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Abstract 

The present article highlights a simple and effective method for preparation of nano-fluid (NF) by employing long carbon 

chain fatty acid, PVP and ethylene glycol stabilized anatase phase TiO2. The so-prepared nano-fluid (0.5 wt. %) was 

employed for advanced oxidative photo-degradation of MB with different concentrations (1-5 mL) under short (254 nm) and 

long UV (365 nm) irradiation against various concentrations (5, 15, 25 ppm).  The maximum degradation efficiency observed 

was 88% and 71% under short and long UV irradiation respectively. The photocatalytic degradation of the MB was also 

studied by reaction kinetics.  Initially, titania nanoparticles (NPs) were synthesized and characterized using various advanced 

tools such as UV-Visible, FTIR, Raman spectroscopy, BET, XRD, SEM/EDAX, TEM etc. for its size, surface area and 

morphological understanding.  Copyright © 2017 VBRI Press. 
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Introduction 

Random increase in environmental pollution leads 

damage to the ecosystem and has become severe problem 

worldwide [1]. The harmful industrial effluents can cause 

severe health issues including cancer [2-5] and genetic 

mutation in living organism [5]. The industrial effluents 

are released in the water bodies which reduces the 

sunlight penetration and restricts the photosynthesis of 

aqueous plants [6]. There are various types of dyes 

(synthetic or artificial) which are a major and consistent 

part in the released industrial effluents, contaminating 

fresh water as well as causing serious harmful 

environmental hazards [7]. High demand of colored 

fabrics has led to extensive use of organic dyes in textile 

industries [8-10]. Methylene blue (MB) is one of the most 

widely used organic dye for the purpose of dyeing fabrics 

[7-10]. 

 Post fabric treatment, the water is released from the 

industries into bigger reservoirs. Such dye contaminated 

water adversely affects the health of the living organisms.  

Eventually, the effluent comes in contact with the human 

beings and becomes cause of great concern for their 

health. The inhalation of such organic dye through 

drinking water may cause damage to the health including 

uneasiness in the respiratory tract [10], permanent injury 

as allergy [11], skin irritation [12], cell mutation leading 

to several other diseases such as leukemia [13]. The 

removal of such harmful dyes from the water is a big 

challenge and separation of water soluble dyes are 

required to be decomposed before joining main stream 

water sources they therefore require proper chemical 

treatment for the safe degradation. The chemical 

treatment processes may be of varied nature however; 

advanced oxidation and reduction processes have 

attracted much attention [14-16]. Such oxidation and 

reduction processes involve formation of hydroxyl radical 

and super hydroxyl radical which reduce and oxidize a 

major part of organic dyes [17, 18]. There are several 

methods which can be utilized for treatment of such 

organic pollutants such as, Fenton process [19], ozonation 

[20, 21] and peroxone process [22] however, these 

methods are time consuming as well as expensive and 

therefore other method like degradation using 

photocatalytic materials such as TiO2/ZnO more 

specifically metal oxides in the nano regime can be 

employed. Photo-catalysis helps to fasten the oxidizing 

and reducing process of the polluted water [23]. When 

UV irradiation and photo-catalysts used in combination, 

the in-situ generation of the hydroxyl radical helps to 

degrade such toxic organic pollutants [24, 25]. 

 Titania nanoparticles are known to possess some 

peculiar properties like, self-cleaning [28], antibacterial 

coatings [29], hydrogen production [30], deodorization 

[31], hetero junction photo-voltaic cells for proper 

channeling of captured solar energy into electrical energy 

[32]. Apart from aforementioned properties, titania 

nanoparticles have ability to combat the issues related to 

water pollution via photocatalytic degradation [26, 27]. 

The most prominent feature of the titania is its band-gap 

which can absorb sunlight mostly good enough to affect 

the oxidation process due to its ability to generate 
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hydroxyl radicals under photonic energy. 

Decontamination of the polluted water from toxic organic 

dyes therefore has been heavily studied using titania and 

of late nano-particles of titania which has grabbed 

attention of the researchers worldwide [33, 34]. Titania is 

well known to exist in three crystalline phases viz anatase, 

rutile and brookite [35]. Among these three phases, 

anatase and rutile are mostly used and efficient materials 

when irradiated with the UV light [either short (254 nm) 

or long (365 nm)] whereas the catalytic activity possessed 

by amorphous titania is negligible [36-38]. The nano 

regime of anatase phase shows higher photocatalytic 

activity due to slowest recombination rate than nano rutile 

titania which has a slight higher recombination rate. The 

prolonged stay of the free electrons in the anatase titania 

make it a better photo-catalyst increasing its overall 

activity. On the other hand, rutile titania, due to deep 

trapping of the free electrons and longer stay of the holes 

reduces its overall activity [39, 40]. The smallest 

crystallite/ particle size and larger surface area of the 

titania nanoparticle is an important requirement for higher 

photocatalytic activity [41, 42]. The synthesized 

nanoparticles require high calcination up to 400ºC for 

conversion of amorphous to crystalline anatase titania 

since photo-degradation ability of amorphous titania is 

negligible [36, 43, 44, 45].  

