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ABSTRACT
Catalytic benzylation of acetic acid (AA) with benzyl alcohol (BA) to benzyl acetate was studied over zeolites viz. H-ZSM-5 (microporous, medium pore), Micro/Meso-HZSM-5 (combination of micro- and meso pore), H-Beta (microporous, large pore) to investigate catalytic activity and selectivity towards benzyl acetate. Micro/Meso-HZSM-5 obtained by desilication post-treatment has been employed as a heterogeneous catalyst for benzylation reaction probably for the first time. 
Micro/Meso-HZSM-5 was found to be a promising catalyst for benzylation with AA conversion of 94%, selectivity towards benzyl acetate of 95%. Detailed optimization of process parameters like molar ratio, catalyst loading, reaction temperature and time was also presented. Micro/Meso-HZSM-5 catalyst was observed to be stable for six cycles (1 fresh and 5 recycles). 
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1.1INTRODUCTION
Catalytic benzylation of acetic acid (AA) with benzyl alcohol (BA) is one of the commercial significance reaction processes to produce benzyl acetate, which finds extensive uses in perfumery, food and chemical industries [5]. The selective formation of desired aromatics is quite challenging in this reaction process. Zeolites such as HZSM-5 [7], Zeolite X, Y [1,7,14], Zeolite-beta [7], Meso ZSM-5 (SO3H-CTAB)-MW [5]  and silicotungstic acid/zirconia supported SBA-15 [10] were employed as heterogeneous acid catalysts in the benzylation process instead of mineral acid (e.g., AlCl3) due to less corrosiveness, shape selectivity, strong acidity and high hydrothermal stability [1, 10, 14]. Recently mesoporous zeolites have been employed in various organic reactions, due to high catalytic activity in bulky reactants, high product selectivity. Also, the existence of mesopore remarkably overcomes the diffusional limitation from micropore and suggests the mesoporous zeolites have potential application in alkylation reactions of bulky molecules[3, 8, 12,15].
In present study, the performance of DH-ZSM-5 obtained by desilication post-treatment has evaluated in benzylation of AA with BA. The use of DH-ZSM-5 as heterogeneous catalyst for benzylation reaction. The effect of pore size of zeolite viz. H-ZSM-5 (microporous, medium pore),DH-ZSM-5 (combination of micro- and meso pore) and H-Beta (microporous, large pore) on the catalytic activity and selectivity of benzyl acetate was investigated. The detailed optimization of process parameters such as such as molar ratio, catalyst loading, reaction temperature and time were also carried out with aim to maximize AA conversion and selectivity towards benzyl acetate. Reusability of DH-SM-5 catalyst in benzylation was studied at optimized process parameters. 
[bookmark: _Toc391681681]1.2 MATERIALS AND METHODS
1.2.1 Materials
Benzyl alcohol (>99%) and acetic acid (>99%) were procured from S.d. fine Chem. Ltd. Mumbai (India). All the reagents were of analytical grade and used without further purification.
1.2.2Catalyst Synthesis and Characterization
The protonic form H-ZSM-5 with Si/Al ratio 37 was synthesized as per the reported procedure (Shiralkar et al., 1991).DH-ZSM-5 was obtained by following procedure:300 mL 0.2 M aq. NaOH was mixed with 10 g of H-ZSM-5 ina flask and kept at 338 K for 30 min. Then, zeolite sample wastransformed into ammonium forms by threefold ion exchangewith aq. 0.1 M ammonium nitrate. Finally, samples were transformed into thehydrogen forms by calcinations in air at 823 K for 5 h. The protonic form of zeolite H-Beta with Si/Al ratio of 8 was synthesized according to the reported procedure (Kasture et al.,2004). The phase identification and puritywere determined by powder X-ray diffraction (XRD). TheXRD patterns confirmed the phasepurity of H-beta H-ZSM-5 and DH-ZSM-5 catalyst.Low temperature (77 K) nitrogen adsorption and desorptionisotherms were obtained using SA 3100 analyzer (BeckmanCoulter, CA, USA). The specific surface area andpore diameter of synthesized catalysts was calculated usingBrunaer–Emmett–Teller (BET) and Barrett–Joyner–Halenda(BJH) method, respectively.The overall acidity ofsynthesized catalysts was measured by Temperature Pro-grammed Ammonia Desorption (TPAD) equipped with thermal conductivitydetector.
1.2.3 Catalytic Evaluation and Analysis
The synthesized catalyst were evaluated in benzylation of AA with BA, which was carried out in a two-necked glass round bottom flask of 50 mL capacity equipped with a reflux condenser to prevent the escape of AA, a thermometer and a magnetic stirrer. The temperature was maintained within an accuracy of ±0.5 K by an electric-heated thermostatic oil bath. The flask was charged with AA and BA both weighted sequentially, followed by the addition of the catalyst. Then, the system was heated up to desired temperature (383–403 K), the reaction was carried out for 1–4 h and finally the product was collected after removing the catalyst.The liquid reaction products were analyzed by using gas chromatography (GC).
[bookmark: _Toc391681682]1.3 RESULTS AND DISCUSSION
1.3.1 Effect of Catalyst Properties on Benzylation  
Initial experiments were carried at 383 K, 2:1 (AA to BA) molar ratio, catalyst loading of 10% (wt. % of AA) and reaction time of 60 min. All the experiments were performed in duplication and have ±2% error. The benzylation of AA with BA leads to formation of benzyl acetate along with dibenzyl ether. The dibenzyl ether is formed by self-condensation of benzyl alcohols and catalytic reaction [10]. The AA conversion obtained was in the trend of DH-ZSM-5 > H-ZSM5 > H-Beta > Blank (Fig. 1.1). It can be seen from Fig. 1.1, in the absence of a catalyst and also over H-ZSM5, only benzyl acetate was formed but at lower AA conversion. H-ZSM5, being a medium pore zeolite, cannot accommodate the large ether molecule and thus hinders its formation. The fact that dibenzyl ether was not formed when the reaction was carried out in the absence of any catalyst and on H-ZSM5 indicates the involvement of acid sites for the ether formation and the presence of these active sites within the pores of the zeolites [4, 10]. H-Beta being large pore zeolite, probably facilitate the formation of dibenzyl ether within its pores. The DH-ZSM-5 found to be potential catalyst with higher AA conversion of 55% and selectivity towards benzyl acetate of 98%; which is attributed to the high acidity and mesoporosity generation due to selective extraction of Si with alkali treatment (desilication process), which overcome diffusional resistances (Table 1.1). Hence, the detailed optimization of process parameters was carried out for benzylation of AA with BA over DH-ZSM-5.


