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Titanium dioxide with a polymer binder (TiO2/ENR/PVC) was successfully immobilized on a 

glass substrate by the dip coating technique.  The comparison between immobilized photocatalysts 

with normal photoetching (NP) and acid photoetching (AP) treatments was based on photocatalytic 

performance and advanced instrumental characterization. A 65 W compact fluorescent lamp and 

Reactive Red 4 (RR4) dye solution were used to measure the photocatalytic activity for 18 cycles 

(1 cycle = 10 hours). All the samples were characterized before and after both treatments by 

FESEM, 3D profilometer, XRD, FTIR and PL to ascertain the surface interactions of the  

immobilized TiO2 in the presence of hydrochloric acid (HCl), and reaction pathways after 

photoetching treatment were proposed. The AP sample showed the highest photocatalytic  

performance with a 0.13 min-1 pseudo 1st order rate constant (k) value, in comparison to the NP 

sample. Ring-opening and crosslinking reactions after the acid photoetching treatment enhanced 

photocatalytic activity. Deterioration in the AP and NP samples after the 12th cycle was due to 

the percolation of the polymer binder on the surface of the samples. Hence, normal and acid 

photoetching treatments enhanced photocatalytic activity and enabled the immobilized sample 

to be reused for 18 cycles due to the ring-opening and crosslinking reactions that occurred during 

these treatments. 
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The textile industry encounters considerable difficulties 

in effectively handling its wastewater throughout the 

textile finishing process, which involves a range of 

dyes and organic substances. The presence of these 

pollutants poses a threat to aquatic organisms by 

disturbing their natural equilibrium, primarily because 

dyes are not easily broken down by natural processes 

[1-3]. Photocatalysis has emerged as a promising 

approach towards advanced oxidation processes for 

dye pollution degradation. Titanium dioxide (TiO2) is 

a widely preferred semiconductor photocatalyst due to 

its cost-effectiveness, stability, and non-toxic nature, 

making it stand out among other semiconductors [4-

6]. Historically, photocatalysis has been carried out 

in a slurry system, resulting in outstanding efficiency. 

Nevertheless, this approach requires costly and 

unfeasible filtering throughout the subsequent  

treatment [7-10]. In order to address this constraint, an 

immobilization system has been implemented, which 

removes the necessity for post-treatment filtering. 

This immobilization technique provides multiple 

benefits, such as convenience, reusability, and  

recyclability [11-13]. 

 

 There are several ways available to immobilize 

TiO2 on a solid substrate, including physical deposition 

[14], electrodeposition [15], the sol-gel approach [16], 

chemical vapour deposition [17], and electrophoretic 

deposition [18]. The application of immobilized TiO2 

has received attention as it renders a post-treatment 

process unnecessary. However, the limited surface 

area of TiO2 is a contributing element to its lower 

photocatalytic efficiency [19]. Chen et al. [20] stated 

that it is crucial to optimize the availability of the 

active surface area in order to get better photocatalytic 

activity. This is because it improves the absorption of 

organic compounds. Consequently, researchers have 

investigated methods to enhance the surface area of 

immobilized TiO2, such as by adding nanoparticles or 

forming a porous structure [21-22]. The selection of 

a binder may also have significant effects on the 

immobilization procedure and the resulting properties 

of the TiO2 film. Specific binders may improve the 

adherence of the TiO2 film to the substrate, thus 

facilitating superior photocatalytic activity. Hence, 

it is important to precisely evaluate both the  

immobilization techniques and the binder in order to 
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produce a TiO2 film with the required properties and 

effectiveness. 

 

Utilizing a polymer binder in immobilized 

TiO2 is a widely used method to improve its adhesion, 

temperature resistance, and durability against pollutants 

[5, 14, 23-24]. Specific categories of polymers have 

been found to enhance the photocatalytic efficiency 

of TiO2 when used as a binder. A comprehensive 

study has been conducted on the immobilization 

of TiO2 using polymer binders since its initial 

discovery by Akira Fujishima and Kenichi Honda 

in 1972 [25]. Since then, various methods have been 

explored to immobilize TiO2 using different polymer 

alcohol (PVA) [27], polyacrylic acid (PAA) [28-

29], polyethylene glycol (PEG) [24, 27, 30],  

polyvinylpyrrolidone (PVP) [23, 31], polyethyleneimine 

(PEI) [32], polydopamine (PDA) [33], chitosan [34], 

gelatine [35], and polyurethane (PU) [36]. Composite 

binders such as ethylene vinyl acetate (EVA) [37] and 

ethylene vinyl alcohol (EVOH) [38] have also been 

investigated for various uses. Recent research has 

shown that the combination of epoxidized natural 

rubber (ENR)/polyvinyl alcohol (PVC) is a highly 

effective binder for generating photocatalytic TiO2 

films with good adhesion and durability properties 

[39], making it a potential option for diverse applications. 

