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Abstract

:

A new biphasic organic solvent, phenoxyethanol-maleic acid, was carried out to pretreat and fractionate vinegar residue into glucan, xylan and lignin under mild conditions. Additional effects of key factors, temperature and phenoxyethanol concentration, on vinegar residue, were evaluated. Under the biphasic system (0.5% maleic acid, 60% phenoxyethanol), 140 °C cooking vinegar residue for 1 h, 80.91% of cellulose retention in solid residue, 75.44% of hemicellulose removal and 69.28% of lignin removal were obtained. Optimal identified conditions resulted in maximum XOS of 47.3%. Then, the solid residue was enzymatically digested with a glucose yield of 82.67% at 72 h with the addition of 2.5 g/L bovine serum albumin. Finally, the residue was characterized by SEM, FTIR, XRD and BET analysis. This work demonstrated the phenoxyethanol-maleic acid pretreatment yielded XOS, fermentable sugar, and lignin with high processibility.
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1. Introduction


Vinegar residue (VR) is the principal byproduct left during the vinegar brewing industry by solid-state fermentation; cereals (sorghum, wheat bran, rice, millet) are usually used as raw materials to produce vinegars with characteristic flavors. In China, more than 3 million tons of VR are produced yearly. At the scale of manufacturing, the major disposal techniques of VR are landfill and incineration. These technologies generate secondary air and soil contamination and cause the bio-resources waste. In order to reduce its damage to the environment, there is an urgent need to create alternate disposal options for VR. The contents of VR mainly include cellulose (22.96–34.91%), hemicellulose (16.22–39.8%), lignin (9.2–24.78%) and ash (5.62–13.17%) [1]. Therefore, developing a financially viable biorefinery process of VR relies on the effective use and conversion of cellulose, hemicellulose and lignin. Biorefinery efficiency strongly relies on efficient pretreatment; therefore, an effective pretreatment step is required to accelerate the hydrolysis process and obtain the whole composition of VR.



Several pretreatment techniques have been studied over the past few years, including liquid hot water, acid and alkali reagents, organosolv and deep eutectic solvent (DES) [2,3,4,5,6]. Due to their capacity to boost lignin and solvent recyclability, organosolv pretreatment has recently gained much attention in the biorefinery industry [7]. In contrast, organosolv techniques use water-miscible organic compounds, making lignin separation and chemical recovery procedures more complicated. Therefore, an ideal technology for biorefinery is a biphasic reaction system with immiscible organic and liquid phases [2,8,9]. Phenoxyethanol has been deemed a safe and environmentally friendly organic solvent because it is biocompatible and biodegradable [10,11]. In this system, the solid fraction contains cellulose that can be converted into glucose by enzymatic hydrolysis and pretreatment. However, the dissolved hemicellulose and lignin stay in the liquid and organic phases, respectively. The xylan in hemicellulose can be broken down into xylose, xylitol and xylooligosaccharides (XOS) [12,13]. XOS is a promising value-added product as it explicitly promotes the development of probiotic bacteria in the human intestine [14].



Recently, Zheng et al. [11] used phenoxyethanol-acid system to pretreat bamboo, resulting in a higher enzymatic hydrolysis. However, further research is needed into the phenoxyethanol-acid system since sulfuric acid is typically used; and this invariably results in an excessive breakdown of xylan to unwanted byproducts such as xylose and 5-HMF, which reduces the yield of XOS [15]. Meanwhile, sulfuric acid is a non-renewable chemical that could eventually have a potential resource crisis as the supply-demand increases. Organic acid pretreatment has generated much interest as one of the high potential methods for promoting enzymatic saccharification of lignocellulosic materials [16,17]. In contrast, organic acids are often preferred for XOS production due to their many advantages, which including higher oligomeric sugar yields and fewer degradation by-products. Maleic acid (MA) is an organic acid that humans may consume and has found primary use in the pharmaceutical and resin industries [18]. In wheat straw pretreatment, maleic acid has been seen as a viable alternative to sulfuric acid since it degrades xylose into furfural at a considerably slower rate and nevertheless has the same potential to boost enzymatic digestibility at 30% (w/w) of solid loading [19].



