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Abstract

Most ionic liquids (ILs) were reported to be highly toxic and non-biodegradable such as ILs with imidazolium type cation. To overcome this problem, degradation of imidazolium based ILs via advance oxidation process is needed. In this research, photocatalytic study was employed in order to study the efficiency of the system for removal of ILs from wastewater. To introduce synergistic effect of adsorption-photodegradation, composite photocatalyst TiO2/AC was synthesized using two steps (1) nano-TiO2 was synthesized using microemulsion method and (2) it deposited onto functionalize (AC) activated carbon using impregnation method. The prepared composite photocatalyst was characterized using Thermo Gravimetric Analyzer (TGA), Brunauer-Emmet-Teller (BET) and Field Emission Scanning Electron Microscopic (FESEM). Photocatalytic study of 1-butyl-3-methylimidazolium chloride (bmimCl) was employed under visible light region. Increasing amount of AC as support increased the degradation rate of bmimCl. However, excess AC reduced the removal rate of bmimCl. Composite TiO2/AC with 10 wt.% AC as support shows highest degradation rate with total removal 18.47%. Composite photocatalyst may enhance the diffusion rate between bmimCl and TiO2 surface which increase the efficiency for overall systems.

Keywords:  photodegradation, TiO2, ionic liquid, activated carbon, synergistic

Abstrak

Penggunaan cecair ionik (ILs) dilaporkan sebagai sangat toksik dan tidak biodegradasi. Oleh itu, penguraian ILs dengan melalui proses pengoksidaan amat diperlukan. Dalam kajian ini, sistem fotopemangkin telah dilaksanakan untuk mengkaji kecekapan sistem ini dalam menyingkirkan ILs daripada air sisa. Komposit fotopemangkin TiO2/AC telah dihasilkan untuk mencetuskan kesan sinergistik penjerapan-fotopenguraian untuk mengurai Ils melalui dua langkah (1) nano-TiO2 telah dihasilkan melalui kaedah mikroemulsi dan (2) dicampurkan bersama karbon yang diaktifkan melalui kaedah pengisitepuan. Komposit fotopemangkin yang dihasilkan telah dihantar untuk proses pencirian bagi mengkaji ciri-ciri fizikal dan kimia fotopemangkin seperti analisis gravimetrik termo (TGA), Brenaeur-Emmet-Teller (BET) dan mikroskopi elektron pancaran medan (FESEM). Kajian fotopenguraian 1-butil-3-metilimidazolium klorida (bmimCl) sebagai rujukan ILs telah dilaksanakan di bawah sinar nampak. Penambahan bilangan AC sebagai sokongan telah meningkatkan kadar penguraian bmimCl. Walau bagaimanapun, sekiranya AC yang digunakan sebagai sokongan terlalu banyak, ianya telah mengurangkan kadar penguraian bmimCl. Komposit TiO2/AC dengan bilangan 10 wt.% AC sebagai sokongan telah menunjukkan kadar penguraian yang paling tinggi. Komposit fotopemangkin akan meningkatkan kadar penyebaran antaran bmimCl and permukaan TiO2 yang mana akan meningkatkan kecekapan sistem secara keseluruhannya. 

Kata kunci:  fotopenguraian, TiO2, cecair ionik, karbon aktif, sinergistik
Introduction

Ionic liquids (ILs) have gained interest among researchers due to its tuneable properties that can be used in different application such as catalysis, separation and reaction processes [1]. ILs is regarded as a green solvent due to its negligible vapour pressure properties that can reduce the emission of chemicals to atmosphere. Imidazolium, quaternary ammonium and pyridinium are examples of cations that can be used to alter the physical and chemical properties of ILs [2] while halide groups (Cl- and Br-), tetrafluoroborate (BF4-) and tetracholoroaluminate (AlCl4-) are example of anions that have been used by researchers to tune the properties of ILs depending on its applications [1].

Aromatic ILs are known to be highly persistent in water, toxic and non-biodegradable. Advance oxidation processes (AOPs) such as electrochemical oxidation, Fenton systems and photocatalytic process under UV region [3-5] have been studied for removal of bmimCl from wastewater. Yet, there are several drawbacks of these systems such as high consumption of energy and formation of sludge. Photocatalytic process can be optimized by shifting the photoactivity of semiconductor towards the visible region since solar spectrum consist only 3-5% of UV region as compared to visible region up to 45% [6]. TiO2 nanoparticles possess characteristics high photocatalytic activity, chemically stable and abundant [7]. However, major limitations of pristine TiO2 that hinder its application in industry are high band gap energy and low diffusion rate between the targeted pollutant and TiO2 surface [8, 9].

