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Abstract  

CeO2-TiO2 photocatalyst with Ce:Ti molar ratio of 1:9 was synthesized via co-precipitation method in 

the presence of 1-ethyl-3-methyl imidazolium octylsulfate, [EMIM][OctSO4] (CeO2-TiO2-IL). The ionic 

liquid acts as a templating agent for particle growth. The CeO2-TiO2 and TiO2 photocatalysts were also 

synthesized without any ionic liquid for comparison. Calcination was conducted on the as-synthesized 

materials at 400 ˚C for 2 h. The photocatalysts were characterized using diffuse reflectance UV-Vis 

spectroscopy (DR-UV-Vis), field emission scanning electron microscopy (FESEM), X-ray powder diffrac-

tion (XRD), and surface area and pore size analyzer (SAP). The presence of CeO2 has changed the opti-

cal property of TiO2. It has extended the absorption edge of TiO2 from UV to visible region. The calcu-

lated band gap energy decreased from 2.82 eV (TiO2) to 2.30 eV (CeO2-TiO2-IL). The FESEM morphol-

ogy showed that samples forms aggregates and the surface smoothens when ionic liquid was added. 

The average crystallite size of TiO2, CeO2-TiO2, and CeO2-TiO2-IL were 20.8 nm, 5.5 nm, and 4 nm. In 

terms of performance, photodegradation of 1000 ppm of diisopropanolamine (DIPA) was conducted in 

the presence of hydrogen peroxide (H2O2) and visible light irradiation which was provided by a 500 W 

halogen lamp. The best performance was displayed by CeO2-TiO2-IL calcined at 400 ˚C. It was able to 

remove 82.0% DIPA and 54.8% COD after 6 h reaction.  Copyright © 2018 BCREC Group. All rights re-

served 
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1. Introduction 

Diisopropanolamine (DIPA) is widely em-

ployed in processing facilities; acidic and impu-

rity gases namely carbon dioxide, hydrogen sul-

fide are removed using amine gas treating or 

gas sweetening process. Raw natural gas con-

sists of hydrocarbons, acidic and impurity gases 

[1]. Photocatalysis has attracted much attention 

in solving environmental issues. In order to 

process the gases, alkanolamine substances are 

used, namely monoethanolamine, diethanola-

mine, methyldiethanolamine, and diisopropa-

nolamine [2]. Completion and recycling stage of 

process involves removal or recycling of alka-
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nolamine. Some of the alkanolamines are not 

converted or deposited in the system and might 

even be carried into the wastewater system en-

dangering the biological systems in water [1].  

Current research focuses on TiO2 which is 

used to photodegrade DIPA via advanced oxi-

dation process (AOP) [3]. Bimetallic catalyst 

was used as well to study the alkanolamine 

degradation. This includes Cu-Fe-TiO2  and Cu-

Ni/TiO2 photocatalyst study on DIPA degrada-

tion under visible light [2,4]. TiO2 has been 

widely employed as an important ingredient in 

industrial products such as paints, polymer 

products, and textile industry. TiO2 is non-

flammable, heat stable, and classified as non-

hazardous [5]. Photo-catalytic activity involves 

excitation of a material by a photon from light 

source followed by chemical reaction. The prin-

ciple involves the generation of electron hole 

pairs for oxidation or reduction reactions [6]. 

Anatase TiO2 has a wide band gap of 3.2 eV 

with an absorption edge at 388 nm. It can ab-

sorb UV region of about 4% solar radiation. In 

contrast solar spectrum gives 40% visible re-

gion and the wavelength range is 400-700 nm 

[7].  

In order to enhance photocatalyst perform-

ance, modification to semiconductors is done to 

improve radiation absorption into the visible 

region. Some CeO2 metal oxide doping is one 

approach [8]. TiO2 mixed with CeO2 was able to 

perform better compared to other photocata-

lysts. The CeO2 is a semiconductor with vary-

ing band gap energy from 2.7 eV to 3.4 eV 

based on the preparation methods [9]. The cou-

pling of these oxides aids in the migration of 

photo-excited electrons from the valence band 

of TiO2 to CeO2 upon irradiation. This de-

creases the charge recombination between the 

two metal oxides and enhances the photo-

catalytic activity [10]. In addition, the presence 

of CeO2 decreases the overall band gap energy 

(eV) and acts as electron traps as it reduces 

electron hole recombination rate of photocata-

lysts [9].  

