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Abstract

:

The tung tree (Vernicia fordii Hemsl.), as a woody oilseed crop, has been cultivated in China for thousands of years, and its leaves are rich in cellulose and proteins. The tung leaf is an alternative raw material for the traditional ethanol fermentation of food crops. In this work, the effects of the simultaneous saccharification fermentation of tung leaves at different substrate concentrations on gas production characteristics, reducing sugars, pH, oxidation–reduction potential (ORP), and ethanol yield were investigated during bioethanol production. In addition, the effect of the initial fermentation pH on the ethanol fermentation of tung leaves was explored. The results showed that during bioethanol production from tung leaves, the pH of the fermentation broth showed a continuous decreasing trend. Moreover, the ORP showed a decreasing trend and then rebounded, and the concentration of reducing sugars initially increased and then decreased. The optimal ethanol yield of 4.99 g/L was obtained when the substrate concentration was 100 g/L. Changes in the initial pH have little effect on yeast activity, but such changes can affect the yeast cell wall structure and substance transport, leading to differences in the ethanol yield. When the initial pH is 7, the maximum ethanol yield is 5.22 g/L. The experimental results indicate that the utilization of tung leaves for bioethanol production has a good potential for development.
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1. Introduction


China is a large oilseed-producing and -consuming country, and woody oilseed crops have a wide planting area, which is dominated by Camellia oleifera, the tung tree, and Litsea cubeba [1]. Among them, the tung tree is native to China, forming a unique economic forest, and this tree has a cultivation history of more than a thousand years. The tung tree has high oil content, widely applicable oil products, widespread popularity for planting, and a long economic life and can provide great economic benefits. In the 1990s, Chinese researchers carried out various research works, such as the variety classification of germplasm resources; the breeding of excellent families, clones, and superior trees; the sexual reproduction of tung trees; and the introduction test and correlation analysis of biological characteristics [2,3]. Large amounts of waste biomass, such as tung tree branches, leaves, and residue after oil production, are produced during tung tree growth and oil production. Utilizing these biomasses for biotransformation can not only reduce carbon dioxide emission and promote the carbon cycle but also produce biofuel and enable green development [4,5].



Biologically produced ethanol has a wide range of degradable substrates and a simple production process, and the products are easily stored and transferred [6,7]. However, the raw materials for the first generation of ethanol production are primarily based on crops (rice, corn, sweet potato, sorghum, etc.). Given the continuous and steady increase in our population and the decrease in arable land area every year, the search for low-cost feedstocks that can replace the crops used for ethanol fermentation is an urgent task. Based on the abovementioned background, considerable research has also been conducted on the production of bioethanol from second-generation biomass such as corn straws for bioethanol production. Johnston et al. [8] investigated the feasibility of replacing corn with corn stover for bioethanol production and analyzed the effects of the amount of a mixture of corn stover and corn on the yield of ethanol, the rate of fermentation, and the amount of residual sugar. Remarkable results were obtained. The effects of laccase pretreatment and surfactant addition on the simultaneous saccharification and fermentation of corn stover were studied [9]. The combination of laccase pretreatment and the addition of rhamnolipids further increased the ethanol yield. Le et al. [10] utilized ammonia pretreatment to increase the enzyme saccharification and biogenic ethanol yield of corn stover and obtained a maximum ethanol concentration of 14.5 g/L. Molaverdi et al. [11] utilized sodium carbonate pretreatment of corn stover to enhance the solid-state ethanol fermentation yield and increased the ethanol concentration from 24 to 41 g/L with a low cellulase loading (5 FPU/g of substrate) and sodium carbonate pretreatment. Stenberg et al. [12] studied the effects of the substrate concentration and cellulase load on simultaneous saccharification and ethanol production, and the results showed that ethanol production increased with the increase in the cellulase load. A low substrate concentration resulted in lactic acid production, whereas a high substrate concentration inhibited ethanol production. Existing studies on the production of ethanol from cellulose focus on the pretreatment of raw materials and the optimization of saccharification and fermentation, and studies on ethanol production from cellulose are insufficient.