In this study, we investigated an integrated biorefinery using phenoxyethanol-MA biphasic pretreatment of VR. Additionally, the optimal reaction temperature and phenoxyethanol concentration values were examined to obtain the highest yield of XOS and glucose. Scan electron microscopy (SEM) was used to monitor physical changes, and Fourier transforms infrared spectroscopy (FTIR) was used to analyze functional groups in the processed biomass to learn more about its structural features. Brunauer-Emmett-Teller (BET) was applied to calculate the specific surface and average pore volume and size, and the crystallinity of VR before and after pretreatment was characterized by the X-ray diffraction (XRD). This research successfully built a green biorefinery technology for efficiently co-producing XOS and glucose from VR using phenoxyethanol-MA biphasic pretreatment and enzymatic hydrolysis.




2. Materials and Methods


2.1. Raw Material and Enzyme


Vinegar residue was obtained from Jiangsu University of Science and Technology. The untreated VR composition was as follows (%, dry weight basis): glucan 25.84%, xylan 23.79% and total lignin 25.23%. Novozymes (NA, Franklinton, OH, USA) supplied the cellulase formula Cellic® CTec2 with 170 FPU/mL activity.




2.2. Phenoxyethanol-MA Pretreatment


In a 100 mL reactor, we performed the biphasic phenoxyethanol-MA pretreatment by combining phenoxyethanol and 0.5% MA solution at several concentrations (20, 40 and 60% phenoxyethanol, v/v). Specifically, a solid-liquid ratio of 1:10 (w/v) was used to add 6 g of VR into the reactor. The reactor was placed in an oil bath and heated at different temperatures (120, 140, 160 °C). Pretreatment was followed by rapid cooling of the reactor and physical separation of the mixtures; the soil residue was washed with hot water (60 °C) and kept at 4 °C for future testing. The liquid and organic phases were stored at −20 °C for further investigation.



As reported previously, pretreatment yield, delignification, cellulose degradation and xylan removal were calculated as reported by Madadi et al. [20].




2.3. Enzymatic Hydrolysis of Pretreated VR


The pretreated VR was subjected to 72 h of enzymatic hydrolysis with a substrate loading of 2% (w/v), a cellulase loading of 15 FPU/g glucans, pH 4.8 (0.05 M citrate buffer) at 50 °C for 150 rpm. In addition, before adding the cellulase enzyme, the pretreated substrates and buffer were incubated at 50 °C for 60 min with 2.5 g/L bovine serum albumin (BSA) to alleviate the inhibition of surface lignin on enzymatic hydrolysis [21]. Throughout the enzymatic hydrolysis, aliquots were taken to determine the total amount of sugars. Glucose yield was calculated as shown in Equation (1)


   Glucose   yield     %  =    Glucose   produced     g  × 0.9    Cellulose   content   in   treated   sample     g    × 100 %  



(1)








2.4. Measuring Different Physicochemical Properties of Pretreated VR


The crystallinity of VR before and after pretreatment was characterized by the X-ray diffraction (XRD) method described by Huang et al. [22]. The crystallinity index (CrI) was calculated by Equation (2):


   CrI     %  =    I  002   −  I  a m      I  002     × 100  



(2)







I002 is the diffraction intensity of (002) cellulose lattice I, and Iam is the diffraction intensity of the amorphous region with 2θ = 18.3°.



FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was adopted to determine the chemical linkage modifications of VR with a scanning range of 4000–40 cm−1. A JSM-7600F (Hitachi, Tokyo, Japan) instrument was used to collect surface morphology data. Using Brunauer-Emmett-Teller (BET), we determined the average pore volume and size and the specific surface area.




2.5. Analytical Methods


Pretreated VR chemical compositions were determined using NREL’s standard protocol [23]. Sugar concentrations were determined using a high-performance liquid chromatography (HPLC) (Agilent, Palo Alto, LA, USA) system with an Aminex HPX-87H column (300 × 7.8 mm) and a refractive index (RI) detector for use in further compositional analysis and enzymatic hydrolysis. The eluent was a 0.05 M H2SO4 solution flowing at 0.6 mL/min at 50 °C [24].