Nowadays, synthesis of nano-photocatalyst is mainly focusing on enhancing diffusion rate between pollutant and TiO2 surface. Due to the hydrophilic nature of ILs, it is expected to diffuse slowly on TiO2 surface, leading to low overall performance. The photodegradation study of bmimCl using TiO2 as photocatalyst are still limited where based on the previous study, the research was mainly focusing on UV region as compared to visible region [10]. Hence, this study is focusing on the synthesis of activated carbon (AC) as support for TiO2 with functionalize group to act as centre of accumulation. This process is to ensure high degradation rate of target pollutants onto TiO2/AC surface leading to efficient overall system. 

Materials and Methods

Materials

Titanium tetraisopropxide, TTIP (C12H28O4, 97%), heptane (C7H16, 99%), hexanol (C6H14O, 98%), ferum nitrate nonahydrate (Fe(NO3)3.9H2O), ethanol (C2H3OH, 95%) and 1-butyl-3-methylimidazolium chloride, bmimCl (C8H15ClN2) were purchased from Merck (Germany). Triton X-100 (C34H62O11, AR), nitric acid (HNO3, 65%), potassium dihydrogen phosphate (KH2PO​4) and triethylamine (C6H15N, AR) were purchased from R&M Chemicals (Malaysia). Meanwhile, phosphoric Acid (H3PO4, 85%) was purchased from QreC (New Zealand). All chemicals were used without further purification.

Methods

TiO2 was prepared via microemulsion as reported from previous study [11]. Then, 1g of prepared TiO2 was suspended in 10 ml of distilled water under continuous stirring. The solvent was removed at 80 °C until white thick paste was formed. The resulting paste was dried in an oven at 80 °C overnight prior to calcination at 400 °C for 1.5 hours. Meanwhile, AC was prepared using bagasse as raw material and was carbonized in normal furnace at temperature 600 °C for 1 hour. The produced biochar was then treated in a 1 M of nitric acid boiling solution. Then, resulting black powder was washed repeatedly with distilled water and dried in an oven for overnight at 80 °C.

The synthesised TiO2 was deposited onto AC using impregnation method. Pre-determined amount of TiO2 and AC was mixed in a beaker and then 10 ml of distilled water was added. The mixture was stirred while heating until formation grey thick paste. The paste formed was dried overnight and then calcined at desired temperature. Samples are labelled following the format; TiO2/nAC where n denotes the wt.% of AC i.e. TiO2/5AC means 5wt.% of AC is used as support.  

Characterization of photocatalyst

Synthesized photocatalyst were characterized using thermo gravimetric analysis (TGA) prior to calcination in order to determine the suitable temperature for calcination.  The thermogram analysis was conducted using Perkin Elmer TGA (Pyris 1) system under 20 ml/min N2 flow, from 30–800 °C at ramp rate 20 °C /min. The morphology of photocatalyst was characterized using field emission scanning electron microscopic (FESEM) analysis. For FESEM analysis, model Zeiss Model Supra 35VP was used. Surface area and pore distribution was characterized using Brunauer-Emmet-Teller (BET) analysis. The characterization was done by using TriStar II 3020.

Photodegradation study

Photodegradation study was conducted in glass reactor at ambient condition. The reactor was placed under 500W halogen lamp with distance 15 cm. The initial concentration of bmimCl used was 5mM and 1g/L photocatalyst. The reactor was placed in dark for 30 minutes to allow for adsorption-desorption equilibrium prior to 4 hours photoreaction. The samples were analysed using Agilent 1100 high performance liquid chromatography (HPLC). Column used was Symmetry C-18 (250 x 4.6mm, 5µm) and mobile phase mixture of methanol (35 vol%) and 25 mM of phosphate buffer (KH2PO4/H3PO4) containing 0.5% of triethylamine were used to separate bmimCl. The analysis was conducted using injection 5 µl, temperature 30 °C and flow rate 0.8ml/min. UV detector with wavelength 212 nm was used to trace the BmimCl. 

