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Abstract:
The Titania-Zirconia (TZ) mixed oxide sample (50:50 wt.% percent) was prepared by a simple co-precipitation method and used as a support for the nickel catalyst. The various loadings of nickel content from 1 to 20 wt.% were synthesized for the production of γ-valerolactone (GVL) from levulinic acid (LA). Among all the tested samples, the 5 wt.% Ni/TZ sample exhibited the 98% conversion of LA and 96% selectivity to GVL and the stability of the catalyst was also constant up to TOS of 15 h under the optimized reaction conditions i.e., 260 °C,10 wt.% of LA and 1atm H2 pressure.  The results of XRD and UV-DRS reveal that uniform and small nickel oxide particles are uniformly distributed on the catalyst surface at low nickel loadings and high nickel loadings it exists as agglomerated nickel oxide particles. The hydrogen chemisorption analysis result also confirms the above findings. 
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Introduction:
Levulinic acid (LA) is one of the important chemical platforms and promising sustainable intermediates for producing various high value-added products [1-2]. Levulinic acid molecule possesses carbonyl, carboxyl functional group with alpha hydrogen; hence it can be easily converted into other valuable compounds by various organic transformation processes such as hydrogenation, esterification, oxidative dehydrogenation etc.. As a result, several compounds can be obtained such as gamma-valerolactone (GVL), levulinate esters, methyl tetrahydrofuran (MTHF) etc., [3]. 
Among all of them, gamma-valerolactone (GVL) is an important intermediate in chemical industries and also possesses many usages such as a green solvent for many chemical reactions, as a flavoring agent, as a food additive, gasoline additive and precursor for many chemical compounds [4-7]. This can be synthesized from levulinic acid through the hydrogenation process with the use of various metal-supported catalysts such as Ru, Rh, Pt, Ni etc., [8-9]. Using supported nickel catalysts has many advantages, such as low cost that can be applied for the largescale production in industries. 
In the case of supported catalysts, support plays a detrimental role in catalytic performance and stability. The various supports were employed to get the highest yields and stability of  gamma valerolactone (GVL). In general, the supports provide a high surface area for the better dispersion of the surface-active Ni sites and suitable metal support interaction that is useful for hydrogenation. They should also contain appropriate acidic and basic sites for the dehydration reaction during the conversion [10-11]. 
Among the binary oxides,  TiO2-ZrO2 (TZ) showed excellent catalytic activity. A charge imbalance based on Ti–O–Zr formation has also created high surface acidity in the TZ binary oxides. [12, 13]. According to previous research, TZ is also an active catalyst for dehydrocyclization of n-paraffins to aromatics, hydrogenation of carboxylic acids to alcohols, and photocatalytic oxidation of acetone [14]. As a result, mixed TZ oxide has lately gained popularity as a catalyst that may be used in various applications. NiO-TZ catalysts have received far less attention than other supported nickel oxide catalysts [14]. 
In this section, the structural characteristics of nickel catalysts supported on TZ with variable Ni loading were investigated and characterized using  BET surface area, BJH for pore size distribution, XRD, SEM, UV-DRS spectroscopy, TPR-H2, and TPD-CO2 analysis.  The the catalytic for the hydrogenation of LA to GVL were evaluated.  

Experimental:
	The co-precipitation approach was used to create the Titania-Zirconia (TZ) mixed oxide (1:1 w.%) support. The appropriate volumes of titanium isopropoxide in 2-propanol, zirconium (IV) propoxide in n-propanol, and aqueous NH3 were continuously mixed at room temperature for 6 hours while maintaining the solution pH at 9, and the precipitation was accomplished after 4-5 hours. The residue was obtained through filtration and rinsed numerous times with distilled water until it was clear of the base. The filtrate was dried overnight at 110℃ and calcined for 5 hours at 500℃ in the air. A range of nickel oxide catalysts with Ni loadings ranging from 1.0 to 20 wt.% was synthesized by impregnating Ni(NO3)2.6H2O on the support TZ (BET specific surface area 206 m2/g). The catalysts were dried for 16 hours at 110℃ and then calcined in air for 5 hours at 500℃. The samples are labeled as XNiO/TZ. X tends to wt.% of Ni loading.

