,
the titanium concentration increased first and then decreased
due to evident hydrolysis after reaching a certain supersatu-
ration. The supersaturation increased with increasing feed-
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ing rate. Based on Fig. 1, the hydrolysis fraction (ratio of
hydrolyzed titanium to total titanium added in the reacting
time of 9 h) was calculated and its variation with time is
shown in Fig. 2. It can be seen that once the hydrolysis
launched it progressed almost at a constant rate, as indicated
by the straight-line changes in the primary hydrolysis stages.
It speeded with increasing feeding rate.
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Fig. 1. Variation of the titanium concentration of the reacting

slurry with time at different titanium feeding rates.
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Fig. 2. Variation of the hydrolysis percentage with time at
different titanium feeding rates.

Fig. 3 demonstrates the XRD patterns of hydrolysates
obtained in 9 h of reaction at different feeding rates. All the
peaks were well matched with the phases of rutile (pdf card
No. 65-0190) and anatase (pdf card No. 21-1272), and no
brookite (pdf card No. 29-1360) was detected. The peak in-
tensity of rutile gradually increased with decreasing feeding
rate, while that of anatase exhibited an opposite trend. The
mass fraction and crystallite size of anatase and rutile phase
in the hydrolysates were calculated quantificationally from
the XRD patterns and are listed in Table 1. The feeding rate
of the titanium stock solution significantly influenced the
crystal phase of hydrolysates. For the hydrolysate obtained
at a feeding rate of 8§ mL/h, anatase was the predominant
phase with only 2wt% of rutile. With the decrease of feed-
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ing rate, the content of rutile phase rapidly increased. For the
hydrolysate obtained at a feeding rate of 1 mL/h, the rutile
content reached up to 92wt%. On the other hand, the feeding
rate affected the crystallite size only to some extent with the
size ranging from 6 to 11 nm for anatase and 4 to 6 nm for
rutile.

A. Anatase Feeding rate of titanium / (mL-h™")
R. Rutile

Intensity / a.u.

24 36 48 60 72
20/ ()

Fig. 3. XRD patterns of hydrolysates at different titanium
feeding rates.

Table 1. Variation of the phase composition and crystallite
size of hydrolysates with titanium feeding rate
Feedingrate/ ~ Composition / wt% Crystallite size / nm
(mLh™) Anatase Rutile Anatase Rutile

1 8 92 6 6

2 35 65 9 6

4 48 52 11 4

8 98 2 10 —

Fig. 4 shows the SEM photos of hydrolysates obtained at
different feeding rates. Hydrolysate samples obtained at
feeding rates of 1 and 2 mL/h were spherical with average
sizes of about 5 and 2 um, respectively. With the feeding
rate increasing up to 8 mL/h, the particle size decreased to
only about 1 um and the morphology became irregular and
rough. Clearly, high feeding rate resulted in high hydrolysis
rate (see Fig. 2), which generated a great deal of minute hy-
drolytic particles.

HRTEM images of hydrolysate samples obtained at
feeding rates of 1 and 8 mL/h are shown in Fig. 5. The cor-
responding crystallite sizes are about 10 and 5 nm, respec-
tively. The results are well consistent with the values calcu-
lated from XRD analysis (see Table 1), indicating that the
crystallite size estimated based on XRD analysis is reliable.
Therefore, the XRD estimation method was used hereafter.

3.2. Effect of reaction time

A series of tests was conducted in 5wt% sulfuric acid
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Fig. 5. HRTEM images of hydrolysates at different titanium feeding rates: (a) 1 mL/h; (b) 8 mL/h.

solution at 100°C with the feeding rate of 2 mL/h of the
titanyl sulfate stock solution. XRD patterns of hydrolysates
obtained at different reaction time durations are shown in
Fig. 6. The peak intensity for rutile increased with increas-
ing reaction time, while that for anatase decreased. The mass
fraction and crystallite size of the two polymorphs in these
hydrolysates were estimated and presented in Table 2.
Clearly, the majority of the hydrolysate obtained in the early
stage was anatase. However, with increasing reaction time,

A. Anatase
R. Rutile

Intensity / a.u.

20 30 40 50 60 70 80
20/ )

Fig. 6. XRD patterns of hydrolysates at different reaction
time durations.

Table 2. Variation of the phase composition and crystallite
size of hydrolysates with reaction time

Reaction Composition / wt% Crystallite size / nm
time / h Anatase  Rutile  Anatase Rutile
2 78 22 8 6
4 49 51 10 7
6 42 58 8 7
9 35 65 9 6

the rutile phase increased. Upon the reaction time being 9 h,
the rutile content rose to 65wt%.

