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Abstract:



The catalytic activities of acid catalysts for the acetylation of triethyl citrate with acetic anhydride in the preparation of acetyl triethyl citrate were evaluated. Microporous zeolites such as HZSM-5 and HY zeolites catalysts were introduced as heterogeneous acid catalysts. HZSM-5 zeolite catalysts showed a high conversion of triethyl citrate and excellent selectivity of acetyl triethyl citrate. The catalytic activities of HZSM-5 zeolites were superior to those of the HY zeolites. In particular, the selectivity of acetyl triethyl citrate on HZSM-5 zeolites exceeded 95%. The moderate acid strength of HZSM-5 (Si/Al = 75) zeolite led to the highest catalytic activities among the HZSM-5 zeolite catalysts, which have various acid strengths.
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1. Introduction


Polyvinyl chloride (PVC) is one of the useful and important polymers that is used widely in the formation of rigid and flexible PVC [1,2]. Plasticizers are added to PVC in the production of flexible PVC. Phthalic esters, such as di-2-ethylhexyl phthalate, diisodecyl phthalate, and diisononyl phthalate, have been used as plasticizers. On the other hand, phthalic esters are toxic and in some instances have been included in legislation outlining harmful materials [3,4]. Therefore, phthalate plasticizers are restricted for use in toys for toddlers, and their use will be limited further in future human sensitive applications, such as food packaging and medical tools.



Although phthalates are well-known general-purpose plasticizing agents that have been used in a variety of polymeric materials [5,6,7], some studies have indicated that they may represent certain risks to human health and are not biodegraded easily [8,9,10,11,12]. Furthermore, in traditional phthalic anhydride synthesis processes from the gas-phase oxidation of naphthalene, some aromatic trace impurities may remain in the plasticizer, preventing its use in products designed for direct contact with humans [13]. In contrast, despite biobased plasticizers, such as citric acid esters (with or without acetylation), not being for general purpose, they are generally recognized as safe (GRAS) by different international regulatory agencies. This characteristic makes citrates suitable plasticizers for pharmaceutical and cosmetic applications, medical devices, food packaging, and toys [14,15].



Among the variety of citrate esters, tri-1-butyl citrate (TBC) is a widely used constituent in cosmetic products and as a raw material to produce acetyl tri-1-butyl citrate (ATBC). Acetylated tributyl citrate provides even better results as a plasticizing agent for PVC [16]. It has been known the method for TBC production using a homogeneous acid catalyst in the batch reaction system [17,18,19]. Some studies have also reported that the ion exchange resins as heterogeneous catalysts present the benefit of avoiding the need for corrosion-resistant materials [20]. The homogeneous catalysts are very corrosive to equipment and are difficult to remove. However, the heterogeneous catalysts are preferred because they are more active and efficient in reaching high conversions to the trialkyl ester below the decomposition temperature of citric acid (~175 °C) [21]. The reaction conditions reported in previous reports are summarized as 8:1 to 16:1 of initial reactants molar ratio, 363–393 K of reaction temperature, and 0.5–1.5 wt % of catalyst loading [22].



Acetyl triethyl citrate (ATEC) is an ester derived from citric acid, which can be used as a green and nontoxic plasticizer to replace phthalate esters in many plastic products, such as toys, child care articles, food packages, and medicinal instruments [23,24,25,26]. ATEC seems to be to polar for PVC. ATEC is already known as a commercial product, i.e., Citroflex® A-2, which is used with cellulosic derivatives, as well as natural resins. ATEC is used as a fixative for perfumes and as a plasticizer and film strengthening agent in hair sprays, nail polishes, and as an active ingredient in deodorants. Acetyl tributyl citrate is also commercialized as Citroflex® A-4 plasticizer. It is used widely in children’s toys and food contact applications, and is an excellent plasticizer for vinyl toys. It can provide many improvements over di-butyl phthalate in cellulose nitrate films, including lower volatility, better adhesion to metals, and better resistance to yellowing [27]. To date, this environmentally friendly plasticizer has been prepared mainly by two methods: the direct esterification of triethyl citrate (TEC) with acetic acid [28] and the acetylation of TEC with acetic anhydride [29].



Zeolites have well-defined structures with are microporous crystalline solids. Generally they are composed of silicon, aluminum, and oxygen in their framework and cations. They have been applying in many fields of catalysis, generating intense interest in these materials in industrial and academic laboratories. They present appreciable acid activity with shape-selective features as catalysts [30,31]. They have been adopted in various reactions as a heterogeneous catalyst [32]. However, acetylation of TEC for production of ATEC has not been employed on the zeolites catalysts for the production of ATEC.