Catalyst Characterization:
	X-ray diffraction (XRD) patterns were recorded on Rigaku miniflex diffractometer using graphite filtered Cu Kα (K = 0.15406 nm) radiation. The surface area measurements were done at -196 °C by the BET method taking 0.0162 nm2 as its cross-sectional area using Autosorb 1C instrument. The UV-Vis diffused reflectance spectra were obtained in the air at room temperature using the GBC UV-Visible cintra 10e spectrometer. The morphology of the samples was investigated by scanning electron microscopy (SEM) using Hitachi S-520 SEM instrument. 
[bookmark: _Hlk78040377]The pulse H2 chemisorption experiments were also conducted at 400 °C on Auto Chem 2910 instrument (Micromeritics, USA) to determine the dispersion, particle size and metal surface area of various nickel-loaded TZ catalysts. Prior to the H2 chemisorption experiment, the sample was reduced in hydrogen flow (50 mL/min) at 450 °C for 2 h and then flushed with pure He flow for 1 h at the same temperature. The H2 uptake was determined by injecting pulses of pure H2 from a calibrated online sampling valve onto a He stream passing over a reduced sample at 450 °C. The adsorption was completed after at least three successive peaks showed a similar peak area. The dispersion of nickel, metal surface area and the average particle size of various Ni-TZ catalysts are calculated from the hydrogen chemisorption measurements using the following equation 
Metal area of Ni = (Metal area of catalyst / wt.% of Ni) X 100
Metal area of catalyst = (Volume of H2 uptake X Avagadro number) / (22414 X Ni atoms/m2)
Avarage particle size (nm) = 6000 / (Ni metal area of gram Ni X Ni density)
Dispersion (%) = (Volume of H2 uptake x S.F X M.W of Ni) / (22414 X C)
Where, C = (M.W of Ni X wt% of Ni) / 100
M.W of Ni = Molecular weight of nickel
Catalytic activity studies:
At ambient pressure and temperatures ranging from 250-325 °C, the hydrogenation of LA was examined in a downflow fixed-bed quartz reactor (i.d. 12 mm, length 42 cm) with varied loadings of TZ supported nickel catalysts. Around 0.3 g of the catalyst was mixed with an equal amount of quartz beads and kept between the quartz wool beds in the center of the reactor. The ceramic beads were placed above the catalyst bed for complete evaporation of the reactants. An aqueous solution of 10 wt% LA was fed into the reactor by a micropump along with H2 flow (30 mL/min) at the WHSV of 0.534 h-1. Before the reaction, the catalyst was reduced under H2 flow at 450 °C for 2 h. The reaction products were condensed in an ice-water trap and analyzed on a gas chromatograph HP-6890 equipped with an HP-1 capillary column (0.25 mm i.d., 15 m long) and a flame ionization detector. 
Results & Discussion:
X-ray diffraction:


                Figure 1:  XRD patterns of pure TZ and various NiO/TZ catalysts
Figure.1 shows the powder XRD patterns of several calcined TZ supported nickel catalysts. The XRD pattern of TZ (1:1) catalysts revealed no diffraction lines owing to TiO2, ZrO2 and zirconium titanate (ZrTiO4), indicating that the TZ phase is an amorphous or weakly crystalline in all samples [14]. 
The XRD patterns show that the nickel oxide species exists in a highly dispersed state in the sample with a nickel loading of 5 wt% nickel. And in these samples, the nickel oxide species could exist as tiny crystallites with size less than 4 nm that are undetected by XRD method. Interestingly, 10 wt% Ni/TiO2–ZrO2 samples show a small XRD reflection peak at 2theta of 43.3, and 62.9. The existence of these XRD peaks in the profile reflects the formation of small nickel oxide crystallites with a size greater than 4 nm. With further increase of nickel loadings (15wt% NiO/TZ), XRD reflections due to crystalline NiO are clearly visible at 2θ = 37.3, 43.3, and 62.9, corresponding d values 2.36, 2.08, 1.40. However, the intensities of these reflections appear to rise sharply for the samples with 20wt% Ni loading (exposed with closed circles in Figure. 1) [15, 16]. However, due to the creation of any mixed oxide phase between NiO and the TZ support, no additional diffraction peaks are visible in the XRD pattern (Figure 1).
UV-DRS analysis:


Figure 2: UVDRS spectra of pure TZ and various NiO/TZ catalysts
Figure 2 shows the UV-DR Spectra of pure TZ and NiO-TZ calcined materials. When Ni is present as octahedrally coupled Ni2+ species, the NiO species exhibits an absorption band at 380 nm and 720 nm [17]. Significant absorption lines at 380 nm are visible in the UVDRS spectra of NiO-TZ catalysts, indicating the presence of Ni2+ species in an octahedral environment at NiO lattices over the TiO2-ZrO2 support [17]. As the nickel loading rises, so does the strength of the absorption band. Surprisingly, strong absorption bands at 710-720 nm may be seen in the UV-DRS spectra of samples with nickel loadings of 10% and more. In the distorted octahedral symmetry, this peak is attributed to Ni2+ transitions [17]. As Ni loading increases, the intensity of the wide absorption band between 710 and 720 nm increases, implying that crystalline and bulk NiO formation. The intensity of the absorption band increases as the increase of nickel content. The intensity of the broad absorption band between 710 and 720 nm increases as Ni loading increases, implying crystalline and bulk NiO formation. 
BET Surface Area and ICP analysis:
Table 1 displays the BET surface areas measured by nitrogen sorption for all samples. Pure TZ support seemed to have a specific surface area of 206 m2/g. BET surface area reduces due to nickel loading on TZ. It could be due to nickel oxide crystallites clogging the pores of the support, as demonstrated by XRD and pore size distribution measurements (Table. 1). The Ni content was determined via ICP AES analysis, and the resulting nickel loadings in terms of wt.% were nearly identical to the theoretical values employed in the synthesis of the catalyst  