 NFs are well known for their modern applications as 

a coolant, friction reductant, antibacterial, nano-drug 

delivery, solar collectors etc. [46]. The nano-fluids can be 

called as ‘next generation fluids’ which are tailored for 

enhanced heat absorption activity [47]. Even though 

titania nanoparticles have been extensively exploited 

worldwide for their photocatalytic activity against the 

organic effluents [48], there are scarce reports on the 

utility of titania nano-fluid for photo-catalysis application 

[45(b, c)]. Chang et al [45b] have studied photocatalytic 

activity for degradation of methylene blue by using titania 

nano-fluid containing particle diameter of about 10 nm. 

The complete degradation of MB in less than 90 mins was 

effectively achieved. Similarly, Elsalamony et al. [45c] 

have described preparation of gamma-titania and its nano-

fluids using two step method. Nano-fluid was employed 

for the photocatalytic MB degradation. Near about 90% 

photocatalytic degradation efficiency was observed in  

240 mins when irradiated with UV.  

 As far as preparation of nano-fluids is concerned, they 

can be prepared either by single step, in-situ preparation 

using stabilizing agents or two-step with separate 

synthesis of nanoparticles and its conversion to nano-fluid 

using stabilizer [49]. The stabilizing agents are necessary 

to avoid or suppress the accumulation of the nanoparticles 

dispersed in the base fluid since nano particles have 

tendency to agglomerate, due to strong Van der Walls 

force between the particles [50, 51]. Stabilizers are well 

known to lower the surface tension of the base fluids 

responsible for their stability in a given liquid [51]. Oleic 

acid [52], Hexadecyltrimethyl ammonium bromide [53], 

Sodium dodecyl sulfate [54], Dodecyl trimethyl 

ammonium bromide [Dodecyl trimethyl ammonium 

bromide] [55] etc. are some of the important stabilizing 

agents widely used for slow sedimentation process with 

low or negligible agglomeration among the nanoparticles 

dispersed in the base solvent [56]. The properties of the 

nanoparticles are said to be affected to some extent due to 

extensive use of the base solvent and stabilizers [57].  

The flow of the nano-fluid is also an important entity to 

be studied which can be determined using the rheological 

behavior [58, 59]. The rheological studies can 

successfully predict the Newtonian and non-Newtonian 

behavior of nano-fluid [60-62]. The effect of temperature 

on the fluid flowability and the changes in the shear rate, 

stress and strain for the heat transfer applications have 

been studied by many researchers [63-66]. The rheology 

of the nano-fluid depends on the method of preparation, 

dispersion of the nanoparticles, base solvent and 

stabilizers employed [67-70].  

 In the present article, synthesis of anatase titania 

nanoparticles by sol-gel method and its conversion to the 

nano-fluid by employing stabilizers has been described. 

TiO2 nano-fluid was applied for the oxidative photo-

degradation of Methylene Blue, an organic dye. Titania 

NFs were employed in varied amounts to study their 

effect on the degradation of the Methylene Blue (MB) at 

different ppm (parts per million) levels. The comparative 

degradation study as well as complete degradation study 

along with the reaction kinetics of the MB under short and 

long UV irradiation is also presented. The rheological 

behavior of the nano-fluid has been included to 

understand the flow mechanism and its type. The use of 

titania nanofluid for the degradation of the organic dyes 

offer homogeneous dispersion in aqueous solution of an 

organic dye as compared to the use of undispersed 

nanoparticles as photocatalyst. Homogeneous dispersion 

of the nanoparticles because of easy solubility of the both 

solvents helps to provide more surface area for the redox 

reactions which eventually increases degradation 

efficiency. Other than this specific application of the 

nanofluid, it can be applied in variety of areas such as, in 

electronics, in mass transfer enhancement, coolants etc. 

 

Experimental 

Materials and characterization techniques 

Titanium tetra-isopropoxide (TTIP), potato starch, 

absolute ethanol, iso-propanol, ethylene glycol, oleic acid, 

polyvinyl pyrrolidone (PVP) were all purchased from 

Sigma-Aldrich India Ltd. Mumbai and were used as 

received. The distilled water (18.2 MΩ) was used for 

synthesis, rinsing and cleaning purposes. Ultraviolet-

visible spectrum was recorded on UV Specord 210 plus 

UV-visible spectrophotometer in 200-800 nm wavelength 

range for the analysis of nanoparticles and nano-fluids. 

Photoluminescence spectra of the nanoparticles was 

recorded on Agilent Technologies instrument in the range 

of 250-800 nm with 304 nm as an excitation wavelength.  

X-ray diffraction (XRD) analysis was carried out using 

Bruker A8 advanced instrument with specifications as 

Cu_Kα radiation (λ = 0.1546 nm) (@40 kV voltage and 

@120 mA current) at scanning rate of 2°/min between 2θ 

range of 10-90º. Scanning electron microscope (SEM) 

analysis was carried out using Bruker Advanced 

(@300kV) model: JEOL/JSM-6360A. Transmission 

electron microscopy (TEM) measurement was carried out 

on Technai G2 Electron microscope (@200 kV). Fourier 
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transform infrared (FTIR) spectra was obtained using a 

Perkin Elmer Spectrum Two infrared spectrometer in 

range of 4000 - 400 cm-1 for functional groups analysis. 

