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Abstract 

This study has investigated the effect of Titanium dioxide nanoparticles (TiO2) on the 

performance and emission characteristics of a Waste Cooking Oil (WCO) biodiesel-diesel 

blend. Biodiesel was prepared from WCO using an alkali-catalyzed transesterification 

process, while TiO2 nanoparticles were prepared by the sol-gel method and characterized 

using XRD, UV-Vis spectroscopy, SEM, and EDS. Tests were conducted on a single-

cylinder CI engine, operated at 1500 rpm, using neat diesel (D100), B20, and B20 with 50 

ppm TiO2 (B20T50) nanoparticles. The results indicate that the base B20 blend gave 

marginally lower brake power and brake thermal efficiency compared to diesel, which is 

mainly due to its lower calorific value. The addition of TiO2 nanoparticles helped in 

improving the combustion of fuel, thus giving higher brake power and thermal efficiency 

and resulting in reduced BSFC under all load conditions. Regarding emissions, biodiesel 

blends resulted in lesser CO and HC emissions, and further reductions were registered for 

B20T50. While CO2 emissions were increased, NOx emissions decreased compared with 

the base B20 blend due to improved and controlled combustion characteristics.  
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1. Introduction 

Efforts to improve the performance of compression ignition engines increasingly focus on 

enhancing air-fuel interaction and combustion quality. Among the explored alternative fuels, 

diesel-biodiesel blends have emerged as a pragmatic option because they preserve the 

operability of existing diesel engines and at the same time offer clean combustion due to their 

inherent oxygen content [1]. This oxygenated chemistry generally supports more complete 

oxidation, which in turn reduces carbon monoxide (CO), particulate matter (PM), and 

unburned hydrocarbon (HC) emissions under steady load conditions [2]. Still, biodiesel 

blends can suffer from drawbacks related to lower volatility and higher density, often leading 
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to slightly higher Brake Specific Fuel Consumption (BSFC) and reduced Brake Power (BP), 

and Brake Thermal Efficiency (BTE) at increasing engine loads [3]. 

The last decade has seen rapid growth in the development of biodiesel blends dispersed with 

trace amounts of functional nanoparticles to address some of these limitations [4]. Metal-

oxide nanoparticles have shown high potential in this respect because they change fuel 

chemistry directly and influence the combustion at microscale as well. Their high specific 

surface area, thermal conductivity, and catalytic behaviour contribute to enhanced air-fuel 

mixing, faster heat transfer, and improved oxidation of partially burned species [5]. Various 

studies have reported that nanoparticles can serve as supplementary oxygen carriers and can 

accelerate the breakdown of long-chain hydrocarbons, often leading to lower CO and HC 

emissions and rising BTE in some extent [6], [7], [8]. 

Among the available metal-oxide nanoparticles, Titanium dioxide (TiO2) stands out due to its 

thermal stability, chemical inertness, and widespread use in catalytic oxidation processes [9]. 

TiO2 has been shown to improve oxidation reactions under engine-relevant conditions, 

making it one of the most promising candidates for biodiesel enhancement [10], [11]. Unlike 

metal nanoparticles that may agglomerate or oxidize rapidly, TiO2 maintains dispersion 

stability and remains active across the temperature fluctuations. Even so, existing studies 

often examine nanoparticle-biodiesel combinations in isolation, leaving limited clarity on the 

relative contribution of the nanoparticle itself and making it difficult to interpret performance 

and emission outcomes in a practical and comparative context [5], [12]. 

What remains notably underexplored is the direct comparison of a commonly adopted 

biodiesel blend like B20 with and without TiO2 addition, evaluated alongside neat diesel 

under identical test conditions. Such a side-by-side dataset is important because B20 is 

already widely regarded as an operationally stable and industry-favored blend and 

determining whether nanoparticle enrichment adds meaningful advantages or not, has 

practical implications. The present work investigates the performance and emission 

characteristics of neat diesel (D100), 80% diesel + 20% biodiesel (B20), and B20 + 50 ppm 

TiO2 NPs (B20T50) in a single-cylinder CI engine across four different loads. The study 

examines BP, BTE, BSFC, and exhaust emission parameters including CO, CO2, HC, and 

NOx.  

