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ABSTRACT 

Titanium dioxide (Titania or TiO2) is well known for its photocatalytic properties and its ability to 

remove organic contaminants under illumination by ultraviolet (UV) light. It is also known to 

switch its surface wetting characteristics from being hydrophilic to superhydrophilic under 

exposure to UV light in air, however, less is known about photoinduced switching of the 

hydrophilicity of TiO2 surfaces immersed in an oil medium. In this work, we study the kinetics of 

photoinduced wetting of water drops on layer-by-layer (LBL) assembled TiO2 nanoparticle 

surfaces immersed in an oil environment using in-situ contact angle measurements. We develop a 

model, based on integrating the Langmuir-Hinshelwood adsorption isotherm with the Cassie-

Baxter analysis of the effective contact angle of a drop sitting on a composite surface to relate the 

evolution in the measured contact angle to photocatalytically induced changes on the surface of 

nanoporous titania. Our model can be used to predict and control wetting kinetics in drop 

coalescence applications. We also show that immersed oil-water separation membranes which 

have been fouled by low surface tension contaminants can be rapidly recovered in-situ using this 

underwater photocatalytic reaction without the need for backwashing or harsh chemical reagents.  

  



TEXT 

INTRODUCTION 

Photo-responsive titanium dioxide (TiO2) surfaces, which exhibit switching in their surface 

wettability states from hydrophilic (i.e., contact angle for water, 10  water  01,2) to 

superhydrophilic (i.e., water  51,3) under ultra violet (UV) illumination4–6, have been widely 

utilized in a wide range of surface engineering applications including self-cleaning7,8, anti-

fogging6,9 and oil-water separation9,10.  

A large number of studies have been focused on understanding the origin of this pronounced 

wettability switch of TiO2 surfaces4,7. Among various proposed mechanisms, two distinct schools 

of thoughts have been promulgated to explain the large changes in photo-induced wettability of 

TiO2 surfaces. The first viewpoint argues that photocatalytic oxidation or reduction of adsorbed 

organic contaminants leads to increased exposure of the underlying bare TiO2 surface which is 

inherently hydrophilic11–14. The second is based on the surface reconstruction of TiO2 resulting in 

a local increase of hydroxyl species (due to molecular or dissociative adsorption of water 

molecules) which promote hydrophilicity15–18. Although a final unified mechanism is still under 

debate, the ultimate effect of UV-light illumination on TiO2 surfaces is the evolution of 

heterogeneity in the local surface chemistry and a progressive increase in surface energy which 

drives increased wettability by polar liquids such as water19–21. 

Contact angle measurements with sessile drops have been widely employed as a means of 

characterizing the surface wettability of hetero-chemical or topographically structured surfaces22–

26. The contact angle for a sessile droplet on a chemically heterogeneous surface can be described 

by the Cassie-Baxter equation given by 27,28 

*

1 1 2 2cos cos cosf f                                                                  (1) 



Here 
*  is the apparent contact angle of a liquid drop placed on a heterogeneous surface that 

consists of phase 1 and phase 2.  f1 and f2 are the area fractions of each phase whereas 1 and 2

are the Young’s contact angles of the same liquid on homogeneous surfaces of phase 1 and phase 

2, respectively. The cosine of the measured contact angle ( ) on a chemically heterogeneous 

surface is therefore approximately the area-weighted average of the surface energies of the three 

phase contact line on the homogeneous surfaces of each phase.  

Only a few studies have developed kinetic models that characterize the effect of time-dependent 

evolution in surface chemistry heterogeneity of a photocatalytic surface using the measured 

contact angles under UV-light illumination19–21,29. One of the earliest kinetic models proposed by 

Sakai et al. suggested that the reciprocal of the water contact angle increases linearly with 

increasing UV-light illumination time29. Later, Seki et al. modified this model to incorporate the 

fact that the area fraction of hydrophilic regions increases due to the additional hydroxyl species 

generated by UV-light illumination20. They also demonstrated that using the cosine values of 

measured water contact angles are more appropriate for quantifying the kinetics of the wettability 

conversion. More recently, Foran et al. have proposed a relationship between the kinetics of 

photocatalytic destruction of surface adsorbed organics and the contact angles for water droplets 

on TiO2 surfaces exposed to UV-light illumination in air19. 