2.6. XOS Analysis


In this work, xylooligosaccharides (DP 2–6) were defined as the combination of xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopentaose (X5) and xylohexaose (X6). High-performance anion exchange chromatography (HPAEC, Dionex ICS-3000, Waltham, MA, USA) was used to quantitatively measure XOS quantities [25]. The concentration of XOS DP > 6 was calculated by deducting X2–X6 amounts of total XOS. The XOS yields were calculated as reported by Equation (3) [26].


   XOS   yield     %  =      xylose   after   acidolysis  −  xylose   before   acidolysis    × 0.88    Xylan   in   raw   materials    × 100 %  



(3)







In order to ensure accuracy, we ran all of our pretreatment and enzymatic hydrolysis studies twice. Data were summarized using a mean ± standard deviation.





3. Results and Discussion


3.1. Effects of Phenoxyethanol-Maleic Acid Pretreatment on the Composition of VR


Biphasic systems with varying solvent ratios and reaction temperatures were extensively tested to find the best conditions for the phenoxyethanol-maleic acid pretreatment of VR. Following pretreatment with phenoxyethanol and maleic acid, the principal chemical components of VR across a range of circumstances are summarized in Table 1.



Table 1 shows that the unpretreated VR consisted of 25.84% cellulose, 23.70% xylan and 25.20% lignin. The phenoxyethanol pretreatment system could not remarkably change the biomass components described by the previous study [11]. However, increasing the temperature from 120 °C to 160 °C and the phenoxyethanol concentration from 20% to 60% during phenoxyethanol-MA pretreatment reduced the xylan and lignin levels. At 120 °C, increasing the solvent ratio from 20% to 60% dropped the solid recovery yield from 64.14% to 59.59% and the glucan recovery yield from 90.26% to 85.28% while increasing the lignin removal yield from 37.95% to 48.5% and the xylan removal yield from 45.65% to 53.28%. Using the same pretreatment system at 140 °C and 160 °C, xylan removal yield was enhanced from 70.52% to 75.4% and 73.85% to 82.63%, respectively. Furthermore, phenoxyethanol-MA pretreatment considerably increased the degree of delignification at 140 °C (55.79–69.28%) and 160 °C (68.74–78.52%).



Pretreatment with phenoxyethanol-MA had no appreciable impact on cellulose breakdown and resulted in the retention of the vast majority of glucan (80–90%). The maleic acid solution first destroyed the lignin-carbohydrate complex (LCC) linkages, and then the lignin in the cell wall was solubilized by phenoxyethanol, resulting in the removal of most of the xylan and lignin [27]. In accordance with prior research, Table 1 shows that raising the phenoxyethanol concentration and temperature during pretreatment effectively reduced the lignin and xylan while retaining most of the glucan in the pretreated solid phases [28]. Moreover, pretreatment introduced into the biomass ought to allow for high enzymatic hydrolysis efficiency. Consequently, the advantages of the pretreatment effects on the solid must be evaluated against the value of the xylan degradation product. This research suggests that producing value-added XOS may bolster the economic sustainability of a VR biorefinery.




3.2. Effects of Phenoxyethanol-Maleic Acid Pretreatment on XOS Distribution


In terms of biomass prebiotic value, XOS is among the most promising [29]. XOS is made up of xylose chains ranging in length from two to ten, with or without arabinose and glucuronic side chains, and the degree of polymerization (DP) of these chains greatly affects their biological activity. Research shows that DP from 2–6 (especially DP 2–3) has been used in many different settings [30]. Consequently, the influence of pretreatment severity on the rate of xylan degradation and the yield of XOS by phenoxyethanol-MA pretreatment was investigated.



As presented in Figure 1a, the XOS yield increased from 16.7% (120 °C, 20% phenoxyethanol) to 47.3% (140 °C, 60% phenoxyethanol) and then decreased to 9.7% (160 °C, 60% phenoxyethanol). The amount of XOS showed the same trade (The amount of XOS increased from 3.5 g/L (120 °C, 20% phenoxyethanol) to 9.4 g/L (140 °C, 60% phenoxyethanol) and then decreased to 1.9 g/L (160 °C, 60% phenoxyethanol)). The quantity of xylose raised with temperature and phenoxyethanol increasing, peaking at 64.3% (160 °C, 60% phenoxyethanol). It was examined that MA pretreatment can produce a high XOS yield (52.9%) at 155 °C for 26 min with 0.5% MA [18]. Figure 1b shows the maximum XOS was obtained at 140 °C, 60% phenoxyethanol with 30.06% xylobiose (X2), 22.26% xylotriose (X3), 14.48% xylotetraose (X4), 13.90% xylopentaose (X5) and 10.26% xylohexaose (X6). It was noticed that the X2, X3 and X4 accounted for the main part of XOS, making them perfect for application in functional foods [31].



