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Abstract:



This study presents a one-step encapsulation method for synthesizing X-shaped zeolitic imidazolate frameworks (ZIF-8) and immobilizing Rhizomucor miehei lipase (RML). We proved that the morphological structure of ZIF-8 had changed after immobilization with enhanced characterization using a field-emission scanning electron microscope, an energy-dispersive spectrometer, a transmission electron microscope, a Fourier transform infrared spectrometer, and powder X-ray diffraction. The surface area and pore size of the carrier were investigated before and after immobilization using Brunauer–Emmett–Teller and Barrett–Joyner–Halenda methods, respectively. RML@ZIF-8 exhibited high recovery activity of up to 2632%, representing a 26-fold increase in its free lipase. Encapsulated RML was used for biodiesel production from soybean oil in an isooctane system with a conversion yield of 95.6% under optimum conditions. The resulting reusability of the immobilized enzyme indicated no substantial decline in the conversion yield, which remained at 84.7% of the initial activity after 10 cycles. The stability and high performance of the immobilized enzyme are attributed to the harmony between RML and ZIF-8 based on the easy synthesis of ZIF-8 and the short time required to immobilize RML.
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1. Introduction


The depletion of fossil fuel resources and the environmental impacts of fossil fuel use are the main motives for investigating and developing renewable fuel sources. The term biodiesel implies a fuel that is biodegradable, and such fuels are being increasingly used in compression-combustion engines [1]. Biodiesel consists of oxoalkyl esters that include ethyl and methyl esters that originate from animal fats or vegetable oils as renewable feedstock [2]. However, the applicability of the chemical processes used to create biodiesel has been restricted due to substantial energy requirements, challenges in retrieving catalyzers, and various environmental barriers [3]. Enzymatic methods, including lipase catalysis, are more advantageous than chemical processes due to their lower energy consumption, easier product retrieval, environmentally friendly means, and adaptability to a broad range of crude substances, particularly those with large free fatty acid content [4]. Despite the multiple advantages of lipases, the high price of enzyme catalysts is a significant barrier in biodiesel manufacturing. Immobilization is a possible solution to this problem, because immobilized lipases are repeatable and tolerate a wide range of pH values, temperatures, and organic solvents and more stable than the free counterparts [5].



In-depth studies have explored immobilization enzymes and their applications to various fields. The literature describes conventional methods used in immobilization, adsorption, covalent bond cross-linking, and entrapping [6,7]. The adsorption technique is easy to complete, but the bonding of enzymes is frequently weak, resulting in the leaching of biocatalysts [8]. Conversely, covalent techniques prevent leaching, but the processes are lengthy and require several chemical steps that lead to the loss of enzyme activity [9]. The entrapment technique has attracted considerable interest because of its numerous advantages, including its speed, stability, simple treatment process, low cost, and requirement of mild conditions [10]. Macario et al. [11] investigated the sol-gel for entrapped lipase, obtaining the highest yield of fatty acid methyl esters at 77% and retaining 60% of the original activity after five batches. For biodiesel synthesis, lipase from Pseudomonas cepacia was encapsulated into hydrophobic sol-gel, yielding nearly 67% [4]. Calcium alginates were used as substrates for providing beads; the obtained biocatalysts were reused for four cycles with minimal leakage [12]. These materials that use gel structures for entrapment, such as calcium alginate or sol-gel, suffer from mass transfer limitation; thus, the biocatalyst performance is slightly restricted, which is another disadvantage in addition to the leaching of enzymes and loss of activity [13,14]. To overcome this problem, coordinated matrices of carriers are needed with a pore size that allows the flow of substrates and other materials, but is sufficiently small to prevent the rinsing of encapsulated enzymes.



To this end, we have been investigating the potential of metal-organic frameworks (MOFs). MOFs are hybrid materials with both organic and inorganic components that acts a host and protective shield for enzymes subjected to harsh environmental conditions [15].



The zeolitic imidazolate framework (ZIF-8), an MOF subdivision, is a novel type of microporous material formed by the coordination between zinc (Zn2+) ions and 2-methylimidazole. It is the branch of the ZIF subclass of MOFs that has attracted significant research attention due to its high porosity, tunable surface properties, negligible cytotoxicity, exceptional thermal and chemical stability, and ease of synthesis under mild biocompatible conditions [16,17]. These properties allow ZIF-8 to be used for a variety of applications, such as adsorption, separation, [18,19], gas storage [20], drug delivery [21], and catalysis [22].



