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Synthesis of TiO; nanoparticles in pure 2-hydroxyethylammonium formate room
temperature ionic liquid and investigation of its photocatalytic properties
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ABSTRACT

TiQ; nanoparticles were synthesized by modified sol-gel method using pure room temperature ionic liquid
(RTIL) 2-hydroxyethylammonium formate as a reaction medium. The structure and morphology of TiQ,
nanoparticles were characterized with X-ray powder diffraction (XRD), BET surface analysis and scanning
electron microscopy (SEM). TiO, nanoparticles were synthesized in open and closed vessels. The TiO,
nanoparticles prepared in open vessel present only anatase crystal phase after calcination at 500°C but the TiQ,
prepared in closed vessel presents anatase and rutile phases after calcination at 500°C. The photocatalytic
efficiency decreases with increasing of ethanol and water as molecular solvent in preparation step of
nanoparticles. The degradation percent can reach over 97% at the optimal catalyst concentration (2.0 g/L) in 120

minutes irradiation.
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INTRODUCTION

In recent years great efforts have been devoted to the
study of the photocatalytic degradation of organic and
inorganic contaminants of water and air [1-11]. The
overall efficicncy of photocatalytic processes depends,
first of all, on several physicochemical features of the
semiconductor, such as the position of its band gap
potential, the crystalline phase composition, the surface
properties, and the mobility and recombination rate of the
charge carriers generated during UV-light irradiation.

Among wide band-gap semiconductors, TiO; is of special
interest for various purposes due to some specific
properties  (n-type  semiconductor, chemical and
mechanical  stability, negligible  photo-corrosion,
biocompatihility combined with a comparably low-cost of
preparation), This combination makes this material useful
and efficient in a wide range of applications including e.g.
photocatalysis [12-16], self-cleaning applications [17],
solar cells [18, 19], optoeleetronic devices [20] and gas
sensors [21]. In all these applications, various forms of

TiO, (including nanoparticles, nanorods, nanotubes and .

nanofibres, synthesized by various methods, for review
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see eg. [22]) are employed as they have a
comparably larger surface area than flat TiO, films
prepared by thermal or anodic oxidation.

In nature, TiO; can crystalize in the three
polymorphs anatase, rutile and brookite. Anatase is
thermodynamically less stable than rutile and
exhibits a shorter wavelength absorption edge.
Frequently present in nanosized TiO; particles, it is
largely recognized to be the most active phase in
oxidative detoxification reactions [23]. The surface
enthalpies of these three natural TiO, polymorphs
are distinctly different and the obtained
modification highly depends on the preparation
method and sample post-treatment. Apatase is the
most stable modification for small particle samples
with high surface areas, followed by brookite and
rutile [24].

Ionic liquids (ILs) are attracting much interest
in various areas of chemical synthesis [25],
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[ corrosive  species,

electrochemistry [26, 27], separations and
biotransformations, owing to their unique
physicochemical characters {28, 29]. Furthermore,

* they readily dissolve many organic, inorganic

iand organometalic compounds. One of the
biggest disadvantages of application of RTILs in
various fields arises from their high-cost relative
|t0 conventional solvents. Moreover, RTILs with
.PFs” and BF, ions are known to decompose in

‘ ( the presence of water and as a result, toxic and

such as hydrofluoric and
- phosphoric acids are formed [30, 31]. But, RTILs
- with formate anions have very low coast and are
|halogen free. They are relatively hydrolysis
stable compounds and could be an interesting
altematrve for industrial applications due to the
fact that they avoid the liberation of toxic and
corrosive materials into the environment. 2-
Hydroxyethylamonium  formate has been
| described to have high solvating ability for some
. inorganic and organic materials such as Na,SO,,
NH4C1 KBr and polyaniline. This fonic liquid
'has very low cost and with a melting point of -
82°C, it 1s a promising solvent for low

_ | temperature reactions {32)].