Based on the literature on the resource utilization of woody oilseed crops, Hu et al. used sanguinaria to extract ethanol, isopropyl toluene, and stilbene as the basic substances for spices [13]. Zhu et al. [14] used oil tea husk treated with NaOH to obtain solid and liquid fractions. The solid fraction was hydrolyzed by a cellulase enzyme and fermented to produce ethanol, whereas the liquid fraction was oxidized to prepare vanillin-pasteurized oligo-xylan. Solid fractions containing cellulose and a small amount of xylanan at 10% xylan concentration produced 17.35 g/L of ethanol. In the study conducted by Yan et al., oil tea seed husk was pretreated by utilizing microwaves and ethanol and then enzymatically digested before preparing oligosaccharides [15]. The studies in the literature are primarily feasibility studies on using the fruit waste of woody oilseed crops, focusing on the hydrolysis saccharification efficiency of various feedstocks under different pretreatment conditions, and studies on the fermentation parameters of second-generation fermentation feedstocks were not carried out. Tung leaves have high cellulose and hemicellulose contents, and for branches and leaves produced by woody oilseed crops, as well as other waste biomass produced by ethanol fermentation, process parameter optimization is also worthy of study.



The conversion of these oleaginous leaf waste biomasses to bioethanol can lead to the high utilization of waste. Woody oilseed solid waste contains polysaccharides, acids, proteins, and other components, and these organic components can be further utilized. Bioethanol conversion using woody oilseed solid waste is also a good method of resource utilization. However, little research has been conducted on the use of woody oilseed crop solid wastes for bioethanol production. Therefore, the physicochemical properties of woody oilseed solid wastes must be analyzed in detail, and their unique physicochemical characteristics (high toxin levels, high lignin content, nutritional imbalance, etc.) have high requirements for enzymatic saccharification degradation. Moreover, the patterns of the influence and enhancement mechanism of woody oilseed solid wastes on bioethanol must be further investigated.



In this study, the feasibility of bioethanol production from tung leaves was investigated using tung leaves as the substrate and Saccharomyces cerevisiae as the ethanol-producing bacterium. By adjusting the concentration of the substrate and the initial pH, the liquid-phase characteristics during bioethanol production were analyzed in detail, and the optimal process for ethanol production from tung leaves was explored.




2. Materials and Methods


2.1. Experimental Materials


Tung leaves were provided by the Hunan Academy of Forestry (cellulose, hemicellulose, and lignin fractions of 40.8%, 24.2%, and 14.1%, respectively). The leaves were crushed to destroy the crystalline structure of cellulose and reduce the crystallinity and then passed through a 60-mesh sieve. Cellulase: 51 FPU/mL (Novozymes Biotechnology Co., Ltd., Copenhagen, Denmark). S. cerevisiae: brewer’s high-activity dry yeast (Angel Yeast Co., Ltd., Yichang, China).




2.2. Experimental Methods


Experiments were conducted using 200 mL conical flasks as fermentation reactors. First, 1, 10, 20, 30, or 40 g of tung leaf powder was weighed into a conical flask, and 200 mL of distilled water was added to the mix with tung leaf powder. Cellulase was added at a concentration of 0.1 mL/g tung leaves. Then, 0.2 g of brewer’s high-activity dry yeast was added to the bottle. Finally, the mixture was shaken well to fully mix the enzyme and yeast with the reaction material. The temperature of the thermostatic incubator was adjusted to 30 °C. Data were measured and recorded every 2 h in the first 10 h. Afterward, data were measured and recorded every 12 h.



In exploring the influence of the initial pH on bioethanol production, leaves of the tung tree with the same substrate concentration (100 g/L) were added to the conical bottles, and then the pH of the solutions in the five flasks was adjusted to 4.0, 5.0, 6.0, 7.0, and 8.0 with NaOH solution and sulfuric acid solution. The following experiments were performed using the same steps as those used in the first experiment.



Each experiment was conducted in triplicate.




2.3. Test Method


A gas chromatograph (7090B, Agilent Technologies, Inc., Santa Clara, USA) was used to measure the ethanol concentration with a DB_FFAP column type. The temperature of the column box was 40 °C; the inlet temperature of the sample was 250 °C; the detector temperature was 300 °C; the pressure was 10 psi; the flow of the chromatographic column was 2.396 mL/min; and the temperature of the valve box was 44.1 °C [16]. The pH of the reaction solution was tested using a pH meter (PHSJ-6L, INESA (Group) Co., Ltd., Shanghai, China). The oxidation–reduction potential (ORP) of the reaction solution was measured using an ORP meter (SX 712, Shanghai San-Xin Instrumentation, Inc., Shanghai, China). The reducing sugar concentration was measured at OD540 nm using a visible spectrophotometer (721, Shanghai Metash Instruments Co., Ltd., Shanghai, China) [17].