2. Methodology 

2.1 Chemicals used 

Titanium tetra iso propoxide [Ti(OCH(CH3)2)4], and iso-propanol [(CH3)2CHOH], were 

purchased from SRL, concentrated Nitric acid [HNO3] was procured from Qualigens, 

Phenolpthalein and DI-water were sourced from a local chemical supplier.  

   

2.2 Production of Biodiesel 

The production of biodiesel began with the collection of Waste Cooking Oil (WCO) from 

various restaurants in the Lalitpur, Nepal. The crude oil was first subjected to a filtration 

process to remove food residues and other solid impurities. The quality of the filtered 

feedstock was then evaluated by determining its Free Fatty Acid (FFA) content using the ISO 

660 method, which confirmed a value of 1.89%, below the 2% threshold required for the 
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subsequent transesterification process. Then, the pre-treated oil was heated to 60°C for the 

conversion reaction. A catalyst solution was prepared with a methanol-to-oil molar ratio of 

6:1 and sodium hydroxide at 1% by weight of the oil. This solution was mixed with the 

heated oil and the reaction proceeded under stirring for one hour. The mixture was then 

allowed to settle for 12 hours that resulted in the separation of a top layer of Fatty Acid 

Methyl Ester (FAME), also referred to as biodiesel, from the bottom glycerol layer. After 

draining the glycerol, the biodiesel was purified by washing it 3-4 times with warm water and 

subsequently dried in an oven overnight to remove residual moisture, yielding the final 

biodiesel fuel which was thoroughly described through the flowchart presented in Figure 1. 

Figure 1: Flow diagram of biodiesel production from waste cooking oil 

 

2.3 Synthesis of TiO2 NPs 

TiO2 nanoparticles were synthesized using a sol-gel method. In this procedure, 20 ml of  

Titanium tetra iso propoxide (TTIP) was introduced dropwise into a 22 ml solution 

containing 10 ml of iso-propanol and 12 ml of deionized water. This mixture was 

continuously stirred at a temperature of 80°C in a round-bottom flask. After one hour of 

reaction, a separate mixture of 0.8 ml of concentrated HNO3 and deionized water was added 

to the TTIP solution. The combined solution was then maintained at 60°C with constant 

stirring for 6 hours, resulting in the formation of a highly viscous milky-white gel. This gel 

was then subjected to a heat treatment at 300°C for 2 hours in an open atmosphere, yielding 
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white crystalline TiO2 powder [13]. The synthesis procedure is summarized in the flow 

diagram presented in Figure 2. 

 

 

Figure 2: Process flow diagram for the synthesis of TiO2 nanoparticles 

2.4 Physicochemical Properties of Biodiesel 

To evaluate key fuel characteristics, B20 biodiesel blend was prepared by mixing 200 ml of 

the produced biodiesel with 800 ml of conventional diesel. Subsequently, 50 ppm of the 

synthesized TiO2 nanoparticles were dispersed into the B20 blend. This mixture was then 

subjected to one hour of sonication, combined with mechanical stirring, to achieve long-term 

dispersion stability by preventing agglomeration and ensuring uniform particle distribution in 

the fuel, creating the nanoparticle-blended fuel (B20T50) [14]. The resulting blend was then 

analyzed to determine physicochemical properties including calorific value, density, flash 

point, and kinematic viscosity. These measured parameters, detailed in Table 1, were 

determined to verify compliance with established fuel standards.  

