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Abstract:

Herein, we report the experimental rodtlogy to optimize the operational
parameters of the photocatalytic degradation offlacine dye using Ti@ and Gd*® as
dopant. A series of Gdldoped TiQ nanoparticles were synthesized via hydrothermatiero
and characterized using various techniques likdRETJV, XRD, FESEM and EDS. It was
observed that synthesized particles were in thgerari 25 to 30 nm with spherical shape in
nature. TiQ has rutile phase and the average particle sizeestsated from Scherrer's
equation. Energy bandgap was estimated using Taulots The photodegradation was
carried out under UV light in pseudofirst order dion. To understand the kinetics, four
experimental parameters were chosen as independeables like percentage of dopant,
initial concentration of dye, dosage of catalyst @ of reaction medium. The degradation
efficiency of 92 % was observed for 0.5% Gd dop&d, Bt catalyst dosage of 0.3g dnpH
10 and dye concentration of 3 xXdfol dni®. It was observed that, the photocatalytic activity
of TiO, can be increased by using Gadolinium as dopant ionlypptimum concentration.
Further, this photocatalyst can be employed toatégpther organic pollutants.
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1. Introduction

Water is the most essential component for thetexie of life on earth. Water
resources are continuously being exploited duapadrindustrialization from mid of the last
century. Many organic pollutants persist in wated dave been detected in the range from
ng/l to mg/t, but it has made adverse effect on environmemsiSee receptors such as
phytoplankton, zooplankton, including human beiagd animals are facing life threatening
problem$ over the last decade due to gradual change intiaggravironment and interaction
with food chain. Water resources are polluted doieotganic contaminants which are
discharged by manufacturing industries, pharma strags, fertilizer industries, chemical
industries, textile and dyeing industie&urther, the municipal waste-water, runoff from
agricultural procedures and chemical spills alsotrioute towards contamination of water
resources. Organic contaminants persist in watdrearter in biological food chain which
affects human health and entire ecosystem. In te@ars, environmentalists and scientists
have raised serious concern over growing deteroorat quality of water. Today’s challenge
is to get clean water which should be free fronocabdor, contaminants and pollutants.

Acriflavine [AFN] is used as an antiseptic since World War. It was synthesized in
1912 by a German medical researcher, Dr. Pauldfricriflavine hydrochloride is soluble
in water and generally employed to treat fungadaetibns of aquarium fish. It is also used in
biochemistry due its fluorescent property. Despigemedicinal importance, acriflavine is
also known for its harmful effects on human beisgsh as skin irritation, eye irritation,
breathing problens Acriflavine is also found to be toxic to aquafilants. It also imparts
fluorescent color to water which is required torémoved to meet the ideal characteristics of
clean water.

In recent years, TiPhas emerged as a promising heterogeneous catatyshg
numerous semiconductors and attracted researcbersaving versatile properties like
chemical stability, non-toxicity towards environmemd cost effectiveness The holes and
electrons generated upon photoexcitation have rbettalizing and reducing properties
respectively. It has band gap between 3.0 eV t@$8%which requires UV light within 415
nm for excitation. Several attempts have been nadmhance photocatalytic activifjvia
doping with inner transitional elements like*taEu, Nd*3, Gd™, Pf® °. The lanthanides
are preferred to enhance the photocatalytic agtVitf TiO, because they have vacant f-
orbitals* which are capable to make complex efficiently witihctional groups of organic
compounds such as aldehydes, ketones, alcoholaganthiols et. The complex forming
ability of lanthanides make dye molecules to adsorbliO, surface to larger extent which
facilitates photodegradatith Higher the adsorption dye molecules on the sarfacTiO;
matrix, higher would be the efficiency of photodmdatiort. Intrigued by the above
observations, herein, we report the low cost hgemeous photocatalyst, Gd doped Jfi@



degradation of acriflavirfé Further, we have studied the effect of variousipeters such as
dye concentration, doses of photocatalyst and psblition on the rate of photodegradation.