Results and Discussion

Thermo gravimetric analyser 

Thermo gravimetric analyser (TGA) analysis was conducted to determine the thermal decomposition of the synthesized photocatalyst. From Figure 1(a), thermogram for TiO2 shows significant weight loss from temperature 30-400 °C before the curve becomes constant. The significance weight loss may be due to loss of water from surface of sample and also elimination unhydrolyzed isopropoxide ligand as well as decomposition of organic entities that may present during synthesis steps [12, 13]. The derivative weight loss shows that the removal of water and organic entities from samples of photocatalyst was attributed by endothermic reaction.
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Figure 1.  Thermogram analysis for (a) TiO2, (b) AC and (c) TiO2/AC

Figure 1(b) shows the thermogram recorded for AC, the weight of compound increases from temperature 30 °C up to 500 °C. This is happened   due to adsorption of N2 gas at higher temperature to the surface of AC [14]. This is in agreement with finding reported by Kim et. al where AC has affinity towards adsorption of N2[15]. At temperature 470 °C, the sample weight loss starts to decrease until 0.0 wt.% weight loss recorded at temperature 646 °C. This weight loss was due to the burning off the AC by endothermic process [16]. Figure 1(c) represent thermogram for TiO2/AC where two significant weight losses recorded from temperature 30-400 °C (step 1) and 400-800 °C (step 2). Step 1 occurred due to endothermic reaction where the evaporation of adsorbed water vapour occurred at this temperature with main peak at 31°C. Second weight loss also occurred due endothermic reaction with broader main peak at 611°C. 

Step 2 weight loss was due to the burn off the AC and only 15.4% weight loss was recorded compared to AC alone. The lower weight loss recorded was due to thermal persistent of composite photocatalyst containing synthesis TiO2 at higher temperature [17]. Comparing to Figure 1(b), the increase in weight % due to adsorption of N2 gas is not recorded for sample TiO2/AC. This shows that the adsorption of N2 gas during calcination treatment for composite photocatalyst did not occurred. From the previous study, adsorption of N2 towards TiO2 surface can only be done by specific complex cluster TiO2 namely unsaturated Ti atom at the (110) surface of TiO2. Hence due to specific formation of TiO2 that can only adsorb N2, the weight gain does not record in thermogram as negligible N2 has been adsorbed during TGA analysis. From this finding also, we can conclude that synthesize bare TiO2 and composite TiO2/AC does not contain specific facets of TiO2 that can be used to adsorb N2 [18]. 

Surface area and pore distribution analyser 

Figure 2 depicts the N2 adsorption isotherms for TiO2, AC and composite TiO2/AC. TiO2 and TiO2/AC shows similar type of N2 isotherm with type IV isotherm and hysteresis loop H3 type (Figure 2(a) and (c), respectively) meanwhile AC shows type I isotherm and hysteresis H4 type (Figure 2(b)) [16, 19]. TiO2 and TiO2/AC show a higher adsorption at relative P/Po = 0.6-1.0 indicating the presence of mesoporous structure. The hysteresis loop was recorded due to aggregation of nanoparticles and this type of isotherm corresponds to lower porosity of material [20]. This phenomenon in agreement with BET surface area, (100.53 m2/g). For AC, the adsorption uptake of N2 occurring at pressure less than 0.1, followed by plateau at P/Po more than 0.2 and indicating the microporosity of AC. The hysteresis loops also confirm the presents of some mesoporous structure [16]. The pore distribution of TiO2 and TiO2/AC mainly distribute between 1.5-15.0 nm in agreement with isotherm result indicates the presence of microporous and mesoporous structure. Compare to TiO2, AC pore volume distribute mainly around 1.5-2.0 nm represent the microporous structure of the sample [20]. 
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Figure 2.  N2 isotherm and pore distribution (inner graph) for (a) TiO2, (b) AC and (c) TiO2/10AC
Table 1 summarizes the surface area and pore size of synthesis TiO2 and AC. From the table, it shows that AC has high surface area compared to synthesis TiO2 and composite TiO2/AC as AC was known to be highly surface area and porous structure. Reduction in surface area for composite photocatalyst compared to AC is mainly due to blocking of the pores by TiO2 that had been deposited on AC [16]. Interestingly, the Vtotal and pore size of the TiO2 and composite photocatalyst is higher compared to synthesis AC and may lead to higher degradation rate of bmimCl. This is due to more adsorbate can be adsorbed in the pore structure of photocatalyst and enhance the diffusion rate between bmimCl and TiO2 surface.  This shows that synthesis TiO2 via microemulsion produce highly porous structure of nanoparticles 

Table 1.  Specific surface area and pore diameters for the photocatalyst sample
	Sample
	SBET