Nevertheless, it is important to acknowledge that 

an elevated polymer concentration may decrease 

photocatalytic activity by reducing the interactions 

between TiO2 and the surfactant. 

 

 To address this problem, a photoetching 

technique has been implemented to eliminate organic 

and inorganic substances from the surface of the 

photocatalyst. A comprehensive study was carried out 

to study the effects of this treatment on the surface of 

immobilized TiO2/ENR/PVC. It was found that the 

ENR-50 additive could be effectively eliminated by 

subjecting it to a 5-hour photoetching process, 

resulting in the formation of a porous surface [8, 40]. 

It was hypothesized that PVC undergoes conversion to 

polyene during the photoetching procedure, resulting 

in an increase in photocatalytic activity [41]. Moreover, 

crosslinking reactions between ENR and PVC help to 

attach TiO2 to the glass substrate. The photoetching 

procedure may also eliminate ENR-50 from the 

attached TiO2, which reduces its ability to stick to 

surfaces. Hamzah et al. [42] have reported that a ring-

opening reaction may occur in ENR-50 under mild 

acid conditions. Consequently, the presence of acid 

is expected to enhance the ENR-50 ring-opening 

reaction, resulting in significant crosslinking reactions. 

In addition, the radicals produced by the ENR-50 ring-

opening may increase photocatalytic activity by 

reacting with the Reactive Red 4 (RR4) dye during the 

photodegradation process. However, there have been 

few reported studies focusing on acid photoetching 

treatment of photocatalysts for dye photodegradation. 

 

 This work aims to compare the effects of acid 

and normal photoetching treatments on immobilized 

TiO2/ENR/PVC for the photodegradation of RR4 

dye. A detailed reaction pathway for the treatment 

is proposed based on FTIR analysis. These results 

should contr ibute to a more comprehensive  

understanding of how TiO2 immobilized with polymer 

binders enhances photocatalytic activity.  

 

EXPERIMENTAL 

 

Chemicals and Materials 

 

The experimental setup involved the utilization of 

commercial Degussa P-25 TiO2 nano powder, consisting 

of 80 % anatase and 20 % rutile (Acros Organics, 

Geel, Belgium). Two polymeric binders, ENR-50 

(Kumpulan Guthrie, Kuala Lumpur, Malaysia) and 

PVC (Petrochemicals (M), Johor, Malaysia) were 

used to immobilize TiO2. The solvents used (R&M 

Chemicals, Selangor, Malaysia) in this study were 

toluene (C7H8, 99.5 %) and dichloromethane (DCM, 

CH2Cl2, 99.5 %). To simulate real-world conditions, 

Reactive Red 4 (RR4) dye (Sigma-Aldrich (M), 

Petaling Jaya, Malaysia), also known as Cibacron 

Brilliant Red, with a dye content of 50 % was chosen 

as the model pollutant due to its widespread use in 

various industries. Ultra-pure water with a purity of 

18.2 MW cm-1 was used for solution preparation and 

dilution throughout the study. The ENR-50 reflux 

process was conducted using a stirring heating mantle 

(Fisher Scientific, Gelugor, Penang). The formulation 

of the immobilized photocatalyst (TiO2/ENR/PVC) 

was homogenized using a Crest Ultrasonic cleaner 

model 4NT-1014-6 (50–60 kHz) (Crest Systems (M), 

Bayan Lepas, Penang). Illumination was provided by 

compact household fluorescent lamps (55 W and 65 

W) manufactured by Firefly Electric & Lighting Corp. 

in Manila, Philippines, which emitted a UV leakage 

irradiance of 6.0 W m-2. The aeration source was 

produced by an aquarium pump model NS 7200 (Ace 

Story Aquatic, Penang, Malaysia). For the photocatalytic 

processes, custom-made glass cells with dimensions 

of 58 mm length, 10 mm width, and 80 mm height 

were utilized. A glass plate (47 mm × 70 mm) with a 

ground surface on one side served as the support 

material for immobilizing the TiO 2/ENR/PVC 

formulation. 

