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Abstract

:




ZSM-5 zeolites are commonly used as a heterogeneous catalyst for reactions. Four ZSM-5 catalysts (with various crystallite sizes and a similar ratio of Si/Al) and their ball-milling/surface-poisoning derivates were used to convert L-lactic acid to L, L-lactide. The reaction products were analyzed by three independent analytical methods (i.e., Proton nuclear magnetic resonance (1H NMR), high-pressure liquid chromatography (HPLC), and chiral gas chromatography (GC)) for determining the L, L-lactide yield and L-lactic acid conversion. A clear size effect, i.e., smaller catalysts providing better performance, was observed. Further ball-milling/surface-poisoning experiments suggested that the size effect of the ZSM-5 catalysts originated from the diffusion-controlled nature of the reaction under the investigated conditions.
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1. Introduction


Polylactic acid (PLA), produced by the condensation of lactic acid, is widely used in disposable packaging and in vivo biomedical applications [1], among other applications, due to its biodegradability and biocompatibility. Furthermore, its building block, i.e., lactic acid, is a sustainable and renewable biomass-derived platform molecule that is independent of fossil resources.



To avoid the high reaction temperature required for water removal during the condensation process, industrially manufactured PLA is synthesized via the lactide route. The lactide route enables the production of high-quality, monodispersed, higher molecular weight PLA [2]. Hence, pure optical lactides (i.e., L, L-lactide and/or D, D-lactide) are important intermediates for producing high-quality PLA.



Bellis et al. [3] proposed vapor-phase synthesis over a plug flow reactor. Chang and coworkers [4,5] realized a 94% yield with almost 100% enantio-selectivity using a SnO2–SiO2 nanocomposite catalyst. However, a high yield was only achieved at a relatively low velocity of 1 or 3 h−1. Sels and co-workers proposed a liquid-phase lactide synthesis process [6]. In their work, zeolite was used as a shape-selective catalyst to produce highly optical pure L-lactide (Scheme 1). The acidic form of beta zeolite was proposed as the best catalyst to achieve an 83% pass yield and a 98% optical purity. However, the work only compared some zeolites and left crystallite size unexplored.



In this work, a size effect and better performance was observed for ZSM-5 in comparison to beta zeolite. Further ball-milling and surface-poisoning experiments were performed to elucidate the size effect.




2. Materials and Methods


2.1. Materials


All chemicals were purchased from Aladdin Chemical Co. (Shanghai, China) and Sigma-Aldrich (St. Louis, MO, USA) and used directly after receiving. Commercial nanocrystalline zeolites of NH4–ZSM-5-I (CBV3020, Si/Al = 15) and NH4–ZSM-5-II (CBV3024E, Si/Al = 15) were purchased from Zeolyst (Farmsum, The Netherlands). Micrometer-sized ZSM-5-III (Si/Al = 12) and ZSM-5-IV (Si/Al = 10) were provided by Wuhan Zhizhen Zeolite Co. (Wuhan, China). ZSM-5-III-b.m. and ZSM-5-IV-b.m. were obtained by ball milling ZSM-5-III (Si/Al = 12) and ZSM-5-IV (Si/Al = 10) for half an hour at 60 Hz.



All of the ZSM-5 zeolites were calcined before use for 6 h at 550 °C, reaching a rate of 2 °C/min under a smooth flow of air to obtain the acidic form of ZSM-5 as a catalyst for the transformation of L-lactic acid into L, L-lactide. We named the six acidic forms of the ZSM-5 zeolite ZSM-5-I (I), ZSM-5-II (II), ZSM-5-III (III), ZSM-5-I (IV), ZSM-5-III-b.m. (III-b.m.), and ZSM-5-IV-b.m. (IV-b.m.). When ZSM-5-IV (Si/Al = 10) was ball milled for 15 min at 60 Hz, the obtained sample was ZSM-5-IV-b.m.-15 min (IV-b.m.-15 min).