 Table 1: BET surface area and ICP AES results of pure TZ and various NiO/TZ catalysts
	S.No
	Samplesa
 Ni loadings (wt%)
	Ni loadingb
(Wt.%)
	BET surface area 
(m2/g)

	1
	0.0
	-
	206

	2
	1.0
	-
	189

	3
	2.5
	2.0
	183

	4
	5.0
	4.93
	160

	5
	10
	9.41
	151

	6
	15
	14.47
	141

	7
	20
	19.21
	135


a- Theoretical Nickel loadings in wt%
b- Measeured Ni loadings (wt%) from ICP AES analysis.
Hydrogen chemisorption analysis:
The dispersion of nickel across the Titania-Zirconia (TZ) support was determined using hydrogen chemisorption analysis, and the findings are reported in Table 2. The particle size of nickel increases with the increase of the nickel content over the TZ support. However, the difference in nickel particle size between the TZ supported 2.5 wt% Ni and 5 wt% Ni was negligible. As the increase of nickel loading further, i.e, from 5 to 10 wt%, the particle size difference was significant, which means that the Ni crystallites were formed. The same can be confirmed from the results of nickel surface area too. With a further increase in nickel loading, the same trend was observed due to the formation of bulky nickel crystallites. The hydrogen consumption in terms of mmol is increasing with the increase of nickel loading as expected. Interestingly, the amount of hydrogen consumption of 20wt% nickel loaded sample is lower than the 15 wt% nickel loaded sample in Table 2, indicating that highly agglomerated NiO species formed in the high nickel content sample. This can be evidenced by the nickel particle size results shown in Table 2. Hence, from Ni surface area and Ni particle size value, one can conclude that the agglomeration nickel particle appeared over TZ support for the 10 wt% and above nickel loaded samples.  
    Table 2: Hydrogen chemisorptions analysis results of pure TZ and various NiO/TZ    
     catalysts

	S.No
	Catalyst 
Ni loadings (wt%)
	H2 uptake 
(mmol)
	Ni surface area
(m2/gNi)
	Ni particle size 
(nm)

	1
	1.0
	-
	-
	-

	2
	2.5
	0.088
	172.8
	3.9

	3
	5.0
	0.207
	164.4
	4.1

	4
	10
	0.274
	114.2
	5.9

	5
	15
	0.351
	94.9
	7.1

	6
	20
	0.341
	69.5
	9.7














SEM analysis:
[image: ]
Figure 3:  SEM analysis of pure TZ and various NiO/TZ catalysts
Catalytic-performance:”
Effect of Ni loading: 
The vapor phase hydrogenation of LA at ambient pressure was investigated using TZ-supported nickel catalysts with various Ni loadings. The catalytic activity of various loadings of Ni catalysts supported on TZ is shown in Fig. 4. The conversion of levulinic acid improved from 18 to 98% as nickel loadings increased from 1 wt.% to 5 wt.% over the TZ support, as shown in Fig. 4. The conversion of LA reduced from 98% to 61% when the nickel loading increased from 5 to 20%. GVL selectivity increases from 52 to 96% with an increase of nickel loadings from 1 to 5 wt.% over the TZ support and decreases further with the increase of nickel loadings. Thus, the 5NiO/TZ catalyst showed the maximum conversion (98%) and 96% selectivity towards GVL with 2% of angelica lactone and valeric acid (VA) each. The pure TZ support alone gave 9% LA conversion with 100% angelica lactone as the main product. This result implies that the conversion of LA and the selectivity of GVL hang on the exposed surface nickel species. However, the conversion of LA and selectivity of GVL decreases at high nickel loadings (higher than 5wt% Ni content
Interestingly, at 20 wt.% Ni loaded samples, the decline in LA conversion is very sharp due to a drop in primary sites, i.e., surface nickel species, caused by the nickel metal's maximum coverage of TZ [20]. As a result, the TZ-supported nickel catalyst with a nickel loading of 5% proved to be an active catalyst for the hydrogenation of LA to GVL.   
According to the mechanism reported in the literature, the GVL formation takes place through two pathways. In the pathway 1, the hydrogenation of the carbonyl bond in the levulinic acid takes place first to form the hydroxyl valeric acid, followed by intramolecular dehydration to form GVL. In pathway 2, the enolization of the carbonyl group takes place over the acidic or basic sites of the catalysts, followed by dehydration leads to the formation of angelica lactone. Then, the hydrogenation of angelica lactone leads to the formation of GVL [18-19]. As a result, the presence of acidic sites on the support might explain the synthesis of angelica lactone as the major product in the bare TZ support. Furthermore, the TZ assisted nickel catalysts were used to carry out reaction pathway 2, which may be explained by the creation of angelica lactone as a byproduct [20]. 
 “