 

Characterization Methods 

 

The concentration of RR4 was determined using 

a DR2000 UV-visible (UV-vis) spectrophotometer 

(HACH, Kuala Lumpur, Malaysia). Surface morphology 

analysis and roughness measurement were conducted 

using a LEO SUPRA 50 VP field emission scanning 

electron microscope (FESEM) (Bruker Malaysia, 

Penang, Malaysia) and a PEMTRON HAWK 3D 

WT-250 surface profilometer (Pemtron, Seoul, South 

Korea). Changes in functional group absorbance peaks 

in the treated samples were observed by Fourier 

Transform infrared spectroscopy (FTIR), with a 

Perkin-Elmer 2000 FTIR (Perkin Elmer, Selangor, 

Malaysia). X-ray diffraction (XRD) analysis of the 
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prepared samples was performed using a Bruker D8 

Advance diffractometer (Bruker, Penang, Malaysia). 

 

Fabrication of Immobilized TiO2/ENR/PVC 

 

The experimental procedure used in this study was 

adapted from a previous study [38] with slight  

modifications. The ENR-50 solution was made by 

heating 24.8 ± 0.05 g of ENR-50 in 250 mL of toluene 

at a temperature range of 88–90 °C until complete 

dissolution and a sticky consistency were achieved. 

For the PVC solution, 0.8 g of PVC powder was 

dissolved in 35 mL of dichloromethane by sonication 

for 1 hour. The immobilized TiO2 formulation was 

prepared by gradually adding 6.0 g of TiO2 to the 

ENR-50/PVC blend in a ratio of 5:1, followed by 

sonication to ensure a homogeneous mixture. The 

TiO2 formulation was then dip-coated onto clean glass 

plates using a simple method as described by Nawi et 

al. [39]. The coated plates were dried until a TiO2 

loading of 2 g was achieved, which typically required 

three rounds of dip coating. 

 

Photoetching and Acid Photoetching Treatment of 

Immobilized TiO2/ENR/PVC 

 

The coated plates, referred to as immobilized TiO2/ 

ENR/PVC, underwent photoetching and acid photo-

etching treatments for a duration of 10 hours per cycle 

using a compact fluorescent lamp, as shown in Figure 

1. This was done by immersing the plates in a glass 

cell filled with etching solution (distilled water and 

HCl solution, respectively) for the photoetching 

process, for a total of 18 cycles. The solution 

temperature was maintained at 25 ± 1 °C throughout 

the process by water continuously flowing through a 

water jacket. An aquarium pump was used to produce 

aeration in order to enhance the mass transfer of RR4 

dye molecules to the surface of the immobilized TiO2. 

 

Dye Photodegradation 

 

The photocatalytic degradation performance of the 

treated immobilized TiO2/ENR/PVC plates during 

each cycle was tested using a 30 ppm RR4 dye 

solution in a custom-made glass cell reactor illuminated 

by a 55 W compact fluorescent lamp. 16 ml of RR4 

dye solution was used as a model pollutant for the 

immobilized TiO2/ENR/PVC under aeration and 

illumination for an hour. Absorbance values of the 

pollutant solution were taken at 15-minute intervals. 

The absorbance of the initial concentration and 

at any given time (t) were measured using a  

spectrophotometer, and the results were plotted 

against irradiation or contact time. The slope of the 

linear line represented the pseudo first-order rate 

constant, based on the Langmuir-Hinshelwood rate 

model.  

 

 

 

 
 

Figure 1. (a) Illustration of photoetching treatment system for the immobilized TiO2/ENR/PVC (b) Actual 

experimental setup. Labels represent: (1) water jacket system; (2) fan; (3) metal halide lamp; (4) etching 

solution; (5) immobilized TiO2/ENR/PVC; (6) glass substrate; (7) water flow. 
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Figure 2. Field Emission Scanning Electron Microscopy (FESEM) of (a-b) WOP, (c-d) NP and (e-f) AP samples 

at magnifications of 5,000x and 10,000x, respectively. 

 

 

RESULTS AND DISCUSSION 

 

Surface Structural Analysis 

 

Figure 2 displays the surface morphology of the 

TiO2/ENR/PVC samples under different treatment 

conditions: without photoetching treatment (WOP), 

with normal photoetching treatment (NP), and with 

acid photoetching treatment (AP). The surface  

characteristics were observed using Field Emission 

Scanning Electron Microscopy (FESEM) at 

magnifications of 5,000x and 10,000x. FESEM 

images of the WOP sample are shown in Fig. 2(a, b). 

