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Xylooligosaccharides (XOS) are functional feed additives that are attracting growing commercial interest owing to their excellent ability to modulate the composition of the gut microbiota. The acid hydrolysis-based processing of xylan-containing materials has been proposed to represent a cost-effective approach to XOS preparation, with organic acids being preferable in this context. As such, in the present study, maleic acid was selected as a mild, edible organic acid for use in the hydrolysis of xylan to produce XOS. A response surface methodology (RSM) approach with a central composite design was employed to optimize maleic acid-mediated XOS production, resulting in a yield of 50.3% following a 15 min treatment with 0.08% maleic acid at 168°C. Under these conditions, the desired XOS degree of polymerization (2-3) was successfully achieved, demonstrating the viability of this using a low acid dose and a high reaction temperature to expedite the production of desired functional products. Moreover, as maleic acid is a relatively stable carboxylic acid, it has the potential to be recycled. These results suggest that dilute maleic acid-based thermal treatment of corncob-derived xylan can achieve satisfactory XOS yields, highlighting a promising and cost-effective approach to XOS production.
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INTRODUCTION

Xylooligosaccharides (XOS) are non-digestible functional oligosaccharides with prebiotic activity, leading to their extensive use as food additives (1). As XOS exhibit excellent thermos-stability to 100°C and strong acid resistance across a pH range of 2.0–7.0, they are well-suited to gastrointestinal delivery given their ability to resist stomach acid (2). Several studies published to date have demonstrated that the use of XOS as a feed additive can improve specific growth rates and feed conversion ratio values in livestock while simultaneously promoting the growth of beneficial bacteria within the intestines and improving overall digestive performance and immune activity (3, 4). As a food additive, an intake of XOS (1–3 g/day) can readily promote the growth of probiotic bacterial species, enhance calcium absorption, protect against dental caries, and decrease the incidence of gastrointestinal and cardiovascular diseases (5, 6). Given their robust prebiotic properties, XOS have been a focus of growing scientific and commercial interest such that the market price for XOS is forecast to exceed $130 million by 2023 (2, 4).

Xylooligosaccharides are composed of 2–10 xylose units and are generated through the hydrolysis of xylan, which is the major extract from hemicelluloses composition of lignocellulosic biomass (7). XOS are currently produced by enzymatic method, chemical method, or a combination of these two approaches (2, 8). While enzymatic hydrolysis is more selective and can thus yield XOS of higher purity, it is expensive, slow, and necessitates specialized storage and handling of the utilized enzymes, thus making it poorly suited to large-scale commercial production (9, 10). In contrast, acid-based hydrolysis approaches are efficient and inexpensive such that they are more frequently employed in the context of large-scale industrial XOS production (11). The acidic hydrolysis techniques generally hydrolyze xylan using mineral acids or organic acids as catalysts (12–16). The use of conventional sulfuric acid, however, results in large quantities of inorganic waste in the form of gypsum together with significant quantities of other degradation products including pentose-derived furfural and hexose-derived 5-hydroxymethylfurfural. As organic acids yield fewer byproducts (xylose and furfural) in this reactive context, they are often favored over inorganic acids (17–20), with those byproducts produced during organic acid hydrolysis being more readily utilized in the form of combustion fuel in a co-firing device, as fertilizer, or as animal feed (19, 21, 22). Besides, simple soluble organic acids, e.g., mono-, di- and tri-carboxylic acids, are ubiquitous components of the nature system.

Maleic acid (MA) is a dibasic carboxylic acid that functions as an organic acid, releasing H+ to facilitate the depolymerization of xylan and other hemicelluloses, thereby yielding oligomers or monosaccharides. In prior reports, MA has been shown to be a safe and environmentally friendly organic acid that can be employed for the pretreatment of lignocellulosic materials. As the furfural byproduct derived from xylose dehydration necessitates higher activation energy, MA pretreatment can also lower byproduct yields as compared to sulfuric acid pretreatment (23). MA is also classified as a food additive, and it can thus be used in the co-preparation of XOS for use in feed additives. While MA has previously been reported in the context of monosaccharide preparation (23–26), few studies have explored its value in the context of XOS production. As such, in this study, MA was herein utilized to facilitate xylan hydrolysis as a means of generating XOS. Through single-factor and response surface methodology (RSM)-based approaches, MA-mediated XOS yields were optimized, and the interactive relationships between reaction temperature, acid content, and holding time were explored.



MATERIALS AND METHODS


Materials

Corncobs that served as inputs in the present study were provided as a kind gift from farmers in Rizhao, Shandong province, China. Corncobs were initially milled and passed through 40–100 meshes, followed by use for xylan preparation. The prepared corncob was composed of 35.9% cellulose, 32.1% hemicellulose, and 17.3% lignin.