2. Details of Experiment and methods used.
2.1 Chemicals and reagents.

Titanium (IV) butoxide [Ti(OBu) or Ti(OC4Hg)4] was purchased from Alfa Aesar
chemicals, India. Nitric acid was purchased fromceNichemicals, India. Acriflavine
hydrochloride and Gadolinium(lll) Nitrate were phased from Sigma Aldrich. The pH of
solution was maintained using buffer solutions, il grade chemicals were used to
maintain required pH. Acetate and phosphate bwifere used to maintain acidic medium
(pH 4.0 to 5.0) and neutral medium (6.5 to 8.5peesively. Basic medium (pH 9.0 to 10-0)
was maintained using borate buffer solution. Adlutons used in experiments were
prepared using milli pore water.

2.1.1 Instruments employed for Experiments and Chaacterization.

1. Kinetic study: The degradation kinetics was followed using AntkayJena Specord 200
plus UV- Visible spectrophotometer.

2.Degradation study. A mercury lamp (Philips, TUV 10W, &= 254 nm) mounted in lab
made cabinet was used for degradation study. T ilntensity falling on reaction mixture
was 5 mWerif

3.Band gap measurement The Analaytika Jena, Specord 200 plus UV- Visible
spectrophotometer with Win Aspect Software was ufmd absorption and band gap
measurements.

4 Functional group identification: A FT-IR spectrophotometer (Nicolet 6700, USIC,
Karnataka University Dhrawad) was used for funaiagroup confirmation. The sample was
analyzed between 4000 &rto 400 cnil in KBr pellet at resolution of 2 cfn

5.Detection of Crystal structure and particle size: A X-ray Diffractometer (XRD , Cu
Source = 0.15 nm Rigaku pro analytical, Manipal Institute of Tedhsgy, Manipal) was
used to detect crystal structure and particle Sibe. samples were analyzed by scanning at
the rate of 0.02per second in the range betweefta®Bd.

6.Surface Morphology and Elemental Composition:Field Emission Scanning Electron
Microscope (FESEM) was used to study the surfacgphubogy. The elemental composition
was ascertained by Energy dispersive detector (EDSYT-PURSE Laboratory, Mangalore
University, Manglore.

7. pH measurement:The pH of solution was measured using Systrortitsneter.

2.2 Hydrothermal synthesis of TiQ and Gd-TiO,

Titanium(IV) butoxide was used asgorsor for the synthesis of Tianoparticles
by hydrothermal method. A mixture of 15 ml watedd® ml concentrated Nitric acid were
taken in 100 ml beaker. 0.6 ml of titanium(lV) bxitke solution was added dropwise with
constant stirring and the mixture was stirred fdr. The clear solution was transferred into a



Teflon lined stainless steel autoclave, the auweclwas tightly sealed and placed in hot air
oven at 180 C for 3 H® Then, the auto clave was cooled to ambient teatper. The
reaction mixture was centrifuged to obtain a fiogvgder. The product was washed repeatedly
with milli pore water and ethanol. Later it wasedtin hot air oven at 18C for 1 h.

The TiQwas doped using Gd for which Gadolinium nitrate wasd in mole ratio of
0.2%, 0.3 %, 0.5% and 1.0% to LiO'he dopant was dissolved in mixture of 15 ml wate
and 15 ml concentrated HN@nd rest of the procedure is same as mentionegabo

2.3 Photodegradation study

In order to study the photocatalytigelation of acriflavine, a known concentration
of acriflavine solution was taken in 100 ml beakidre pH of solution was maintained using
buffer solution and 0.3g dfhof TiO, nanoparticles was added as photocatalyst. Theicolut
was kept in dark for 2 h to achieve adsorption ldguim between substrate and
photocatalyst. After that, the beaker was placedeud0 W UV- lamp (Philips) mounted in
lab made UV irradiation cabinet. During the illuation, the solution was stirred
continuously with the help of magnetic stirrer. Tdecrease in concentration of acriflavine
was monitored by measuring the decrease in absmebah 262 nm using UV-visible
spectrophotometer. For every 15 min, the analyts ta#ten out for the measurement of
absorbance at 262 nm. Before the measurementpthios was centrifuged for 10 min at
5000 rpm to remove any turbidity. All kinetic datsgere evaluated using Microsoft Excel
2010 program.