Although these studies have helped to elucidate the kinetics of photo-induced wettability 

switching of TiO2 surfaces and provided valuable insights into the mechanism, they often 

neglected the presence of dynamic organic contamination on TiO2 surfaces which is unavoidable 

due to its intrinsic high surface energy30,31. Such fouling can happen for example if a membrane 

modified with hydrophilic TiO2 is used to separate oil/water emulsions in a cross-flow or dead end 

configuration32. While there are a few reports of photoinduced hydrophilicity switching on 



surfaces fully submerged in an oil environment, they do not study in detail the kinetics of the 

processes involved33–36. The aim of the present study is to take into account the kinetics of 

adsorption, desorption and photocatalytic breakdown of oily contaminants on titania to describe 

the kinetics of photo-induced wettability switching on TiO2 surfaces that may find future 

applications in oil-water separation technologies. 

In order to study the kinetics of the photoinduced switching under oil environment using 

goniometry, it is necessary to first understand the expected values of underwater contact angles of 

oil drops and their relation to the interfacial tensions of each phase boundary. Liu et. al.37 and Jung 

et. al.38 were among the first to study underwater oleophobicity and relate the underwater contact 

angles of sessile oil droplets to the in-air contact angles by solving Young’s equation for the three 

cases – water drop-in-air, oil drop-in-air and oil drop-in-water. They eliminated the solid’s 

interfacial energy terms in the equations to develop a single equation that interrelates the contact 

angles observed in each case. 
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where ,w a , ,o a  and ,o w are, respectively, the contact angles of water drop-in-air, oil drop-in-air 

and oil drop-in-water, and, ,w a , ,o a  and ,o w  are the respective interfacial tensions of the three 

phases. From eqn. 2, it is evident that an in-air hydrophilic-oleophilic surface (i.e. with , 90w a  

, , 90o a  ) would display underwater oleophobicity ( , 90o w   ) but an in-air hydrophobic-

oleophilic surface ( , 90w a   , , 90o a  ) would display underwater oleophilicity ( , 90o w   ). A 

clean surface of titania in air is both hydrophilic and oleophilic39, and hence is naturally underwater 

oleophobic. However, contamination of a titania surface with a non-fluorinated organic species 

would lead to lowering of the surface energy (and a reduction in the oil contact angle underwater) 



as it will become in-air hydrophobic-oleophilic. We have taken advantage of this contrast in oil 

drop-in-water contact angles between clean and contaminated surfaces to study the dynamics of 

wettability switching on fully immersed TiO2 surfaces during contamination and subsequent 

photocatalytic cleaning. 

In this paper, we first describe the layer-by-layer (LBL) self-assembly protocol used to prepare 

the nanoporous TiO2 surfaces and quantify the resulting morphology of the surface using 

profilometry and ellipsometry. We then use time-resolved measurements of water contact angle 

, ( )o w t for characterizing the surface wettability of the titania surfaces submerged under oil during 

both initial contamination and subsequent UV exposure. By combining the Langmuir-

Hinshelwood mechanism of photocatalysis and an appropriate Cassie-Baxter description of 

effective contact angles of a pendant droplet of water on a textured substrate in an oil environment, 

we propose a model to directly relate kinetics of photocatalytic destruction of oil to the change of 

surface energies (or effective contact angles) for water on immersed titania surfaces under UV-

light illumination. We estimate the kinetic rate constants of contamination and photocatalysis by 

fitting our model to the measured contact angles and explain how this varies with UV illumination 

intensity. Finally, we discuss the application of our model to predict drop coalescence and removal 

of oil from fouled titania surfaces underwater.  