Xylan Preparation

A two-step approach was used to prepare xylan through alkaline extraction and ethanol precipitation. Initially, the milled corncob was treated for 45 min with 7% NaOH at 120°C. Following alkaline treatment, the resultant sludge was centrifuged and the xylan-containing supernatant fraction was collected. Next, ice-cold 95% ethanol was used to precipitate these alkaline supernatants, with the precipitate then being collected and rinsed using 70% ethanol (10). Following this ethanol wash, precipitates were freeze-dried to facilitate downstream analyses and acidic hydrolysis. Xylan was assessed as per the standard method developed by the National Renewable Energy Laboratory's standard method (27).



Maleic Acid-Mediated Xylan Hydrolysis

MA-mediated xylan hydrolysis was performed in a 100 mL screw-top pressure-resistant steel reactor. Briefly, 5 g of freeze-dried xylan powder and 50 mL of dilute MA prepared at the appropriate concentration were combined in the reactor at a 1:10 solid-liquid ratio. Xylan hydrolysis was performed using a constant temperature oil-bath pan (KEMAI, SC-10A, China). Reactors were sealed and immersed in an oil bath after stably reaching the selected preset temperature. After the selected reaction duration, reactors were removed and cooled in a cold water bath. The sludge therein was then centrifuged for 8 min at 8,000 rpm, after which supernatants were collected for analysis.



Acid Hydrolysis Experimental Design

Experimental design was achieved using the response surface analysis software Design-Expert (v 11.0). For this analysis, three independent variables were selected, including reaction temperature (A, 130–170°C), acid concentration (B, 0.04%-0.16%, w/w), and hydrolysis time (C, 15–45 min). The XOS yield (Y) served as the response in this analysis, enabling the evaluation of interaction effects for reaction temperature, acid content, and holding time, with a quadratic polynomial then being generated via stepwise regression fitting. Significance for the designed experiments was assessed using analyses of variance (ANOVAs) (28). Model fit was assessed by calculating the R2 and adjusted R2 values, with model significance being established based on F- and P-values. Response surfaces were established with the fitted quadratic polynomial equation for each response as a means of demonstrating the effects of the selected variables on XOS yield.



Analytical Methods

Xylose and XOS (including xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopentaose (X5), and xylohexaose (X6)) were simultaneously detected via High-performance anion-exchange chromatography (HPAEC) (Thermo Fisher, ICS-6000, USA) with a CarboPac™ PA200 column (29). MA and furfural were assessed via high performance liquid chromatography (HPLC) (Agilent 1200, USA), coupled with an Aminex Bio-Rad HPX-87H column (300 mm × 7.8 mm; USA) and a refractive index detector. An analytical column was operated at 55°C with a mobile phase consisting of 5 mM H2SO4. The flow rate for the mobile phase was 0.6 mL/min. Yields of xylose and XOS (X2-X6) were determined as follows:
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RESULTS AND DISCUSSION


Production of XOS in Single-Factor Experiments

Corncob extract-derived xylan was used for all XOS production in the present study. Briefly, alkaline corncob extracts from different batches were pooled to yield the experimental input material (69.1% xylan). The final recovery of xylan was 61.7% relative to the total xylan in raw material. Following alkaline treatment, the remaining non-xylan solids fraction was primarily comprised of cellulose, which can also serve as a raw source of glucan in the context of enzymatic hydrolysis-mediated glucose production (30). The rate of xylan degradation has previously been shown to be primarily influenced by reaction temperature, acid content, and holding time (11). An RSM experimental design approach was thus employed to explore the effects of these factors on XOS yields. In total, 15 individual independent experiments were performed at temperatures from 130–170°C (Figures 1A–C), with XOS yields (calculated based on the total X2–X6 content) and the distributions of xylose, furfural, and X2–X6 generated at a given fixed temperature being reported.
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FIGURE 1. Furfural, xylose, and X2-X6 distributions and XOS yields in xylan hydrolysates prepared using a range of MA concentrations, holding times, and temperatures: (A) 130°C; (B) 150°C; and (C) 170°C. X2: xylobiose; X3: xylotriose; X4: xylotetraose; X5: xylopentaose; X6: xylohexaose; XOS: xylooligosaccharides = X2+X3+X4+X5+X6; MA: maleic acid.