3.Results and Discussions
3.1 Characterization of TiO, and Gd-TiO»

Samples were subjected to X-ray diffraction studiteascertain the crystal structure and
particle size. The XRD patterns were obtained bggu€u source at wavelength of 0.15 nm
and scanning at the rate of ®@&r second in the range betweefita@Bd.

The XRD pattern for pure Tifds shown inFig. 1a the observed Bragg reflection peakstat 2
and corresponding reflection planes are 27.3920)(135.087° (101), 39.126° (200),41.230°
(111), 43.970° (210), 54.275° (211), 56.528° (2&8D,823° (002), 68.921° (301), 69.841°
(112) and 82.217° (321). Theé Zalues obtained in XRD pattern were compared wéta
sheet no 89-0552 of Standard Joint Committee ondeoWiffraction Standards (JCPDS). It
exhibits that the pure Tids having rutile phase with tetragonal structiree XRD pattern
of pure TiQ shows sharp, broad and strong peaks which indic&f@ formed is crystalline
in nature.

TheFig. 1b represents XRD pattern for Gd doped 7FiGhe observed Bragg's
reflection peaks at®Rand corresponding reflection planes are 27.3310)(135.833° (101),
39.037° (200), 40.982° (111), 43.870° (210), 54°0QA.1), 56.395° (220), 62.213° (002),
63.779° (310), 68.642° (301), 69.234°(112), 81.8@&%1) and 83.861° (400). Thé Ralues
obtained in XRD pattern were compared with dat8&®975 of JCPDS which confirms Gd
doped TiQ is having Rutile phase and tetragonal structutee @iverage particle size is
calculated using Scherrer’s equatfdnThe estimated values for Ti@nd Gd doped TiQare
20.89 nm and 13.12 nm respectively. The width d@fraition peak increases after doping
with Gadolinium?® which may be due to decrease in grain size .Afingrto Scherrer's



equation, the width of diffraction peaks are irsedy proportional to crystal size. Hence after
doping, the particle size reduces due to whichease in width of diffraction peak is
observed. Further, it is not anticipated Gdo enter in crystal lattice of TiDbecause the
ionic radius of G& (0.94 A) is greater than the *i(0.68 A)®. Hence G ions, rather
deposit on the surface and grain boundaries of m@&@rix. The intensity of diffraction peaks
increases with increase in concentration of dopémms. Generally, the peak intensities are
being affected by electron density, when dopantentration increase the electron density
increases due to large size of ‘&dons. Thus, doping with more number ‘Gdons
incorporates more number of scattering centersiw@ithances the peak intenstly.

FESEM was employed to study the surfacephology of pure Ti@and Gd doped
TiO,. The FESEM images of pure Ti@nd Gd-doped Tigare shown irFig. 2(a,b) andFig.
2(c,d) respectively which reveals the average particke ©f pure TiQ is about 30nm,
whereas average particle size of Gd doped, Ti@oparticles are of 25nm. Particles of both
pure and Gd doped TiCare in spherical in shape. The decrease in paricke is observed
with doping, perhaps due to restriction in crysgabwth imposed by Gd owing to its
adsorption on active sites of Ti@natrix>. The EDX spectrum of pure TiJepresents the
peaks corresponding to Ti and O. Similarly, the E§péctrum of Gd doped TiDepresents
presence of Gd, Ti, and O. Trace amount of residaiddon is also found in both the samples.
(Available as supplementary data)

The UV-visible spectral analysis was @drfrom 300 nm to 600 nm. The UV-visible
spectra of both pure TiCGand Gd doped Ti©is shown inFig 3 which reveals that pure TO
shows maximum absorption at 344nm and gadoliniuppedoTiQ shows the maximum
absorption at 317nm. The absorption maximum isteshifto lower wavelength which
indicates the presence of Gadolinium in Fiatrix. For the estimation of band gap of 7iO
and Gd-TiQ Tauc’s plot were plotted and it is shown in fig. 4 The estimate band gap for
TiO, and Gd-TiQ is 3.06 eV and 3.54 eV respectivély As the particle size decreases, the
grain size decreases and less number of atomitatsrloverlap and discrete electronic bands
are formed, due to which the band width reducess iricreases band gap and absorption
band shifts towards shorter wavelentthThe UV absorption band of pure &3
nanoparticles is around 278nm, whereas, T§Gat 344 nm. Gd doesn't enter into the crystal
lattice of TiG, but deposits on the surface of pi@atrix. Hence, absorption takes place in
shorter wavelengtft.