This paper reports the preparation of ATEC by the acetylation of TEC with acetic anhydride on a range of acid catalysts. Microporous zeolites were introduced as a heterogeneous catalyst in the acetylation. This paper suggests a highly efficient catalyst for acetylation for the ATEC synthesis. The catalytic activities of the acid catalysts were estimated in comparison with the conversion of TEC and the selectivity of ATEC. The influences of the acid properties of HZSM-5 zeolite were evaluated and the catalytic activities in the acetylation reaction were compared.




2. Results and Discussion


2.1. Physicochemical Properties of the Zeolites


The H+ ion-exchanged zeolites (ZSM-5 and Y) are denoted as HZ and HY with their Si/Al molar ratios marked in the parentheses following the name such as HZ(25) and HY(3). Figure 1 presents X-ray diffraction (XRD) patterns and N2 isotherms of ZSM-5 and Y zeolites; they were identical to those published elsewhere [33]. The zeolites were highly crystalline. The N2 isotherms of HZ(25) showed the typical Langmuir-type isotherm. The large adsorption on HY(3) was caused by their large void fraction [34]. Figure 2 presents scanning electron microscopy (SEM) images of the zeolites. The particle sizes measured from the SEM images of ZSM-5 and Y zeolites were approximately 0.5 µm.


Figure 1. X-ray diffraction (XRD) patterns (a) and N2 isotherms (b) of the zeolites.
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Figure 2. Scanning electron microscopy (SEM) images of (a) HZ(25) and (b) HY(3) zeolites.
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Zeolites have various acidic properties according to the species of zeolites. In addition, the acidic properties also change according to the Si/Al molar ratios. Ammonia temperature-programmed desorption (NH3-TPD) measurements are performed to define the acidity of the catalysts (Figure 3). The number of acid sites of the catalysts was estimated from the area of the desorption peak. The acid strength was also determined from the temperature of maximum peak (Tmax) of the desorption peak concerned with the activation energy for ammonia desorption [35]. In general, the desorption peaks ranging from 350 °C to 550 °C are due to strong acid sites; on the other side, the peak of the weak acid sites or physically-adsorbed ammonia appeared at 150~250 °C [36]. The number of acid sites is reduced with decreasing Al content in the zeolite framework.


Figure 3. Ammonia temperature-programmed desorption (NH3-TPD) profiles of (a) H+ ion-exchanged ZSM-5 (HZ) zeolites and (b) H+ ion-exchanged Y (HY) zeolites with various Si/Al molar ratios.
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Table 1 lists the physicochemical properties of the zeolites. Surface areas of the zeolites are summarized in the table. HY zeolites, which have a wide pore entrance and supercages in their framework, exhibited a wide surface area compared with those of HZSM-5 zeolites. The number of acid sites and Tmax obtained from the NH3-TPD results of the HY and HZ zeolites are also listed. The number of acid sites of the zeolites decreased with increasing Si/Al molar ratio. The Tmax values of the zeolites also decreased slightly with increasing Si/Al molar ratio.



Table 1. Physical and acidic properties of the zeolite catalysts.







	
Zeolite

	
Pore Topology

	
Pore Size (Å)

	
BET Surface Area (m2/g)

	
Acid Amount a (mmol/g)

	
Tmaxb (°C)






	
HZ(25)

	
10-oxygen ring

	
5.1 × 5.6 [100]

6.3 × 5.6 [010]

	
413

	
7.9 × 10−2

	
415




	
HZ(50)

	
405

	
4.5 × 10−2

	
395




	
HZ(75)

	
407

	
3.8 × 10−2

	
375




	
HZ(350)

	
418

	
0.5 × 10−2

	
360




	
HY(3)

	
12-oxygen ring

	
7.4 × 7.4 [111]

	
574

	
9.1 × 10−2

	
300




	
HY(6)

	
571

	
8.5 × 10−2

	
280








a The value determined by deconvolution of NH3-TPD spectra from 250 °C to 600 °C; b The value determined from NH3-TPD spectra.








Figure 4 presents the FT-IR spectra of the zeolites adsorbed pyridine in the pretreatment process. The Brönsted acid sites can be defined from the band of pyridine adsorption. In the FT-IR spectra, the pyridine band at 1515–1565 cm−1 was assigned to the Brönsted acid sites, and the band ranged in 1435–1470 cm−1 corresponds to pyridine desorption coordinated to the Lewis acid sites. The band at 1545 cm−1, indicating the Brönsted acid sites, appeared on the HZ(25) zeolites. On the other hand, HY(3) zeolite showed a relatively intensive band at 1455 cm−1. The coefficients of B/L ratios of HZ(25) and HY(3), which were determined by Emeis method [37], were 17.7 and 1.6, respectively. The B/L coefficient of HZ(25) is higher than HY(3). This indicates that high catalytic activities of HZ(25) are caused by many Brönsted acid sites.