Fig 1.1: Benzylation of AA with BA over H-Beta, H-ZSM-5 and DH-ZSM-5 at Molar ratio (AA:BA) of 2:1, catalyst loading of 10%,  reaction temperature of 383 K and reaction time of 60 min.
1.3.2 Optimization of Process Parameters
 1.3.2.1 Effect of Molar Ratio
Benzylation of AA with BA was carried out by varying the molar ratio of AA to BA from 2:1 to 1:5 over DH-ZSM-5 to assess its effect on the catalytic activity and selectivity. The conversion of AA was found to increase from 45 to 68% with an increase in reactant molar ratio from 2:1 to 1:4 (Fig1.2). Further increase in molar ratio has no significant effect on conversion of AA.
The conversion of AA was significant in the molar ratio of 1:2 and 1:1. With increase in the molar ratio of AA to BA, the selectivity of benzyl acetate was found to decrease from 94% at molar ratio of 2:1 to 90% at molar ratio of 1:5. Benzyl acetate was shown as predominant product (92%) with BA conversion of 69% over DH-ZSM-5 at molar ratio of AA to BA of 1:4 (Fig. 1.2). Thus, all the further reactions were performed with a molar ratio (AA: BA) of 1:1.
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Fig 1.2: Influence of process parameters on benzylation AA with BA over Micro/Meso-H-ZSM-5: Influence of molar ratio: at catalyst loading of 10%, reactiontemperature of 383 K and reaction time of 60 min.
1.3.2.2 Influence of Catalyst Loading
The effect of catalyst loading on the reaction was evaluated by varying the catalyst from 5 to 20% (wt. % of AA). The AA conversion was found to be increased from 54 to 69% with increase in catalyst loading from 5-10% (Fig.1.3). 
Further increase in catalyst loading, the AA conversion was found to be decreased. With increase in catalyst loading, the selectivity towards benzyl acetate was found to decrease from 94% (at catalyst loading of 5%) to 81% (at catalyst loading of 20%). With enhancement in catalyst loading from 5 to 20%, the selectivity towards dibenzyl ether increased from 5 to 17%. The 10% catalyst loading was observed to be optimum with AA conversion of 69% and selectivity towards benzyl acetate of 93%. Above 10% catalyst loading, the rate of dibenzyl ether formation was more than the rate of benzyl acetate formation. Hence, further reactions were performed at catalyst loading of 10%.
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Fig 1.3: Influence of process parameters on benzylation AA with BA over Micro/Meso- HZSM-5: Influence of catalyst loading: at molar ratio (AA: BA) of 1:4, reaction temperature of 383 K and reaction time of 60 min. 