Recently, there are some reports about the
combination of nanomaterials with ionic liquids.
- Han et al studied the effect of n-n stacking of
' water miscible ionic liquids [Bmim][BF,] and
[Omim]{BF,;] on morphology of mesoporous
- TiO, prepared via sol-gel method [33]. Alammar
et al. investigated the sonochemical preparation
of anatase TiO, nanoparticles in the ionic liquid
. 1-(3-hydroxypropyl)-3-methylimidazolium-
- bis(trifluoromethylsulfonyl)amide under ambient
conditions [34]. Hiu et al. prepared the anatase
mesostructured TiO; nanocrystals in a mixture of
1-butyl-3-methyl-imidazolium tetrafluoroborate
(BMIM'BF,") ionic liquid and water by a low
temperature hydrothermal method [35]. Zhai et
al. [36] reported the preparation of rutite TiO; in

a carboxyl containing ionic liquid, |-
methylimidazolium-3-acetate chlorine
([AcMIm]Cl). Hu et al. [37] Synthesized

mesostrauctured anatase TiO; particles and

| nanodisperse spheres with high surface area in 1-
' (2-hydroxylethyl)-3-methylimidazolium  based

ionic liquids. Zhai et al. [38] synthesized
nanostructured TiO, particles by sol-gel method
with room  temperature ionic  liquid

[BMIM][PF¢]. Paramasivam et al. [39] showed
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that [BMIM][BF;] can dlrectly be used to grow
well-defined layers of self-orgamzed TiO,
nanotubes. Li et al. reported the synthesis of
polyerystalline CdS hollow| nalospheres with
diameter of about 130 nm in hrgh yield by an
lonic liquid assisted template free hydrothermal
method [40].

In traditional sol-gel process lit is neccssary
to use water and acidic | or | basic catalyst
combined with alcobolic sollven!i for hydrolysis
and condensation steps. The approach introduced
in this study is to avoid water m sol-gel process
by using only pure room temperature ionic liquid
(RTIL, 2- hydroxyethylammomlim formatc) as
solvent.  The prepared} samples were
characterized with X-ray powder diffraction
(XRD), BET surface analysrs and scanning
electron microscopy (SEM). !

EXPERIMENTAL ! ”]
Ethanol was obtained from Merck, ethanolaminc
and formic acid from Riedel|de Hacn. The
chemicals were of the highest jpurity available
and purified according to the literature [41]. The
ionic liquid was prepared aEs described in
literature [32]. 2- Arnmoethanol (59.9 g, 0.1
mole) was placed in a three nccked flask
equipped with a reflux conden'scr a dropping
funnel and a thermometer. The flask was
mounted in an ice bath. Under vrgorous stirring
with a magnetic stirrer, 38 ml (0 1 moles) formic
acid was added dropwise to the ﬂask in about 45
minutes. Stirring was continued| for 24 hours at
room temperature to obtain! a &olorless viscous
clear liquid. Synthesized 1oﬁrc liquid was
identified via H-NMR and FT4IR spectroscopy
as described elscwhere [32]. ;TheI ionic liquid was
degassed for 2 hours in vacuuim (0.3 mbar at
80°C) before use. 2- Hydroxyethyl ammonium
formate is miscible wrth‘ water and small
alcohols and phase separatlc;n can not be
observed even for weeks {32] Mixed solvents
were prepared by careﬁrlliy mixing the
components by weight. Karl Fischer titrations
showed no detectable préseni:e of water n
freshly synthesized IL. ‘ :’ :

In a typical synthesis of TiO; in pure ionic

liquid, 0.5 ml of titanium 'etrarsopropoxrdc
(TTIP) was mixed w1th E’S ml of 2-
hydroxyethylammonium | formate. After
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homogenization of the mixture, hydrolysis of
TTIP occurred slowly m RTIL with H,O
adsorbed from air, The mixed solution was
stired for 23h at room temperature and then
divided in two vessels and aged in clean room
for 5 days in closed and open vessels. For
comparison, TiO; nanoparticles were synthesized
in 1:1 ionic liquid and molecular solvents
(ethanol and water), The procedure was similar
to pure ionic liquid media. 0.5 ml of titanium
tetraisopropoxide (TTIP) was mixed with 25 ml
of solvent mixture. After homogenization of the
mixture, hydrolysis of TTIP oceurred slowly.
The mixed solution was stirred for 23h at room
temperature and aged in clean room for 5 days.
The obtained disperse system was diluted with
dimethylformamid to decrease the viscosity of
RTILs. Afterward, the product was gathered by
centrifugation. The residual of RTILs in the
product were removed by extracting the sample
with dimethylformamid in a closed vessel at
room temperature. One micro liter of solvent
after extraction was injected to the gas
chromatograph. The extraction process was
repeated several times with the fresh solvent
until the RTILs were completely removed from
the sample (the ionic liquid peack was
disappeared in chromatogram). The final white
powders were dried in an oven at 100 °C for
further characterization. The morphology of the
as-prepared products was characterized and
analyzed using scanning electron microscopy
(SEM), BET surface analysis and X-ray
diffraction (XRD) after caleinations at 500°C in
air atmosphere.