SEM images of hydrolysates obtained at different reac-
tion time durations are shown in Fig. 7. Clearly, the particles
gradually grew up and became smooth with increasing reac-
tion time, suggesting that the particle growth might domi-
nate the later hydrolysis, while nucleation is the major hy-
drolysis process in the early stage.

To understand the variation of polymorph composition
with reaction time, an additional experiment was performed.
300 mL of 5wt% H,SOy solution was preheated to 100°C, to
which the titanyl sulfate stock solution was added at 2 mL/h.
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o) Y

Fig. 7. SEM images of hydrolysates at different reaction time durations: (a) 2 h; (b) 4 h; (¢) 9 h.

The feeding terminated in 4 h, and about half of the reacting
slurry was withdrawn and separated. The remaining one was
unceasingly annealed at 100°C for 5 h and then separated.
The two hydrolysate samples thus obtained were character-
ized using XRD analysis. It was found that they had almost
identical phase compositions. The results indicated that ana-
tase precipitated in the initial 4 h did not transform to rutile
under the experimental conditions employed. Therefore, the
increase of rutile content in the later stage is due to direct
formation of more rutile phase on the surfaces of initially
precipitated hydrolysate particles.

3.3. Effect of adding rutile crystal seeds

A series of tests was conducted in Swt% sulfuric acid so-
lution at 100°C with a titanyl sulfate stock solution feeding
rate of 2 mL/h for 9 h. Rutile crystal seeds described in Sec-
tion 2.1 were added before dripping the stock solution. The
seed dosages were 0.35wt%, 0.69wt%, 1.04wt%, and
1.38wt%, respectively, of the theoretical amount of the hy-
drolysate, which could be obtained by complete hydrolysis
of 18 mL of the stock solution.

The variation of titanium concentration in the reacting
slurry with time was detected and shown in Fig. 8. Unlike
hydrolysis in the absence of crystal seeds, the titanium ion
concentration increased almost monotonously over the
whole reaction time, indicating that hydrolysis occurred in
the very early time. Clearly, the introduction of nuclei can
overcome the energy barrier of homogeneous nucleation and
thus shorten the hydrolysis induction period. With increas-
ing crystal seed dosages, the titanium concentration de-
creased due to the enhancement of hydrolysis. Based on Fig.
8, the variation of hydrolysis fraction with time was calcu-
lated and is shown in Fig. 9. It can be seen that hydrolysis in
the presence of seeds occurred at ~0.5 h and conducted al-
most at a constant rate. Comparatively, hydrolysis in the
absence of seeds was delayed for about 1 h and had the
highest hydrolysis rate in the initial stage due to high super-

saturation. Besides, it was noticed that the hydrolysis rate
slightly increased with increasing seed dosages.
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Fig. 8. Variation of the titanium concentration of the reacting
slurry with time at different crystal seed dosages.
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Fig. 9. Variation of the hydrolysis percentage with time at
different crystal seed dosages.

XRD patterns of hydrolysates obtained at different seed
dosages in 9 h of reaction are shown in Fig. 10. Based on the
patterns, the phase percentage and crystallite size of both
rutile and anatase in these samples were estimated and are
listed in Table 3. Obviously, the addition of rutile crystal



H. Song et al., Effect of hydrolysis conditions on hydrous TiO, polymorphs precipitated from a titanyl sulfate and ... 647

seeds strongly influenced the phase composition. The rutile
content decreased with the increasing dosage of crystal
seeds under the employed experimental conditions. Upon
the dosage of 1.38wt%, the rutile phase content was actually
lower than that without the seeds. The reason will be dis-
cussed later.

A. Anatase

R. Rutile
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Fig. 10. XRD patterns of hydrolysates at different crystal seed
dosages.

Table 3. Variation of the phase composition and crystallite
size of hydrolysates with crystal seed dosage

Seed dosage/  Composition / wt%o Crystallite size / nm
wt% Anatase  Rutile  Anatase Rutile
nuclei 0 100 — 16
0 35 65 9 6
0.35 13 87 11 12
0.69 18 82 10
1.04 26 74 9
1.38 42 58 10

3.4. Effect of sulfuric acid concentration

A series of tests was conducted in different sulfuric acid
concentration solutions at 100°C with the stock solution
feeding rate of 2 mL/h for up to 9 h. The applied acid con-
centrations were 0wt%, 2.5wt%, S5wt%, 10wt%, and 15wt%,
respectively.