Figure 1b shows that XOS with DP > 6 were present in the hydrolysates. Xylanase has been shown to increase the XOS yield by converting high DP XOS present in hydrolysates or isolated xylan into low DP XOS [32]. At 140 °C and 60% phenoxyethanol, the greatest amount of XOS (47.3%) was produced, along with the highest concentration (9.02%) of XOS (DP > 6). Using a phenoxyethanol-MA pretreatment, VR may acquire XOS in a single step without adding xylanase since there would be less XOS with a high DP. The pretreatment of VR with phenoxyethanol-MA was more beneficial and convenient for the production of XOS.



The relationship between delignification and xylan removal is summarized in Figure 2a. Delignification shows a high positive linear connection (R2 = 0.9092), as can be seen. Meanwhile, R2 = 0.8908 showed a linear relationship between delignification level and xylose yield. A high R2 value indicates that delignification significantly affected xylose yield and xylan elimination. Non-linear regression analysis showed an R2 = 0.7508 relationship between delignification and XOS yield (Figure 2b). The results showed that delignification was crucial to XOS production, with the yield increasing and then decreasing with time. Furthermore, the connection between delignification and XOS with DP > 6 is seen in Figure 2b. The result implied that delignification plotted non-linear correlation at R2 = 0.9516 with XOS of DP >6 when fitted.




3.3. Enzymatic Hydrolysis of Solid Residue


The effectiveness of enzymatic hydrolysis is a crucial criterion for evaluating the cellulose conversion of lignocellulose, which is one of the most significant procedures in the validity use of lignocellulose [33]. The enzymatic hydrolysis efficiency of pretreated VR solid at several temperatures and solvent ratios is shown in Figure 3a–c. Increasing the solvent ratio in the system increased the enzymatic digestibility of the phenoxyethanol-MA pretreated VR. Significantly, increasing the solvent ratio from 20% to 60% boosted the enzymatic hydrolysis yields of pretreated VR from 28.85% to 50.86% (120 °C), from 55.14% to 73.09% (140 °C) and from 69.68% to 81.09% (160 °C). A linear relationship was discovered between the degree of delignification (R2 = 0.9853) and the xylan removal yield (R2 = 0.9185) with the enzymatic digestibility of pretreated VR (Figure 3e,f). Delignification and xylan removal may have helped improve enzymatic hydrolysis efficiency, as shown by their high R2 values. For enzymatic hydrolysis of lignocellulose and hemicellulose, removing lignin and hemicellulose may increase the exposed surface area so enzymes can interact [34].



The previous data showed that the optimum pretreatment conditions for XOS synthesis (140 °C, 60% phenoxyethanol) did not correspond with those for enzymatic hydrolysis (160 °C, 60% phenoxyethanol). An increase in the efficiency of enzymatic hydrolysis at 140 °C with 60% phenoxyethanol was required to efficiently co-produce glucose and XOS from a monetary and technical standpoint. We have already verified that residual lignin may be a major barrier to enzymatic hydrolysis. Furthermore, using BSA to block the enzyme binding sites on the lignin surface may alleviate the negative effects non-productive binding of enzymes on enzymatic hydrolysis [35]. As suggested in the article, enzymatic hydrolysis was optimized at 140 °C in 60% phenoxyethanol by adding BSA. BSA was added to a buffered suspension prior to the enzyme addition. The results are shown in Figure 3d. The addition of BSA considerably increased the effectiveness of enzymatic hydrolysis, resulting in an increase in hydrolysis yield from 73.09% to 82.67% while maintaining the same enzyme loading (15 FPU/g). It can be conjectured that the surface lignin and residual xylan contents may contribute to the stronger enzyme non-productive binding. Thus, we found that 140 °C with 60% phenoxyethanol was the optimal conditions for simultaneous XOS and glucose production.