(m2/g)
	Vtotal
(cm3/g)
	Pore diameter

(nm)

	TiO2
	100.53
	0.26
	10.13

	AC
	335.25
	0.18
	7.98

	TiO2/10AC
	96.29
	0.21
	8.67

	TiO2/20AC
	111.97
	0.20
	7.28


Surface morphology 

Morphological analysis was conducted using FESEM to investigate the surface structure of the samples. Micrographs in Figure 3 represent the imaging morphology for TiO2, AC, TiO2/10AC and TiO2/20AC. AC image (Figure 2a) shows its spongy and porous structure similar to the report [21]. This is attributed to its high BET surface area (Table 1). While, the synthesized TiO2 shows uniform spherical structure with particles size range between 15-18.00 nm, proving that the synthesis method produce small particle with high surface area as compared to commercialize TiO2 P25 [22]. The spherical shape of TiO2 provided higher surface area for photocatalyst that can be used to optimize the adsorption and absorption process which then enhance the degradation rate of ILs. The morphological of TiO2 on surface of AC almost similar with morphology recorded for TiO2 alone. In same time, agglomeration effect also could be observed from micrograph, with finer particles size could be observed for TiO2 deposited onto AC (Figure 2c and d). This finding in agreement with discussion reported by Slimen et. al [23] where AC contain interfacial energy which can enhance and produce fine particle size of TiO2. This theory was also supported by other researcher [19, 21].  
 


Figure 3. 
Imaging  surface  morphology  of  (a) AC  (5 kX),  (b) TiO2  (100kX),  (c) TiO2/ 10AC (100kX)  and (d) TiO2/20AC (100kX)

Photodegradation analysis

Figure 4(a) depicts the concentration profile for AC treated with different type of acid. From the figure, the concentration of bmimCl started to increase after 30 minutes of adsorption study. Hence from this preliminary study, 30 minutes of dark reaction was selected prior to photodegradation under visible light to achieve equilibrium adsorption-photodegradation. Meanwhile Figure 4(b) shows the concentration profile for photodegradation process. From the figure, it shows that the concentration profile becomes plateau after 2 hours reaction. Based on the analysis, the photodegradation study will be done in 2 hours analysis for future study. Figure 4(c) presents the efficiency of bmimCl photodegradation process in different system and photocatalyst. In the photolysis process, bmimCl could not undergo self-destruction under visible light without the presence of photocatalyst. Meanwhile, the synthesized TiO2 recorded 12% removal of bmimCl. However, significant increment of the photodegradation % was observed when the TiO2 was deposited onto AC, with the highest removal was observed for 10 wt.% AC. When the amount of AC increase, total surface-active sites containing functionalized group increases and more interaction Van der Walls forces will occur between bmimCl and surface of AC [24]. Hence more bmimCl will be adsorbed on surface of AC and leading to increment in diffusion rate between bmimCl and surface of TiO2.  Hence direct oxidation of bmimCl occurred and increase in total degradation [25]. Compared to 5 wt.% of AC, the total removal of bmimCl was quite low. This is because, when less AC was used as support, the total surface of AC itself was blocked by TiO2 leading to low active surface area which can be used to adsorb bmimCl. Moreover, generation of hydroxyl radical (OH•) as attacking agent in degradation study accumulate around surface of TiO2. Production of OH• can penetrate up to sub-millimeter distance from surface TiO2. Interestingly, this radical also can penetrate into pore of AC to attack the pollutant that has been adsorbed deep into pore of AC. Hence, as bmimCl was accumulated on surface of AC, the molecules can be directly oxidized by OH• thus increase the overall efficiency of the system [26]. 





/
Figure 4. 
(a) Concentration profile for adsorption study of different type of AC, (b) concentration profile for photoreaction and (c) comparison photodegradation study for different type of photocatalyst

On the other hand, bare AC has been proved able to produce high water contact angle and leading to hydrophobic properties of AC. However, once AC was coated with TiO2, the properties can be shifted to hydrophilic [27]. Hydrophilic composite materials could lead to increment in adsorption of organic molecule such as methylene blue (MB) [27] and Rhodamine-B [28] due to increase in the interaction of composite materials and targeted molecule itself. Hence degradation rate could increase. 