Besides doping, photocatalyst synthesized 

via ionic liquid-assisted method displayed 

promising performance compared to without 

ionic liquid. The use of halide-free (sulfate an-

ion) is environmentally friendly [11]. Octyl sul-

fate ionic liquids are primary choice ionic liq-

uids for their promising industrial reactions 

and cheap cost of synthesis [12]. Ionic liquid-

mediated synthesis of CeO2-TiO2 has been con-

ducted using [C16mim] Br for p-chlorophenol 

dye degradation. It was proven to display bet-

ter photo-activity under both UV/visible-light 

irradiation, with degradation rate of 95.3% 

[13]. The presence of ionic liquid produced a 

low surface tension system which results in in-

creased nucleation level and thus aids in small 

particle growth. It also creates better surface 

tension aids in catalysis process where it deals 

mainly on adsorption and desorption of a mate-

rial onto a catalyst [11]. It also affects particle 

morphology [14]. The presence of sulfate anion 

in ionic liquid enhances the structural property 

and performance of the photocatalyst [11].  

Ceria has attracted much attention due to 

its strong oxidizing power [15], which is an im-

portant requirement for photodegradation of 

DIPA. When Ce3+ is doped onto TiO2, the 

photoresponse of the materials could be ex-

tended into the visible region, which allows the 

possibility of utilizing the free and abundant 

sunlight for the photodegradation process. 

Therefore, the novelty of the work involved 

ionic liquid-mediated synthesis of CeO2-TiO2 

using 1-ethyl-3-methylimidazolium octylsul-

fate, [EMIM][OctylSO4], and its application for 

photodegradation of diisopropanolamine 

(DIPA) under visible light radiation. To date, 

no work has been reported on the same system 

for the photodegradation of DIPA. The objec-

tive includes investigating the effect of the 

presence of ionic liquid, 1-ethyl-3-methyl imi-

dazolium octylsulfate, [EMIM][OctSO4] during 

synthesis of CeO2-TiO2 on the photocatalyst 

properties and photodegradation of DIPA.  

 

2. Materials and Methods 

2.1  Materials 

All chemicals were used as received. Tita-

nium tetrachloride (TiCl4, 99.90%), ammonia 

solution [NH3 (aq), 25%], diisopropanolamine 

[C3H9NO] (98%), hydrogen peroxide [H2O2] 

(30%), 1-ethyl-3-methylimidazolium octylsul-

fate [C14H28N2O4S] (99%), sodium hydroxide 

[NaOH] (99%), and sodium dihydrogen phos-

phate [NaH2PO4] (99%), were purchased from 

Merck. Cerium(III) nitrate hexahydrate 

[Ce(NO3)3.6H2O] (99%) was purchased from 

Sigma-Aldrich. 

 

2.2  Methods 

2.2.1  Synthesis of CeO2-TiO2 

CeO2-TiO2 photocatalyst with Ce:Ti molar 

ratio of 1:9 was synthesized in the presence of 

[EMIM][OctSO4]. Approximately 0.1 mol of 

Ce3+ was mixed with 3 mL of [EMIM][OctSO4] 

ionic liquid in 40 mL of deionized water (DI). 

TiCl4 was added dropwise to the mixture with 

continuous stirring in a beaker immersed in an 

ice bath. Ammonia solution was added to pre-
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cipitate the mixed oxides forming a light yel-

lowish solid in 5 minutes duration. Synthesis 

was conducted at room temperature and pres-

sure (RTP), continuous stirring for 2 h through-

out synthesis. The precipitate was filtered, 

washed few times using distilled water. During 

washing, samples were mixed with adequate 

amount of water and stirred for 5 minutes. This 

step was repeated multiple times until chloride 

(determined using chloride probe) is absent in 

photocatalyst. Samples was then dried over-

night at 70˚C. The as-synthesized material was 

ground and calcined at 400˚C for 2 h. TiO2, 

CeO2-TiO2 (samples without ionic liquid addi-

tion) were synthesized as per similar condition 

and procedure as mentioned above excluding 

addition of ionic liquid section. TiO2, CeO2-TiO2 

denotes photocatalysts without [EMIM] 

[OctSO4] presence, whereas CeO2-TiO2-IL de-

notes photocatalysts with [EMIM][OctSO4] for 

comparison purpose.   