Specific surface area was obtained from
nitrogen adsorption—desorption isotherms at 77
K performed in an automatic Quantachrom
apparatus (Model Quantasorb) with Belsorp
adsorption—desorption data analysis software in
the 0.05-0.995 relative pressure ranges. BET
surface arca was calculated from a linear part of
the BET plot according to IUPAC
recommendations.

XRD of the catalyst was carried out from 12°
to 70° (20) using a Brruker D4 X-ray
diffractometer operating at 40 kV and 30 mA
with Cu K, radiation (A= 1.542 A ) and a Ni
filter. Counts were accumuliated every 0.02 (26)
at a scan speed of 1° (26/min) in 25 °C.

Catalytic  behavior of as prepared
nanoparticles was examined by Methylene blue
(MB) photodegradation, which is a typical dye
resistant to  biodegradation, under ultraviolet
light.  Photocatalysis  experiments  were
performed in a cylindrical pyrex reactor with
about 250 mL capacity. The reactor provided
with water circulation arrangement to maintain
the temperature at 25+0.1 C. The solution was
magnetically stirred and continuously aerated by
a pump to provide oxygen and complete mixing
of the reaction solution. A UV Osram lamp with
125W was used as UV source. The lamp was
fited on the top of the reactor. Prior to
illumination, a suspension containing 2 g¢/L of
the nanoparticle and 150 ml of MB (20 ppm) was
stirred continuously in the dark for 30 min, to
attain  adsorption equilibrium. Samples were
taken from the reactor at regular intervals and
centrifuged to remove the photocatalyst before

analysis by spectrophotometer at 664nm
corresponding  to  maximum  absorption
wavelength (Amax) of MB.

RESULTS AND DISCUSSION

Table 1 shows the preparation conditions of various
TiO, nanoparticles. One can see from Table | that
only S3 was synthesized in closed vessel and all
other samples were synthesized in open vessel. In
S1, 82 and S3 we used pure ionic liquid. Karl
Fischer titrations showed no detectable presence of
water in freshly synthesized RTIL; thus water
molecules for hydrolysis step of TTIP was
presented from air. 2-hydroxyethylammonium
formate is very hygroscopic ionic liquid. For
comparison, in S4 we used 50:50 mixture of ionic
liquid and ethanol as solvent. As previous samples,
we don’t use any water in this sample. Finally, in
S5, we used mixture of 50:50 ionic liquid and
water as solvent. In all samples we don’t use any
acidic or basic catalyst for sol gel processes.

The first method that we wused for
characterization of the samples was X-ray
diffraction. The samples synthesized in room
ternperature don’t show crystalline pattern in XRD
without calcination. All samples were calcinned in
500°C for 2 hours. After calcination, S2 shows
only anatase phase. One can see in Fig. 1. that the
XRD pattern exhibits peaks in 20=25.2, 38, 48,
539, 54.1, 63 and 68.9 that is the standard
diffraction pattem of the anatase form. But other
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i
‘samples show an additional peak in 20=27.3. This
 |peak is one of the rutile standard peaks. The XRD
‘pattern of S3 was presented as an example in Fig.
2. As one can see, thermal stability of S2 in 500°C
~11s higher than other samples. Anatase to rutile
_phase transformation was seen for TiO; ordinarily
‘ n temperatures around 500°C. For Samples S1, S3,
S4 and S5 we can see this phase transformation in
XRD patterns but for sample §2, XRD patterns
| only shows anatase form. This is due to its
- preparation conditions. Sample prepared in pure
“ ionic liquid in open vessel during 23 hours shows
' | thermal stability in comparison with other synthesis
_conditions. In addition, XRD patterns don’t show
+|any crystalline impurity in synthesized TiO;
samples.
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| Fig. 1. XRD Patter of TiO2 sample synthesized in
! open vessel,
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| Fig. 2. XRD pattern of TiO2 sample synthesized in
closed vessel.