The images reveal a surface that appears compact and 

dense, suggesting the existence of a protective layer 

composed of ENR/PVC surrounding the TiO2 particles. 

The homogeneity and density of the surface indicate 

robust bonds between the ENR/PVC layer and the 

TiO2 particles.  

 

 In contrast, the surface of the NP sample 

exhibited a predominantly rough and porous texture, 

with several areas appearing smooth, reflecting the 

degradation and reduction of the fully covered 

ENR/PVC layer after photoetching treatment (Fig. 

2(c, d)). The photoetching technique appeared to 

eliminate the ENR/PVC layer by means of a ring-

opening crosslinking reaction, as mentioned by other 

researchers [5-6, 39]. 

 

 The surface of the AP sample exhibited a 

melted appearance after undergoing the acid  

photoetching process (Fig. 2(e, f)). The polymer 

structure was exposed to 1.0 N HCl for an extended 

period, leading to a melted form or degradation of 

the ENR/PVC layer [42]. Clearly, the molten layer 

covered the whole TiO2 surface, inhibiting illumination 

of the active sites by light. This condition is likely to 

result in reduced photocatalytic performance.  

 

The surface porosity and roughness of the 

WOP, NP, and AP samples were analysed using a 3D 

optical profilometer, and the 2D surface profiles of 

the samples are shown in Fig. 3(a-c). The height 

differences of the surface in all the samples are 

distinguished by the colour indicator in the 2D surface 

profiles. The maximum height (hill) is indicated in 

red, while the minimum height (valley) is represented 

by blue. Each figure demonstrates that there were 

different heights on the sample surface. Fig. 3(a) 

displays the 2D surface profile of the coated sample 

(WOP) before photoetching with a hill of 109968.2 

nm, which is lower than the hill of the NP sample. 

There are some red islands indicating the hill 

(173843.0 nm) and a distribution of valleys over the 

NP sample surface in Fig. 3(b). According to Li et al. 

[43], photoetching may enhance the specific surface 

area by decreasing agglomeration of the immobilized 

photocatalyst. Hence, the augmentation of the hill 

height of the NP sample may be due to the  

photoetching effect, as the ENR/PVC layer may be 

photoetched out of the immobilized sample along with 

TiO2. However, the AP sample had a few dark blue 

islands scattered all over the sample but no red areas, 

with a hill height of 50320.40 nm, as shown in Fig. 

3(c). This decrease in height might be due to the 

presence of a melted ENR/PVC layer covering the 

immobilized sample. In addition, the 2D surface 

profiles were used to obtain the surface roughness for 

each sample, as listed in Table 1. 

 

  The 3D surface profiles shown in Fig. 3(d-f) 

clearly demonstrate the cross-sections of the WOP, 

NP, and AP samples, respectively. Figure 3(d)  
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represents the surface topography of the WOP sample, 

which illustrates a great waviness in the hill area 

located at the left part of the x-axis.  Figure 3(e) 

depicts the NP sample, which consists of a uniform 

distribution of high hills and valleys that show the 

porous surface. The valleys formed on the NP sample 

may be due to the loss of TiO2 during photoetching. 

Photoetching of the ENR/PVC layer reduces the  

adhesiveness of the closest TiO2, etching the TiO2 out, 

thus producing a porous structure on the immobilized 

sample [39]. However, in Fig. 3(f), the AP sample 

displayed an even distribution of small hills which 

represent the sample having been covered by the 

ENR/PVC layer. The least porous surface of the AP 

sample may be due to the melted structure of the 

polymer after the acid photoetching treatment. Both 

samples' surface properties were noticeably influenced 

by the applied photoetching treatment in comparison 

to WOP. 

 

Average roughness (Ra) and root mean square 

roughness (Rq) are 2D surface roughness parameters. 

The equations for these parameters are shown in Eqs. 

(1) and (2) [44]. The calculated parameters are listed 

in Table 1. 

 

Ra = (1/N) _(J=1) ^NZ_J (1) 

 

Rq =  ((1/N) _(J=1) ^NZ_J)  (2) 

 

 Based on Coto et al. [45], a high surface 

roughness and high surface area may enhance 

photocatalytic activity. The results presented in Table 

1 provide an analysis of the surface roughness for the 

three samples WOP, NP, and AP. The roughness 

parameters, Ra and Rq, were measured for each 

sample. The Ra value for the WOP sample was 

8,101.95 nm, indicating a relatively low roughness. 