The degradation reduced significantly when AC loading was increased from 10 to 20 wt.%. When the amount of AC used as support increased, more active site will be available for adsorption of bmimCl. Hence more bmimCl molecule will be accumulated on surface of AC. This phenomenon unfortunately, will block surface of TiO2 and prevent the surface of TiO2 from harvesting the light. Hence less charge carrier ([image: image3.png]ece/hyp



) could be generated and reduced the degradation rate. Similar phenomenon was recorded by other researchers [29]. In same time, TiO2/20AC contains leas amount of TiO​2 based on synthesized procedure. Reduction in amount TiO2 will reduce the active site TiO2 surface that could be used to absorb photon for generation of charge carrier. Hence, less bmimCl molecule can be oxidized leading to reduction in total degradation rate. 

The comparison of different types of AOP for degradation of ILs is presented in Table 2. From the table, all systems i.e. electrochemical oxidation, Fenton’s oxidation and UV/TiO2 systems show high degradation rate as compared to our current findings where only 18.47% total removal of bmimCl was recorded. The current finding is only focusing on the optimization of material development. The optimization of extrinsic factors such as initial pH of the solution, initial concentration of bmimCl, dosage of photocatalyst and the presence of oxidant are yet to be investigated. Apart from the optimization of material development, these factors also contribute significantly to the overall efficiency of the system [30]. In addition, major limitation of electrochemical oxidation is the dependency on electricity which relatively contributes to higher cost [31]. On the other hand, the homogeneous nature of this process leads to the formation of ferric sludge during post-treatment prior to discharge which could cause another problem to the landfill management [32]. Though UV/TiO2 system could be the solution to the problem faced by Fenton’s oxidation process, limited capability of TiO2 to adsorb visible light energy is not favoured since the solar spectrum consists only 4-5% of UV region as compared to visible region which is up to 45% [11]. The current finding shows the high potential of TiO2/AC as photocatalyst to degrade bmimCl under visible light radiation, and provide options to overcome the limitation faced by the previously discussed processes. Further optimization work is anticipated to improve the overall efficiency of this photocatalytic system. 

Table 2.  Comparison study of AOP for degradation of ILs
	AOP systems
	Methodology
	Findings
	Ref.

	Electrochemical   

Oxidation
	Reaction run in electrolytic cell             V = 100 ml, BDD as anode and             stainless steel as cathode. Area and        distance of electrode are 10 cm2 and 1 cm respectively. Concentration of IL is 50 mg/l
	100% of IL can be degrading in 120 minutes with optimum pH 3 and pH 6. Temperature of reactions was maintained at 40 °C. Degradation affected by IL used and imidazolium is more stable compare to pyridinium


	[33, 34]

	Fenton systems
	Reaction run in reactor V = 300 ml, pH 3.5 and temperature maintained at 25 °C. Concentration of IL is 1.0 mM


	IL with 100% degradation achieved in 60 minutes with presents of scavenger, [H2O2] = 400 mM and [Fe3+] = 1 mM

	[35-37]

	UV/TiO2 systems
	Reactions run with 0.5 g/L of TiO2 with 1 mM of IL and 1000 W Xenon arc lamp as light source


	Almost 100% degradation can be achieved in 360 minutes
	[10, 38]

	TiO2/AC
	Reaction with 1g/L of TiO2/AC with 5 mM of IL and 500W of Halogen lamp was used as source of light
	Only 18.47% removal of bmimCl was achieved in 4 hours reactions without optimization of extrinsic factors
	This 

study


Conclusion

Degradation rate of bmimCl can be enhanced by employing activated carbon (AC) as the support for titania via the synergistic effect of adsorption-photodegradation of both materials. Positive effect of increasing AC amount further enhanced the diffusion rate of bmimCl from fluid phase to the surface of titania leading to direct oxidation of bmimCl by the titania. Optimum AC was found at 10 wt.% functionalized with 1M HNO3 with maximum bmimCl removal of 18.47%. The synergistic effect of adsorption-photodegradation includes: (1) Interfacial energy on AC surface could prevent the transformation of anatase TiO2 to rutile phase leading to the production of fine particle size. Hence more TiO2 active site is available for the absorption of photon for generation of charge carrier, (2) functionalized group on AC could act as pollutant concentrator and enhanced the diffusion rate between bmimCl and TiO2 surface leading to direct oxidation of bmimCl and (3) coating of TiO2 with AC could shift the polarity of bare AC to become hydrophilic. This property then leads to the increase of interaction between composite materials and bmimCl and consequently increase the adsorption process. Hence more bmimCl can be directly oxidized by TiO2. 
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