Fig. 3. and 4. show the H-NMR and FT-IR
spectra of ionic liquid. From Fig. 3. one can sec the
I complete synthesis of 2-hydroxyethylammonium
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formate ionic liquid. H atoms bomﬂlto carbon atom
Wwere appeared in 2-4 ppm. Hydrogen atoms of OH
and NH;" were seen in § ppm area ‘[32] As one can
see the peak of NH; hydrogen atoms, that show the
unreacted amine with formit acid, were
disappeared in H-NMR spectruml In addition we
can’t see any 1mpur1ty (add1t10na1 peak) in H-NMR
spectrum of 1onic liquid. ’

:G:— ..e:?_:_,x.. “.;E —T -s n.é“{lr ; _ — i m . T
- % TR
Flg 3. H'NMR spegtrum of 2-
hydroxyethylammonium formate ionic lquid.

Important peaks of 2- hydroxyethylammonium
formate in FT-IR are for OH; NH; and CO

1577cm but other tow pcaks \Jvere hldt‘.d under
water peak and we can only sée a single broad
peak in 2500-3500cm™. In adcj]tmn this broad
peak shows the hygroscopic riature of jonic liquid.

Fig. 5. shows the FT-IRl spéctmm of one of
synthesized TiO; samples (SZ) One can see in
this spectrum only the standard pcaks of TiO; and
the adsorbed water. From ﬁg 5! 'one can sce that
no peaks of jonic liquid exist. in TiO,, and then no
impurity exist in synthesized !Tlt:ima '

l ‘In
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Fig. 4. FT-IR spectrum of 2-hydrohyethylammonium
formate ionic liquid.
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Fi;g. 5. FT-IR Spectra of TiO2 sample syntheéized in
open vessel,

The BET analysis results of the sample were
shown in Table 1. As one can see, the specific
surface arca of the catalyst is dependent on the
preparation method. Sample S2 has greatest and
sample S1 has smallest surface area. It can be due
the sintering during calcination processes of the
catalyst.

Fig. 6. shows the SEM images of samples
synthesized in pure ionic liquid. One can see in 6A
that when gellation time was 6 hours, big spheres
of TiO, were formed. The size of Titania
nanoparticles were between  50-375 nm.
Furthermore, synthesis of TiO, from TTIP
precursor was not complete and a layer of TiQ, was
observed in background of the imagc. In 6B, TiO,
nanoparticles were synthesized in open vessel and
gellation time was 23 hours. In this image, we see
the complete conversion of precursor to Titania.
The distribution of particle size is narrow and
nanospheres diameter are between 30-40 nm. Fig.

6C. shows the nanoparticles synthesized in closed
vessel. The gellation time of this sample was 23
hours. Like Fig. 6B., in this case the conversion of
the precursor to nanoparticle is nearly complete but
the shape of nanoparticles is not completely
spherical and the size distribution of particles is
wider than Fig. 6B. The size of particles in Fig. 6C.
is between 65-150 nm.

:
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Fig. 6. SEM images of TiO2 nanoparticles in pure
ionic liquid. A) gellation time was 6 hours in open
vessel. B) gellation time was 23 hours in open vessel.
C) gellation time was 23 hours in closed vessel.
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: Flg 7. SEM images of Ti02 nanopamcles 1n pure
| ionic hquid. A) 12.5mL water and 12.5 mL IL,
gellation time was 23 hours in open vessel. B)
| 12.5mL ethanol and 12.5 mL IL, gellation time was
23 hours in open vessel.

In fig. 7., one can see the SEM images of
Titania nanoparticles synthesized in mixture of
ionic liquid and molecular solvents. Fig. 7A. shows
| the effect of water as cosolvent. It is obvious that
particles synthesized in water/IL mixture are not
- spherical and have wide size distribution. The
diameter of Titania nanoparticles are between 40
and 135 nm. Titania nanoparticles synthesized in
- ethanol/IL mixture have good spherical shape (fig.
; | 7B.) but as we sce in water/IL mixture, they have