Raman spectra acquired using EZ Raman spectrometer in 

the range of 400 – 4000 cm-1 for analysis of nanoparticles 

as well as nano-fluids. BET analysis was carried out using 

SSABETA-0405 BET Surface Area Analyzer under N2 

gas environment. The Nanophox (SympaTec) instrument 

used for the determination of nanoparticles distribution in 

DMF solution along with the stability of the nanoparticles 

dispersion in the nano-fluids for around 10 days. The 

density of the nano-fluid was measured using density 

meter Anton Paar-DMA 500, and the rheological studies 

were measured using Rheometer Physica MCR- 101 

(plate diameter – 22 mm). Sono-chemical instrument 

(Sonics and Materials Inc. VCX 750, 20 KHz, 230VAC) 

was used for dispersion purpose of the nanoparticles 

within the base solvent in addition to stabilizers. 

Synthesis of TiO2 nanoparticles 

The nano sized anatase TiO2 particles were synthesized 

using a modified sol-gel method as reported by Khanna et 

al [71]. In present case, potato starch (0.5 g) pre-dissolved 

in 20 mL distilled water and TTIP (5 mL) was added 

dropwise into 2-propanol (30 mL). The whole reaction 

mixture was stirred for about 2 hours in an ice water bath 

maintained at 10-15ºC. After two hours, the ice bath was 

removed and mixture was allowed to attain room 

temperature with continuous stirring. Meanwhile the 

formation of a milky white suspension (sol) was observed 

and in order to start the gelation process, the reaction 

mixture was allowed to stand for about 24-36 hours at 

room temperature. The as-formed gel was subjected to 

centrifugation at 5000 rpm to obtain white colored slurry. 

The slurry was washed thrice with methanol and twice 

with distilled water and then it was dried for 8-12 hours at 

50-55°C in an oven to obtain the fine white powder. 

Finally, in order to obtain phase pure and organic free 

titania nanoparticles white powder was sintered at 400ºC. 

TiO2 Nano-fluid preparation 

The nano-fluids (NFs) were prepared by a two-step 

method as reported by Khanna et al [72]. In 500 mL 

beaker, TiO2 solution was prepared by dispersing TiO2 

NPs (2.0 g) in distill water (300 mL) and labeled as 

solution ‘A’. In another beaker, PVP (0.5 g) was 

dissolved in distill water (100 mL) by sonication for 40 

minutes and labeled as solution ‘B’. Both the solutions 

were mixed together by sonication for another 20 minutes 

and resultant mixture (0.5 wt. %) was labeled as ‘C’.  

In above mixture (solution C) was then added ethylene 

glycol (5 mL) and 4-6 drops of oleic acid as stabilizing 

agents and again sonicated for 5-10 min. The stable and 

well dispersed TiO2 nano-fluid (NF) was then used for the 

further characterization and study. The stability of the 

nanoparticles was analyzed using particle size distribution 

method for about 10 days. 
 

Results and discussion 

The oxidation of titanium tetra-isopropoxide (TTIP) in 

presence of water and starch results in formation of starch 

capped titania nanoparticles. The role of starch in the 

reaction is to control the growth of titania and provide 

oxygen rich surface (71). The overcrowding of the starch 

molecules around titania facilitates suppression of particle 

growth and therefore, nano sized titania can be easily 

formed. Excess capping of the starch on titania could be 

disadvantageous in application point of view and hence 

sintering of the titania NPs is essential which helps to 

form phase pure and organic free titania NPs. In the 

present case, sintering of titania NPs at 400°C showed 

formation of anatase titania NPs. Phase pure titania NPs 

were converted to highly stable nano-fluid by using 

various stabilizing agents such as oleic acid (OLA), 

polyvinyl pyrrolidone (PVP) and ethylene glycol (EG). 

 Initial treatment of titania NPs with PVP possibly 

incorporate them randomly in the polymer network. 

Further addition of ethylene glycol could form hydrogen 

bonding with the oxygen atom of the carbonyl group in 

the PVP. Similarly, hydrogen bonding is also possible 

when OLA comes in contact with PVP and EG molecules 

and therefore, it is likely that titania nanoparticle gets 

surrounded by the molecules of PVP and long chain oleic 

acid bridged by ethylene glycol. This situation in presence 

of water helps titania nanoparticles to get much more 

stabilized due to high steric hindrance created by the 

organic molecules (surfactants) and hence titania NPs 

shows highly stable nano-fluid formation. The overall 

mechanism and possible interaction of titania NPs with 

the surfactants is depicted in Scheme 1. 

 

 
 

Scheme 1. Synthesis of titania NPs and possible interaction of surfactant 
molecules with titania NPs. 

 

Optical studies 

The optical properties of the TiO2 NPs were studied by 

UV-visible spectroscopy and photoluminescence 

spectroscopy. According to the literature reports the 

anatase titania nanoparticles are known to exhibit 

maximum absorbance around 390nm [73(a)]. In current 

study, the maximum absorbance observed for anatase 

TiO2 NPs was near 304 nm resulting in a bandgap of 

4.08eV (Fig. 1A). The blue shift obtained in UV-visible 

absorption values can be attributed to quantum 



 
Research Article 2017, 8(4), 506-517 Advanced Materials Letters 
 

Copyright © 2017 VBRI Press                                                                                                               509 
 

confinement effect due to the smaller particle size of the 

anatase titania. The UV-Visible spectroscopic study of as 

prepared nano-fluids also revealed presence of the well 

dispersed, stable and smaller TiO2 NPs since they showed 

absorption near 306 nm. The light emitting properties was 

studied using Photoluminescence spectroscopy. The 

excitation at 304 nm for anatase titania was resulted in 

emission of about 376 nm (Fig. 1B) with a Stokes shift of 

about 72 nm indicating the absence of the Ti-OH states in 

the material.  