XRD patterns of hydrolysates obtained are shown in Fig.
11. Based on the patterns, the phase percentage and crystal-
lite size of both rutile and anatase in these hydrolysates were
estimated and are listed in Table 4. The acid concentration
significantly affected the phase composition. The maximum
rutile content (87%) occurred in the sample obtained in
2.5wt% acid. Increasing or decreasing the acid concentra-
tion further would lead to a decrease in rutile content. In
both 15wt% sulfuric acid and acid-free solutions, nearly
phase-pure anatase could be obtained.

A. Anatase
R. Rutile

A A A R25wi%
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RAR A R A R sy

Intensity / a.u.
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Fig. 11. XRD patterns of hydrolysates at different H,SO,

concentrations.

Table 4 Variation of the phase composition and crystallite
size of hydrolysates with H,SO4concentration

H,SO, concen-  Composition / wt% Crystallite size / nm
tration/ wt%  Anatase Rutile Anatase Rutile
0 96 4 22 —
2.5 13 87 8 7
5 35 65 9 6
10 82 18 11 2
15 99 1 10 —

The variation of titanium ion concentration in the react-
ing slurry with time at different acid concentrations is shown
in Fig. 12. In the acid-free solution, the titanium concen-
tration almost kept close to zero over the whole reacting
stage, indicating that the titanyl sulfate hydrolyzed immedi-
ately as soon as it was added. With increasing acid concen-
tration, the titanium concentration gradually increased due
to increasing titanium stability. A peak value of titanium
concentration was observed, which rapidly increased with
increasing acid concentration. Clearly, evident titanium
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Fig. 12. Variation of the titanium concentration of the react-
ing slurry with time at different H,SO,concentrations.
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hydrolysis started from the peak and speeded up with in-
creasing acid concentration as indicated by the steep slope.

Based on Fig. 12, the variation of hydrolysis fraction with
time was calculated and is shown in Fig. 13. It should be
noted that since hydrolysis in the acid-free solution was ex-
tremely fast, the rate could not be calculated from Fig. 12.
Therefore, an additional experiment was conducted, in
which 18 mL of the titanium stock solution were rapidly
poured into 300 mL acid-free water, which had be preheated
to 100°C. The reacting slurry was periodically sampled at
the very beginning of the reaction with very short intervals
for analyzing the titanium concentration. The result was
used to approximately represent hydrolysis with 18 mL
stock solution dripping into the acid-free solution at 2 mL/h
and is also shown in Fig. 13.
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(5]
g sor | —A—5wt%
3 —v— 10Wt% /
5 60l —0—15wt%/x / p
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240 b ® / /
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S
r'y
o oS
0 2 4 6 8 10
Time/h

Fig. 13. Variation of the hydrolysis percentage with time at
different H,SO,4 concentrations.

It was noticed that hydrolysis in the solutions of different
acid concentrations conducted almost at a constant rate once
it started. Hydrolysis in the acid-free solution is the fastest,
while the one in the 2.5% acid solution is the slowest. Be-
yond 2.5%, the hydrolysis speeded up with the increasing
acid concentration.

4. Discussion

As is well known, macrocrystalline rutile is a thermody-
namically stable phase compared with macrocrystalline
anatase or brookite due to its low bulk Gibbs free energy
(Gy). For an ultrafine TiO, system, the Gibbs free energy (G)
comprises the bulk free energy (G,) and the surface free en-
ergy (Gy). Thus, the G item is determinant of the phase sta-
bility. Since anatase has a lower G in air than rutile and
brookite, anatase may reverse to be a stable phase when the
TiO, size is very small. Therefore, the phase stability of
polymorph titania is size dependent [6-10]. Zhang and Ban-
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field [8] further quantified the size dependence under gase-
ous atmosphere as follows: anatase, brookite, and rutile are
thermodynamically stable, respectively, at grain sizes of <11,
between 11 and 35, and >35 nm.

However, in the present study with different titanium
stock solution feeding rates, different acid concentrations,
and different crystal seed dosages, the crystallite size of hy-
drous TiO, obtained in aqueous solution environment varied
only between 2 and 12 nm (see Tables 1-4), and the rela-
tionship between TiO, polymorphs and crystallite size did
not obey the rule established by Zhang and Banfield [8].

Finnegan et al. [16] demonstrated that the phase stability
of nanosized titania in aqueous solutions was pH dependent.
In very acidic solutions, such as pH ~1.0, which is far less
than the isoelectric pH value of titania (pH 5.9 for rutile and
pH 6.3 for anatase [31]), rutile is more stable than anatase at
small size. However, in the present study with a similar acidic
environment, lots of anatase hydrolysates were obtained.

Therefore, in the present study, the relationship between
TiO, phase and hydrolysis conditions cannot be explained
only from thermodynamic view.