2.4. Energy Conversion Efficiency Analysis


The energy conversion efficiency of ethanol fermentation using tung leaves is given by Equation (1):


  E =     m   e t h a n o l   ×   Q   e t h a n o l       m   t u n g   l e a v e s   ×   Q   t u n g   l e a v e s     × 100 %  



(1)




where   E   is the energy conversion efficiency of ethanol fermentation, %;     m   t u n g   l e a v e s     and     m   e t h a n o l     are the masses of tung leaves and ethanol, g; and     Q   t u n g   l e a v e s     and     Q   e t h a n o l     are the calorific values of tung leaves and ethanol, which are 14,635 J/g and 26,780 J/g, respectively.




2.5. Kinetic Analysis


The Gompertz equation was used to analyze the kinetics of the ethanol fermentation of tung leaves [4]. The Gompertz equation is as follows [18]:


  P   t   =   P   m   e x p   − e x p       R   m   e     P   m       λ − t   + 1      



(2)







  P   t     represents the actual ethanol production;   t   is the fermentation time;   e   is a constant, which is 2.718; and     P   m    ,     R   m    , and   λ   represent the maximum ethanol production potential, maximum ethanol production rate, and fermentation delay period, respectively.



Statistical analyses of kinetics and ANOVA were performed using Origin software. p < 0.05 was regarded as statistically significant.





3. Results and Discussion


3.1. Effect of Substrate Concentration on the Gas Characteristics of Bioethanol Production


In this experiment, ethanol was produced by simultaneous saccharification and co-fermentation [19], which is a commonly used method in industrial production. While cellulase hydrolyzes cellulose to produce glucose, yeast also consumes glucose for growth and metabolism, which can effectively alleviate the inhibition of a high-concentration substrate on fermentation hydrolysis and separation. Figure 1a demonstrates the trend of the reducing sugar concentration during bioethanol production from tung leaves. The reducing sugar concentration initially increased and then decreased in the first 10 h. During the first period of bioethanol production, the conversion rate of cellulase to produce reducing sugars was greater than the rate of yeast degradation of the reducing sugars. In addition, reducing sugars accumulated rapidly, showing an increasing trend, and reached the peak value around 2 h. Then, the reducing sugars were rapidly consumed by the yeast to produce ethanol, which was the main stage of ethanol production, and the reducing sugar concentration gradually decreased. In the late stage of fermentation (after 24 h), the concentration of reducing sugars gradually increased because the yeast consumption of reducing sugars decreased at the end of ethanol fermentation. At this time, the cellulase enzyme only decomposed a small amount of tung leaves, thereby increasing the concentration of reducing sugars, and the yeast cannot metabolize xylose, leading to the continuous accumulation of xylose [20]. In the fermentation experiment, the yeast gradually stopped producing ethanol, and reducing sugars were only used to maintain bacterial growth, metabolism, consumption, and accumulation. Therefore, the mass concentration of reducing sugars remained stable and unchanged [21].



The concentration of reducing sugars in the reaction solution with a substrate mass concentration of 5 g/L was 0.34 g/L for 2 h, which stabilized at approximately 0.30 g/L for 84 h. The concentration of reducing sugars did not change remarkably during the whole fermentation process. The concentration of reducing sugars in the reaction solution with substrate mass concentrations of 50 and 100 g/L reached maximum values of 2.98 and 3.64 g/L at 2 h and then decreased rapidly to 1.22 and 1.19 g/L at 8 h, respectively. In addition, the concentration of reducing sugars increased slightly at 24 h and finally stabilized at 1.80 and 1.95 g/L. The concentration of reducing sugars in the reaction solution with substrate mass concentrations of 150 and 200 g/L was 0.34 g/L at 2–4 h, which stabilized at 0.30 g/L at 84 h. The concentration of reducing sugars did not change much during the whole fermentation process. The reaction broth with substrate mass concentrations of 150 and 200 g/L had high reducing sugar concentrations at 2–4 h, with maximum values of 5.90 and 6.38 g/L, respectively, and the peak reducing sugar concentration was maintained for a longer time compared with the low-concentration substrate, which decreased to 1.21 and 1.60 g/L at 10 h and then gradually increased to 2.58 and 3.30 g/L after 72 h. The differences in reducing sugar concentrations at the end of fermentation were remarkable. The concentration of reducing sugars in the reaction solution initially increased and then decreased rapidly with fermentation, followed by a slow increase, and the highest and final concentrations during fermentation were proportional to the number of tung leaves added to the reaction solution. The rate of cellulase conversion to produce reducing sugars was greater than the rate of yeast degradation of reducing sugars, thereby showing an increasing trend, followed by the rapid degradation of reducing sugars by yeast to produce soluble substances such as ethanol. Therefore, the microbial activity showed a similar change rule during biochemical transformation [22].