EXPERIMENTAL METHODS 

The Layer-by-layer (LBL) deposition method40,41 was utilized to self-assemble coatings of TiO2 

nanoparticles onto two types of substrates used in this study – glass slides (plain, VWR 

International)  and stainless steel mesh (TWP inc., Plain Dutch Weave, micrograph shown in 

Figure S1 in the supplementary section) as substrates. The substrates were first sonicated in a 10 

wt% sodium hydroxide solution for 1 hour to remove any contaminants followed by thorough 



rinsing with deionized (DI) water. They were then dried and treated with oxygen plasma on high 

power for 5 min in a basic plasma cleaner (230 V, Harrick Plasma). In order to perform LBL self-

assembly of TiO2 nanoparticles, a negatively charged TiO2 dispersion, a positively charged 

polymer solution, and their respective rinse solutions were prepared in the following manner. TiO2 

nanoparticles were acquired as an aqueous dispersion from Svaya Nanotechnology (average 

diameter  20 nm, 10% wt%) and diluted to 0.03 wt% in water. Poly(allylamine hydrochloride) 

(PAH, average molecular weight = 15,000 g/mol) was obtained from Sigma Aldrich and dissolved 

in water by stirring for 2 hours (concentration = 1 mg/ml). The pH of the PAH solution and TiO2 

dispersion were adjusted to 7.5 and 9.0, respectively to give them positive and negative charges. 

Two solutions of water with pH 7.5 and pH 9.0 were also prepared using DI water, HCl and NaOH, 

for rinsing substrates after dipping in the polymer and nanoparticle mixtures respectively. The 

cleaned substrates were alternatingly spin-dipped between the two aqueous mixtures for 10 min 

each using an automated multilayer dip-coating machine (StratoSequence 6, nanoStrata Inc.) to 

construct each bilayer. Two rinse steps of duration 2 min and 1 min each were also performed 

between every layer to remove any excess deposits. The substrates were removed and dried after 

deposition of 30 PAH/TiO2 bilayers. They were then calcined at 400 C for 2 hours to remove the 

polymer from the assembled nanostructured film. A scanning electron microscopy (SEM) image 

of the resulting TiO2 film on a glass slide shows that it is nanoporous with a thickness 120 nm 

(see Fig. 1). This was also confirmed using contact profilometry (Dektak 150). We also measured 

the porosity of the film using ellipsometric porosimetry as described by Lee et. al.40 and found it 

to be 27 %. We characterized the surface energy of the LBL prepared surfaces using contact angle 

goniometry and the results are presented later.   



 

Figure 1: Top and cross-section micrograph of a 30 bilayer layer-by-layer (LBL) TiO2 film. 

 

In order to study the dynamics of contamination of TiO2 surface by oil, the substrate was 

submerged in an oil bath for 0 < tc  30 hours at room temperature (C). Here we utilized n-

dodecane (anhydrous > 99%, Sigma-Aldrich, ,

125mNmo a  ) as a representative oil that might 

be encountered in oil/water remediation. Henceforth, the dodecane phase will be referred to simply 

as oil in this paper. After the desired time of contamination, the samples were removed from the 

oil bath and placed in a quartz cell (Ramé–Hart P/N 100-07-50) filled with 20 ml of dodecane to 

measure the under-oil contact angles for water droplets on the contaminated surfaces. All contact 

angle measurements were conducted using a Ramé–Hart 590-F1 goniometer. A sessile of water 

droplet of volume 3 μL was gently placed onto the oil-submerged TiO2 surface in the quartz cell 

to measure the apparent contact angle, 
*

,w o . The volume of the water droplet was held constant in 

all measurements. Note that all of the images obtained from the goniometer have been digitally 

colored to clearly identify the three phases (blue for water, red for oil, and yellow for solid). UV-



light was delivered from above the water droplet using a liquid light guide (5 mm spot size, S 

series) with a visible light filter (Filter Band U-360 12 mm diameter, Edmund Optics) from a Spot 

UV light curing system (OmniCure S2000, Excelitas Technologies) as shown in Fig. 2. The 

distance between the UV-light optics and the droplet was maintained at 3 mm for all measurements 

to ensure that the irradiated area was constant. The UV intensity at the sample was varied from 40 

mW/cm2 to 240 mW/cm2 (6 intensities, 3 repetitions each) and this was calibrated ex-situ using an 

UV radiometer (OmniCure UV Cure Site Radiometer R2000).  

 

Figure 2: Under-oil water contact angle measurement setup on a goniometer. The LBL TiO2 

sample is placed at the bottom of a quartz cell filled with dodecane oil (20 ml) and a drop of water 

is placed on the surface. A fiber optic UV probe is submerged into the oil and fixed at 3 mm above 

the TiO2 surface. 