1.3.2.3 Influence of Reaction Temperature and Time
To further evaluate the catalytic performance of DH-ZSM-5, its catalytic activity was tested at various reaction temperatures (373K to 403K) and time. The effect of time at different temperature was studied up to 160 min. AA conversion and selectivity was found to increase up to reaction time of 120 min, after 120 min the marginally increase in AA conversion and selectivity was observed (Fig. 1.4). 
The AA conversion was observed to be increased from 87% to 92% with an increase in the reaction temperature from 373 K to 393 K at reaction time of 120 min (Fig. 1.5). With rise in temperature from 393 K to 403 K, the marginal increase in AA conversion (92% to 93%) was observed. The selectivity towards benzyl acetate was found to increase with reaction time and reached to its maximum level at 120 min. The maximum benzyl acetate selectivity of 93 % was obtained at reaction temperature of 393 K and at time of 120 min. This result indicates that the benzylation of AA with BA is predominant reaction, whereas the formation of dibenzyl ether through the self-condensation and catalyst reaction of BA is side reaction[4, 10]. Hence, the reaction temperature of 393 K and time of 120 min with 92% AA conversion and 93% selectivity towards benzyl acetate were selected as optimum reaction parameters.


Fig 1.4:Influence of reaction temperature and time on benzylation AA with BA over DH-ZSM-5 at molar ratio (AA: BA) of 1:4 and catalyst loading of 10%.

1.3.3 Catalyst Reusability
The reusability of DH-ZSM-5 catalyst was tested for benzylation of AA with BA at optimized process parameters: catalyst loading of 10% (wt. % of AA), molar ratio (AA to BA) of 1:4, reaction temperature of 393 K and reaction time of 120 min (Fig. 1.5). 
The catalytic activity of DH-ZSM-5 in benzylation reaction was observed to be almost stable for six cycles (fresh and five reuses) (Fig1.5). After fifth cycle the marginal decrease in AA conversion from 92 to 89% and almost constant selectivity of 93% towards benzyl acetate was observed.  This concludes that, DH-ZSM-5 catalyst is highly active, stable and reusable. The present method for benzylation of AA with BA over DH-ZSM-5 catalyst offers greener methodology with potential advantages with respect to higher conversion of AA (92%), high selectivity towards benzyl acetate (93%) and catalyst reusability for six cycles without considerable loss in activity.


Fig 1.5:Reusability of DH-ZSM-5 catalyst for benzylation AA with BA at optimized process parameters: molar ratio (AA : BA) of 1:4, catalyst loading of 10%, reaction temperature of 393K and reaction time of 120 min.
1.4 CONCLUSIONS
The benzylation of acetic acid (AA) with benzyl alcohol (BA) has been carried out over zeolites H-ZSM-5, DH-ZSM-5 and H-Beta. The AA conversion was in the order of Blank<H-Beta<H-ZSM5<DH-ZSM-5. Dibenzyl ether being a bulky molecule was not formed within the pores of H-ZSM5 at lower AA conversion, whereas the formation of dibenzyl ether was facilitated by large pores of H-Beta and micro-meso combination of DH-ZSM-5. The formation of dibenzyl ether was less with DH-ZSM-5 as compared to H-Beta. 
The present method for production of benzyl acetate over DH-ZSM-5 catalyst offers greener methodology with potential advantages with respect to higher AA conversion of 92% and selectivity towards benzyl acetate of 93% with catalyst reusability for six cycles without considerable loss in activity. This DH-ZSM-5can be regarded as promising heterogeneous acid catalyst to improve the selectivity of desired monobenzylated product in aromatic benzylation and has potential application for chemical and pharmaceutical industry. 
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