The changes in pH during ethanol fermentation with different substrate mass concentrations are shown in Figure 1b. The figure shows that the pH values of the experimental groups with different substrate concentrations during fermentation and production initially decreased and then slowly recovered. At 2 h, the pH of the reaction stock with a substrate mass concentration of 5 g/L decreased to about 4.4 within the first 10 h of the fermentation, and the pH of the other four groups of reaction stocks was reduced to around 4.2. As the reaction progressed, the pH slightly fluctuated. During ethanol production by yeast, a series of intermediate products become acidic during glucose fermentation, which increases the concentration of hydrogen ions in the solution, thereby lowering the pH [23,24]. Over time, the yeast will decompose some of the organic acids into ethanol and carbon dioxide and simultaneously produce substances such as ammonia, amines, and carbonates, which are alkaline in nature and can neutralize the hydrogen ions in the solution, leading to a gradual increase in pH. Throughout ethanol production, the metabolic activities of yeast continuously produce various organic substances, which play a complex role in regulating the pH of the solution [25,26]. In addition, factors such as temperature, oxygen, nutrients, and the presence of other microorganisms affect the metabolic process and change the pH of the solution with brewer’s yeast [27].



The variation in ORP during ethanol fermentation with different substrate mass concentrations is shown in Figure 1c. Considering that ethanol preparation is a redox reaction process, the flow of electrons during this process changes the ORP of the solution [28,29]. As shown in the figure, the ORP is a positive value for 2–84 h, showing a decreasing trend. The higher the mass concentration of the substrate, the greater the rate of decrease. When the content of acidic substances in the leaves of the tung tree was too low, they had almost no effect on the flow of electrons, so the ORP of the solution changed slowly. With the gradual increase in the content of acidic substances, they begin to affect the flow of electrons, and the ORP of the solution begins to accelerate the change. However, when the content of acidic substances reaches a certain level, they begin to compete with one another, and the electron flow is hindered to a certain extent, resulting in the decreasing trend of the ORP of the solution. Finally, when the content of acidic substances continues to increase, the competition gradually decreases, and the electron flow accelerates again, leading to another increase in the ORP of the solution [28,30]. Meanwhile, many reports have indicated that by regulating the ORP during fermentation, the biometabolic fluxes can be further regulated, thereby increasing the yield of directed products [31,32,33].



As shown in Figure 1c, the ORP of all the reaction liquids increased rapidly within 0–2 h, and the ORP of the reaction liquid with a substrate mass concentration of 5 g/L increased slowly before 12 h. The other four groups of reaction liquids began to decrease slowly after 6 h. At 6 h, the ORP of the reaction feed liquid with a substrate mass concentration of 50 g/L was the highest at 235 mV. After 12 h, the ORP of the reaction liquid began to decrease slowly to varying degrees. The higher the substrate mass concentration, the faster the ORP reduction rate, which tended to stabilize. The final ORPs with 5, 50, 100, 150, and 200 g/L of substrate are 209, 183, 187, 160, and 152 mV, respectively.



The variation in gas production during ethanol fermentation with different substrate mass concentrations is shown in Figure 1d. Based on the metabolic reaction equation of yeast anaerobic respiration, C6H12O6 → 2C2H5OH + 2CO2, ethanol fermentation is accompanied by a large amount of carbon dioxide gas production, and the characteristics of fermentation can be determined by analyzing the gas production. As shown in the figure, gas production with a substrate mass concentration of 5 g/L did not change after 10 h, and the total gas production was 30 mL. In addition, the experimental group with a substrate mass concentration of 50 g/L stopped gas production after 24 h, and the total gas production was 118 mL. Moreover, gas production from substrate mass concentrations of 100, 150, and 200 g/L remained unchanged after 36 h, and the total gas production was 287, 429, and 440 mL, respectively. With the increase in the substrate mass concentration, the peak of gas production was shifted backward and concentrated in the first 24 h, which also indicated that ethanol fermentation had a shorter lag period compared with methane and hydrogen fermentation.