 

RESULTS AND DISCUSSION 

Since the LBL TiO2 surfaces possess roughness on nanometric scales, the measured contact 

angle is the apparent contact angle, 
* for a liquid droplet sitting on a textured titania surface. The 

prepared TiO2 surface exhibits 0° contact angles for both water (
*

,w a ) and dodecane (oil,
*

,o a ) in 



an air environment (see Figs. 3a and 3b). In-air superomniphilicity (i.e., 
*

,w a and 
*

,o a < 5°) of the 

as-prepared TiO2 surface is due to the combination of intrinsic high solid surface energy of TiO2 

plus the surface roughness that amplifies the wetting behavior of a liquid droplet in the Wenzel 

state3.  

When the as-prepared TiO2 surface was completely submerged in oil, the effective contact angle 

for a sessile drop of water in oil (
*

,w o ) was measured to be 10° (see Fig. 3c). Here the under-oil 

water contact angles were measured within a very short period of time (few seconds) after we 

submerged the surface in an oil bath. Thus, the surface can be considered as contaminant-free (i.e., 

clean) although it is completely submerged in the oil phase.  

However, both the in-air superhydrophilicity and under-oil superhydrophilicity of the as-

prepared nanostructured TiO2 surfaces are altered when the surface is contaminated by adsorbed 

molecules of oil. Figs. 3d-3f show the shape of sessile droplets of oil and water placed on oil-

contaminated TiO2 surfaces. Here the surfaces are pre-contaminated by submerging in an oil 

(dodecane) bath for 20 hours (see Experimental methods). We observe that the contaminated TiO2 

surfaces now exhibit 
*

,w air = 85° and 
*

,o air  = 0°, in air (see Figs. 3d and 3e) while under-oil water 

contact angle is 
*

,w o = 140° (see Fig. 3f). Thus, it can been seen that, as predicted by Eq. 2, the 

under-oil water contact angle,
*

,w o increases drastically as the surface becomes relatively 

hydrophobic when contaminated with organic molecules. It has been widely reported that organic-

contaminated TiO2 surfaces display markedly higher contact angles for water due to the decreased 

solid surface energy42,43. Consequently, this wettability switch of TiO2 surfaces from initial 

superhydrophilicity to moderate hydrophilicity in-air or to hydrophobicity under-oil, following 

prolonged exposure to a low surface energy contaminant such as oil, can be attributed to the 



increase in the surface area covered by oil. As the adsorption of organic molecules is a dynamic 

process44,45, we expect that the contact angles measured with sessile water droplets increase on 

TiO2 surfaces with increasing time of adsorption. 

 

Figure 3: (a-c) Contact angle of sessile water droplet (blue) and oil (red) in air and under-oil on a 

clean (tc = 0 min) LBL TiO2 coated film; (b-f) Contact angle of water and oil in air and under-oil 

on a fouled (tc = 1080 min) LBL TiO2 coated film. The scale bar is 1 mm.  

 

In order to study the time-evolution in the surface energy of contaminated TiO2 surfaces, we 

conducted under-oil water contact angle (
*

,w o ) measurements on TiO2 surfaces for a range of 

different times of contamination (see Experimental methods). Fig. 4 depicts a plot of 
*

,w o as a 

function of contamination time (tc) ranging from 0 – 30 hours. It clearly indicates that the 

nanotextured TiO2 surfaces exhibits a gradual increase in 
*

,w o with increasing time of 

contamination. The surface was found to transition to a hydrophobic state under oil (
*

,w o > 90°) 

when tc  10 hours and finally reach complete repellency (
*

,w o 180°) after tc > 27 hours when a 

droplet of water placed on a surface immersed in oil can freely roll off the surface. This clearly 



implies that the entire surface area is covered (contaminated) by surface-adsorbed oil species after 

tc > 27 hours. 

 

Figure 4: Contact angle of a sessile water droplet under an oil environment on a LBL TiO2 surface 

(30 bilayers) after various time intervals of immersion under oil for contamination. The inset shows 

the procedure for contamination and subsequent goniometry. 