 

 
 
Fig. 1. UV-vis spectra of NPs and NF (A) and Photoluminescence 

spectrum of NPs (B). 
 

However, NFs failed to show any useful emission 

properties mainly due to presence of large amount of 

organic capping from the base fluids composition. The 

bandgap of utilized TiO2 NPs was calculated following 

equation 1 and the data is provided in Table 1 [73(b)]. 

               𝐸𝑔 =  
ℎ𝑐

λ
                                                       (1) 

where, Eg – bandgap, h – planck constant (6.626 x 10-34), 

c – light velocity (3x108 m/s) and λ – maximum 

absorbance wavelength peak (nm). 

 
Table 1. Optical properties of TiO2 NPs and nano-fluid. 

 

 

 

XRD analysis 

The phase purity of the TiO2 nanoparticles was confirmed 

from the XRD analysis. The XRD patterns of the so-

obtained TiO2 nanoparticles revealed formation of phase 

pure anatase titania nanoparticles (Fig. 2). The reflection 

peaks were indexed to (101), (004/ 112), (200), (105), 

(204) indicating formation of tetragonal crystal structure.  

The sintering of the as-prepared nanoparticles leads to 

greater crystallinity without any adverse effects on the 

diffraction peaks. The crystallite size of the anatase titania 

NPs was calculated by using Scherrer formula (equation 

2) [74]; 

            𝐷 =  
0.9λ 

βcosθ
                     (2) 

where, D = crystallite size; λ = X-rays wavelength (Cu); β 

= FWHM; θ = diffraction angle.  

 

Fig. 2. XRD pattern of TiO2 NPs sintered at 400ºC. 

 

 The average particle size obtained by XRD data was 

found to be about 8.06 nm for the nanoparticles sintered 

at 400°C. The lattice parameters were calculated using the 

Bragg’s equation (equation 3) and presented in Table 2 

[75] 

                          𝜆 =  2𝑑𝑠𝑖𝑛θ                                           (3) 

where, λ = X-rays wavelength (Cu), d = inter planer 

distance, θ = diffraction angle. The lattice distance 

obtained for (101) diffraction plane was calculated to be 

0.35 nm. 

 
Table 2. XRD diffraction peaks and lattice parameter. 

 

 

 

 The particle size and lattice strain of the titania NPs was 

also determined by employing UDM model of the 

Williamson-Hall (WH) analysis. The W-H plot (Fig. S1) 

of the titania NPs revealed the average particle size of 

about 8.54 nm. The W-H formula (equation 4) was used 

for the particle size calculation as well as lattice strain 

determination [76].  

β cos θ = [
k𝜆

𝐷
] + 4𝜀 sin θ                  (4) 

where, λ = X-rays wavelength (Cu), d = inter planer 

distance, θ = diffraction angle, D – crystallite size, β – 

FWHM, ε – lattice strain, k = 0.9. 

 

Infrared spectroscopic studies 

Titania nanoparticles was analyzed by FTIR in order to 

understand the presence of the functional groups on the 

surface of the NPs. The FTIR was recorded in the 

wavenumbers in the range of 400 cm-1 to 4000 cm-1  
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(Fig. S2).The major peaks observed near 2924-2850 cm-1, 

1635 cm-1 and 1040 cm-1 are ascribed to C–H symmetric 

and asymmetric stretching, C=O and C–O stretching 

frequencies respectively [71]. The bands at 1115 cm-1 and 

900 cm-1 to 500 cm-1 was assigned to the asymmetric, 

symmetric stretching and the bending modes of Ti–O–Ti 

[76-79]. The absence of band near 3452 cm-1 and 1400 

cm-1 indicated that the nanoparticles are free of the 

surface hydroxyl groups [77]. The presence of broad peak 

near 3380-3280 cm-1 was due to the hydroxyl groups of 

the potato starch. The functional groups along with their 

respective peaks are presented in Table S1. 

 

Raman studies 

As reported by Ohsaka et al., phase pure anatase titania 

shows six Raman active modes (A1g + 2B1g + 3Eg) [80] 

with Raman peaks aligned at 144 cm-1 (Eg), 197 cm-1 

(Eg), 399 cm-1 (B1g), 513 cm-1 (A1g), 519 cm-1 (B1g), 

and 639 cm-1 (Eg). The Raman spectrum of anatase phase 

TiO2 NPs and NFs is shown in Fig S3. Five out of six 

Raman active modes were observed in the Raman 

spectrum with prominent peaks at 133, 187, 387, 506,  

627 cm-1. No other bands were observed in case of titania 

nanoparticles while in the spectrum of the NF, in addition 

to above, other bands were also observed due to presence 

of PVP, Oleic acid and Ethylene Glycol.  The values of 

Raman active modes of the titania NPs and NF are given 

in Table S2 [ 81-83]. 