 

2.2.2  Sample characterization 

The diffuse reflectance-UV visible (DR-UV-

Vis) spectra of all photocatalysts were recorded 

using Cary 100 (Agilent) spectrophotometer 

and spectralon was used as a reference. Field 

Emission Scanning Electron Microscope 

(FESEM) was conducted using Zeiss Supra55 

VP to determine sample morphology which was 

operated at 100 kx magnification. X-ray powder 

diffraction (XRD), was conducted using X’Pert 

Powder, PANalytical, and surface area/pore 

size were determined using Micromeritics 

ASAP 2020, Agilent 1100 High Performance 

Liquid Chromatography (HPLC) was used to 

determine DIPA concentration and COD di-

gester (HACH DRB200) was used for COD vial 

digestion. 

 

2.2.3  DIPA photodegradation 

The initial concentration of DIPA was 1000 

ppm and the photocatalyst dosage was 0.1 g/L. 

Dark reaction was carried out for one hour to 

ensure equilibration between DIPA and the 

photocatalyst prior to photo-degradation under 

the irradiation of halogen lamp (500W) for 6 h 

in the presence of H2O2. The 0.01 g of photo-

catalyst was added into 100 mL DIPA followed 

by 4 mL of H2O2 for the first 1 h. After 1 h, an-

other 4 mL H2O2 was added into the reaction 

mixture and the addition was repeated every 

hour for 6 h in total. The H2O2 addition follows 

1mol DIPA to 16 mol H2O2 as referred to Eq.1. 

At the end of the reaction, the DIPA level was 

determined using Agilent 1100 High Perform-

ance Liquid Chromatography (HPLC) using so-

dium dihydrogen phosphate (NaH2PO4) and so-

dium hydroxide (NaOH) as the mobile phase. 

Chemical oxygen demand (COD) was deter-

mined using COD digester (digestion) followed 

by DR 5000. The percentage removal was then 

determined using Equations 2 and 3, respec-

tively.  

 

C6H15NO2+16H2O2→6CO2+22H2O+ NH3       (1) 

 
COD removal (%)= (CODi-CODf)/CODi ×100          (2) 

 

DIPA removal (%) = (DIPAi-DIPAf)/DIPAi×100      (3) 

 

Where CODi and CODf are the initial and final 

COD concentrations, respectively of aqueous 

DIPA solution (ppm). Meanwhile, DIPAi and 

DIPAf  are the initial and final DIPA concentra-

tions, respectively of aqueous DIPA solution 

(ppm). 

 

3. Results and Discussion 

3.1  Characterization  

Figure 1 shows X-ray powder diffraction 

pattern of TiO2, CeO2-TiO2, and CeO2-TiO2-IL 

calcined at 400 °C for 2 h. The diffraction peak 

values for TiO2 are 25.2°, 37.8°, 54.4°, 54.3°, 

56.7°, 64.2°, 69.0°, 70.3°, and 76.0° with its cor-

responding (101), (004), (200), (105), (116), 

(211), and (215) planes, respectively. Minor Ce 

peaks have been observed at 28.5°, 33.0°, and 

69.7° for Figure 1 (c) followed by peak at 69.6° 

for Figure 1 (b). Peaks at 69.6° Figure 1 (b), 

and 69.7° for Figure 1 (c) corresponds to mix-

ture of Ce and Ti peaks overlapping with peaks 

at 69.0° Figure 1 (a). From the Figure 1 it 

shows that only anatase phase of TiO2 was ob-

Figure 1. The XRD patterns of (a) TiO2 (b) CeO2-

TiO2 (c) CeO2-TiO2-IL calcined at 400°C for 2 h  
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served. It implies that addition of Ce and ionic 

liquid allows dispersion of Ce on TiO2 without 

altering the phase of TiO2 where anatase phase 

was stabilized to a level [16]. Smaller amount 

of Ce crystalline phase was observed due to lit-

tle amount of Ce present in the sample and 

with the hike up to 10% of CeO2 in the sample, 

diffraction peaks of CeO2 is slowly visible [17].  