 

Under-oil hydrophobic (
*

,w o > 90°, or superhydrophobic
*

,w o ≥ 150°) TiO2 surfaces can reverse 

the wettability to its intrinsic superhydrophilic state upon UV-light illumination33,42. This can also 

be characterized by the decrease in 
*

,w o as the time of UV illumination (tuv) increases. We measured 

in-situ contact angles for water on the pre-contaminated (tc = 18 hours) LBL-assembled TiO2 

surfaces submerged in oil while illuminated by UV light (see Experimental methods). Fig. 5 shows 

a plot of 
*

,w o  as a function of UV-light illumination time and intensities (I) on the pre-contaminated 

TiO2 nanostructured surfaces. Before UV-light illumination, the pre-contaminated TiO2 surface is 

hydrophobic, displaying 
*

,w o = 120° (inset (i) in Fig. 5 and see also Fig. 4). A droplet of water 

spreads on the surface instantaneously after the onset of illumination (insets (ii) and (iii)), and 



eventually the surface reverts back to its original under-oil superhydrophilic state characterized by 

*

,w o < 10° (inset (iv)). Supplementary Movie 1 demonstrates the UV-light-induced spreading of a 

droplet of water on the pre-contaminated TiO2 surface submerged in oil. We also found that the 

intensity of the UV illumination affects the dynamics of the wettability switching measured on 

pre-contaminated TiO2 surfaces. The rate of contact angle decrease increases with increasing 

intensity. For example, the superhydrophilic conversion for UV intensity I = 200 mW/cm2 was 

completed under tuv  200 s, while lower intensity UV-light, I = 40 mW/cm2 required longer 

illumination time (tuv 700 s) to achieve the same superhydrophilic conversion.  

 

Figure 5: (a) Drop wetting on TiO2 under UV irradiation at 120 mW/cm2; (b) Contact angle change 

under three intensities of UV light; I = 40 mW/cm2, 120 mW/cm2, 200 mW/cm2 respectively. 

 

In contrast to the adsorption process, the decrease in 
*

,w o  on the contaminated TiO2 surfaces 

upon UV-light illumination is due to the decrease in the fraction of the surface area covered by 

adsorbed oil19. As the photocatalysis of TiO2 is a function of UV-light intensity46,47, we attribute 

such a self-cleaning property of TiO2 surfaces upon UV-light illumination to the photocatalytic 

destruction of surface adsorbed oil molecules.  



The Langmuir-Hinshelwood kinetic model has previously been utilized for characterizing 

photocatalytic destruction of organic species adsorbed on TiO2 surfaces19,46–48. This model 

assumes that the surface has a fixed number of sites each of which can be either adsorbed by 

organics (i.e., contaminated) or free of organics (i.e., clean), the surface is thus chemically 

heterogeneous49. Consequently, this model provides a relation between the overall average surface 

chemical composition and the photocatalysis of adsorbed organic molecules (see Fig. 6). Although 

the Cassie-Baxter relation interconnects the chemical heterogeneity of surfaces to surface energies 

and thus the contact angles for sessile liquid drops (see Fig. 6), there has been a paucity of 

quantitative work describing the effect of photocatalysis on measured contact angles, especially in 

environments where contamination is dynamically occurring. Below we outline the development 

of a kinetic model that connects the photocatalytic destruction of adsorbed oil under UV-light 

illumination and the measured effective contact angles for droplets of water on TiO2 surfaces 

submerged in oil.  

 

Figure 6: LuCY (Langmuir-Hinshelwood Cassie-Baxter Young) model relates photocatalysis 

directly to wetting using the well-known Langmuir-Hinshelwood and Cassie-Baxter models. kp, kc 

and k-c are the photocatalysis, adsorption and desorption rate constants respectively. fs and fcs are 



the fraction of clean and oil-contaminated sites on the TiO2 surface.
*

,w o is the water-in-oil contact 

angle of a sessile drop on the TiO2 nanostructured surface. 

 

When UV-light illuminates a TiO2 surface submerged in oil, three reactions can take place: 

adsorption and desorption of the oil contaminant to the active sites plus photocatalytic destruction 

of oil on the surface. Schematically, this can be described by the following process.  