It was reported that the crystallization rate could affect
the crystal phase composition [32-33]. In the present study,
the phase state of TiO, hydrolysates was influenced by the
feeding rate of the titanium stock solution, the dosage of
crystal seeds, and the concentration of sulfuric acid. It seems
that the hydrolysis rate exerted a very important effect.

To understand the relationship, the average hydrolysis
rates under different conditions were calculated from Figs. 2,
9, and 13 and correlated with the rutile phase content in the
corresponding hydrolysates as shown in Fig. 14. In all the
cases, the rutile phase constitution decreased with increasing
hydrolysis rate. In Fig. 14(a), at the Ti feeding rate of 1
mL/h, the average hydrolysis rate of titanium expressed by
TiO, is about 0.01 g/(L-min), and the rutile content is up to
92%. Upon the feeding rate being 8 mL/h, the average hy-
drolysis rate increases to 0.075 g/(L-min), and the rutile
content drops to the minimum of 2%. In Fig. 14(b), the
slowest average hydrolysis rate of 0.02 g/(L-min) is obtained
at the 0.35wt% crystal seed dosage with the rutile content of
as high as 87%. Upon the seed dosage of 1.38wt%, the av-
erage hydrolysis rate increases to 0.028 g/(L-min) with the
rutile content dropping to 58%. In Fig. 14(c), the slowest
average hydrolysis rate of 0.02 g/(L-min) is obtained at the
2.5wt% acid concentration with as high as 87% of rutile
content. Upon the acid concentration of 15wt%, the average
hydrolysis rate rises to 0.04 g/(L-min) with the rutile content
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reducing to ~1wt%. In the acid-free solution, the fastest av-
erage hydrolysis rate of 1.61 g/(L-min) is achieved with the
rutile content of as low as 4wt%. Besides, it was noticed that
the instantaneous hydrolysis rate (represented by the curve’s
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Therefore, a high titanium hydrolysis rate is always fa-
vorable for anatase formation. The phase state of hydrolys-
ates obtained at 100°C in 2.5wt% to 15wt% sulfuric acid
solutions is almost phase-pure anatase when the hydrolysis
rate is more than or equal to 0.04 g/(L-min), while the main
phase state is rutile when the hydrolysis rate is <0.01
g/(L-min). Upon the hydrolysis rate between 0.02 and 0.03
g/(L-min), the hydrolysate contains almost equal magnitude
of rutile and anatase.

In the hydrolysis section of the commercial sulfate proc-
ess, the titanium-containing solution is generally composed
of 230 to 260 g/L TiO, and about 10% H,SO, and hydro-
lyzes at 96°C to 110°C for 4 to 6 h with a hydrolysis per-
centage of approximate 95% [25]. The hydrolysis rate was
calculated to be about 0.77 g/(L-min). According to the cri-
terion established in the present study, we can explain why
only the hydrolysate in anatase state is obtained.

The present work demonstrates that although rutile phase
is thermodynamically stable in very acidic solutions and can
be formed through slow titanium hydrolysis, anatase phase
can also be obtained preferentially if the hydrolysis is fast

slope) actually decreases with prolonging reaction time as
shown in the 2 mL/h curve in Fig. 2, and the trend is in good
agreement with that of increasing rutile content shown in
Table 2.

100 0.000 =
90 L (b) Rutile content é
e Hydrolysis rate ~ 40.005 -
. 80 o
S 70t {0.010 2
S 60 2
] ] e
2 o) 0.015 =
2 401 ° 10020 £
3 30t o kel
=4 >
20l ® o {0.025 £
10 e &
I 10.030 ¢
0 1 L 1 L 1 L 1 L <:
00 02 04 06 08 1.0 12 14
Crystal seed dosage / wt%
Fig. 14. Relationship between rutile content and

hydrolysis speed at different titanium feeding rates
(a), crystal seed dosages (b), and acid concentrations

(c).

enough. In other words, anatase is a kinetically stable phase
[34-35].

5. Conclusion

Polymorphic hydrous TiO, was prepared via thermal hy-
drolysis of titanyl sulfate and sulfuric acid solutions. The
hydrolysis parameters such as the feeding rate of titanyl sul-
fate, the concentration of sulfuric acid, and seed dosage of
rutile crystals significantly influenced the TiO, phase state.
The reasons behind might be the hydrolysis rate. When the
hydrolysis rate is below 0.01 g/(L-min), a hydrolysate with
the main crystal phase of rutile is formed. Upon the hy-
drolysis rate over 0.04 g/(L-min), phase-pure anatase can be
obtained. With the hydrolysis rate between 0.02 and 0.03
g/(L-min), the hydrolysate contains almost equal magnitude
of rutile and anatase.
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