Table 1: Physicochemical properties of Fuels 

Property Standard Diesel B100 B20 B20 (with TiO2 

50 ppm) 

Calorific Value 

(kJ/kg) 

IP 12/63T 42822.76 38,113.8 41124.14 42644.01 

Density@15oC 

(kg/m3) 

ASTM D 

1298/P 

828.5 879 843.9 859.09 

Flash Point (°C) ASTM D93 54 136 104 109 

Kinematic 

Viscosity@40oC 

(cSt) 

ASTM D 

445/P 25/IP 

440 

2.87 5.34 3.23 3.31 

2.5 Research Engine Setup 

A single-cylinder, four-stroke, water-cooled Kirloskar engine with a variable compression 

ratio was used for experimental testing. The engine maintained a constant speed of 1500 rpm 

and delivered a rated power output of 3.5 kW, with its technical specifications listed in Table 

2. An eddy current dynamometer connected to the engine provided precise torque and speed 
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measurements. A strain-gauge load cell with a 0-50 kg range was employed to determine the 

engine load. Performance evaluations were carried out under varying load conditions of 25%, 

50%, 75%, and 100%, corresponding to brake loads of approximately 1 kg, 3 kg, 6 kg, and 9 

kg respectively. 

Table 2: Technical specifications of the test engine 

Engine Parameters Specification 

Type  Four-stroke, single cylinder, water-cooled, naturally 

aspirated, multifuel VCR test engine 

Number of cylinders 1 

Cylinder Volume capacity 661cc 

Max. Engine Power 3.5 kW 

Speed 1500 rpm 

Compression Ratio 17.5:1 

3. Results and Discussion 

3.1 Characterization of TiO2 Nanoparticles 

3.1.1 X-Ray Diffraction 

Figure 3 illustrates the crystalline structure of the synthesized TiO2 NPs examined using 

XRD, and the obtained pattern exhibited well-defined diffraction peaks of TiO2. A strong and 

sharp peak observed near 2θ ≈ 27° indicates a high degree of crystallinity, while several 

additional peaks in the range of 30°–70° correspond to the typical reflections of TiO2 phases. 

The overall pattern confirms the formation of nanocrystalline TiO2 with no additional 

impurity peaks, suggesting high purity of the sample. The broadening of the diffraction peaks 

further supports the nanoscale dimensions of the particles, consistent with the expected 

structural features of TiO2 nanoparticles.   

 

Figure 3: X-ray Diffraction pattern showing characteristic peaks of TiO2 NPs 

3.1.2 UV–visible (UV–Vis) spectroscopy  

The optical properties of the synthesized TiO2 NPs as shown in Figure 4, were investigated 

using UV–Vis, and the absorbance spectrum shows a strong absorption peak in the UV 

region around 190–220 nm, attributed to the intrinsic band-to-band transitions of TiO2. 

Following the main peak, the absorbance gradually decreases toward the visible region, 

which is typical for TiO2 due to its wide band gap and low visible-light absorption. The 

smooth decay in absorbance beyond 300 nm confirms the absence of additional impurity-
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related transitions, indicating good optical purity of the nanoparticles. The spectral profile is 

consistent with nanoscale TiO2, where quantum size effects and surface states can slightly 

influence the absorption edge. This UV–Vis response further supports the successful 

formation of TiO2 nanoparticles with characteristic wide-band-gap semiconductor behaviour. 

 

Figure 4: UV-visible absorption spectrum of TiO2 NPs 

3.1.3 Scanning Electron Microscope (SEM)  

The SEM micrograph obtained at 20,000X magnification as shown in Figure 5 illustrates 

TiO2 nanoparticles with a markedly irregular morphology and a highly textured surface 

profile. The nanoparticles appear as agglomerated assemblies composed of fine crystallite 

domains, which create a rough and porous microstructure. Such surface characteristics are 

beneficial for fuel applications, as the increased surface area enhances catalytic interaction 

between the nano additive and the fuel molecules. The clustered nanoscale grains also 

indicate strong surface activity, enabling improved oxidation, better atomization, and more 

efficient combustion when dispersed in biodiesel. The overall microstructural features 

suggest that TiO2 NPs possess the surface reactivity and morphological attributes required for 

effective performance as a combustion-enhancing biodiesel. 