       S +C
kc

k- c

¾ ®¾¬ ¾¾ SC
kp (hn )

¾ ®¾¾ S + P                                                            (3) 

where S and C represent the neat TiO2 surface and contaminant (oil) respectively. SC represents 

the oil-adsorbed i.e. contaminated TiO2 surface site and P, the product generated after 

photocatalysis. The rate constants for the adsorption, desorption and photocatalytic destruction of 

oil are kc, k-c and kp, respectively. By assuming that the three reactions on the surface obey first-

order kinetics45,50,51, we obtain a simple differential equation to describe the time-dependent area 

fraction of contaminated TiO2 surface (fsc) given by,  

 ( )sc c s c sc p sc

d
f t k f k f k f

dt
                                                                 (4) 

where fs and fsc are the area fractions of the neat and contaminated TiO2 surfaces, respectively. 

Substituting 1s scf f  and solving Eq. (4) results in  

( )
( ) (0) c c pk k k tc c

sc sc

c c p c c p

k k
f t f e

k k k k k k

  

 

 
        

                     (5) 

where fsc (0) is the initial area fraction of contaminated TiO2 surface. Eq. (5) suggests a TiO2 

surface submerged in oil undergoes time-dependent evolution in the heterogeneity of the surface 

chemical composition upon UV-light illumination. A sessile droplet placed on a chemically 

heterogeneous surface will exhibit a contact angle given by the Cassie-Baxter equation (Eq. (1)). 



If we assume that the under-oil contact angles for water on an uncontaminated nanotextured TiO2 

surface is 
*

,w o = 0° and that on a completely contaminated TiO2 surface is 
*

,w o = 180°, then the 

Cassie-Baxter equation is reduced to *

,cos cos(0 ) cos(180 ) ss sc cw o sf f f f     . By substituting 

fsc with Eq. (5), we finally obtain the following relationship between the measured effective contact 

angles for water on TiO2 surfaces submerged in oil under UV-light illumination. 

          
( )*

,cos ( ) 1 2 (0) c c pk k k tc c
w o sc

c c p c c p

k k
t f e

k k k k k k
   

 

  
            

                       (6) 

For convenience, we refer to this combined expression as ‘LuCY’ (Langmuir-Hinshelwood 

Cassie-Baxter Young) model. In order to obtain the rate constants for adsorption (kc) and 

desorption (k-c) of oil on the nanotextured TiO2 surfaces, we first apply the LuCY model to the 

data obtained during contamination study. Fig. 7a shows a plot of 
*

,cos w o as a function of 

contamination time. Note that we utilized the same values of 
*

,w o that are shown in Fig. 4. Fitting 

our LuCY model to the experimental data gives the adsorption and desorption rate constants as, 

5 13.54 10ck s   and
7 13.58 10ck s 

   , respectively. Because the rate constant for surface 

adsorption (kc) is two orders of magnitude higher than that for desorption (k-c), it is evident that 

low energy species such as oils are readily adsorbed onto high energy TiO2 surfaces with 

increasing time.  

Utilizing these values of the rate constants of adsorption and desorption, we estimated the rate 

constant for photocatalytic destruction (kp) of adsorbed oil on TiO2 surfaces under UV-light 

illumination. Fig. 7b shows a plot of 
*

,cos w o as a function of UV illumination time. The same 

values of 
*

,w o  shown in Fig. 5 were utilized to construct the plot. The LuCY model was fitted to 

the experimental data to obtain the photocatalytic rate constants,
3 17.1 10pk s   ,



3 114.5 10pk s    and
3 149.5 10pk s    for intensities of I = 40, 120 and 200 mW/cm2, 

respectively. The rate constants of photocatalysis (kp) are orders magnitude higher than those of 

adsorption (kc). This clearly indicates that the contaminated TiO2 surface can be rapidly cleaned 

upon UV-light illumination even under ongoing background contamination processes.  

 

Figure 7: (a) LuCY model fit and extraction of adsorption-desorption rate constants for LBL TiO2 

contamination; (b) LuCY model fit and extraction of photocatalysis rate constants kp for three 

intensities of UV irradiation on LBL TiO2. 