Figure 4. FT-IR spectra of pyridine adsorbed on the (a) HZ(25) and (b) HY(3) zeolites at room temperature and desorbed at 150 °C.
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2.2. Catalytic Properties of the Zeolites in the Acetylation


The reaction pathway of the acetylation of TEC for formation of ATEC is presented in Figure 5. In the acetylation, the ATEC was produced mainly. Water was formed as a byproduct, and a little amount of acetic acid was observed. The conversion of the TEC was determined as the percentage of TEC consumed. The yield of ATEC is defined as its percentage to the summation of the products and reactants remaining. The selectivity of the ATEC was determined from the percentage of ATEC produced from the summation of the total products excluding water.


Figure 5. Reaction pathway of the acetylation of triethyl citrate (TEC) with acetic anhydride.



[image: Catalysts 07 00321 g005]






Figure 6 presents the catalytic activities of the HZ(50) zeolite with different loadings of zeolite catalyst. The conversions of TEC were improved according to the increase in catalysts loading. The selectivity of ATEC also increased with increasing catalysts loading. The selectivity approached ca. 100% at a >0.5 g catalyst loading after 1 h reaction time. Based on these results, the catalyst loading was determined as 0.5 g.


Figure 6. Conversion of TEC (a) and selectivity of acetyl triethyl citrate (ATEC) (b) in the acetylation over HZ(50) zeolite with different amount of catalyst loading.
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Figure 7 presents the catalytic activities of HZSM-5 zeolite catalysts with various Si/Al molar ratios. The highest catalytic activity was observed on the HZ(75) zeolite among the HZSM-5 zeolite catalysts. The selectivity of ATEC on the HZ(25) and HZ(75) zeolite catalysts were similar, but the conversion was higher on HZ(75) zeolite than that on HZ(25) zeolite. In addition, HZ(350) zeolite, which has a weak acid strength, showed a low conversion compared to those of the other HZ zeolite catalysts. This indicates that an acid strength of catalysts is necessary to perform the catalytic reaction. However, it seems that a strong acidity is not able to lead a high selectivity of ATEC.


Figure 7. Conversion of TEC (a) and selectivity of ATEC (b) in the acetylation over HZSM-5 zeolites with various Si/Al molar ratios.
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Figure 8 shows the catalytic activities of HY zeolite with various Si/Al molar ratios in the acetylation of TEC after a 30 min reaction time. The selectivity of ATEC were greater than 90% on both HY(3) and HY(6) zeolite catalysts. On the other hand, conversions of TEC of them were nothing but 20%. Table 2 lists the catalytic activities of the various acid catalysts in the acetylation reaction. The catalytic activities of the HZSM-5 zeolite catalysts were superior to those of the HY zeolite catalysts. The selectivities of HY zeolite catalysts are high, but conversions of TEC are very low compared with those of HZSM-5 zeolite catalysts. It means that the selectivity of TEC depends on the pore properties of the zeolite catalysts. On the contrary, the conversion of TEC is affected on acid properties of the zeolite catalysts.


Figure 8. Conversion of TEC and selectivity of ATEC in the acetylation over HY zeolites of 1 h reaction time.
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Table 2. Catalytic activities of the acid catalysts in the acetylation of TEC.







	
Catalysts

	
Conversion of TEC (%)

	
Selectivity of ATEC (%)






	
HZ(25)

	
63.0

	
98.8




	
HZ(50)

	
70.7

	
98.9




	
HZ(75)

	
82.2

	
99.1




	
HZ(350)

	
31.7

	
95.4




	
HY(3)

	
19.6

	
92.3




	
HY(6)

	
22.7

	
93.5










Figure 9 shows the dependence of the catalytic activities on the acid strength in the acetylation reaction on the HZSM-5 zeolites with various acid strengths. The highest catalytic properties were observed on HZ(75) zeolite. Although the acid strength was enhanced, the catalytic activities were lower on the HZ(25) and HZ(50) zeolites. The catalytic activities were lower on HZ(350) zeolite, which has very low acid strength. Therefore, a moderate acid strength led to high catalytic properties in acetylation for the preparation of ATEC.