Figure 2 demonstrates the trend of the ethanol yield during bioethanol production from tung leaves. The ethanol yield gradually increased with the prolongation of the fermentation time, and the ethanol fermentation initiation was fast compared with other biomass-refining methods [4]. The accumulation peak was primarily concentrated in the first 24 h, and only a small amount of ethanol output was produced in the later stage. Meanwhile, the pre-production rate of ethanol was inversely proportional to the substrate mass concentration: the lower the substrate mass concentration, the faster the fermentation initiation time. With the increase in the substrate mass concentration, the ethanol yield increased significantly. The ethanol yields of the experimental groups with substrate mass concentrations of 5 and 50 g/L were 0.20 and 1.51 g/L, respectively, and the ethanol yields of the experimental groups with substrate mass concentrations of 100, 150, and 200 g/L were 4.99, 5.29, and 6.13 g/L, respectively, which is 0.73 g/L higher than that in another experiment that used corn straw saccharification and fermentation to produce ethanol [9]. Shet et al. [34] used the yeast Pichia pastoris to ferment cacao pods (pretreated with hydrochloric acid), with an initial sugar concentration of 4.09 g/L and a final ethanol yield of 2 g/L. In the study by Muktham et al. [35], ethanol fermentation using de-oiled seed residues yielded 4.43 g/L of ethanol. The different ethanol concentrations were due to different substrates, microorganisms, and process conditions. Although the fermentation of tung leaves for ethanol at high concentrations had higher ethanol yields, as analyzed from the ethanol concentration per unit of tung leaves converted, the ethanol concentration obtained per unit of substrate concentration initially increased and then decreased as the substrate concentration of tung leaves increased, and a maximum yield of 0.25 g/L per gram of tung leaves was obtained at 100 g/L. The accumulation of a high ethanol concentration in the late stage of fermentation will adversely affect the cells, causing yeast growth stagnation or even death. A high concentration of glucose also affects the osmotic pressure of the cells, and yeast metabolism is inevitably affected [36].




3.2. Analysis of the Effect of Initial pH on Bioethanol Results


Changes in the pH of the culture medium or fermentation broth will also cause changes in the activities of various enzymes inside the yeast cells, affecting the rate of yeast metabolism of nutrients and sometimes changing the metabolic pathway of the yeast. On the other hand, pH affects the state of the charge carried by the yeast cell membrane, thereby changing the permeability of the cell membrane, affecting the absorption of nutrients and the excretion of metabolites by the yeast, and affecting the normal operation of yeast growth and fermentation [37]. In addition, important effects on yeast growth and metabolic pathways under different pH conditions have been reported [38]. Although yeasts are suitable for a wide range of pH values and are adaptable, studying the effect of the initial pH of fermentation on the final fermentation results is necessary to fully utilize the role of yeasts [39]. Therefore, we investigated the effect of the initial pH on ethanol fermentation under the experimental condition of optimal yield per unit mass (100 g/L).



The changes in reducing sugars during the ethanol fermentation of tung leaves with different initial pH values are shown in Figure 3a. This phenomenon is primarily due to the fact that the initial pH has little effect on the efficiency of reducing sugar enzymolysis during the production of reducing sugars from tung leaves. Similarly, the initial pH does not have any significant effect on the metabolism of reducing sugars by yeasts. In 0–2 h, the concentration of reducing sugars from tung leaves increased sharply because of the initially high substrate concentration. In addition, the collision frequency of enzyme molecules and substrate molecules was high, and the reaction rate was fast. At this time, the yeast was in the growth retardation period, and the consumption of reducing sugars was not large. Moreover, the concentration of reducing sugars was approximately 2.80 g/L. In 2–12 h, the concentration of the substrate and reaction rate decreased, and the yeast was in the growth phase, which led to a gradual decrease in the production of reducing sugars, and the lowest value was 1.20 g/L. In the late stage of fermentation, the activity of the yeast weakened, and the reducing sugars began to accumulate slowly [40]. Furthermore, the concentration of reducing sugars at 48 h was approximately 2.3 g/L, and the whole process was characterized by an N-shaped change curve.