In the present work, we used X-shaped ZIF-8 as a carrier to immobilize Rhizomucor miehei lipase (RML) via the encapsulation method in a single step from synthesis and immobilization in an aqueous solution. We also investigated the optimum conditions for immobilizing lipases. Several specific characteristics of the encapsulated RML@ZIF-8 and its morphological properties were studied to prove the ability of the lipase to directly regulate the morphology of ZIF-8 and ensure successful immobilization. Eventually, experiments were performed with the encapsulated lipase by stimulating transesterification in biodiesel production from soybean oil.




2. Results and Discussion


2.1. Synthesis and Characterization of ZIF-8 and Lipase@ZIF-8


The lipase was entrapped within ZIF-8 using the encapsulation method (Figure 1), dried in a vacuum dryer, and characterized by scanning electron microscope (SEM), the morphology of ZIF-8 changed after RML encapsulation, as shown in Figure 2a,b. The same morphology was identified by TEM (Figure 2c,d), but it did not match the morphology obtained by Cui et al. [23], who reported that the shape of ZIF-8 did not change with the macromolecule protein (lipase). EDS analysis demonstrated differences between ZIF-8 and RML@ZIF-8 (Figure 2e,f). The immobilized lipase consisted of sodium (Na) due to the presence of RML. However, we did not find Na in ZIF-8, confirming the success of the immobilization.


Figure 1. Schematic illustration of (a) the synthesis of zeolitic imidazolate frameworks (ZIF-8) and (b) the immobilization of Rhizomucor miehei lipase (RML)@ZIF-8.



[image: Catalysts 08 00096 g001]





Figure 2. SEM images (a) ZIF-8 and (b) ZIF-8@RML; TEM images of (c) ZIF-8 and (d) ZIF-8@RML; EDS patterns of (e) ZIF-8 and (f) RML@ZIF-8.
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Figure 3 presents additional evidence for RML encapsulation in ZIF-8. The FTIR spectra exhibited ZIF-8, RML@ZIF-8, and absolute RML. A notable characteristic peak of Zn–N stretched at 434 cm−1. The strong bending vibrations at 756 and 1424 cm−1 were due to the Hmim ring. Simultaneously, the feeble peaks at 2922–3200 cm−1 were due to the aliphatic and aromatic stretching of the C–H bond of Hmim [24]. The aforementioned bands in the spectrum included ZIF-8 and RML@ZIF-8. The spectrum (RML) displayed characteristic bands of the free RML protein. Two bands were observed at 1640–1660 and 3370–3380 cm−1, which align with the amide I band of the enzyme, corresponding to C=O and N–H stretching, respectively. After the immobilization of RML in ZIF-8, the same characteristic peaks of RML were retained.


Figure 3. Fourier transform infrared (FT-IR) spectra of samples of ZIF-8, RML, and ZIF-8@RML.
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Powder X-ray diffraction (PXRD) further confirmed our findings by demonstrating the differences in the peak intensities of ZIF-8 and lipase@ZIF-8. The main summits denoted the increase in intensity for pure ZIF-8 at 2θ = 10.98°, 15.11°, 17.04°, 18.01°, 21.76°, 27.78°, and 29.05°, which corresponded to the 1833, 1840, 2800, 3710, 1388, 1504, and 2245 plates of the crystal face structure. In contrast, the intensity of lipase@ZIF-8 decreased due to the diminished distance between the atomic layers in the crystalline material and the decrease in crystallinity of RML@ZIF-8 after modification [25,26]. This result shows that the modification of the morphological properties of ZIF-8 resulted from the encapsulation of biomacromolecules (RML) (Figure 4).