Table 1. Synthetic conditions of various TiQ; samples i

Winter 2011

i

wide diameter distribution (betw_gen 40 and 140

nm),

C/C, after 30 minutes

"«u-b 0 45 60 75 90 105 izu 135.150. 1&5

Time (minuics) ‘

Fig. 8. Catalytic activity of TiO; nanoparticles
synthesized in various conditions.:(m: pure ionic
liquid open vessel. ¢ ionic liquid water mixture; A
ionic liquid ethanol mixture; x pt'lre ionic liquid,

2closed vessel). ]

For comparison of the Fatalync activity of
Titania nanoparicles. w¢ usc them for
photocatalytic degradation of Mcthylcne Blue in
aquatic media. For 30 mmulc's the mixtures
{(including 150 mL. 20ppm Mcthylcne Blue and
2g/L catalyst) were kept in ddrk dondition. Table 2
shows the results of the ads(‘)rptlon of Methylene
Blue on Titania. As on¢ can qcc the catalyst S2
adsorbs the solute better than olhcr catalysts. It
can be due to its greatcr surfacc arca (Table 1).
After 30 minutcs, the mmurcs wcre irradiated by
UV light and the photodcgradatlon reaction was
started. As one can scc in Fig. 8., the activity of
S3 (catalyst madc in purc ionic liquid in open
vessel) was higher than other catalyst. It can be
due to its grcater BET| surface area and
crystallinity of the solid samplc.i|" |

Tonmic

Gelation

Surface Phase

Particle

i
Sample . quid/mL Ethanol/mL.  Water/mL Timehr  Size/nm  Area/m e’ Crysta
51 25 0 0 6 50-375 573 Abalase/rutile  OPEn
, ; vessel
) 25 0 0 2 30-40 192.8 anatase Open
. vessel
‘ 1o Closed
‘i 83 25 0 0 23 65-150 125.3 Anatﬂ:sq.’n.‘m[e vessel.
N ]
S4 125 12.5 0 23 41-139 1324 Anatase/rutile  OPCT
: | \gSSE-]
N P pen
. S5 12.5 0 12.5 23 41-135 151.7 Apatasq/mtllc vesscl

‘ h 250
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Table 2. Adsorption of Methylene Blue in dark condition by various catalysts in 30 minutes

Catalyst - Initi.al absorl?ance Absorbance ir_l UV-Vis Adsorption
in UV-Vis after 30 minutes percent
S2 1.848 1421 23.1
83 1.843 1.614 12.4
84 1.747 1.501 16.6
S5 1.858 1.517 18.4
REFERENCES

[1] M.R. Hoffmann, S.T. Martin, W.Y. Choi,
D.W. Bahnemann, Chem. Rev., 95 (1995)
69.

[2) A. Fujishima, TN. Rao, D.A. Tryk, J.
Photochem. Photobiol. C, 1 (2000) 1.

[3] X. Chen, S.5. Mao, Chem. Rev., 107 (2007)
2891.

[4] A. Fujishima, X. Zhang, D.A. Tryk, Surf. Sci.
Rep., 63 (2008) 515.

[5] V. Taghvaei, A. Habibi-Yangjeh, M.
Behboudnia, Physica E, 42 (2010) 197.

[6] M. Esmaili, A. Habibi-Yangjeh, J.Alloys
Comp., 496 (2010) 650.

[7] M. Esmaili, A. Habibi-Yangjeh, Phys. Stat.
Solid A, 206 (2009) 2529.

[8] V. Taghvaei, A. Habibi-Yangjeh, M.
Behboudnia, Powder Technol., 195 (2009)
63.

[9] M. Esmaili, A. Habibi-Yangjeh, J. Iran.
Chem. Soc., 7 (2010) §70.

[10] V. Taghvaei, A. Habibi-Yangjch, M.
Behboudnia, J. Iran. Chem. Soc., 7
(2010)P S175.

(117 M.  Barzegar, A Habibi-Yangjch,
M.Behboudnia, J. Phys. Chem. Solids, 70
(2009) 1353.

[12] A. Fujishima, K. Honda, Nature, 238 (1972)
37.

[13] N. Serpone, E. Pelizzetti, Photocatalysis —
Fundamentals and Applications, Wiley,
New York, (1989).

[14] A.L. Linsebigler, G. Lu, J.T. Yates, Chem.

Rev., 95 (1995) 735.