Similarly, the Rq value for the WOP sample was 

10,449.51 nm. On the other hand, the NP sample 

exhibited the highest roughness among the three 

samples, with an Ra value of 15,674.81 nm and an Rq 

value of 19,062.62 nm.  

 

 The significant difference between the surface 

roughness values is associated with the high porosity 

of the NP sample. Apparently, the AP sample  

demonstrated the lowest level of roughness in  

comparison to the other two samples, with an Ra value 

of 4,707.59 nm and an Rq value of 5,858.59 nm. This 

may be due to the melted ENR-50 that covered the 

TiO2 surface, leading to low photocatalytic activity. 

These findings shed light on the surface characteristics 

and roughness of the different samples, highlighting 

the impact of porosity and the presence of ENR-50 on 

their surface properties. 

 

 

 
 

Figure 3. (a-c) 2D surface profiles and (d-f) 3D surface profiles of the WOP, NP, and AP samples, respectively. 

 

 

Table 1. The average roughness (Ra) and familiar root mean square roughness (Rq) for the WOP, NP and AP 

samples. 
 

Sample Ra values (nm) Rq values (nm) 

WOP 8101.95 10449.51 

NP 15674.81 19062.62 

AP 4707.59 5858.59 
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Nitrogen (N2) adsorption analysis was conducted 

to assess the specific surface area, pore diameter, and 

pore volume distribution of the immobilized TiO2/ 

ENR/PVC samples. The results of the N2 adsorption 

isotherms for both NP and AP samples are depicted in 

Figure 4(a). It is evident that both scenarios exhibited 

a type II isotherm, as per the IUPAC classification, 

which signifies adsorption-desorption processes 

typically on non-porous materials as mentioned by 

Vittoni et al. [46]. Interestingly, the isotherm of the NP 

sample showed a slightly higher nitrogen adsorption 

compared to the AP sample, with a surface area value 

of 28.605 m2/g for NP and 21.283 m2/g for AP. This 

phenomenon could be attributed to the presence of 

larger pore diameters and increased surface area, as 

noted by Ambroz and colleagues. These findings align 

with the observations from the SEM images, indicating 

that the NP sample exhibited a higher pore count than 

the AP sample.  

 

XRD Analysis 

 

X-ray diffraction (XRD) analysis of the WOP, NP, 

and AP samples was performed using a Bruker D8 

advance diffractometer in reflection mode with Cu-

Kα radiation. The diffracted beam monochromator 

was utilized in step scan mode, with a step size of 

0.075° (2θ) and a duration of 4 seconds per step. The 

XRD patterns of the samples are shown in Fig. 4(b).  

 

 The peaks observed in the NP sample and 

commercialized Degussa P25-TiO2 were identified as 

anatase (JCPDS Card No: 21-1272). Commercialized 

Degussa P25-TiO2 contains more than 70 % anatase, 

along with a minor amount of rutile [47]. Moreover, 

the fine particle grain size of anatase which has a 

larger band gap (3.2 eV) is more favourable to 

photoactivity in comparison to rutile, which has a 

small band gap (3.0 eV) [48]. 

 The positions of 2θ, ranging from 25.31° to 

70.30°, corresponded to various planes with Miller 

indices such as (101), (103), (004), (112), (200), (105), 

(211), (116), (220), and (215). Strong diffraction 

peaks were observed at 25.31° and 48.04°, confirming 

the presence of anatase in the samples. The higher 

intensities of these peaks were attributed to the etching 

of the polymer, which exposed more TiO2 crystals to 

the X-ray probe. This is supported by the sharper 

peaks observed in the NP, AP, and P25-TiO2 samples 

in comparison to the WOP sample. The WOP sample 

contained the most polymer binder, which hindered 

the crystalline structure of TiO2. 

 

 These findings further support the concept that 

the ENR component of the NP and AP samples had 

been photoetched out of the immobilized TiO2/ENR/ 

PVC. Previous researchers [39-40, 49] have also 

mentioned this phenomenon. Consequently, the 

adhesiveness of the immobilized TiO2/ENR/PVC may 

be compromised due to the reduction of ENR content 

in the samples, leading to its potential peeling off of 

the glass substrate. 

 

Possible Reaction Mechanism Pathways 

 

Figure 5 shows the FTIR spectra of the TiO2 samples, 

including AP, WOP, NP, and commercialized Degussa 

P-25. The presence of PVC was indicated by peaks at 

1251, 1332, and 1432 cm-1 which were assigned to the 

C-H stretching and vibrations of the CH-Cl groups, 

while the ENR-50 compound was indicated by the 

peak at 1432 cm-1 (C-H bending vibrations) [39-40, 

49]. The reduction in peak intensities at 1251 and 

1432 cm-1 reflects the destruction of CH2Cl deformation 

in PVC and the reduction of ENR-50 due to ring-

opening and the crosslinking reaction between  

ENR-50 and PVC during the normal photoetching 

treatment.  