 

Figure 5: Scanning Electron Microscope image of TiO2 NPs 



   Himalayan Journal of Applied Science and Engineering (HiJASE), Vol. 6, Issue 2, Jan., 2026 

  

[NEUPANE ET AL.] 65 

 

3.1.4 Energy - Dispersive X-ray Spectroscopy (EDS)  

The EDS spectrum of the synthesized TiO2 NPs, as shown in Figure 6, exhibits two 

prominent peaks associated with Oxygen (O) and Titanium (Ti), confirming the formation of 

TiO2 without detectable secondary elements. Quantitative elemental analysis shows that the 

sample contains 53.00 wt.% oxygen (77.14 at%) and 47.00 wt.% titanium (22.86 at%), which 

closely aligns with the theoretical stoichiometry of TiO2. The higher atomic percentage of 

oxygen is consistent with the oxide framework and reflects complete oxidation of the 

titanium precursor. 

.  

Figure 6: EDS Spectrum of TiO2 NPs 

The absence of unnecessary elemental peaks indicates a high degree of purity in the 

synthesized nanoparticles, suggesting that the synthesis route effectively minimized 

contamination or residual precursor species. Such chemical purity is important when TiO2 is 

used as a nano additive in biodiesel, as impurities can interfere with catalytic activity or 

adversely affect combustion characteristics. The measured composition supports the 

suitability of the prepared TiO2 for enhancing oxidation reactions, promoting efficient 

combustion, and potentially improving emission profiles when incorporated into biodiesel 

blends. 

3.2. Performance Characteristics 

3.2.1 Brake Power (BP) 

The variation of BP with load for D100, B20, and B20T50 is shown in Figure 7. The BP 

increased with increasing load for all fuels, reflecting the expected rise in fuel consumption 

and combustion intensity. Across all load conditions, B20 exhibited slightly lower brake 

power than diesel, primarily due to its lower calorific value. At full load, diesel and B20 

delivered 2.61 kW and 2.59 kW, respectively. The B20T50 outperformed both diesel and 

B20, reaching 2.66 kW. 

The improvement in BP with TiO2 addition can be attributed to the catalytic role of 

nanoparticles. TiO2 NP provides additional active oxygen sites, accelerating oxidation 

reactions, and ensuring more complete combustion of fuel droplets. This behavior has been 

reported in earlier studies where metal-oxide nanoparticles enhanced in-cylinder combustion 

by shortening ignition delay and improving flame propagation [10]. Thus, the B20T50 

mitigates the performance deficit associated with biodiesel blending. 
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Figure 7: Variation of brake power with engine load for diesel, B20, and B20T50 

3.2.2 Brake thermal efficiency (BTE) 

BTE trends show a consistent increase with load across all fuels as shown in Figure 8, as 

higher loads reduce the relative impact of fixed heat and frictional losses [15]. B20 blends 

recorded a lower BTE compared to diesel, reaching 21.26% and 22.43% respectively at full 

load. The slight reduction is explained by the lower heating value and higher viscosity of 

biodiesel, which can reduce atomization and delay combustion phasing [16]. 

However, the addition of TiO2 nanoparticles reversed this trend, producing the highest BTE 

among all fuels tested. At full load, B20T50 blend achieved 23.74%, representing around 6% 

improvement over D100. At partial loads, similar improvements were observed; for example, 

at 50% load, B20T50 reached 12.96% compared to 12.47% for diesel and 10.78% for B20. 

These enhancements are likely due to the oxygen buffering capacity and high surface-to-

volume ratio of TiO2, which promotes more complete combustion of heavier biodiesel 

molecules [11], [17].  