Figure 4. PXRD patterns of ZIF-8 of ZIF-8@RML.
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For ZIF-8 and RML@ZIF-8, Figure 5 shows the N2 adsorption–desorption isotherm test results, which were between Types I and IV, correlating to the International Union of Pure and Applied Chemistry (IUPAC), which suggests that this nanocomposite contains micro- and mesopores due to the gas adsorption at low relative pressure and increased uptake at pressures higher than 0.6 P/P0 [27]. The BET-based specific surface area for ZIF-8 before lipase immobilization was 697.51 m2/g, but this value decreased to 593.36 m2/g after immobilization. The average pore diameter of RML@ZIF-8 was 4.65 nm after immobilization and 9.67 nm before immobilization. This is a 5.11 nm reduction in diameter. These results were due to the role of the enzyme in modulating the morphological properties of ZIF-8 during the immobilization process. In this case, RML occupied some of the pores and destroyed other pores, creating new pores with different sizes and unusual shapes. Consequently, the surface area and diameter of the pores reduced.


Figure 5. Nitrogen adsorption–desorption isotherms and pore size distributions (insert figures) for (a) ZIF-8 and (b) RML@ZIF-8.
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2.2. Impacts of Immobilization Parameters


During lipase immobilization, we observed the effects of enzyme loading, encapsulation time, and immobilization temperature on the efficiency of immobilization and activity recovery. For lipase loading, the amount of lipase ranged from 15 to 27 mg and was increased by 2 mg after each run. Maximum activity recovery was 2426% when RML loading was 25 mg, whereas the immobilization efficiency exhibited a consistent decline whenever loading increased (Figure 6a). Therefore, we chose 25 mg as the suitable lipase amount for the immobilization of RML. A large quantity of lipase loading can reduce activity recovery, as the enzyme particles interred in the inner pore of ZIF-8 cannot be reached by the substrate [28].


Figure 6. Impacts of three variables on the immobilization efficiency and activity recovery of the enzyme. (a) Amounts of lipase, (b) encapsulation time and (c) reaction temperature.



[image: Catalysts 08 00096 g006]






Duration time did not significantly affect the efficiency of immobilization. The activity recovery increased with increasing encapsulation time, reaching the highest value of 2528% at 20 min and then decreasing when the encapsulation time exceeded 20 min. Consequently, 20 min was chosen as the best encapsulation period (Figure 6b). The enzyme activity in the aqueous phase decreased as encapsulation time increased [29].



For the immobilization temperature, immobilization efficiency increased gradually. Activity recovery increased despite the elevated temperature, reaching a maximum value of 2632% at 30 °C. Thereafter, activity recovery began to decline due to the thermal inactivation of the lipase (Figure 6c). Thus, 30 °C was chosen as the most suitable immobilization temperature.



Under these optimal conditions, enzyme loading, encapsulation time, and immobilization temperature led to a 26-fold increase in the activity recovery of the enzyme relative to the free enzyme. This result is attributed to the features of the carrier and to the immobilization method and unique characteristics of the lipase. To improve the activity and stability of the immobilized enzyme caused by the complicated process, the following factors were considered. The first factor is related to the immobilization method. The encapsulation method was found to be better than other conventional methods because it protects the enzyme upon encapsulation and prevents direct contact between the enzyme and the substrate, which can influence enzyme activity. The other methods used for immobilization occasionally couple the active site of the enzyme with the substrate, leading to an expected loss in enzyme activity due to direct contact [30,31]. Second, immobilization carriers, and particularly ZIF-8, can significantly affect enzyme activity by creating microenvironments that are suitable for enzyme catalysis through ZIF-8 for a limited time in mild biocompatible conditions that allow for the preservation of enzymatic activity [32,33]. In addition, MOF biomimetic mineralization is aided by the attraction of biomacromolecules (lipase) to imidazole, which is a component that emerges from intermolecular hydrogen bonding and hydrophobic interactions. Simultaneously, RML affects the morphology, crystal dimension, and crystallinity when it is encapsulated within the porous crystal, leading to the formation of different holes that firmly envelope the lipase [34]. Finally, the active catalytic center of the lipase is closed by the mobile element called the “lid” configuration, which regulates the passage of substrates to active enzymatic sites. The secondary structure related to RML can be altered by the conformation of lipase@ZIF-8. The lid opens to the substrate for a long period, which causes an increase in lipase activity due to the ease of access [35].