 

 

 
 

Figure 4. (a) Nitrogen adsorption and desorption isotherms of the NP and AP samples, respectively, and (b) X-

ray diffraction patterns of P25-TiO2, WOP, NP and AP. 
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Figure 5. Comparison of Fourier Transform infrared (FTIR) spectra of WOP, NP, AP and P25-TiO2. 

 

  

The formation of aliphatic ether due to the 

crosslinking reaction was confirmed by two new peaks 

indicating C-O bonds in the NP spectrum at 1167 and 

1062 cm-1, despite porosity formation due to ENR 

being leached out. Crosslinking may contribute to 

maintaining the adhesive properties of the sample on 

the glass substrate, as stated by Nawi et. al. [39] and 

Ramlee et. al. [49]. The remaining ENR is involved in 

a crosslinking reaction, as shown in the proposed 

reaction mechanism in Fig. 6.  

 

 Alternatively, the PVC may be converted into 

a polyene precursor, which serves as a photosensitizer, 

enhancing TiO2's photocatalytic activity [39]. However, 

the AP sample showed a shoulder peak at 1062 cm-1 

and higher intensity peaks at 1097 cm-1 and 1255 cm-1 

among all the samples. The shoulder peak proves that 

there was a crosslinking reaction, as the peak of 1062 

cm-1 represents C-O bonds in the ether product, while 

the 1097 cm-1 and 1255 cm-1 peaks, respectively, 

indicate asymmetric and symmetric C-O-C stretching 

vibrations in the epoxide ring of ENR. The AP 

spectrum also indicates ENR ring-opening as the peak 

intensity at 1432 cm-1 was reduced in comparison to 

the sample without any treatment (WOP). 

 

 For normal photoetching treatment, the probable 

reaction mechanisms consisting of ring-opening and 

crosslinking reactions are displayed in Fig. 6. ENR-50 

is composed of a highly strained oxirane ring that is 

susceptible to opening under mild conditions. This 

process leads to the formation of radicals during the 

ring-opening reaction. The photoetching process alters 

the structure of the oxirane ring in ENR-50 through 

the ring-opening reaction, resulting in one of two 

crosslinking reactions illustrated in Figure 6 (1) and 

(2). In these reactions, the opened ring of an ENR-50 

molecule reacts with PVC or another ENR-50 

molecule to produce an ether crosslinked product. 

These products may enhance the durability and 

adhesiveness of immobilized TiO2, as mentioned by 

previous researchers [39-40, 49]. Moreover, it is 

believed that the radicals formed by the ring-opening 

reaction react with the RR4 dye during the 

photocatalytic degradation process. As light  

penetrates the immobilized TiO2/ENR/PVC, the 

radicals increase the dye degradation rate. 

 

Upon exposure to acid photoetching treatment, 

the oxirane ring in ENR-50 undergoes a ring-opening 

reaction [16]. HCl is a strong acid capable of donating 

a proton to the oxirane ring in ENR-50, resulting in the 

formation of an oxonium ion intermediate. This 

intermediate can undergo a ring-opening reaction, 

leading to the formation of a highly reactive 

carbocation intermediate. This carbocation can  

subsequently react with other molecules present in the 

system, including other ENR-50 molecules, PVC, or 

other suitable polymers, leading to the formation of 

crosslinked products. 
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Figure 6. Probable reaction pathways for the normal photoetching process. 
 

 

 
 

Figure 7. Possible reaction pathways during acid photoetching treatment of immobilized TiO2/ENR/PVC. 
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The acid photoetching treatment of ENR-50 

presents three possible reaction pathways, as 

demonstrated in Fig. 7. Firstly, the free radical may 

react with PVC or another suitable polymer, to form a 

crosslinked ENR-50-PVC or ENR-50-polymer product. 

Secondly, the free radical may react with hydrochloric 

acid molecules, forming a product in the presence of 

chloride (Cl). Finally, the oxirane ring in ENR-50 may 

open, resulting in the formation of a free radical that 

may react with another ENR-50 molecule. This type 

of product is known for its enhanced mechanical 

properties and adhesion to surfaces [5-6, 16, 39-40]. 