 

Electron microscopic studies 

Surface morphology and stoichiometric ratios of titanium 

and oxygen of the titania nanoparticles were analyzed by 

scanning electron microscope (SEM) and EDX (Fig. 3). 

In SEM, the spherical nanoparticles with usual clustering 

were observed at scale bar of 30 nm. The particle size 

found to be about 8-13 nm and is well matched with  

the size calculated from XRD [8.06 nm], WH plot 

[11.59 nm], BET [ 10.68 nm] and Particle size analyzer  

[9 nm]. The EDX analysis indicate that the percentage 

oxygen is about three-fold higher than that of the 

titanium. The oxygen richness found in the sample was 

due to presence of the starch molecules over the surface 

of the titania NPs. 

 

 

Fig. 3. SEM and EDX analysis of the titania nanoparticles. 

 

 The morphology of the titania nanoparticles was further 

studied by transmission electron microscopy  

(Fig. 4). TEM analysis also revealed spherical shape with 

the size of about 9-12 nm which was in good agreement 

with SEM [8-13 nm], XRD [8.06 nm], WH plot [11.59 

nm], BET [10.68 nm] and particle size analyzer [9 nm] 

results. The d-spacing about 0.3548 nm was calculated 

using the line profile plot and was in good agreement with 

the values estimated using Braggs equation for the (101) 

crystal plane. 

 

 
Fig. 4. TEM image and line profile plot of the titania nanoparticles. 

 

BET analysis 

Specific surface area (SSA) of the anatase TiO2 

nanoparticles was measured by BET analyzer. With 

reference to the result obtained (Table 3, Fig. S4), potato 

starch coated nanoparticles have surface area of 132.79 

m2 g-1 with the particle size of 10.68 nm (calculated using 

BJH formula i.e. equation 5 [71] and Sauter’s formula 

equation 6) [84] 

              𝑇𝐵𝐸𝑇 =
6000

ρ∗SSA
    (5) 

             𝑆𝑋𝑅𝐷 =
6000

ρ∗DXRD
     (6) 

 

where DBET – particle diameter in nm, SSA- the surface 

area of the nanoparticles in m2 g-1, and ρ is the theoretical 

density in g cm-3) and DXRD - crystallite size (calculated 

from Scherrer formula) and SXRD - surface area of the 

nanoparticles in m2 g-1 calculated from XRD. The particle 

size calculated from BET analysis was also compared 

with the crystallite size calculated from XRD and it was 

observed to be larger. The difference in size can be 

assumed to be due to the agglomeration of the NPs. The 

degree of agglomeration among the nanoparticles can be 

calculated using the formula (equation 7 and 8) [ 85, 86a]. 
 

      𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 =
𝑆𝑋𝑅𝐷−𝑆𝐵𝐸𝑇

2
                  (7) 

        
1

𝐹
=  

𝑆𝐵𝐸𝑇

𝑆𝑋𝑅𝐷
      (8) 

 

where, interface area in m2 g-1 and SXRD is the surface area 

calculated from crystallite size using the Scherrer 

equation 1, whereas SBET is the specific surface area 

obtained from BET analysis and 1/F is the degree of 

agglomeration.  

 
Table 3. Specific surface area, particle and crystallite size and interface 

area of the titania nanoparticles. 

 

 

 

Particle size analyzer 

The particle size distribution of the titania nanoparticles 

was determined using the particles size analyzer by 

dispersing NPs in DMF (Fig. S5). The average size 

distribution of the TiO2 nano-particles was found in the 
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Fig. 5. Rheology study of the nano-fluid at various temperature. 

 

range of 2-20 nm and the maximum size distribution was 

observed to be at 6 nm. Such observations related well 

with findings of XRD and SEM analysis. Fig. S5 shows 

the particle size distribution of the sample and relative 

peak width. The results so obtained also correlate with 

particle sizes calculated using XRD [8.06 nm], W-H plot 

[11.59 nm], SEM [8-13 nm], TEM [9-12 nm] and BET 

[10.68 nm] analysis. 

 

Rheological study of TiO2 nano-fluid 

In order to understand the behavior of the titania nano-

fluid, rheological parameter was measured. The nano-

fluids were tested against varying parameters to study the 

occurrence of changes with respect to viscosity, shear 

rate, shear stress, torque and speed. So-prepared titania 

nano-fluid revealed Newtonian behavior as it was evident 

from all of the tests conducted at various temperatures 

(27, 35 and 43ºC) presented in the Fig. 5 (A-E). A plot of 

shear stress with shear rate (Fig. 5A) at various 

temperatures indicate the directly proportional relation 

between two entities as graph shows linear line. 

According to the Fig. 5B constant viscosity was observed 

with increasing torque and temperature. The increase in 

temperature resulted in increased value of torque. Similar 

observation was obtained when shear rate was plotted 

against viscosity.  

 Fig. 5C infers constant viscosity with increasing shear 

rate. Direct proportional relation was observed by plotting 

temperature against shear rate and with increased 

temperature shear rate found to be increased as shown in 

Fig. 5D. Increasing speed showed no effect on the 

viscosity values and it was found to be stable even speed 

was increased along with temperature (Fig. 5E). All these 

parameters emphasizing on typical Newtonian behavior of 

the nano-fluid.  