2.2. Methodology


2.2.1. Characterization of the ZSM-5 Zeolites


The X-ray diffraction (XRD) patterns of the ZSM-5 zeolites were obtained using a Rigaku SmartLab diffractometer (Rigaku Co., Tokyo, Japan) with Cu Kα monochromatic radiation (λ = 0.154178 nm) at 40 kV and 30 mA. The crystallite morphology and size of these ZSM-5 catalysts were investigated by ultra-high-resolution scanning electron microscopy (SEM; FE-SEM SU8010, HITACHI, Tokyo, Japan) and transmission electron microscopy (TEM; JEM-1400 Plus, JEOL, Tokyo, Japan). The Si/Al ratios of the ZSM-5 catalysts were determined by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin ElmerOptima8300, PerkinElmer, Waltham, MA, USA). The N2 adsorption isotherms of these ZSM-5 catalysts at 77 K were measured using a Micrometrics ASAP 2020 Plus (Micrometrics, Norcross, GA, USA) instrument. To investigate the acidic properties of the ZSM-5 catalysts, temperature-programmed desorption of ammonia (NH3-TPD) and pyridine adsorption Fourier-transform infrared spectroscopy spectra (py-IR) were used. The NH3-TPD measurement was conducted using an MFTP-3060 (Xiamen Better Work Intelligent Technology Co., Xiamen, China) instrument with a thermal conductivity detector (TCD), while the py-IR spectra were recorded using a ThermoFisher Scientific RS20 (Thermo Fisher Scientific, Waltham, MA,USA) instrument in situ.




2.2.2. Synthesis of L, L-Lactide


First, 0.83 g of L-lactic acid (9.21 mmol, 98%) dissolved in 0.83 g of water was placed into a 25 mL round-bottom flask, which was equipped with a magnetic stirrer and a Dean–Stark apparatus. Subsequently, 10 mL of o-xylene/p-xylene (99%) was added, as well as 0.2 g of calcined zeolite. Then, the mixture was heated at the reflux temperature of o-xylene (144 °C) for 4 h. After the reaction, the mixture was homogenized by the addition of 10 mL of acetonitrile (99%). The zeolite was removed by centrifugation.



The condition of the surface-poisoning experiment was the same as the above; only 0.031 g of 2,4-dimethylquinoline was added to poison the surface of Sample II to eliminate the influence of the surface reaction on the catalytic results.




2.2.3. Analytical Methods


1H NMR analysis of the production: After accurately measuring the total mass of the homogeneous reaction mixture, a 1 mL sample was taken from the homogeneous reaction mixture, weighed, and then dried in a gentle flowing nitrogen atmosphere to remove the o-xylene and acetonitrile solvents. Mild drying in a nitrogen atmosphere can remove the solvent without affecting the less-volatile lactide and lactic acid mixtures. The dry sample was dissolved in 0.5 mL of DMSO-d6, transferred to NMR tubes, and then measured on a Bruker Avance 400 MHz NMR (Bruker Co., Billerica, MA, USA) spectrometer with an automated sampler.



Chiral GC analysis: GC analysis was performed on an Agilent 7890B system (Agilent Technologies, Santa Clara, CA, USA) with a chiral capillary column, equipped with a flame ionization detector (FID) maintained at 275 °C and Agilent MassHunter Qualitative Analysis software. The injection port temperature was 225 °C, and the initial column temperature was set at 70 °C. This temperature was maintained for 5 min before being increased to 150 °C at 15 °C/min, after which the oven was ramped up to 180 °C at 25 °C/min and held there for 24 min.



HPLC analysis: A 1 mL sample was taken, weighed, and then dried under a flowing nitrogen atmosphere. This dry sample was dissolved in 1 mL of ultra-pure water and analyzed using reverse phase-HPLC on an Agilent 1100 Series Products Spectra System (Agilent Technologies, Santa Clara, CA, USA) equipped with a PL Hi-Plex H Guard 50 × 7.7 mm column, a PL Hi-Plex H 300 × 7.7 mm column, and a 1260 Infinity UV-Vis detector at 210 nm. Lastly, 0.001 M H2SO4 solvent was used as a mobile phase, and the flow rate was 0.6 mL/min.