The FT-IR spectra of pure Ti@nd Gd doped Ti©are shown irFig.5. The pure TiQ
shows strong and broad absorption band around ®8Ccorresponds to Ti-O-Ti stretching.
Whereas, broad peak found at 34007ci® ascribed to OH stretching frequency of water
molecule associated with TiOnatrix. Further, a medium absorption band at 1680 is
observed due to bending vibration of Ti—O. Whiled Goped TiQ shows strong and broad
Gd-0 stretching frequency at 600¢&nBut there is increase in intensity of absorpti@md
which is due to presence of Gdons along with Ti@. Since, stretching frequency of Gd-O
and Ti-O-Ti more or less falls in same range wstight disparity. Consequently, the
intensity of broad band ranging between 650'dm 550 cn is more in case of Gd doped
TiO, compared to pure Tid’



3.2 Effect of Concentration of Dye on Photodegradain

To study the effect of variation of dye concentmtion photocatalysis, the
concentration of dye was varied from 3 x®1ol dni® to 20 x 1 mol dm® and remaining
parameters such as pH and dosage of catalyst wairdammed constant. ThEable 1 and
Fig. 6 represents effect of dye concentration on phot@itgion. We observed, decrease in
rate constant (g9 with increase in concentration of dye. This caneliplained on fact that,
initially as the concentration is low, adequate benof dye molecules acquire active sites on
surface of TiQ and electrons of photocatalyst get excited fromernvae band to conduction
band creating holes. These holes will react witkewmolecules, which results in generation
of hydroxyl (OH) free radicals, which are responsible for degtiath of dye molecules that
are adsorbed on surface of photocatalyst and aésonblecules which are near to surface of
catalyst?>. But, when the concentration of dye increases,enmmber of dye molecules
absorb UV light due to which screening effect fdrofmcatalyst occurs. Consequently,
photocatalyst may not receive desired intensityUd light required for the excitation.
Hence, the rate of generation @ddH free radical decreases and accordingly the ohte
degradation decreas&s.

3.3 Effect of Catalyst on Photodegradation.

In view to understand the effect of dosage of gatalthe photodegradation was
carried out by varying catalyst from 0.1g dno 1g dn?® and other parameters such as
concentration and pH were maintained as 3%d@i® and 7 respectively. ThEable. 1 and
Fig. 7 represents effect of dosage of photocatalyst astoplegradation. The rate constant
(kob) increased as the dosage of photo catalyzed wesaised from 0.1g dfto 0.3 g drit,
but there after the rate constant started decrgdim 0.4g drit to 1g dn? and the rate of
photodegradation was very low at dosage of 1g.dm

This observation indicates that, the photocatalgtitivity is maximum at certain optimized
condition that is 0.3g dih As the dosage of photocatalyst increases, dyeculds get more
active sites for adsorption due to increase inaserfarea of photocatalystHowever, as the
dosage exceeds certain limiting value, the degi@ualecreases because turbidity in solution
doesn't allow enough light to reach the catalystciwhs essential for excitation. Therefore,
there is decreasing trend in rate of degraddtion.

3.4 Effect of pH on Photodegradation.

The pH of solution plays very crucial role in govieig the photocatalytic activity of
any heterogeneous catalyt The pH of solution affects the adsorption of dyelecules by
altering the surface-charge properties of JIithe surface charge of Ti@ainly depends on
pH of solution. TiQ has point of zero charge at 6.8 PHyhen the pH of solution falls below
6.8 or in acidic solution, the surface of pi@cquires positive charge and it attracts anions.
On other hand,when pH increases more than 6.8 or in alkalinatisi, the surface of Ti©O
acquires negative charge and it attracts cations