 

Stability of nano-fluid 

Stability of the nano-fluid is major concern which can 

decide the applicability of the nano-fluid in particular area 

and therefore, it was imperative to test as-prepared nano-

fluid for stability. The stability of the titania nano-fluid 

was investigated using the particle size analyzer over a 

period of ten days without disturbing the sample in the 

cuvette [Fig. 6 (a)]. The particle size distribution obtained 

for the period of the ten days clearly confirms the highly 

stable dispersion of the titania. although the initial TiO2 

size domain was of about 10-15 nm, they tend to 

agglomerated during their formulation to NFs. Thus the 

higher particle size distribution (35-40 nm) observed was 

due to the clustering of the nanoparticles in the sample. 

The nearly stable values of the particle size distribution 

over the period of ten days confirms high stability of the 

as-prepared nano-fluid. The formation of agglomerates 

can be assumed due to the presence of stabilizing agents 

i.e. PVP, ethylene glycol and oleic acid. The capping  

of the titania NPs by multiple organic molecules generally  

leads to the formation of dense coating over the particle 

surface. The dense coating of the surfactant over titania 

surface actually responsible for the generation of 

Brownian movement of the nanoparticles present in the 

sample. The sterically hindered nanoparticles can easily 

repel each other and therefore, a continuous movement of 

the particles was established which helps nanoparticles to 

remain dispersed all the time without flocculation [86b-

86d]. The mechanism of the nano-fluid stabilization is 

depicted in the Fig. 6(b).  

 

 
 

Fig. 6.  (a) Stability of the nano-fluids over a period of ten days,  

(b) schematic showing stabilization process of titania NPs. 

 

 The density (Fig. S6A) and specific gravity (Fig. S6B) 

changes occurred with respect to temperature were also 

measured to understand the effect of oleic acid on the 

nano-fluid. The decrease in density and specific gravity 

occurred with increase in temperature. The effect of oleic 
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acid observed to increase the density and specific gravity 

of the nano-fluid at all temperature but when temperature 

is increased, both the entities showed decrement in their 

respective values. The oleic acid helped in stabilizing the 

nanoparticles in the base solvent mixture.  

 

Contact angle  

The water contact angle measurement was done in order 

to understand the property of so prepared nano-fluids 

when in contact with glass surfaces. A single layer of the 

nano-fluid was cast on a glass slide and kept for drying 

off the excess liquid. The results indicate a low contact 

angle (32.57º i.e. hydrophilic) which infer good wetting 

and adhesiveness with high free surface energy, presented 

in Fig. S7. 

Photocatalytic activity 

The photocatalytic activity of titania nano-fluid was 

studied against Methylene Blue (Fig. S8) under short (254 

nm) and long (365 nm) UV irradiation. It is well known 

that interaction of photons with TiO2 available in the NF 

facilitates the excitation and transfer of electrons from 

valence band to conduction band [87]. The energy 

provided is often higher than its bandgap (3.2eV), which 

helps in generation of free electrons and holes over the 

catalyst surface along with hydroxyl radicals. Slow 

recombination rate of electron hole pair is the prime 

requirement to effectively degrade industrial effluent. 

During the catalytic degradation process, holes will 

capture electrons and oxidize pollutant molecules 

generating OH radicals. The excited electrons will 

degrade organic dyes (or the pollutant) either by the 

reduction process or might take part in reaction with the 

O2 present on the catalyst surface to produce superoxide 

anion. The superoxide so generated will eventually 

degrade the effluent. The degradation process can be 

explained as shown below in equations 9-13 (hʋ = photon 

energy; e- = electrons and h+ = holes) and in Scheme 2: 

TiO2 + hʋ (UV) →    TiO2 (e- + h+ )  (9) 

TiO2 ( h+ ) + H2O →    TiO2 + H+ + OH•                    (10) 

TiO2 ( h+ ) + OH - →    TiO2 + OH• (11) 

TiO2 (e- ) + O2 →    TiO2 + O2
• - (12)  

Dye  +  O2
• - →    Degraded products  (13) 

  

Vast literature is available for dye degradation using 

titania nanoparticles or its nano-fluid. The degradation of 

MB dye has also been studied by many researchers 

thereby making the current studies more straight forward. 

Table S3 presents some of the results from the literature. 

The percent efficiency (ƞ) of the photo-degradation was 

calculated using following formula (equation 14): [71] 

    (
𝐴0− 𝐴𝑡

𝐴0
) 𝑋 100 =  ƞ (𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦)                         (14) 

where, A0 = absorbance intensity of dye solution before 

the UV treatment, At = absorbance of dye solution after 

UV treatment at time t. The energy of activation was 

calculated using Arrhenius equation (equation 15) [71] 

 

            log 𝑘 = −( 
𝐸𝑎

2.303∗𝑅∗𝑇
 )                                      (15) 

where, k = reaction rate constant (min-1), Ea = reaction 

energy of activation (kJ mol-1), R = gas constant and T = 

reaction temperature (kelvin). The reaction kinetics of the 

catalytic degradation of the industrial effluent calculated 

using the first order rate kinetics (equation 16 and 17). 