 

Figure 8: Variation of brake thermal efficiency with engine load for diesel, B20, and B20T50 



   Himalayan Journal of Applied Science and Engineering (HiJASE), Vol. 6, Issue 2, Jan., 2026 

  

[NEUPANE ET AL.] 67 

 

3.2.3 Brake Specific Fuel Consumption (BSFC) 

As illustrated in Figure 9, BSFC decreased with increasing loads for all fuel samples, 

consistent with improved fuel utilization at higher power outputs. D100 demonstrated lower 

BSFC than base B20 blends at all loads, which is in line with its higher calorific value. At full 

load, BSFC values for diesel and B20 were 0.38 and 0.40 kg/kWh, respectively. 

B20T50 consistently exhibited the lowest BSFC across the tested load range. At 25% load, 

BSFC dropped to 1.95 kg/kWh with B20T50 compared to 2.35 kg/kWh for D100. At full 

load, it recorded 0.33 kg/kWh, representing around 13% and 18% reductions compared to 

D100 and B20, respectively. These reductions indicate that nanoparticle addition improves 

the fuel conversion process, allowing less fuel to be consumed per unit of work. Similar 

results have been noted in previous nanoparticle-assisted biodiesel combustion studies, where 

TiO2 and CeO2 improved atomization and reduced unburned hydrocarbon losses [18], [19]. 

 

Figure 9: Variation of Brake Specific Fuel Consumption with engine load for diesel, B20, and 

B20T50 

3.2.4 Exhaust Gas Temperature (EGT) 

Exhaust gas temperature profiles as shown in Figure 10 rose steadily with increasing load for all fuels, 

reflecting greater fuel injection, combustion rates, and heat release. At full load, D100 exhibited the 

highest base-fuel EGT of 331.7 °C, while B20 recorded a substantially lower 285.3 °C. The lower 

EGT of B20 may be attributed to its oxygenated nature and lower calorific value, which results in 

slower and cooler combustion. 

The B20T50, however, produced the highest EGT across all load points, reaching 348.1 °C at full 

load. The elevated EGT suggests intensified combustion caused by the catalytic activity of TiO2 NPs, 

which accelerate oxidation reactions and promote higher in-cylinder temperatures. While this 

indicates improved combustion quality, it also highlights a potential trade-off i.e. higher EGTs could 

increase NOx formation. Previous reports also emphasize that nanoparticle additives, while improving 

efficiency, may elevate thermal stress and NOx emissions due to higher combustion temperatures [20], 

[21]. 
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Figure 10: Variation of Exhaust Gas Temperature with engine load for diesel, B20, and 

B20T50 

3.3. Emission Characteristics 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 11: Effect of TiO2 nanoparticles on (a) CO, (b) CO₂, (c)NOx, and (d) HC emissions 

3.3.1 Carbon Monoxide (CO) 

The variation of CO emission with engine load for all test fuels is presented in Figure 11a. 

Across the entire load range, CO concentration decreases consistently with increasing load 

for all fuels, which is consistent with the typical combustion behavior of compression-

ignition engines. At low load (25%), incomplete combustion dominates due to lower in-

cylinder temperatures and reduced air–fuel mixing efficiency, resulting in higher CO levels. 

As the load increases, higher in-cylinder temperatures promote more complete oxidation of 

CO to CO2, leading to lower CO concentrations. 

Among the tested fuels, B20 exhibited the lowest CO emissions, followed closely by the 

B20T50. At full load, CO decreased from 0.10% for D100 to 0.01% for both biodiesel blends, 

marking a reduction of nearly 90%. The presence of oxygen molecules in biodiesel aid in the 

oxidation of CO to CO2, thereby lowering CO emissions. The slight difference between B20 

and B20T50 at lower loads (0.05% and 0.09% respectively at 25%) may be attributed to 

localized temperature effects and initial poor atomization; however, as load increases, the 

B20T50 consistently maintains lower CO due to the catalytic oxidation effects of TiO2 NPs. 

Similar behavior has been reported by [5], [11], [22], [23], who observed that metal-oxide 

nanoparticles enhance the oxidation kinetics of CO by providing additional oxygen radicals 

and improving combustion homogeneity. 