The change in pH during ethanol fermentation is shown in Figure 3b, which shows that different initial pH values have different patterns of change. When the initial pH value was 4, the pH value slowly increased with ethanol fermentation, and the pH value was 4.23 at 10 h, which decreased to approximately 4.0 until the end of the reaction. In the remaining four groups of experiments, from the beginning of the experiment until 2 h, the pH value rapidly declined. As the initial pH increased, the rate of decline became rapid, and the initial pH (8) of the experimental group significantly declined to 6.78. During the initial stage of ethanol fermentation, yeast will decompose the macromolecules of glucose and other organic substances into small-molecule acids. The initial pH is lower than the metabolite’s pH value, which will increase the solution pH value of the metabolic products and then the reaction of ethanol fermentation. The initial pH is lower than that of the metabolites, and the pH of the solution will increase when the initial pH is lower than that of the metabolites. The difference between the initial pH and the metabolites’ pH will increase, and the pH will decrease more drastically. The 2–8 h interval is the main stage of ethanol fermentation, in which S. cerevisiae utilizes small-molecule acids, and the acidity of the solution decreases during fermentation. Finally, the pH of each experimental group still maintained a gradient without any further change, with values of 3.98, 4.72, 4.98, 5.61, and 6.31. Yeast has a high tolerance to environmental pH. On the one hand, yeast improves the pH of the external environment through its metabolites, and on the other hand, it maintains the stability of the intracellular environment through the control of ions entering and exiting the cell.



The changes in the ORP during the ethanol fermentation of tung leaves at different initial pH values are shown in Figure 3c. The ORP decreased rapidly after yeast inoculation. At this stage, the oxygen in the air remaining in the upper part of the conical flask provided a micro-oxygenic environment for the fermentation broth, and the yeast grew rapidly through aerobic respiration. In addition, the highly active cells rapidly consumed the reducing power produced by glucose, which resulted in a rapid decrease in the value of ORP in the solution [27,41]. pH changes in each experimental group after 12 h were within 15 mV until the end. The final ORPs for initial pH values of 4.0, 5.0, 6.0, 7.0, and 8.0 were 172, 167, 157, 149, and 142 Mv, respectively, which indicates that a decrease in pH leads to an increase in the oxidizing power of the reacting solution. With the increase in pH, more reducing substances were produced during yeast fermentation, which is favorable for ethanol accumulation.



The variation in gas production during the ethanol fermentation of tung leaves with different initial pH values is shown in Figure 3d. As a by-product of cellular respiration, the carbon dioxide produced during ethanol fermentation (aerobic and anaerobic respiration) can be regarded as an important indicator of the ethanol yield, and the amount of gas production increased rapidly from 0 to 12 h. The maximum amount of gas production was 378 mL with an initial pH of 7.0, followed by an initial pH of 8.0 (358 mL), and the lowest amount of gas production was 289 mL at an initial pH value of 4.0.



The changes in ethanol accumulation during the ethanol fermentation of tung leaves with different initial pH values are shown in Figure 4. The ethanol content increased rapidly from 0 to 12 h, and the increase became slower from 12 to 48 h. Almost no further increase was observed after 48 h. In contrast to Figure 3d, almost no additional gas production was observed after 48 h, indicating that the ethanol-producing reaction almost ceased after 48 h. The lowest ethanol yield of 3.89 g/L was obtained at an initial pH value of 4.0, and the ethanol accumulation increased as the pH increased to neutral, with a maximum ethanol yield of 5.22 g/L at an initial pH value of 7.0, equivalent to 0.0522 g/g of tung leaf, which is higher than the 0.0452 g/g of substrate in a previous study [39]. As the pH continued to increase to 8.0, the ethanol yield decreased to 4.53 g/L, which is lower than those of 4.73 and 4.82 g/L at initial pH values of 5.0 and 6.0, respectively. A significantly faster rate of ethanol accumulation and a shorter time of fermentation at an acidic pH compared to the rest of the experimental groups were observed, and similar phenomena have been reported previously [42]. Although the pH range in which yeast can grow is relatively wide, the intracellular pH is relatively stable [43]. Changes in the initial pH can have an impact on the cell wall structure of yeast and alter the conformation of proteins protruding from the plasma membrane, as well as affecting the charge and permeability of the plasma membrane of Saccharomyces cerevisiae, affecting substance transport and leading to different ethanol yields [43,44,45]. The optimal initial pH of ethanol fermentation is different for different yeasts [24]. Ethanol fermentation using tung leaves under neutral or weakly acidic conditions resulted in the highest ethanol yields, although the optimal pH for yeast growth was lower, which also fits with some of the previous studies [46,47]. The utilization of biomass materials such as lignin for ethanol fermentation introduces more uncertainties into the fermentation environment, and the acid produced by fermentation further causes fluctuations in the pH of the fermentation broth.