V. Mirkhani, S. Tangestanincjad, M.

Moghadam, M. H. Habibi, A. Rostami-

Vartooni, J. Iran. Chem. Soc,, 6, 3 (2009)

578,

V. Mirkhani, S. Tangestaninejad, M.

Moghadam, M. H. Habibi, A. Rostami

[15]

[16]

251

Vartoonti, J. Iran. Chem. Soc., 6, 4 (2009)
800.

[17] T. Tolke, A. Knitz, A. Rechtenbach, Thin
Solid Films, 518. 15 (2010} 4242,

[18] R. Sivakumar, K. Akila, S. Anandan, Curr,
Appl. Phys., 10, 5 (2010) 1255,

[19] T. Yasuda, S. lkcda. S. Furukawa, Dyes
Pigm., 86, 3 (2010) 278.

[20] W. Song, W. Xiaohong, Q. Wei. J. Zhaohua,
Mater. Lett., 62, 6-7 (2008) 1078.

[21] N. E. Stankova, I. G. Dimitrov. P. A,
Atanasov, T. Sakano. Y. Yata, M. Obara,
Thin Solid Films. §18. 16. (2010} 4597.

[22] X. Chen, S. S. Mao. Chem. Rev., 107
{2007) 2891.

[23] C. Bemardini. G. Cappelleni, M. Vittoria
Dozzi, E. Selli. J. Photochem. Photobiol. -
A, 211 (2010) 185,

[24] H. Zhang, J. F. Banlicld. J. Phys. Chem. B,
104 (2000) 3481.

[25] M. M. Mojtahedi, M. S. Abacc, H. Abbasi,
J. Iran. Chem. Soc.. 3. | (2006) 93.

[26] W. Sun, D. Wang, Z. Zhai. R. Gao, K. Jiao,
J. Iran. Chem. Soc.. 6, 2, (2009) 412.

[27] W. Sun, R. F. Gao, R. }. Zhao, H. T. Zhuy, K.
Jiao, J. Iran. Chem. Soc., 7, 2, (2010) 470.

[28] A. R. Hajipour, F. Raficc, }. Iran. Chem.
Soc., 6, 4, (2009) 647.

[29] P. Wasserscheid, W. Keim, Angew. Chem.
Int. Ed., 39 (2000) 3772.

[30] L. Cammarta, S.G. Kazarian, P.A. Salter, T.
Welton, Phys. Chem. Chem. Phys., 23
(2001) 5192.

[31] V. Najdanovic-Visak, J. M. S. S. Esperanca,
L. P. N. Rebelo, M. N. Ponte, H. J. R.
Guedes, K. R. Seddon, J. Szydlowski,
Phys. Chem. Chem. Phys., 4 (2002) 1701.

[32] N. Biack, J. Molec. Liq., 116 (2005) 15-18.




[33] C. C. Han, S. Y. Ho, Y. P. Lin, Y. C. Lai,

W. C. Liang, Y. W. Chen-Yang, Micropor.
Mesopor. Mater., 131, 1-3 (2010) 217.

[34] T. Alammar, A. Birkner, O. Shekhah, A. V.

Mudring, Mater, Chem. Phys.,
109.

15 (2010)

.1[35] H. Liu, Y. Liang, H. Hu, M. Wang, Solid

State Sci., 11, 9 (2009)1655.

[[36] Y. Zhai, Q. Zhang, F, Liu, G. Gao, Mater.

Lett., 62 (2008) 4563.

[37] S. Hu, H. Wang, J. Cao, J. Liu, B. Fang, M.

Zheng, G. Ii, F. Zhang, Z. Yang, Mater.
Lett., 62 (2008) 2954.

M. Khodadadi Moghadam et al. /J. Phys. Theor. Chem. IAU Iran, 7(4):245-252, Wintiér 2011

[38] Y. Zhai, Y. Gao, F. Liu ‘Q hang, G. Gao,
Mater, Lett,, 61 (2007) 5056

[39] 1. Paramasivam, J. M. Macak T Selvam, P.
Schmuki, Electrochim. Act 54 (2008)
643,

[40] X. Li, Y. Gao, L. Yu, ]L
State Chem., 183, 6 (2010)

[41] D. D. Perrm W. L.
Purification of Laboratory
edn., Pergamon Press: I\Ilew

Zheng, J. Solid
1423,

IF. Armarego,
Chemlcals 3rd
York (1988).