3.3.2 Carbon Dioxide (CO₂) 

CO2 emission, an indicator of combustion completeness, exhibited an increasing trend with 

rising load for all fuels, as depicted in Figure 11b. The B20T50 blend recorded the highest 

CO2 emissions at all loads, reaching 2.50% at full load, compared to 1.91% for D100 and 

1.46% for B20. This suggests more complete combustion due to TiO2 NPs, supported by the 

concurrent decrease in CO and HC levels. 
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The elevated CO2 concentration in the nanoparticle-doped blend can be attributed to the 

enhanced oxidation and improved air–fuel mixing induced by TiO2 NPs catalytic surface 

activity and oxygen-releasing nature. A similar enhancement in CO2 was observed by [24], 

[25] in TiO2 - added biodiesel (B20T50) combustion, where improved combustion efficiency 

led to higher CO2 formation. Therefore, the observed rise in CO2 corroborates the 

improvement in brake thermal efficiency noted earlier. 

3.3.3 Nitrogen Oxides (NOx) 

The NOₓ emission trend, presented in Figure 11c, increased with load for all fuels, consistent 

with the rise in in-cylinder temperature and pressure at higher engine loads. However, the 

B20T50 showed a notable reduction in NOₓ compared to both D100 and B20, particularly at 

medium and high loads. At full load, NOₓ dropped from 148 ppm for D100 and 209 ppm for 

B20 to 122 ppm for B20T50, representing a reduction of approximately 41% relative to B20. 

Although biodiesel blends are generally reported to increase NOₓ emissions due to higher 

combustion temperatures and oxygen content, the observed reduction here can be rationalized 

by the effects of TiO2 NPs: their high specific heat capacity can absorb part of the released 

combustion heat, moderating peak flame temperatures; and improved atomization and shorter 

combustion duration limit the exposure time of nitrogen and oxygen at high temperatures. 

Moreover, the modest rise in exhaust gas temperature observed in Figure 10 suggests that the 

in-cylinder peak temperature likely remained below the critical threshold (~1800 K) required 

for exponential NOₓ formation through the Zeldovich mechanism [26], [27].  

3.3.4 Unburned Hydrocarbons (HC) 

The HC emissions for all fuel decreased with increasing load, a typical trend in CI engines 

due to elevated temperatures and longer residence times at higher loads, as shown in Figure 

11d. D100 recorded the highest HC values across all loads, while B20T50 consistently 

exhibited the lowest, decreasing from 71 ppm at 25% load to 51 ppm at full load. This 

represents roughly a 32% reduction relative to neat diesel at full load (75 ppm). 

The reduction in HC emissions in biodiesel blends is due to the oxygenated nature of the fuel, 

which promotes better oxidation of unburnt hydrocarbons. The additional improvement in the 

TiO2 blend arises from the catalytic and micro-explosion effects of NPs, which enhance 

droplet breakup and increase the local combustion rate. Similar reductions have been 

observed in prior works by [28], where TiO2 NPs in biodiesel blends significantly reduced 

unburnt hydrocarbon emissions due to accelerated oxidation and better charge homogeneity. 

4. Conclusions 

This research work studied the influence of TiO2 NPs upon the performance and emissions of 

waste cooking oil biodiesel and diesel blends in a single-cylinder CI engine. The prepared 

TiO2 NPs possess excellent crystallinity and purity along with desired surface characteristics 

and hence can be applied as an additive for enhancing the characteristics of Biodiesel. The 

results from engine performance test showed that the BP and BTE for the B20 blend were 

lower than those for the D100 fuel due to its lower calorific value and higher viscosity. The 

B20T50 blend gave the highest BP and BTE at all loads with the lowest brake specific fuel 

consumption. Emission analysis also verified the environmental benefits of B20, with 
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substantially reduced levels of CO and HC when compared to D100 fuel. Adding the TiO2 

NPs also helped to lower the emissions further. 
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