Addition of Ce and ionic liquid further re-

duces the peak intensity to a minimum. It 

broadens and widens the peak. It indicates for-

mation of finer crystals than pure compound 

[13]. Besides that, it is also due to the growth of 

TiO2 being inhibited as adding Ce. This creates 

ample amount of defects namely oxygen vacan-

cies in the crystal thus inhibits the crystal 

growth [17]. This scenario can be used for ionic 

liquid addition as well. The crystalline size was 

calculated using Debye-Scherrer equation 

(Equation (4)). 

 

 D = 0.9λ/(β cos θ)          (4) 

 

where λ is the wavelength, D is the crystallite 

size, θ is the diffraction angle, and β is the 

FWHM.  

Crystallinity was observed to decrease for 

CeO2-TiO2 as estimated by the broad, low in-

tensity peak at 25.2° for the (101) anatase 

plane [18]. The average crystallite size of TiO2, 

CeO2-TiO2, and CeO2-TiO2-IL are 20.8 nm, 5.5 

nm, and 4 nm. It corresponds with the peak in-

tensity obtained as well. The peak at (101) is 

observed to be un-shifted for Figure 1 (a,b) and 

shifted to the right for Figure 1 (c). The un-

shifting might be due to presence of minimal 

amount of Ce as ratio or it does not incorpo-

rated into TiO2 [18]. In addition, Ce could be 

present or located on the TiO2 surface, as a 

cluster or agglomerate [18]. The shifting is due 

to deformations in lattice structure of TiO2 that 

is formed as adding Ce to it [17]. It alters the 

lattice structure of TiO2 and forms new energy 

level. 

Figure 2 shows the DR-UV-Vis spectra for 

TiO2, CeO2-TiO2, and CeO2-TiO2-IL. The TiO2 

records no significant absorbance from 400 nm 

onwards with band gap energy of 2.82 eV. The 

spectrum shows spectral response towards visi-

ble region which is from 400-650 nm for CeO2-

TiO2 and CeO2-TiO2-IL. The graph observed to 

be skewed towards right (red shift) to a longer 

wavelength in for graphs Figure 2 (b) and (c). 

Looking into the band gap energy, it decreases 

with the presence of cerium and ionic liquid 

[EMIM][OctSO4].   

Referring to Table 1, the presence of CeO2 

decreased the band gap energy of TiO2 from 

2.82 eV to 2.30 eV. The slight deviation in the 

band gap TiO2 value from actual reported 

value (3.2 eV - anatase) is due to oxygen vacan-

cies that might be responsible for defective 

states on TiO2 interface and as well prepara-

tion method [19]. The lower band gap of CeO2-

TiO2 may indicate strong interaction between 

CeO2 and TiO2 that induced synergistic effect 

that could not be displayed if the materials are 

physically mixed [20]. Lower overall band gap 

can be explained in terms CeO2 substitution 

creates new energy level at partially filled Ce 

4f level in between valence and conduction 

band of TiO2 [21]. It reduces electron-hole pair 

recombination rate and improves the efficiency 

of interfacial charge-transfer from impurity to 

conduction level [22]. This decreases the over-

all band gap energy. The presence of CeO2-TiO2 

and TiO2 anatase and rutile composition in the 

catalyst increases the charge separation be-

tween the molecules and thus giving 

sharper/narrow absorption curve [19]. During 

sample preparation, ratio of 1:9 has been used 

for CeO2:TiO2.  

Figure 3 shows the (FESEM) of TiO2, CeO2-

TiO2, and CeO2-TiO2-IL calcined at 400˚C at 

100 kX magnification. Rod shaped particles 

Figure 2. Diffuse reflectance visible spectra 

plotted as the Kubelka-Munk function of (a) 

TiO2, (b) CeO2-TiO2, and (c) CeO2-TiO2-IL  

Table 1. Band gap values of the photocatalysts  

Photocatalyst Band Gap (eV) 

TiO2 2.82 

CeO2-TiO2 2.43 

CeO2-TiO2-IL 2.30 
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which are stacked side by side are been ob-

served in Figure 3 (a) for TiO2 gives nanoparti-

cles average size ranged from 16.6-59.3 nm. 