Figure 4:  Catalytic results of TZ and NiO/TZ catalysts with various Ni loadings
Reaction conditions: 10 wt% aqueous LA, 0.3g of Catalyst, 260℃, H2 flow: 30 mL/min”

Effect-of reaction-temperature:

The influence of reaction temperature was tested using a 5NiO/TZ catalyst in the temperature range of 220 °C-320 °C under similar reaction conditions and the findings are shown in Fig. 5. These findings indicate that the temperature change significantly affected the LA conversion and product selectivity. It can be understood from Fig. 5 that the LA conversion remained 22% at 220 °C and reached a maximum (98 %) at 260 °C. After that, no change in the conversion of LA with the rise of temperature from 260 - 320 °C was noticed. The selectivity of GVL follows the same pattern, increasing as the temperature rises from 220 to 260 ° C. With the increase in temperature from 280 °C to 320 °C, the selectivity of GVL decreased from 96 to 72 % due to the rise in valeric acid selectivity at higher temperatures. As a result, higher temperatures facilitate ring-opening, which is followed by a drop in GVL. Based on these findings, we determined that 260°C is the best temperature for the hydrogenation of LA to GVL reaction for the further study. 
Figure 5: Effect-of reaction-temperature over 5NiO/TZ catalyst
Reaction conditions: Catalyst: 0.3 g, Reaction-temperature: 220 – 320 °C H2 flow: 30 mL/min
Effect of LA loading:
The effect of LA concentration (10%, 20%, 40%, 60%, 80%, and 100%) was considered over 5NiO/TZ under the optimum conditions, i.e., at reaction temperature 260 °C, ambient pressure, and 30 mL/min H2 flow. From Fig. 6, it is spotted that the conversion of LA lessened with a rise in the concentration of LA. Henceforth, the rise of LA concentration presented a negative impact on the catalytic activity. This might be due to the adsorption of a higher amount of LA molecule over the active catalyst's surface. Hence, all the LA molecules could not be able to convert into products. In the case of-GVL selectivity, it is declined with an increase in the concentration of LA as a result, the angelica lactone selectivity increased. This could be due to the involvement of the TZ surface in the LA conversion.


	
Figure 6: Effect of LA concentration over 5NiO/TZ catalyst
Reaction conditions: Catalyst: 0.3 g, 260 °C, H2 flow: 30 mL/min

Time on stream study (TOS): 
The-catalyst-constancy-was-predicted by testing for a longer duration (25 h) over 5NiO/TZ under optimal conditions, i.e., at reaction temperature 260 °C, ambient pressure, 30 mL/min H2 flow, and 10wt% LA loading, shown in Fig. 7. Surprisingly, up to TOS 16 h of reaction time, the conversion of levulinic acid remains constant, and the selectivity of GVL falls in line throughout the investigation. According to the TOS studies, the 5Ni/TZ sample is relatively stable. 


Figure 7: Time-on-stream study over-5NiTZ catalyst
Reaction conditions: Catalyst: 0.3 g, Temperature: 260 °C, H2 flow: 30 mL/min, LA loading: 10wt%
	 
Conclusion:
In summary, various TZ supported nickel loaded materials were synthesized and evaluated for the vapor phase hydrogenation of levulinic acid into gamma valerolactone under various reaction conditions. All of the synthesized catalysts were active in the conversion of LA to GVL, with the 5 wt% Ni/TZ sample exhibiting the highest yield of 98 % when the reaction temperature is 260 °C and the Levulinic acid loading is 10 wt%. Under the optimum reaction conditions, the catalyst's stability was also good up to a TOS of 25 hours. The finding of catalytic and characetization results reveals that the better dispersion of nickel over the TZ support at 5 wt% is the reason for obtaining high yield -valerolactone.
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