3. Results and Discussion


3.1. Characterization of the ZSM-5 Zeolites with Different Crystallite Sizes


The XRD patterns of the six ZSM-5 zeolites are shown in Figure 1. Characteristic diffraction peaks (2θ = 7.8°, 8.7°, 23.1°, 23.8°, and 24.3°) [7] for the ZSM-5 structure (MFI) were found in all the catalysts, and no impurity peaks were surveyed. Across Samples I–IV, the XRD patterns show very sharp reflections and low background signal, indicating their superior crystalline properties. The relative crystallinity of the ZSM-5 zeolites with different crystallite sizes was determined from the peak area between 2θ = 22–25° using Sample I as the standard [7,8], and the results are listed in Table 1. The texture properties of the ZSM-5 zeolites were characterized by nitrogen adsorption/desorption and ICP-OES analysis (Table 1). Examination of the data shows that the Brunauer–Emmett–Teller (BET) surface area and the t-plot micropore volumes of Samples I–IV are similar, but the external surface area increases as the crystallite size decreases. Different shapes and sizes of the catalysts can be observed in the SEM micrographs (Figure 2a,d,g,j) and the TEM images (Figure 2b,e,h,k). Samples I and II are round cuboids, but Samples III and IV are sharp rectangular blocks. All of the ZSM-5 catalysts were agglomerated by microcrystals to form secondary particles. The distribution of the crystallite sizes was obtained from 300 randomly selected microcrystalline samples. Sample I shows the smallest crystallite size (0.05–0.20 μm in length and ~0.08 μm in width), while Sample II (0.08–0.30 μm in length and ~0.1 μm in width) shows a larger crystallite size than Sample I. Sample III displays a length of 0.75–3 μm and a width of 0.5 μm, although Sample IV exhibits the largest crystallite size (a length of 1–4 μm and a width of 1 μm).



When Samples III and IV were milled, we gained III-b.m. (0.1–0.8 μm in length and ~0.2 μm in width) and IV-b.m. (0.2–0.8 μm in length and ~0.3 μm in width), which were irregular pieces (Figure 2m,n,p,q). In Figure 1, for III-b.m. and IV-b.m., the broad XRD peaks around 25° imply the presence of amorphous material impurity because of the ball milling. Meanwhile, the BET surface area and the t-plot micropore volume of III-b.m. and IV-b.m. decreased marginally, but the external surface area increased (Table 1).



The acid strength and the number of the acidic sites on the surfaces of the six kinds of ZSM-5 zeolites were determined by NH3-TPD measurement (as shown in Figure 3a). All of the ZSM-5 catalysts demonstrated two similar NH3 desorption peaks—a low-temperature peak at approximately 195 °C and a high-temperature peak at about 405 °C, generally belonging to the NH3 chemisorbed on weak and strong acidic sites [9,10,11,12,13], respectively. The strength of the acid sites and the number of weak and strong acid sites of these six ZSM-5 samples are basically the same due to the similar Si/Al molar ratio. The py-IR spectra were used to detect the Lewis and Brønsted sites of the ZSM-5 catalysts, and Figure 3b exhibits the py-IR spectra of these acquired ZSM-5 zeolites in the region of 1400–1700 cm−1. The band in the 1450 cm−1 region belongs to pyridine adsorbed on the Lewis acid sites, while the band in the 1540 cm−1 region is attributed to pyridine adsorbed on the Brønsted acid sites. [14,15] These results indicate that all of the samples have similar amounts of Lewis and Brønsted acid sites. The data in Table 2 show that ZSM-5 zeolites with different crystallite sizes exhibit a similar concentration of both Brønsted and Lewis acidic sites at 150 °C. [16] Thus, the influence of the acidic properties on the catalytic reaction is insignificant.