 

The values of kp obtained using our LuCY model increase with increasing UV-light intensity 

(see Fig 5b). This is because the rate of generation of charge carriers (i.e., electron-hole pairs) that 

degrade organic species adsorbed on TiO2 surfaces increases with increasing UV-light intensity. 

However, as the concentration of electron-hole pairs increases, the rate of recombination becomes 

increasingly important under high intensity UV-light. The threshold intensity (Ithreshold) when this 

transition occurs lies in the range of 1–10 mW/cm2 47. Further, it has been reported that kp  I 

when I < Ithreshold whereas the rate constant increases more slowly as kp  I when I > Ithreshold. In 



Fig. 8 we show a log-log plot of the measured kp as a function of UV-light intensity. We find that 

the kp values obtained using our LuCY model are proportional to I0.60.1 as expected for the UV-

light intensities we have investigated which are all higher than Ithreshold.  

 

Figure 8: Dependence of photocatalysis rate constant kp on UV intensity I with power law fit 

pk I , where the power law coefficient was found to be 0.6 0.1   . 

 

Because our calibrated LuCY model provides a direct relation between the contact angles for 

sessile water droplets and the kinetics of surface reactions on the nanostructured TiO2 surfaces 

under diverse conditions, it can also describe the change in the size of a droplet during illumination 

by UV and photocatalytic cleaning. Assuming the volume of a droplet is conserved, the change in 

the contact angle is associated directly with changes in the base radius R, of the sessile droplet. 

From the hemispherical cap geometry shown in Fig. 9a, the base radius of a droplet of water on 

the TiO2 surfaces submerged in oil is given by20 

1/3

*

, * 2 *

, ,

3
sin

(1 cos ) (2 cos )
w o

o

b

w o w

V
R 

  

 
     

                                            (7) 



where bR ,
*

,w o and V are the base radius, the contact angle of a sessile drop of water immersed in 

oil and the volume of a droplet, respectively. If two identical droplets of water (each with base 

radius = R) are placed on the TiO2 surface with distance 2d in between them (see Fig. 9a) and then 

illuminated with UV-light, we expect that the two droplets will coalesce when ( ) (0)b bR t R d  . 

Fig. 9b shows sequential images of coalescence of two droplets of water on the TiO2 surface under 

UV-light illumination (I = 400 mW/cm2). Here two droplets with identical base radius ( bR (0) = 

0.6 mm), volume (V = 3 l) and initial under-oil contact angle (
*

,w o = 140°) are placed on the pre-

contaminated TiO2 surface (tc = 18 hours). The initial distance between the two droplets is 2d = 

2.4 mm. Upon UV-light illumination, the interfacial energy of the TiO2 surface increases and the 

two droplets spread progressively over the surface and eventually coalesce when tcoalesce = 80 s. In 

Fig. 9c, we show a plot of measured and predicted radius R as a function of UV-light illumination 

time. The predicted radius was calculated using Equation 7 with the contact angle values predicted 

by Equation 6 for I = 400 mW/cm2. The photocatalytic rate constant for this intensity was obtained 

from Figure 8 to be 
2 13.1 10pk s   . Our LuCY model predicts that the drops will coalesce at 

time, tpredicted = 68 s (see Fig. 9c) which corresponds to Rb = Rb(0) + d = 1.8 mm when the two 

droplets contact each other (see Eq. (7)). Consequently, our LuCY model can be used to predict 

not only the evolution of the effective under-oil contact angles of water droplets but also the 

dynamic evolution in the base radius of the sessile drops on TiO2 surfaces upon UV-light 

illumination. 



 

Figure 9: (a) Schematic of drop coalescence experiment with relevant parameters (b) Coalescence 

of 2 identical drops of volume 3 μl under UV illumination (I = 400 mW/cm2) (c) Comparison of 

the evolution in drop base radius predicted by the LuCY model to the measured drop base radius. 