3.3. Analysis of Energy Conversion Efficiency


The energy conversion efficiency of ethanol production from tung leaves can be calculated according to Equation (1), as shown in Figure 5, and in the biomass-refining process, ethanol fermentation usually has a higher energy conversion efficiency than biohydrogen production technology [4,48]. The mass substrate concentration at 100 g/L had a considerable energy conversion efficiency of 9.13%, and at an initial pH of 7.0, there was a maximum energy conversion efficiency of 9.55%, which also coincided with having the maximum unit ethanol production, as described previously.




3.4. Analysis of Fermentation Kinetics under Different Conditions


Table 1 shows the kinetic parameters of ethanol production from tung leaves under different fermentation conditions. All R2 values in the table greater than 0.95 indicate that the kinetic equation is well fitted. At different substrate mass concentrations, Pm, Rm, and λ all increased with the increase in the substrate mass concentration, among which 200 g/L had the highest ethanol production potential (5.91 g/L) and ethanol production rate (0.64 g/L/h) but had a longer fermentation delay period (1.63 h). When the initial pH was 7, the maximum ethanol production potential was 5.11 g/L, and when the initial pH was 8, the maximum ethanol production rate was 0.74 g/L/h. The lower the pH, the shorter the fermentation delay period. When the initial pH was 4, the fermentation delay period was 0.24 h. The kinetic analysis showed that a suitable substrate mass concentration and pH could shorten the fermentation delay period and result in a considerable ethanol yield.





4. Conclusions


Bioethanol production from tung leaves has a good potential for development, and the ethanol yield could be increased by controlling the initial fermentation substrate mass concentration and pH. When the initial substrate mass concentration was 100 g/L and pH was neutral, there was an optimal ethanol yield of 5.22 g/L, with an energy conversion efficiency of 9.55%.



The experimental study of ethanol production from tung leaf waste indicated that biomass could be an important resource to replace fossil fuels. Tung leaf waste is a rich source of raw materials that can produce high-purity ethanol through an appropriate processing technology and is of great significance for alleviating energy pressure, protecting the environment, and promoting economic development.
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Figure 1. Changes in reducing sugar mass concentration (a), pH (b), ORP (c), and cumulative gas production (d) during ethanol production at different substrate mass concentrations. 
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Figure 2. Changes in cumulative ethanol yield during ethanol production with different substrate mass concentrations. 
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Figure 3. Changes in reducing sugar mass concentration (a), pH (b), ORP (c), and cumulative gas production (d) during ethanol production at different initial pH values. 
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Figure 4. Variation in cumulative ethanol yield during ethanol production with different initial pH values. 
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Figure 5. Energy conversion efficiency of ethanol from oleander leaves under different conditions. 
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Table 1. Kinetic parameters of ethanol fermentation of tung leaves under different fermentation conditions.






Table 1. Kinetic parameters of ethanol fermentation of tung leaves under different fermentation conditions.












	
	Pm (g/L)
	Rm (g/L/h)
	λ (h)
	R2





	Substrate mass concentration
	
	
	
	



	5 g/L
	0.20
	0.02
	0.01
	0.98



	50 g/L
	1.42
	0.12
	0.22
	0.98



	100 g/L
	4.30
	0.35
	0.22
	0.98



	150 g/L
	5.02
	0.43
	0.50
	0.97



	200 g/L
	5.91
	0.64
	1.63
	0.99



	Initial pH value
	
	
	
	



	pH = 4
	3.87
	0.36
	0.24
	0.98



	pH = 5
	4.54
	0.39
	0.21
	0.98



	pH = 6
	4.78
	0.54
	0.74
	0.98



	pH = 7
	5.11
	0.50
	0.85
	0.99



	pH = 8
	4.43
	0.74
	1.17
	0.99
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