3.2. Transformation of L-Lactic Acid into L, L-Lactide


The catalytic performance of various ZSM-5 zeolites was appraised under the same reaction conditions. In a typical reaction system, the desired amounts of L-lactic acid, water, ZSM-5, and o-xylene were mixed in a round-bottom flask, which was then connected to a Dean–Stark apparatus (Figure S1). After that, the mixture was applied under continuous water expunction via the reflux of o-xylene. The product yield and selectivity of the desired lactide were determined by 1H NMR, HPLC, and chiral GC. The details of a typical 1H NMR spectrum in DMSO-d6 in the methine region is given in Figure S2, revealing the conversion of L-lactic acid to L, L-lactide from four reaction mixtures taken at different times. Analyzing the samples in the methine region allows distinguishing between monomeric L-lactic acid; L, L-lactide; the center lactyl units of linear oligomers; and the -COOH and -OH end groups of linear oligomers. [6,17] In general, the L, L-lactide yield; L-lactic acid conversion; and oligomers were measured by 1H NMR integration, relative to the total amount of lactyl-containing products present. HPLC analysis is dependable and allows the admeasurement of L-lactic acid conversion and the yields of all lactyl substances involved. Compared to 1H NMR, which provides the average oligomer length, HPLC analysis can separate all oligomers encountered [18]. This chiral GC enables us to discriminate L, L-lactide; D, D-lactide; and meso-lactide [6]; however, due to the limited volatility of L-lactic acid, GC cannot accurately quantify it. Usually, GC analysis is only used as an auxiliary confirmation tool to confirm the yields of L, L-lactide produced by optimized catalytic reactions and to determine that there is no substantial degree of meso-lactide formation. In this study, there were no other organic species, but condensation products were sought out in the reaction mixtures by HPLC and GC, which corroborated the selectivity of the reaction to the condensation products and the correctness of the 1H NMR analysis. The yields of L, L-lactide obtained by these three independent analytical methods were in good agreement with one another. Figure S3 shows the kinetics of the reaction using Sample I. It can be observed that at the beginning, 2% of oligomers (mainly dimers and trimers) are present. The maximum value of the oligomers was reached after a short contact time. In the third hour, the catalytic reaction was close to completion.



Figure 4 and Table S1 compares the catalytic performance of the H-form of the ZSM-5 catalysts with different crystallite sizes in o-xylene at 144 °C for 4 h. The nano-sized I sample shows the highest selectivity for lactide synthesis, yielding nearly 89% at full L-lactic acid conversion, compared to 9% at only 20% conversion in the absence of a catalyst. The L, L-lactide yield, L-lactic acid conversion, and selectivity decreased with the increase in crystallite size.



Figure S4 shows the product distributions of the reaction on different solvents with/without surface poisoning. The p-xylene provides a subtle difference from o-xylene. The surface poisoning experiment reveals that external surface acid sites play important roles, and that the internal acid sites also exhibit activity—however, with limited diffusion.



When we ball milled the micron-sized III and IV samples into the nano-sized III-b.m., IV-b.m.-15 min, and IV-b.m. (30 min) samples, the L, L-lactide conversion and selectivity increased significantly. In particular, IV, IV-b.m.-15 min, and IV-b.m. (30 min) continuously improved the catalytic performance (Figure S5). The ball-milled catalysts not only exposed more internal acid sites but also improved the reactant/product mass transfer, which is also consistent with the results of the surface-poisoning experiments. Furthermore, the change in morphology during the ball-milling process, i.e., break down in the longest dimension, may also have contributed to increasing the exposure of the straight 10-ring channel. As a consequence, the catalytic performance improved due to the shorter diffusion path. In general, besides reducing the particle size of the primary catalyst, the effect of the external (liquid–solid) mass transfer resistance can be eliminated by increasing (a) the amount of catalyst and (b) the reaction temperature [19]. However, the amount of catalyst is limited by the net adsorption of the reactant/product by the catalyst, while the reaction temperature is limited by the side reactions. The internal (pore diffusion) mass transfer is determined by the intrinsic pore size and pore volume of ZSM-5. Based on the results of the experiments, both external and internal mass transfer influence the overall effectiveness of the mass transfer. Further work to evaluate the contributions of both internal and external mass transfer is being conducted in our laboratory.