 

Since a droplet of water advances on the TiO2 surfaces under UV-light illumination in an oil 

medium, an oil droplet on a TiO2 surface in a water environment recedes from the surface in a 

similar way. Such a photo-induced removal of oil from the surface has been exploited in fabricating 

self-cleaning surfaces33,36. Here we demonstrate the self-cleaning of pre-contaminated TiO2 

surfaces both on nanoporous and microtextured substrates submerged in water.  Fig. 10a shows 

sequential images of the self-cleaning process of TiO2 surface fabricated on an impermeable (i.e. 

nonporous) glass slide (see Experimental methods). The surface is pre-contaminated by oil for 24 



hours and submerged in water. Before photocatalyzed cleaning, the surface displays a low 

underwater oil contact angle (
*

,o w ) = 30°. As the surface is illuminated by UV-light (I = 200 

mW/cm2), photocatalysis increases the surface energy and hydrophilicity of the nanoporous LBL 

surface. We observe that the oil recedes from the surface and beads up to form a sessile drop with 

a high 
*

,o w . The droplet of oil can eventually be detached from the surface using a combination of 

external mechanical vibration (see Fig. 10a) and buoyancy force ( o = 750 kg/m3). Fig. 10b shows 

a plot of measured in-situ underwater oil contact angles (
*

,o w ) on the TiO2 surface submerged in 

water as a function of UV-light illumination time. The discrepancy between the experimental data 

and the values of 
*

,w o  predicted by our LuCY model can be attributed to the large initial base 

radius (R = 1.5 mm, see Fig. 10a) of an oil droplet which may hinder uniform illumination from 

our light source52.  

We also demonstrate the self-cleaning of TiO2 surface on a microtextured substrate. In Fig. 10c, 

we show sequential images of the beading up of an oil droplet from a contaminated stainless steel 

mesh (Plain Dutch Weave) LBL coated with TiO2 (tc = 24 hours). The oil initially impregnates 

into the pores of the mesh and adsorbs onto the TiO2 surface during the contamination process. 

After the onset of UV-light illumination, the oil recedes across the surface and coalesces to form 

a single droplet on top of the mesh. Supplementary Movie 2 shows self-cleaning of mesh surface 

upon UV-light illumination. The beaded droplet separates from the mesh upon application of an 

external vibration because of reduced area of contact and therefore, lesser adhesion between the 

porous mesh and the oil droplet. In a membrane application, the flow of the feed water would 

perform the same task. 



 

Figure 10: (a) Drop of oil beading up from the surface of an LBL nanostructured TiO2 surface 

upon UV irradiation (I = 240 mW/cm2); (b) Evolution in the contact angle and width 2Rb(t) of oil 

drop versus time of irradiation (I = 240 mW/cm2) on a flat glass surface; (c) Drop of oil beading 

up from the pores of a pre-contaminated LBL TiO2 coated SS mesh (Plain Dutch weave, Wire 

diameter = 250 x 330 μm, Wire spacing = 450 x 1100 μm) under water environment (I = 300 

W/cm2) 

 

 



CONCLUSION 

We studied the kinetics of wettability conversion of nanostructured TiO2 surfaces under UV-

light illumination in an oil environment. We fabricated nanostructured surfaces with high specific 

surface area 13.1 m2/m2 for enhanced photocatalysis, using LBL self-assembly of titania. We 

utilized in-situ goniometry to characterizing the dynamics of surface reactions including the 

adsorption and desorption of oil, as well as the photocatalytic decomposition of adsorbed oil on 

the TiO2 surfaces. We proposed a kinetic model combining Langmuir-Hinshelwood kinetics and 

Cassie-Baxter equation, which we refer to as ‘LuCY’, that directly relates the photocatalysis of oil 

adsorbed on active sites on the catalyst to the evolution in the measured contact angles for sessile 

water drops under oil environment upon UV-light illumination. Our LuCY model describes the 

evolution contact angles in the experimental data and also facilitates the extraction of the 

photocatalytic (kp), adsorption (kc) and desorption (k-c) rate constants from the data. We established 

from our experiments that kp is much higher than kc and k-c, implying that the rate of photocatalytic 

cleaning is much faster than the rate of oil fouling in the range of UV intensities used. We also 

showed that kp ~ I0.6±0.1 for the range of intensities studied, which is in agreement with 

photocatalysis literature. We demonstrated the applicability of our model in drop coalescence and 

membrane cleaning applications, and envision that it can find applicability in designing TiO2 

surfaces for other applications involving oil-water environments.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
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