Figure 9. Dependence of catalytic activities of the HZSM-5 zeolite to their acid strength in the acetylation reaction.
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3. Materials and Methods


3.1. Catalysts


ZSM-5 zeolites were prepared through the hydrothermal synthesis of a synthetic mixture with different Si/Al molar ratios. The synthetic raw materials consisted of colloidal silica (40 wt % SiO2, Sigma-Aldrich, St. Louis, MO, USA), aluminum hydroxide (99%, Duksan, Seoul, Korea), potassium hydroxide (99%, Duksan, Seoul, Korea), and deionized water. Synthesis by the thermal reaction was carried out by aging for 48 h and heating at 180 °C for 24 h. The Si/Al molar ratio of the synthesized ZSM-5 zeolites was defined as 50 and 350, respectively. Other ZSM-5 zeolites with various Si/Al molar ratios were purchased from Zeolyst Co. (Kansas City, MO, USA).



The Na-type ZSM-5 zeolite was treated with a 0.5 N ammonium nitrate solution (Daejung, 99%) at 70 °C to exchange their cations to ammonium ions. The H+ ion-exchanged ZSM-5 (HZ) zeolite was prepared by calcination at 500 °C for 5 h. The Y zeolites were purchased from Tosoh Co. (Tokyo, Japan) with various Si/Al molar ratios. The H+ ion-exchanged Y zeolites (HY) were prepared using the method mentioned above. The prepared H-form zeolites are denoted as HZ and HY with their Si/Al molar ratios marked in the parentheses following the name such as HZ(25) and HY(3).




3.2. Characterization of Physicochemical Properties of the Zeolite


XRD (Rigaku D/MAX-2500/PC, Tokyo, Japan) of the zeolites was performed using nickel filtered Cu kα X-rays at 40 kV and 40 mA with a scan rate of 2°/min. The morphology and particle size of the zeolites were estimated by SEM (Hitachi, S-4700, Tokyo, Japan). Their Si and Al composition were determined from the results using an energy dispersive X-ray attachment (EDS; NORAN, Z-MAX 300, Tokyo, Japan). The N2 isotherms were measured using an automatic volumetric adsorption system (MSI, Porosity-XQ, Gwangju, Korea) at the temperature of liquid nitrogen. Evacuation of the samples was carried out at 130 °C for 1 h before nitrogen adsorption.



The NH3 temperature programmed desorption (NH3-TPD) profiles of the zeolites were measured using a chemisorption analysis instrument (Bel Japan, Belsorp, Osaka, Japan). A pretreatment was performed through activation in flowing helium at 500 °C for 2 h, followed by cooling to 130 °C. Ammonia gas was injected into the samples in pulses until saturation was reached. The saturated samples were then purged by helium flow at 150 °C for 2 h to remove the adsorbed ammonia physically. The temperature of the sample was heated to 600 °C at a 10 °C/min ramping rate. The number of strong acid sites was estimated by the peak deconvolution of the measured spectra from 250 °C to 600 °C.



The Fourier transform infrared (FT-IR; Bomem, MB155, Quebec, OC, Canada) spectra were measured using self-supported wafers of 10 mg/cm2. The samples were evacuated at 180 °C for 6 h in a 10−3 Pa dynamic vacuum for 12 h. Pyridine was then injected into the cell. The samples were evacuated at 130 °C under vacuum and cooled to room temperature. The FT-IR spectra were then recorded.




3.3. Acetylation of TEC with Acetic Anhydride


The acetylation of TEC with acetic anhydride over various acid catalysts was carried out by stirring magnetically in a glass reactor equipped with a cooling condenser. TEC (99%, Sigma-Aldeich, St. Louis, MO, USA) and acetic anhydride (99%, Duksan, Seoul, Korea) were introduced as the reactants without further purification in the acetylation.



The reactants, TEC (0.2 mol) and acetic anhydride (0.25 mol), were introduced into the reactor with the catalyst. The amount of catalysts loaded in the acetylation was 0.25~1 g. The stirring speed was maintained at 500 rpm. The acetylation reaction was performed with stirring at 130 °C for 5 h. The composition of the products taken at regular time intervals was analyzed by gas chromatography (GC7A, Shimatzu, Tokyo, Japan) using a capillary column (DB-1, i.d.: 0.32 mm, film thickness: 0.17 µm, length: 50 m) and a FID detector.





4. Conclusions


ATEC was prepared by the acetylation of TEC with acetic anhydride on various zeolite catalysts. The catalytic activities of the zeolite catalysts were estimated by a comparison with the conversion of TEC and the selectivity of ATEC. The HZSM-5 zeolite catalysts showed high conversion of TEC and excellent selectivity of ATEC. HZ(75) zeolite was found to be a highly efficient catalyst in the acetylation for ATEC synthesis. In particular, the selectivity of ATEC on the HZ(75) zeolites exceeded 95%. The high catalytic activities of HZ(25) are caused by many Brönsted acid sites. This suggests that the moderate acid strength of HZ(75) zeolite led to the highest catalytic activities among the HZSM-5 zeolites with various acid strengths.
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