4. Conclusions


ZSM-5 catalysts with different crystallite sizes were analyzed by XRD, SEM, N2 adsorption/desorption, ICP, NH3-TPD, and pyridine IR. Then, these ZSM-5 catalysts and their derivatives were applied to the reaction of L-lactic acid conversion into L, L-lactide. A clear size effect of the ZSM-5 catalysts, i.e., smaller crystallites providing better performance, was observed. Further ball-milling and surface-poisoning experiments indicated that this size effect mainly originated from the diffusion-controlled nature of the reaction under the investigated conditions. Therefore, this work highlights that any operations to improve mass transfer—e.g., smaller catalyst particle sizes, a shorter b-axis 2D layer, or a hierarchical structure— during synthesis or post-synthesis could enhance the catalytic performance of the reaction.
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Scheme 1. The current and proposed chemical process for making L, L-lactide and lactyl oligomers from L-lactic acid. 
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Figure 1. The X-ray diffraction patterns of ZSM-5 zeolites I–IV, III-b.m., and IV-b.m. 
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Figure 2. The scanning electron microscopy (SEM) micrographs, transmission electron microscopy (TEM) images, and distribution curves of the crystallite sizes of the ZSM-5 zeolites: (a–c) I; (d–f) II; (g–i) III; (j–l) IV; (m–o) III-b.m.; (p–r) IV-b.m. 
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Figure 3. (a) Temperature-programmed desorption of ammonia (NH3-TPD) profiles of various ZSM-5 zeolites; and (b) infrared spectra of adsorbed pyridine on various ZSM-5 zeolites at a desorption temperature of 150 °C. 
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Figure 4. The product distribution of L-lactic acid to L, L-lactide over the ZSM-5 zeolites. 
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Table 1. Structural and textural properties of ZSM-5 zeolites I–V, III-b.m., and IV-b.m.






Table 1. Structural and textural properties of ZSM-5 zeolites I–V, III-b.m., and IV-b.m.





	Zeolite
	Relative

Crystallinity (%)
	Si/Al Molar Ratios 1
	ABET 2 (m2/g)
	Vmicro 3 (cm3/g)
	External Surface Area 3 (m2/g)





	I
	100.0
	12.4
	397.5
	0.15
	42.6



	II
	90.0
	12.0
	393.4
	0.15
	36.7



	III
	89.1
	10.7
	411.8
	0.16
	12.0



	IV
	80.0
	9.3
	403.7
	0.16
	6.7



	III-b.m.
	81.4
	10.6
	362.9
	0.14
	27.3



	IV-b.m.
	70.6
	9.5
	336.2
	0.13
	25.1







1 Measures by ICP-OES; 2 Brunauer–Emmett–Teller (BET) surface area; 3 micropore volume and external surface area determined by t-plot.
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Table 2. Results for the IR spectra of pyridine adsorbed on the different ZSM-5 zeolites after desorption at 150 °C.






Table 2. Results for the IR spectra of pyridine adsorbed on the different ZSM-5 zeolites after desorption at 150 °C.





	Catalyst
	I
	II
	III
	IV
	III-b.m.
	IV-b.m.





	B 1 (μmol/g)
	148.2
	156.5
	171.1
	187.1
	164.5
	180.2



	L 2 (μmol/g)
	48.0
	45.3
	40.5
	39.1
	43.8
	45.0



	Total acid (B + L) (μmol/g)
	196.2
	201.8
	211.6
	226.2
	208.3
	225.2







1 B: Brønsted acid sites; 2 L: Lewis acid sites.














© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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