3.4. Structural Characterization of Solid Residue


The functional group variation trend of the raw material and phenoxyethanol-MA pretreated VR was analyzed by FTIR (Figure 4a). The hydroxyl group’s (–OH) stretch vibration was seen as an absorption band at 3331 cm−1. In cellulose, hemicellulose and lignin, the hydroxyl groups and hydrogen bonds cause the -OH groups to stretch [36]. Absence of the absorption band near 1732 cm−1, which might be due to C=O bonds stretching vibrations in lignin and hemicelluloses after phenoxyethanol-MA processing, demonstrates that hemicellulose and lignin have been effectively separated [36,37]. The bands at 1603 cm−1 and 1512 cm−1, characteristic of aromatic ring vibration, were progressively weaker in the samples during the pretreatment, suggesting that more lignin was separated [38]. Additionally, the Guaiacyl’s (G) C-O bond has been considerably reduced following phenoxyethanol-MA pretreatment, which may account for the absorption band of about 1238 cm−1 [39]. The overall shifts in the aforementioned functional groups were consistent with the experimental results from the control groups and provided adequate verification of the efficacy of phenoxyethanol-MA pretreatment on simultaneous separation of lignin and hemicellulose.



X-ray diffraction was used to compare the crystallinity of raw and pretreated VR samples to learn how phenoxyethanol-MA treatment altered the crystal structure of the VR. The findings are shown in Table 2 and Figure 4b. Phenoxyethanol-MA processed samples had a higher CrI (36.14–53.13%), as the ratio of crystalline to amorphous cellulose was enhanced, in comparison to the raw samples (24.10%), owing to the pretreatment process. After being pretreated with phenoxyethanol-MA, VR’s BET surface area grew from 1.82 m2/g to 12.41 m2/g, and its average pore size shrank from 17.68 nm to 8.36 nm. The overall pore volume in VR after treatment increased 6.2-times (from 0.009 to 0.056 nm).



SEM was used to analyze the effect of pretreatment on the surface of raw VR and phenoxyethanol-MA pretreated VR (Figure 4c). The raw VR fibers were prominent for being densely packed and reasonably smooth, neither of which facilitated cellulase accessibility. Some attached cellulose fragments were dissolved during the 120 °C, 60%. phenoxyethanol pretreatment, leading to a rougher sample surface. However, no delamination or holes formed, indicating inadequate separation of lignin and hemicellulose. In contrast, pretreatment at 140 °C and 160 °C with 60% phenoxyethanol resulted in a considerably rough surface of the VRs, followed by the formation of a large number of delamination, suggesting that most of the lignin and hemicellulose were effectively separated. The above data show that pretreated VR has a higher enzymatic hydrolysis rate because its BET surface area is larger, its cellulose crystallinity index is higher and its rough morphologies are better.




3.5. Mass Balance of Phenoxyethanol-Maleic Acid Pretreatment


This research demonstrated that XOS and glucose may be effectively co-produced using a sequential phenoxyethanol-MA pretreatment and enzymatic hydrolysis. Figure 5 shows a mass balance at the optimum conditions (140 °C, 60% phenoxyethanol) regarding XOS and glucose yields. An amount of 1000 g of dry raw VR solid (258.4 g of glucan, 237.9 g of xylan, and 252.3 g of lignin) yielded 725 g of VR containing 209.1 g of glucan, 179.5 g of xylan and 174.8 g of lignin after phenoxyethanol-MA pretreatment (140 °C, 60% phenoxyethanol). Concurrently, the pretreatment liquid yielded 28.2 g of xylose, 82.7 g of XOS and 11.9 g of low DP xylans. Using BSA to aid in the enzymatic hydrolysis of the phenoxyethanol-MA pretreatment residue, glucose output was increased to 169.6 g. Based on these findings, VR can co-produce XOS and glucose, adding to the data pool that VR may be considered for future biorefinery applications.