[71] 

            𝐶 = 𝐶0𝑒𝑘𝑡                                            (16) 

 

             − 𝑙𝑛 (
𝐶

𝐶0
) = 𝑘𝑡                              (17) 

where, C0 = initial dye concentration (ppm), C = dye 

concentration at time t (min), k = reaction rate constant 

(min-1), t = time (min). 

 

 
 
Scheme 2. Methylene Blue degradation by anatase titania nano-fluid. 

 

Activity under short UV irradiation 

The characterization studies of the as-prepared nanofluid 

have revealed the presence of titania nanoparticles of 

particle size 10-15 nm exhibiting absorbance peak at 

about 306 nm (band gap = 4.05 eV). This clearly reveals 

that for photodegradation study the irradiation light below 

300 nm will be much beneficial. This may help to easy 

excitation and transfer of the electrons which are further 

utilized for degradation process. In view of the above, 

here in present case short UV irradiation (wavelength 254 

nm) was employed for the degradation process. The 

photocatalytic activity of the titania nano-fluid under 

short UV irradiation was evaluated against MB 

(methylene blue). The dual absorbance peak in methylene 

blue at 664 and 615 nm is due to conjugated hetero-poly 

aromatic linkage system of sulphur and nitrogen and has 

been attributed to transition from n to p* (lone pair 

electrons of nitrogen atom) and p to p* (conjugated 

double bonds system of aromatic rings). The absorption 

peak at 664 nm was monitored by UV-Visible 

spectroscopy for study of degradation using titania nano-

fluid as catalyst. The UV irradiation (short wavelength 

254 nm) caused decrease in the absorbance intensity 

indicating the degradation of the dye. Initially 

photocatalytic activity of 1.0 mL of nano-fluid was 

measured against 05, 15 and 25 ppm of dye solution (Fig. 

7 A, B, C) for 270 min with interval of 30 min. According 

to the degradation results it was found that, the highest 

degradation efficiency was about 75.97 % for 15 ppm dye 

solution (Fig. 7 B) while degradation efficiency for 05 

and 25 ppm was found to be about 61.43% and 47.84% 

respectively. The degradation efficiency for 5 and 25 ppm 

was found lower than that for 15 ppm dye solution and 

therefore, it was imperative to study the concentration 
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effect of nano-fluid catalyst on degradation efficiency of 

15 ppm MB. 

 

 
Fig. 7. Monitoring of degradation of (A) 5, (B) 15 and (C) 25 ppm MB 

solution using 1 mL of titania nano-fluid as photo-catalyst under short 

UV irradiation. 

 

 In order to study catalyst concentration effect, series of 

experiments were carried out using different 

concentrations of nano-fluid e.g. 1.5 to 5.0 mL nano-fluid 

against a fix concentration of MB solution (15 ppm). 

Results revealed (Fig. 8 A-F) that, the increase in the 

catalyst concentration increases the degradation efficiency 

of the MB degradation process (Table S4).  

 

 
 
Fig. 8. Monitoring of degradation of 15 ppm MB solution using various 

concentrations of titania nano-fluid as photo-catalyst under short UV 

irradiation. 
 

The highest efficiency obtained was 88 % with rate 

constant of 0.0179 min-1 and energy of activation of about 

10026.99 kJmol-1 for 3 mL of catalyst (Fig. 8D). Further 

addition of catalyst (4 and 5 mL) showed slight decrease 

in the efficiency and therefore, it can be considered that 3 

mL nano-fluid is optimum quantity to achieve maximum 

degradation of MB under short UV irradiation. Beyond 3 

mL of nano-fluid, supersaturation of the catalyst hinders 

the reduction process during the degradation leading to 

decrease in the degradation efficiency. Almost in all 

cases, decrease in absorbance intensity with respect to 

time was observed indicating the effectiveness of nano-

fluid as photo-catalyst irrespective of its concentration. 

The reaction kinetics of the degradation of MB under 

short UV irradiation was studied along with activation 

energy as well as C/C0 vs time plots (Fig. 9 and 10). The 

decrease in rate constant and C/C0 values with respect to 

time clearly confirms the degradation of MB under short 

UV irradiation.  

 

 
 
Fig. 9. C/Co vs time plots for (A) 15 ppm, (B) 5 ppm and 25 ppm MB 

degradation under short UV. 
 

The photocatalytic degradation of the MB in presence 

of titania nanofluid and under short UV irradiation 

observed to give good results. This might be because of 

homogeneous dispersion of the nanofluid in aqueous 

solution of MB providing more surface area for the 

adsorption and desorption during the redox process. The 

values of rate constant and activation energy are presented 

in Table S4. The rate of the degradation process found to 

be nearly constant when nanofluid concentration was 

varied from 1-5 mL for 15 ppm MB solution except for 3 

mL nanofluid where rate was observed to be lower with 

comparatively high activation energy. 
 

 

 
 

Fig. 10. Rate constant of (A)15ppm, (B) 5ppm and 25ppm MB 

degradation under short UV. 
 

Activity under long UV irradiation 

The photocatalytic degradation MB under the irradiation 

of short UV, nano-fluid revealed the highest degradation 

efficiency of 88% for 3.0 mL NF process. However, when 

the same process was carried out under UV irradiation 

with 365 nm wavelength (long UV) results were found to 

be much inferior. Three different sets of MB solutions 

(05, 15 and 25 ppm) were examined initially for 1 mL of 

nano-fluid catalyst for 270 min with interval of 30 min. 