Rod shaped particle which are stacked side by 

side has been observed. It follows the size 

range of 20-30 nm for TiO2 [19]. The CeO2-TiO2 

showed agglomeration of particles with diame-

ter ranging from 9.9-10.5 nm. The FESEM im-

ages for CeO2-TiO2-IL recorded nanoparticles 

average size range of about 22.7-29.4 nm. It re-

corded to have lumped form particles sticked 

together in a spherical shape. Aggregate of 

white substance has been spotted on the elec-

tron image of the particles, covering the lump 

particles as referred to Figure 3 (b) and (c). In 

this research, it follows precipitation method. 

Observed from FESEM images that CeO2-TiO2 

were spherical in shape and is about 10-15 nm 

in size [8]. Aggregates of particles, forms chain-

like structure and lumps, with the sizes rang-

ing from 40 nm to 1 μm [18]. Similarly, in this 

research CeO2-TiO2 sample forms chain like 

structure with no aggregates. The sizes are in 

the range from 9 nm to 11 nm. Upon adding 

ionic liquid, the aggregation intensifies, form-

ing bigger spherical shaped particles. The par-

ticle size increased as the result of the presence 

of IL.  

Table 2 shows the porosity and surface area 

of mesoporous TiO2, CeO2-TiO2, and CeO2-

TiO2-IL nanoparticles characterized using ni-

trogen adsorption and desorption isotherms. 

CeO2-TiO2-IL recorded highest BET surface 

area value of 148.2 m²/g. Pore diameter and 

volume seems to be decreased as adding Ce3+ 

and ionic liquid to TiO2. BET surface area 

value observed to be increasing in trend as 

adding Ce3+ and ionic liquid to TiO2. Figure 4 

(a) shows type III isotherm pattern whereas 

the rest of the samples has type IV isotherm 

curves. The pattern difference is due to interca-

lation and expansion of structure layers and 

the entry of activated molecules via smaller 

pore entrance pathways [23].  

Hysteresis loop has been observed in ad-

sorption and desorption branch at varies level 

of pressure (P/Po). It shows that each curve has 

two definite region where at low relative pres-

sure, the isotherms gives higher adsorption 

which confirms the presence of micropores 

(type I). In contrast, at higher relative pres-

sure, the curves shows hysteresis loop, this 

confirms the presence of mesopores (type IV) at 

0.4 P/Po. Sharp “knee” point at P/Po 0.01-0.03, 

0-0.02, and 0-0.03 was observed for Figure 4 

(a), (b), and (c). This point gives monolayer ca-

Figure 3. FESEM images for (a) TiO2 (b) CeO2-

TiO2 and (c) CeO2-TiO2-IL at 100 kX magnifica-

tion  

Table 2. Pore size distribution  

Samples 

Surface 

Area, 

m²/g 

Pore  

Diameter, 

Å 

Pore  

Volume, 

cm³/g 

TiO2 48.5 159.3 0.19 

CeO2-TiO2 121.1 38.7 0.11 

CeO2-TiO2-IL 148.2 37.3 0.16 
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pacity measure where the surface area adsorb-

ent been determined [24]. Monolayer-

multilayer adsorption is observed at low P/Po. 

Sharp rise in isotherm slope been observed at 

P/Po above 0.9-1.0, 0.97-1.0, and 0.95-1.0 for 

Figure 4 (a), (b), and (c). This is due to conden-

sation and saturation of capillaries present 

within the pores [25].  

Pores can be divided into three groups 

namely micropore (2 nm), mesopore (2-50 nm) 

and macropore (>50 nm) with their respective 

diameter categories [24]. The pore size distri-

butions for TiO2, CeO2-TiO2 and CeO2-TiO2-IL 

are 5-49 nm, 5-80 nm, and 5-85 nm. Since the 

pore size value is at upper mesopore and lower 

macropore margin, condensation and isotherm 

rise happens at high P/Po region [24]. It sum-

marizes that the samples has mesopore cate-

gory. Pore volume and pore diameter shows 

that TiO2 has the highest value, 159.3 Å and 

0.19 cm³/g, compared to other samples. This is 

because TiO2 might have blocked the active 

sites pores resulting in low pore volume and di-

ameter in other samples [26]. Besides that ni-

trate and cerium ions might adsorbed on TiO2 

and inhibit the TiO2 growth. This resulted in 

small pore diameter and volume in the sample 

[27]. This can be related to Table 2. Pore size 

and pore volume considered to be less impor-

tant parameter in deciding the photocatalytic 

activity [26]. 