4. Conclusions


In brief, an effective and facile biphasic fractionation system was presented. In our study, the satisfactory of co-production of XOS and glucose from VR was experimentally verified. The highest yield of XOS achieved was 47.3% at 140 °C with 60% phenoxyethanol. Under this circumstance, simple addition of BSA raised enzymatic hydrolysis yields to 82.67%. The biphasic pretreatment led to increased pore size and crystallinity, which increasing the glucose yield. Overall, phenoxyethanol-MA pretreatment could achieve the co-production of XOS and glucose from VR, VR is a underlying biorefinery feedstocks.
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Figure 1. Xylose and XOS yields at different pretreatment (a) relative percentages of XOS at different pretreatment (b) in VR. 
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Figure 2. Impact of delignification on xylan removal and xylose yield (a). Impact of delignification on XOS yield and XOS DP > 6 yield (b). 
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Figure 3. Enzymatic hydrolysis yield of pretreated VR at 120 °C (a), 140 °C (b), and 160 °C (c). Enzymatic digestibility of pretreated VR (140 °C, 60% phenoxyethanol) with or without BSA (d). Correlations between xylan removal yield (e) and degree of delignification (f) and enzymatic digestibility of pretreated VR. 
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Figure 4. Characterization of different samples. (a) FTIR spectra of different samples. (b) XRD spectra and (c) SEM images of different samples. 
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Figure 5. Mass balance for phenoxyethanol-MA pretreatment process. 
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Table 1. Pretreatment yield and compositions change of VR.
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T (°C)

	
Penoxyethanol Concentration (%)

	
Composition (%)

	
Recovery Yield (%)

	
Removal Yield (%)




	
Glucan

	
Xylan

	
Lignin

	
Solid

	
Glucan

	
Lignin

	
Xylan






	
Untreated

	
25.84 ± 0.4

	
23.70 ± 0.3

	
25.20 ± 0.6

	
100

	
-

	
-

	
-




	
120

	
20

	
37.59 ± 0.5

	
19.31 ± 0.7

	
24.34 ± 0.3

	
64.14 ± 1.2

	
90.26 ± 0.4

	
37.95 ± 1.1

	
45.65 ± 1.2




	
40

	
38.42 ± 0.7

	
20.47 ± 0.2

	
22.37 ± 0.6

	
62.35 ± 1.1

	
86.03 ± 0.3

	
44.45 ± 0.9

	
46.25 ± 0.7




	
60

	
39.85 ± 1.0

	
22.64 ± 0.7

	
21.81 ± 0.5

	
59.59 ± 0.8

	
85.28 ± 0.5

	
48.50 ± 1.0

	
53.28 ± 0.4




	
140

	
20

	
43.74 ± 0.2

	
17.48 ± 0.4

	
23.50 ± 0.3

	
48.52 ± 0.6

	
83.37 ± 0.2

	
55.79 ± 0.6

	
70.52 ± 0.8




	
40

	
46.16 ± 0.3

	
15.91 ± 0.3

	
20.86 ± 0.5

	
44.68 ± 0.5

	
82.15 ± 0.2

	
60.24 ± 0.6

	
73.89 ± 0.2




	
60

	
47.51 ± 0.6

	
13.90 ± 0.3

	
17.62 ± 0.2

	
44.64 ± 0.3

	
80.91 ± 0.5

	
69.28 ± 1.2

	
75.44 ± 0.9




	
160

	
20

	
51.17 ± 0.4

	
15.44 ± 0.8

	
20.00 ± 1.2

	
40.31 ± 1.0

	
81.32 ± 1.3

	
68.74 ± 0.2

	
73.85 ± 0.4




	
40

	
53.30 ± 0.5

	
12.76 ± 0.2

	
15.64 ± 0.5

	
37.86 ± 0.9

	
79.82 ± 0.9

	
74.37 ± 0.3

	
79.78 ± 0.8




	
60

	
54.19 ± 0.5

	
10.92 ± 0.3

	
14.33 ± 0.4

	
35.73 ± 0.7

	
80.70 ± 0.3

	
78.52 ± 0.7

	
82.63 ± 0.2
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Table 2. BET surface area, average pore size, pore volume and crystallinity (CrI) of solid residue.
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	Samples
	BET Surface Area (m2/g)
	Average Pore Size (nm)
	Total Pore Volume (cm3/g)
	CrI (%)





	Raw
	1.82
	8.36
	0.009
	24.10



	120-60
	3.01
	14.83
	0.019
	36.14



	140-60
	11.76
	15.50
	0.043
	41.75



	160-60
	12.41
	17.68
	0.056
	53.13
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