Consequently, a crosslinked ENR-50-PVC or ENR-

50-polymer product is formed, incorporating both 

ENR-50 and the polymer. The opened ring of ENR-50 

may also act as an electron injector, as the radicals 

generated have a high potential for degrading the 

model pollutant, as mentioned previously. 

 

X-ray photoelectron spectroscopy (XPS) was 

performed to explore the results of the FTIR analysis 

in more detail and verify the suggested reaction 

mechanisms. The XPS spectrum depicted in Figure 6 

elucidates the chemical states observed in both the NP 

and AP samples, showcasing the presence of TiO2, 

ENR-50, and PVC elements through the representation 

of various states such as O1s, Ti2p, C1s, and Cl2p. 

 

The binding energies of the peaks corresponding 

to the O1s, Ti2p, C1s, and Cl2p states for both 

samples were observed at 526, 454, 281, and 200 

eV, respectively. However, these peaks displayed 

different intensities for each sample. The spectrum of 

the NP sample in Figure 8(a) revealed substantially 

higher intensities across all states in comparison to the 

AP sample. This observation implies the presence of 

elevated levels of TiO2, ENR-50, and PVC elements 

in the NP sample.  

Conversely, the AP sample demonstrated  

markedly low intensity signals for O1s, Ti2p, C1s, 

and notably Cl2p, as illustrated in Figure 8(b). 

This observed disparity may be attributed to the 

phenomenon of dehydrochlorination of PVC and the 

subsequent leaching of the polymer binder. These 

processes could potentially lead to a reduction in the 

immobilization of TiO2 on the glass substrate during 

the acid photoetching treatment, thereby explaining 

the diminished intensities of certain peaks in the 

AP sample. 

 

The deconvolution of each peak is displayed 

in Fig. 9. Upon further deconvolution of the peaks for 

C1s in both NP and AP samples, peaks at 286.8 and 

284.5 eV were observed. These peaks corresponded 

to C-C and C-O bonds for epoxy, as indicated in Fig. 

9(a-b). Additionally, the O1s core-level spectrum of 

NP and AP samples, depicted in Fig. 9(c-d), revealed 

the presence of oxygen species like C-O bonds 

related to the epoxy ring oxygen at 532.5 eV, and Ti-

O bonds associated with the titanium dioxide oxygen 

at 529.8 eV.  

 

In the AP sample (Fig. 9(d)), a decrease in the 

intensity of the Ti-O bond at 529.3 eV was observed, 

compared to the C-O bond. This reduction suggested 

a leaching of the polymer binder, leading to 

reduced TiO2 immobility on the glass substrate. 

Furthermore, the Ti2p core-level spectrum (Fig. 9 (e-

f)) exhibited the Ti2p½ and Ti2p3/2 states of both 

samples at 460 and 454 eV, respectively. The binding 

energies of these states showed slight shifts compared 

to pure TiO2 as reported by Zhu et al. [50] at 464.1 

and 458.4 eV, respectively. This shift could be due 

to the interactions between TiO2 and the polymer 

binder (ENR-50/PVC). 

 

 

 
 

Figure 8. Wide XPS spectra of (a) NP, and (b) AP samples.  
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Figure 9. Deconvolution of XPS for each core-level spectrum for (a-b) C 1s, (c-d) O 1s, (e-f) Ti 2p and (g-h) Cl 

2p states in the NP and AP samples, respectively. 
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Finally, Fig. 9(g-h) presents the Cl2p core-

level spectrum, indicating the presence of chlorine in 

samples containing PVC. It was noted that the NP 

sample contained a higher amount of chlorine than the 

AP sample. The decrease in chlorine content in the 

AP sample confirmed the degradation of PVC by 

dehydrochlorination. These observations prove the 

potential crosslinking reaction between ENR-50 and 

both PVC and other ENR-50 molecules in the NP 

sample, and between ENR-50 molecules in the AP 

sample. 

 

Photocatalytic Activity 

 

Photoluminescence (PL) spectroscopy serves as a 

pivotal tool in the exploration of charge trapping, 

migration and transfer within semiconductor particles, 

along with the identification of electron-hole pair 

recombination [51-53]. Fig. 10 presents the analysis of 

PL spectra for WOP, NP, and AP during the 5th cycle, 

affirming photoexcitation. The analysis revealed that 

NP had a higher PL intensity in the sub-band range of 

500-700 nm compared to AP and WOP, indicating a 

greater recombination of electron-hole pairs from the 

band to the sub-band of TiO2. This can be attributed to 

the presence of surface oxygen vacancies and defects 

in the semiconductors [54].  