To study the effect of pH on rate of photobdia degradation, the pH of solution was
varied from 4 to 10 and remaining parameters weaetained constant. ThEable. 1 and
Fig.8 represents effect of pH on photodegradation. Hte of degradation increased with
increase in pH of solution. The rate of degradati@s low at pH 4 and high at pH 10. Such
trend may be due to more electrostatic force ohetipn between cationic dye molecules and
TiOH," which is an active species in alkaline condifid®ut in acidic condition, surface of
photocatalyst acquires positive charge and hereceldttrostatic repulsion between Tiéhd
cationic dye molecules doesn’t favor adsorptiorsorface of photocatalyéf.Hence the rate
of photodegradation decreases. Further, in alkatioedition the rate of formation of
hydroxyl radicals is more which favors photodegi@ut

3.5 Mechanism of Photodegradation & Assessment ohBtocatalytic efficiency.

The photodegradation of acriflavine wstsdied in various conditions viz., UV,
UVI/TiO,, UV/0.2% Gd-TiQ, UV/ 0.3% Gd-TiQ, 0.5% Gd-TiQ, UV/1.0 % Gd-TiQ and
other parameters were kept constant, [AFN] = 3 £ 1{Photocatalyst] = 0.3 g dfhand pH
= 7. Variation of [AFN], dosage of PhotocatalystiggH on rate constant values are tabulated
in Table. 1

The photo degradation efficiency farigus percentage of dopant in Fif® shown

in Fig. 9a The degradation of acriflavine using only UV ligian be neglected, because only
13% degradation was achieved in 120 min. The p&agenof dopant showed substantial
effect on photocatalytic activity of TKODThe degradation efficiency increased with inceeas
in percentage of dopant up to 0.5% that is 92% redsefor 1.0% Gd-Tig) the degradation
efficiency was reduced to 63%. Such behavior miightiue change in surface area to volume
ratio of nanoparticles. As dopant concentratiorréases, the particle size increase, due to
which the surface area decreases and hence ddgradtiiciency decrease's . Moreover,
Gd"™ doesn't enter into Ti@ matrix rather it deposits on the surface. The dase in
concentration of dopant above the optimum valuehingpver the surface of TiQlue to
which TiO, matrix will not receive adequate amount UV ligetjuired for excitation. The
excess of Gd dopant reduces the photocatalyticcagpaf TiO,, possible due to excess of
vacancy generated which act as recombination cergierad electron scavendér

The maximum degradation efficiency of 92nds by 0.5% Gd-Ti@compared to bare
TiO, which showed only 54% in 120 mins. Among differ&d-TiO,, the decreasing order
of degradation efficiency was found to be 0.5% GO-]92% > 0.3% Gd-Tig 84% > 0.2%
Gd-TiO,, 76% >1.0 % Gd-TiQ 63% > TiQ, 54% > UV, 13%. Since, 0.5% Gd-TiO
showed maximum efficiency, further all studies weaeried out using 0.5% Gd-TiOHence
it was observed that, photocatalytic activity oOTican be enhanced only by using optimum
concentration of Gd. The degradation of acriflavye0.5% Gd doped Ti&s shown inFig.
9b.

When Ultra-Violet light falls on the surface pifiotocatalyst, photons having energy equal
to or greater than the band gap of semiconducteradsorbed by the electrons. These
electrons are excited to conduction band and egquiber of holes are created in valence
band as shown in eqgn (1). Holesy{h generated in valence band react with water médscu
on the surface of photocatalyst which results irmfation of hydroxyl free radicals@H) as
given in eqgn (2). These hydroxyl free radicals degrdye molecules which are adsorbed on



the surface and vicinity of photocatal§8tOn other hand, the electrons,{§ in conduction
band react with dissolved oxygen to produce supeéeoion$® which helps in avoiding
electron-hole recombination as shown in eq(4). See ion (Q) reacts with H ions to
form hydroperoxy radical-QOH), which turns into hydrogen peroxide and digges in
subsequent step to form hydroxyl free radica®H). These hydroxyl free radicals take part
in dye degradatiof.