(Fig. 11 A, B and C). Careful monitoring of degradation 
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process by UV-visible spectroscopy revealed only  

65.75 % degradation efficiency for 5 ppm MB solution. 

On the other side 15 and 25 ppm MB solution showed 

rather unattractive 37.18 and 48.05 % degradation 

efficiency respectively. It was observed that at lower 

energy irradiation, 5 ppm MB solution showed  

maximum degradation efficiency. Therefore, 5 ppm MB 

solution was chosen to study effect of nano-fluid 

concentration on degradation process. A series of 

experiments by changing amount of nano-fluid were thus 

carried out (Fig. 12 A-F).  
 

 
 
Fig. 11. Monitoring of degradation of (A) 5, (B) 15 and (C) 25 ppm MB 

solution using 1 mL of titania nano-fluid as photo-catalyst under long 

UV irradiation. 

 

 
 
Fig. 12. Monitoring of degradation of 5 ppm MB solution using various 

concentrations of titania nano-fluid as photo-catalyst under long UV 
irradiation. 

The increase in degradation efficiency was observed as 

concentration of nano-fluid was increased. The highest 

efficiency obtained was 71 % with rate constant of 0.0135 

min-1 and energy of activation of about 10739.63 kJmol-1 

for 4 mL of catalyst under long UV irradiation. 

Furthermore, the reaction kinetics, activation energy, and 

C/C0 vs time plots were also studied. The C/C0 and rate 

constant vs time plots are presented in Fig. 13 and Fig. 14 

respectively. These plots are clearly confirming the 

degradation of MB under long UV irradiation. The values 

of rate constant and activation energy are given in table 

S5. 

The rate constant values obtained at various 

concentrations for degradation process using short and 

long UV irradiation are presented in figure 15 the highest 

rate constant was found by using 2.5 mL and 1 mL nano-

fluid under short (Fig. 15 A) and long UV (Fig. 15 B) 

respectively. 

 

 
 
Fig. 13. C/C0vs time plots for (A) 15 ppm, (B) 5 ppm and 25 ppm MB 

degradation under long UV. 

 

 
 
Fig. 14. Rate Constant of (A)15ppm, (B) 5ppm and 25ppm MB 

degradation under long UV. 

 

 
 
Fig. 15. Rate constant vs concentration of NF and MB (ppm) under  
short (A) and long UV (B). 

 

The overall efficiency of the MB degradation is 

illustrated in Fig. 16 A for short UV irradiation and  

Fig. 16 B for long UV irradiation. Under short UV 

irradiation highest efficiency was obtained for 15 ppm 

MB solution using 3.0 mL nano-fluid catalyst whereas 

under long UV irradiation highest efficiency was 

achieved for 5 ppm dye solution while 4.0 mL nano-fluid 

was employed.  
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Fig. 16. Efficiency vs concentration of NF and MB (ppm) under short 
(A) and long UV (B). 

 

Conclusion  

Adopting a simple and modified sol-gel method, titania 

NPs were synthesized using potato starch as surfactant. 

Phase pure titania NPs obtained by sintering at 400°C, 

were converted to the highly stable nano-fluids. Oleic 

acid, PVP and ethylene glycol stabilized titania nano-

fluids were successfully employed for degradation of MB 

under short and long UV. Varied concentrations of the 

MB solutions (5, 15 and 25 ppm) were examined for 

degradation under short and long UV irradiation in 

presence of various concentrations of the nano-fluid as 

photo-catalyst. Nano-fluid catalyzed degradation of MB 

showed higher degradation efficiency of about 88% and 

minimum of 76% under short UV irradiation (0.5 wt. % 

TiO2 NF) however; slight lower degradation efficiency of 

71% was observed under long UV irradiation. The rate of 

reaction was found to be about 0.0290 min-1 under short 

UV while 0.0193min-1 for long UV irradiation. Titania 

nano-fluid was successfully employed for degradation of 

MB under short and long UV however, there is wide 

scope to explore abatement of such pollutants by 

employing efficient and ecofriendly titania based photo-

catalysts for waste water treatment. 
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Supporting information 

 

Fig. S1. Williamson-Hall plot of the titania nanoparticles. 
 

 

Fig. S2. FT-IR spectra of the anatase titania nanoparticles and NF. 

 

Table S1. FTIR data of titania nanoparticles 

 
 
 

 

 

 

 
Fig. S3. Raman spectra of titania NPs and NF. 

Table S2. Raman active modes in titania nanoparticles. 

 

 

Fig. S4. Surface area and particle Size using XRD and BET analysis. 
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Fig. S5 Particle size distribution of the titania nanoparticles. 

 

 

Fig. S6. (A) Density and (B) Specific gravity at varying temperature. 

 

 

Fig. S7. Contact angle of the water droplet on drop casted nano-fluid on 

a glass slide. 

 

Table S3. Some literature reports for MB dye degradation. 

 

 

 

 
 

Fig. S8. Chemical Structure of Methylene Blue [71]. 

 

Table S4 Parameters for MB degradation under short UV irradiation.  

 
 

 
Table S5 Parameters for dye degradation under long UV irradiation. 

 

 