2.3. Influence of Transesterification Parameters on the Biodiesel Yield


Many previous reports explored the effects of kinetic parameters on transesterification reactions in biodiesel production. We conducted a string of investigations to identify the ideal conditions to production (FAAE) using the biocatalysis of lipase@ZIF-8 with soybean oil.



As shown in Figure 7a, the biodiesel product considerably increased to 84.7% with the addition of 20% isooctane to the reaction system. Above 20% isooctane, the biodiesel yield gradually decreased. An explanation for this phenomenon is that the residual amino acids in the lid react with the isooctane molecules, so the immobilized enzyme remains in the open conformation, reaching higher catalytic activity [36]. We ascribe the decrease in biodiesel yield to the ethanol and the by-product, glycerol, exhibiting poor solubility in isooctane when the concentration and deposit of ethanol and glycerol layering on RML occur with an isooctane concentration above 20% [37].


Figure 7. Impacts of reaction parameters on biodiesel production catalyzed by RML@ZIF-8. (a) The amount of isooctane; (b) Water content; (c) Reaction temperature; (d) Molar ratio oil to ethanol; (e) Reaction time; (f) The dosage of lipase.
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Water is fundamental to the reaction mixture in ester production because it retains and enhances enzyme activity in organic solvents [38]. Furthermore, water significantly influences the reaction equilibrium. The transesterification reaction involves aqueous and organic phases that enable the lipase to work at water–oil interfaces; thus, performance is appreciably influenced by the interfacial region [39]. As shown in Figure 7b, RML@ZIF activity significantly increased when 3% water was added to the reaction mixture, therefore proving that activating the enzyme requires a small amount of moisture content. The highest biodiesel yield of 87.1% was obtained with 9 wt % water. The conversion yield decreased to 83.1%, 81.5%, and 72.8% yield with a water content of 12%, 15%, and 18%, respectively. Nevertheless, the moisture concentration in a transesterification reaction mixture can positively or negatively affect the lipase catalytic activity. Excess moisture in the reaction mixture provides the lipase with additional flexibility and can lead to undesirable reactions, such as hydrolysis. For example, the highest catalytic activity in the transesterification of commercial Novozym 435 lipase was achieved without adding water to the batch system [40]. Thus, the best moisturizing content is the lowest value in hydrolysis and the highest enzyme activity for the transesterification reaction, depending on the oil of the feedstock, the organic solvent, lipase type, and the immobilized carrier [28].



The catalytic activity of each enzyme at the optimum temperature directly influences the rate and velocity of the reaction. Hence, the impact of temperature on enzymatic reactions should not be neglected. According to Figure 7c, the maximum conversion yield of RML@ZIF-8 transesterification was 88.8% at a temperature of 45 °C. A further increase in temperature to 55 °C induced a notable drop in biodiesel product. As reported, the optimal temperature for enzymatic transesterification results from the interaction between the transesterification rate and operational stability of the biocatalyst [41,42].



Alcohols have two roles in transesterification reactions. First, the surplus of alcohols in transesterification reactions increases the reaction rate and drives the high yield of FAEEs [43]. Second, a high concentration of alcohol negatively affects enzymes, which typically become unstable in alcohols, such as ethanol and methanol, enabling the deactivation of RML@ZIF-8 through its contact with insoluble ethanol that exists in a reaction system and results from decreases in ethyl ester production [44]. Accordingly, we determined the optimum volume of ethanol added to the system that causes the least harm to the lipase and leads to an increase in maximal conversion value (Figure 7d). The highest conversion yield for biodiesel was 91.2% at a molar ratio of 1:4, declining gradually when the molar ratio increased from 1:5 to 1:6.



Yan et al. [45] reported that an equivalent of alcohols higher than 1/2 M added to the mixture at onset interplay disrupt the enzyme activity. To prevent the inactivation of the enzyme caused by alcohol, we applied a stepwise addition of EtOH to the system. Thus, the interval time between alcohol addition and the reaction positively affected the reaction system. Fan et al. [46] obtained a 93.1% biodiesel yield when they used a three-step approach with a time interval of 10 h. Therefore, we studied the effects of the interval time of ethanol addition on biodiesel product. We improved biodiesel yield from 73.8 to 92.3% when we increased the interval time from 4 to 8 h (Figure 7e). Although the interval time was extended to 12 h, this level of transmutation did not significantly increase biodiesel yield due to the dynamic equilibrium in the reaction components. Therefore, the optimal biodiesel yield required an 8 h interval. Based on that, 8 h were regarded as the best interval at which ethanol is added, and a maximum biodiesel yield of 92.3% was obtained within a 24 h reaction time.