 

 On the other hand, AP had the lowest PL peak 

in the band-to-band range of 300-500 nm, indicating 

lower electron-hole recombination compared to NP 

and WOP. This implies that AP had the lowest 

electron-hole recombination value, leading to a 

sophisticated photocatalytic response in the 5th cycle. 

The presence of surface oxygen vacancies and defects 

in the semiconductors can affect electron-hole pair 

recombination and transfer, which ultimately affects 

the photocatalytic activity of a sample. The lower 

electron-hole recombination value of AP, which may 

be due to the presence of surface oxygen vacancies 

and defects, could explain its superior performance in 

the 5th cycle.  

 

 Overall, the PL spectra analysis highlights 

the significance of surface oxygen vacancies and 

defects in affecting electron-hole pair recombination 

and transfer, which ultimately influences the  

photocatalytic performance of the sample.  

 

The photocatalytic degradation efficiency of 

immobilized TiO2/ENR/PVC was evaluated using 

RR4 dye. Fig. 11 compares the rate constant values 

(k) for 18 cycles (1 cycle = 10 hours) under two 

conditions: normal photoetching (NP) and acid  

photoetching (AP). The WOP sample had a k value of 

0.0162 min-1, which was lower than that of the slurry 

P25 TiO2 sample. This is due to the limited active sites 

on the immobilized TiO2 compared to the slurry TiO2. 

However, the treated immobilized TiO2 (NP and AP 

samples) showed a higher k value than the WOP 

sample. This might be due to the increase in the active 

site surface area of TiO2 after the photoetching 

treatment, as the ENR/PVC was slightly removed 

from the immobilized TiO2, as mentioned by Nawi et 

al [39]. The photocatalytic performance of the NP and 

AP samples gradually increased up to the 12th cycle 

and achieved superior k values (0.1207 min-1 and 0.13 

min-1 respectively) compared to the slurry P25 TiO2. 

 

 

 
Figure 10. Photoluminescence (PL) spectroscopy of NP, AP and WOP after 50 hours. 
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Figure 11. Pseudo first order rate constant (min-1) vs cycles for the NP, DP and AP samples during 

photodegradation of RR4 dye. 

 

 

The photoetching process leached ENR/PVC from 

the immobilized TiO2, increasing its surface area 

and enhancing photocatalytic activity over multiple 

cycles, as demonstrated by previous researchers [39-

40, 49]. Despite the leaching out of ENR/PVC from 

the immobilized TiO2, the crosslinking reaction 

mentioned earlier may form products that improve 

the adhesiveness and durability of the immobilized 

sample. However, the photocatalytic performance of 

the NP and AP samples started to decrease from the 

13th cycle onwards due to the lower TiO2 content, as 

TiO2 may also have leached out from the immobilized 

system along with ENR/PVC.  

 

Overall, although the AP sample exhibited 

a melted layer (see FESEM images in Fig. 2), it 

achieved excellent photocatalytic activity among all 

the samples, noticeably starting from the 13 th cycle 

of the recyclability experiment for RR4 dye 

photodegradation, as illustrated in Fig. 11. This may 

be due to other factors such as radical generation 

during ring-opening, by-products from the crosslinking 

reaction, and low electron hole recombination, which 

may cause the AP sample to have a dominant impact 

on the photodegradation of RR4 dye. These results 

indicate the significance of acid photoetching 

treatment on the immobilized TiO2/ENR/PVC in the 

photodegradation of RR4 dye.  

 

CONCLUSION 

 

There were significant differences between the treated 

(photoetching and acid photoetching) and untreated 

samples, as a treated sample could enhance  

photocatalytic activity with its own unique 

characteristic effect. Under normal photoetching 

treatment, the NP sample showed an improved surface 

with high porosity. However, the acid photoetching 

treatment significantly enhanced the photocatalytic 

activity of immobilized TiO2/ENR/PVC, although it 

had the lowest surface roughness and a melted layer 

surface structure. The superior photocatalytic activity 

shown by the AP sample may be due to the presence 

of HCl molecules and their reaction with the  

immobilized sample. Hence, instead of the TiO2 active 

site surface area, the products generated from the 

open ring ENR-50 during acid photoetching treatment 

were identified as one of the factors that enhanced 

photocatalytic performance. This noteworthy discovery 

offers a potential approach to boosting the photocatalytic 

activity of other immobilized catalysts.  
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