The surface area seems to be higher for 

CeO2-TiO2-IL (3 mL), 148.2 m²/g. Smaller pore 

size was observed for CeO2-TiO2 (38.7 Å) and 

CeO2-TiO2-IL (3 mL) (37.3 Å). High surface 

area is due to the ionic liquid and Ce presence 

which limits the CeO2-TiO2 agglomeration. 

Higher surface area of sample also implies the 

presence of finer particles of the sample [28]. 

Smaller pore size implies formation of finer 

and smoother particles. Similar situation can 

be observed when adding cerium, surface area 

increases whereas pore volume and diameter 

decreases gradually [27]. This can followed as 

well for ionic liquid addition. Besides that, all 

the samples shows hysteresis loop which has 

bimodal pore size distribution. This is due to 

two different type of aggregation in the sam-

ples; one is the finer intra-aggregated pore 

whereas the other one is the bigger inter-

aggregated pore [28]. This could be due to par-

ticle size and shape which has influenced the 

structure of the pore [28]. The hysteresis loop 

is due to capillary condensation of mesoporous 

sample [29]. The pore volume and diameter 

plays crucial role in determining the perform-

ance of the catalyst [30]. It determines the 

loading and adsorption of pollutant to be de-

graded. TiO2 pore volume and diameter stated 

to be 0.29 cm³/g and 21.9 nm [30]. Similarly 

from this test, it gives 0.19 and (15.9 nm or 159 

Å) for TiO2 pore volume and diameter. The 

variation might be from preparation method. 

The main factor that plays key role are pore 

surface area and crystallinity of the photocata-

lyst. Figure 4. Nitrogen adsorption isotherm pattern 

of (a) TiO2, (b) CeO2-TiO2, (c) CeO2-TiO2-IL cal-

cined at 400 °C for 2 h  

(a) 

(b) 

(c) 
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3.2 Photocatalytic degradation reaction  

Figure 5 shows the photo-catalytic perform-

ance of TiO2, CeO2-TiO2, and CeO2-TiO2-IL in 

DIPA degradation which was conducted under 

halogen lamp (500W). Referring to DIPA, it has 

reduced up to 66.0%, 75.0%, and 82.0% (final 

light reaction). As CeO2 is doped to TiO2 the 

photo-catalytic DIPA and COD degradation 

shows escalation in degradation and when ionic 

liquid is added, the performance increases fur-

ther. COD removal of about 43.2%, 42.7%, and 

54.8% has been recorded for TiO2, CeO2-TiO2, 

and CeO2-TiO2-IL, respectively. Smaller parti-

cle size, high surface area, as well as lower 

band gap energy enhances the excitation of 

electrons from one level to another as well. This 

gives better photo-degradation of DIPA and 

COD removal. It agrees with the acute toxicity 

<289 mg/L [31].  

 

4. Conclusions 

 FESEM images characterization shows that 

the nanoparticles are in nanorange. The aver-

age crystallite sizes decreased from 20.8 nm to 

5.5 nm, and 4 nm as adding Ce and ionic liquid 

to TiO2. Lower band gap energy of CeO2-TiO2 

(2.43 eV) and CeO2-TiO2-IL (2.30 eV) has been 

observed as well. The particle size of TiO2 de-

creased from 59.3 nm to 9.9 nm, and 22.7 nm 

as adding Ce and ionic liquid. The sample as 

well are mostly mesopore in sizes. The photo-

degradation performance studies showed that 

CeO2-TiO2-IL has better DIPA degradation and 

COD removal level of about 82.0% and 54.8% 

respectively. The present synthesized photo-

catalyst with the addition ethyl imidazolium 

octyl sulfate ionic liquid is proven to be more 

effective for aqueous DIPA degradation and 

COD removal. This is due to better surface 

property of the synthesized catalyst. This indi-

cates the synthesized sample can be an ideal 

choice of catalyst for application in photo-

degradation studies and provides the knowl-

edge of utilizing solar spectrum with wide 

range of wavelength effectively. Thus it gives 

new scope in designing, optimizing and utiliz-

ing photocatalyst system. 
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