To reduce the cost of biodiesel production and obtain maximum yield, we optimized the measure of immobilized RML added to the reaction mixture. Biodiesel product increased as the quantity of immobilized enzyme was increased from 4 to 14 wt %, and the highest output of 95.6% was found at 8 wt % (Figure 7f). No considerable improvement in the conversion yield was observed when the lipase dosage was increased from 8 to 14%. Therefore, 8 wt % RML@ZIF-8 was considered the best dosage.




2.4. Reusability of the Immobilized RML@ZIF-8


The purpose of using immobilize lipase in industrial applications is to achieve reusability, reducing the cost of the process. The reusability of RML@ZIF-8 in an isooctane medium was investigated, and the results are presented in Figure 8. We noted that the encapsulation of ZIF-8 to RML maintained an 84.7% yield after a continuous run of 10 cycles. The immobilized RML in the X-shaped ZIF-8 carrier had good operational stability. The lipase immobilized by the encapsulation method was more stable than it was under physical adsorption and was different from the covalent bonding that used a complex and time-consuming mechanism to connect the enzyme to the carrier. The proposed method specifically uses a relatively simple design and procedure. The decrease in biodiesel yield production with an increasing number of cycles was attributed to the excess ethanol and the glycerol by-product being adsorbed onto the surface of RML@ZIF-8. The poor solubility of these alcohols in feedstock oil decreases the biodiesel yield, which results from the gradual inactivation of the enzyme. Breaking the carrier apart by mechanical force results in a continuous reaction and leads to lipase leakage, reducing the effect of the immobilized lipase.


Figure 8. Reuse of RML@ZIF-8 for biodiesel production.
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3. Materials and Methods


3.1. Materials


Lipase from Rhizomucor miehei (RML) was purchased from Sigma Aldrich (Copenhagen, Denmark). 2-Methylimidazole (HMeIM) and fatty acid methyl and ethyl ester standards were purchased from Aladdin Industrial Corporation (Shanghai, China). Bovine serum albumin (BSA) was procured from Shenshi Chemical Industry (Wuhan, China). Soybean oil with nearly 99% purity was brought from local markets. Other reagents of analytical grade were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). These reagents included Zn (NO3)2·6H2O, lauric acid, acetone, 1-dodecanol, ethanol, isooctane, hexane, phenolphthalein, and sodium hydroxide (NaOH). They were used without any further purification. For all the experiments, purified water was used in the water refining system, with a resistance exceeding 18.2 MΩ cm.




3.2. Lipase Immobilization


Zif-8 encapsulated lipases were prepared according to a modified method [23]. Zn (NO3)2 (0.148 g, 0.5 M) had been disbanding in 1 mL deionized (DI) water and dripped through a syringe into mixture solution of 25 mg of lipase and 2-methylimidazole (0.656 g, 0.8 M, 10 mL) under stirring at 200 rpm at 30 °C for 20 min. The nanoparticles that formed were gathered by centrifuging at 8000 rpm for 6 min and washed twice with DI water to remove excess unbound lipase. RML@ZIF-8 was vacuum dried and stored at 4 °C until further use. The remaining protein content in the supernatant was measured to determine the amount of immobilized enzyme using the Bradford protein assay with bovine serum albumin (BSA) as the standard protein. Within the immobilization procedure, the impacts of enzyme loading, period immobilization, and temperature on specific activity, immobilization efficiency, and lipase activity recovery were examined.