GA-Tip+ho — » & + hy' (1)
hy +HO ——> -OH + H 2)
OH +Dye —» Degradatiorogucts 3)
& +O —» 0 4)
o + H —» OOH (5)
OOH —— 0 +0O (6)
HO, — 2.0H (7
OH + Dye————» Degradationghrots (8)

There was enhancement in photocatalytievicton doping with Gadolinium. The
enhanced photocatalytic activity perhaps due taedse in particle size and increase in
surface are&’ Since, Gadolinium belongs to inner transitiodaheents which are known to
form complex with various organic compourfd$he organic compounds generally Lewis
bases, such as amines, aldehydes, alcohols, atidsthiols interact with the half-filled f-
orbitals of Gadolinium ions through their functibngroups and molecules of substrate
concentrate on the surface of Gd-Ti@natrix. Higher the accumulation of substrate
molecules on the surface of photocatalyst, higheuldy be the photocatalytic degradation.
Such consequences lead to enhancement in the pladidic activity™* Further, Gadolinium
ions have half-filled f-orbitals due to which it rcgprevent potential recombination of
electron-hole pairs by acting as scavenger forteles of conduction band. Glions are
stable due to half-filled orbitals, but stabilitgtglestroyed when Gilion traps electron from
conduction band to form Gti[eq (9)]. The G& ion try to return to stable Giistate by
transferring an electron to oxygen molecule, idke# formation of superoxide ion eq (10)
which contributes towards photodegradatidn
Gd® +ecb— 5 G&# (9)

Gd? + @ ——» 0, + Gd° (10)

On other hand, Gllions also act as scavenger for holes throughdotpathway”’
When TiQ is doped with Gadolinium ions, there is a chargabalance which is
compensated by adsorbing more number of @Hs eq(11) on the surface of photocatalyst.
The holes generated during photoexcitation reath wdsorbed OHions which lead to
formation of hydroxyl radicaf8 [eq(12)].

Gd™ +OH » Gd™¥/ OH agp (11)

Gd™ OH agp + h' » Gd*+.OH (12)

This conclusion can also be fortified due to highotocatalytic degradation which is
observed at pH 10.

4. Conclusion.



Eco friendly hydrothermal route was usedtfe synthesis of TiPand Gd doped Ti©
nanoparticles. It was confirmed by various charszaéon techniques. Acriflavin was
degrade under UV light using TiCand Gd doped Ti©nanoparticles. Among various
percentage of Gd doped TiGhe maximum efficiency was found for 0.5% Gd dibgeO..
The degradation efficiency increases only up toinoptn percentage of dopant. The
photocatalytic activity of TiQwas enhanced by Gd due to its complex formingtglith
dye molecules. Gd is found to be reliable dopangéribance the photocatalytic activity of
TiO,. We have also further analyzed the effect of weriparameters on the photocatalytic
dye degradations. Following results were obtained.

» The maximum photocatalytic activity was observedtfe dye concentration, [AFN]
= 3 x10° mol dni®

» The photocatalytic activity was observed maximumcaittain optimized catalyst
dosage of 0.3g drh

» The photo-catalytic activity goes on increasing pd$ value was increased, the
maximum was observed at pH 10.
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Table. 1. Effect of variation of [AFN], Dosage of Photo-catalyst and pH on rate constant

Dosage of Photo- Rate constant
[AFN] catalyst pH kobs
gdm? st
3x10° 0.3 7 0.74 x107
5x10° 0.3 7 0.44 x107
7x10° 0.3 7 0.42 x107
10x10° 0.3 7 0.33x107
3x10° 0.1 7 0.42 x107
3x10° 0.2 7 0.69 x107
3x10° 0.3 7 0.47 x107
3x10° 0.4 7 0.29 x107
3x10° 0.5 7 0.43 x107?
3x10° 1.0 7 0.66 x107
3x10° 0.3 4 0.60 X107
3x10° 0.3 5 0.66 X102
3x10° 0.3 7 0.74 x107
3x10° 0.3 9 1.23 x107
3x10° 0.3 10 1.44 x107
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Graphical Abstract

Photocatalytic Mechanism of Gd doped TiGd* ions enhance the photocatalytic activity by avaidpotential recombination of electrons and

holes through different pathways.
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