3.3. Measurement Activity for Immobilization Enzyme


The activity of RML@ZIF-8 and free lipases was examined with the esterification process previously explained [47]. A specific amount of the free and immobilized enzyme was added to 10 mL of a combination containing 1-dodecanol (0.2 M) and lauric acid (0.2 M) in isooctane with the addition of 0.01 mL water. The reactions occurred at 40 °C for 30 min with persistent agitation at 200 rpm. Afterward, the reactions were stopped by adding 1 mL of the samples to 5 mL of the stop solution consisting of acetone-ethanol 1:1, v/v. NaOH (0.05 M) was used in a titration to determine residual acid in the sample. Phenolphthalein solution (0.05%, w/v) was used as a pH indicator. One unit of RML activity (U) was expressed as the quantity of lipase required to liberate 1 μmol of lauric acid per 1 min under the assay conditions. The specific activity (U/g protein), activity recovery (%), and immobilization efficiency (%) were determined using Equations (1)–(3) [29].
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3.4. Characterization


The detailed morphological structure was visualized using a field emission-scanning electron microscope (FE-SEM) SU-8010 equipped with a Hitachi energy-dispersive spectrometer (EDS) for elemental analysis. Transmission electron microscopy (TEM) images were obtained with an H-7000FA (Hitachi, Tokyo, Japan). Fourier-transform infrared spectrometer (FT-IR) images were obtained on a Bruker, VERTEX 70 using the KBr pellet system, in the range of 400–4000 cm−1. Powder X-ray diffraction (PXRD) (Empyrean PANanalytical Company, Almelo, The Netherlands) patterns were conducted using copper and potassium radiation (40 kV, 40 mA) to study the crystal structures of ZIF-8 and RML@ZIF-8. The nitrogen gas adsorption and desorption isotherms at 77 K were applied to Micromeritics ASAP 2420 (Norcross, GA, USA). The surface area was measured using the Brunauer–Emmett–Teller (BET) method. Pore size was measured using the Barrett–Joyner–Halenda design.




3.5. Lipase@ZIF-8 for Biodiesel Production


Lipase@ZIF-8 was used as a catalyst for real world applications, such as biodiesel production for soybean oil. Transesterification reactions were performed in 50 mL capped flasks with a shaking speed of 200 rpm. The mixed reaction included 2.19 g soybean oil, RML@ZIF-8 lipase, isooctane, ethanol, and water. Ethanol was added in three steps to avoid its inhibitory influence on the immobilized RML during the same period. The effects of biodiesel production conditions, including isooctane amount, immobilized RML amount, water content, alcohol-to-oil molar ratio, reaction temperature, and reaction duration, were methodically determined. After a specified reaction time, the supernatant was collected through centrifugal separation at 12,000 rpm for 5 min. Thereafter, 10 μL supernatant was withdrawn and mixed with 290 μL n-hexane and 300 μL of 1.0 mg/mL heptadecanoic acid methyl ester as the interior standard. The mixture was then completely agitated for gas chromatography (GC) to determination biodiesel yield.




3.6. GC Analysis of Biodiesel Yield


The fatty acid ethyl esters (FAEEs) content was analyzed via GC using a previously reported method [48]. We used heptadecanoic acid methyl ester as the interior standard for defining biodiesel products. The GC-9790 gas chromatography system included an Agilent HP-INNOWAX capillary column (30 m × 0.25 i.d. mm × 0.25 μm, Scientific, Folsom, CA, USA). The initial column temperature was 180 °C and was then increased to 230 °C at a rate of 3 °C/min and maintained at 230 °C for 3 min. The injector and detector temperatures were fixed at 230 °C and 280 °C, respectively. The biodiesel yield (%) was specified as the gross quantity of FAAE content in the diversion oil. The output was computed using Equations (4)–(6) [49,50]:
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where Asample is the peak region of FAAE in specimen, f0 is the response agent, Ainternal is the peak region of the interior standard, Winternal is the weight (g) of the interior standard, Wsample is the weight (g) of the sample, We is the experimental value of FAAE tested with GC, and Wt is the theoretical value of FAAE.





4. Conclusions


We successfully immobilized lipase in X-shaped ZIF-8 for the first time using the encapsulation method within a short time period under mild conditions. In addition, we enhanced the esterification activity 26-fold by optimizing the immobilization conditions. The immobilized RML was applied to catalyze biodiesel production with a high diversion average and excellent operational stabilization. Moreover, the SEM and TEM analyses indicated a change in the morphology of ZIF-8 after immobilizing the lipase. This X-shaped RML@ZIF-8 nanobiocatalyst is promising not only for biofuel production but also for other industrial applications, such as biosensors, the food industry, and biopharmaceuticals.
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