Under low reaction temperature and low acid content conditions, X2–X6 distributions were average, but total XOS yields were very low (<20%) (Figure 1A). For example, X2–X6 contents following treatment for 15 min at 130°C with 0.1% MA were 1.22, 1.16, 1.21, 1.36, and 1.59 g/L, respectively. When harsher reaction conditions were employed, however, declining trends in XOS concentrations were generally observed from X2–X6. At 130°C, XOS yields rose with increases in acid concentration or holding time. For example, following treatment at 130°C for 45 min with 0.04% MA, the XOS yield was just 10.6%, which was much lower than that observed under otherwise identical conditions with 0.16% MA (47.1%). At 150°C, the XOS yields rose with prolonged holding time at a low MA concentration (0.04%), but dropped sharply at holding times beyond 30 min when the acid content was >0.1% (Figure 1B). At 170°C, XOS yields declined with increases in acid content and holding time owing to the accelerated conversion of XOS to xylose under these conditions such that treatment for 45 min with 0.1% MA at 170°C for 45 min resulted in an XOS yield of just 9.8%, whereas the xylose yield was as high as 80.1% (Figure 1C). These data suggest that overly harsh reaction conditions can result in the excessive breakdown of xylan, making them ill-suited to preparing XOS (31). It is, however, important to note that furfural yields remained low (<5 g/L) under even the harshest conditions (170°C/45 min/0.16%), owing to the dicarboxylic structural characteristics of MA, which mimic the active sites of natural enzymes and thereby stabilize xylose, slowing its degradation (32). With appropriate acid concentrations and holding time values, high XOS yields of 45–50% were successfully achieved at 130, 150, and 170°C. While an XOS yield of 47.1% was achieved at 130°C (0.16% MA, 45 min), this required a notably prolonged reaction time, whereas at 150°C a 48.3% XOS yield was achieved in just 15 min using 0.16% MA. Overall, these experiments revealed that xylose production constantly increased with rising temperature, time, and MA concentration.

In acidic hydrolysis process, the glycosidic bonds between adjacent xylose units in xylan can be randomly hydrolyzed by hydronium ions, causing xylan depolymerization to give xylooligomers and xylose (13, 33, 34). Xylan is generally first broken down to yield polysaccharides with a higher degree of polymerization (DP) in acidic hydrolysis processes, followed by further degradation into oligomers with lower DP values (22). Under lower temperature conditions, higher XOS yields generally necessitate increases in either acid concentration or holding time in a manner that may be poorly suited to commercial applications. Increasing the holding time and acid concentrations can also result in further oligosaccharide degradation, yielding smaller byproducts including furfural and xylose. Reaction temperature, acid concentration, and holding time must therefore be synergistically regulated to improve XOS yields while minimizing the production of undesirable byproducts.



Model Fitting

XOS yields were optimized using a 3-factor-3-level central composite design (CCD) strategy consisting of 15 experimental runs exploring relationships among reaction temperature (A), acid content (B), and holding time (C). For this approach, the central condition was as follows: 150°C, 0.1% MA, and 30 min. Each of the 15 runs was conducted in triplicate, with the resultant average XOS yields and corresponding ANOVAs being shown in Tables 1, 2, respectively.


Table 1. The experimental design and response value (XOS yield).
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Table 2. Analysis of variance in RSM model.
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A linear regression approach was successfully used to model XOS yields based on the above data, with the model F-value (30.66) corresponding to model significance given that there is only a 0.85% chance that such a value would only occur due to noise. Model terms with P-values < 0.05 and >0.1, respectively indicate significance and a lack of significance. In cases when many model terms not necessary to support the overall hierarchy of the model are insignificant, model reduction can lead to further improvements in the model. The signal-to-noise ratio (SNR) is a measure of precision, with an SNR >4 being desirable. Given the observed SNR of 16.388, the model signal was considered to be adequate such that it could be used to navigate the design space. A multiple regression analysis conducted with the Design-Expert software selected a quadratic model as being most appropriately matched to this model based on fit to the (Y). The resultant quadratic equation obtained through this analysis was as follows:

Y = 11.6A + 2950.7B + 9.8C−13.4AB-0.05AC−11.5BC−0.03A2-2753.5B2-0.03C2-1126.3, where A, B, and C, respectively denote temperature (°C), acid concentration (%), and holding time (min).

For this equation, positive and negative regression coefficient values correspond to synergistic effects and antagonistic effects, respectively. F-tests and P-values were used to assess the significance of each model term. As shown in Table 2, time significantly affected XOS yield (P < 0.05). Quadratic terms for acid concentration and temperature were also significant, which were the same as interactions between the two random factors.

The coefficient (R2) and adjusted coefficient of determination (Adj.R2) values for this model were 0.98 and 0.93, respectively, with both being in good agreement and larger than 0.80, consistent with the fitted model exhibiting appropriate consistency between predicted and actual values (35). As the lack-of-fit value was not significant (not shown), this model was considered to be adequate as a tool for predictive analyses. In addition, strong linear correlations were visible between predicted and actual XOS yield values, confirming the reliability of this predictive model (Figure 2).


[image: Figure 2]
FIGURE 2. Correlations between predicted and actual values.


The 3D response surface generated by the Design-Expert software enables the visualization of interactive effects associated with two factors when a third factor is fixed (Figures 3A–C). The observed results suggested that slight changes in reaction temperature, acid concentration, and holding time had the potential to significantly affect XOS yields. At a fixed 30 min holding time, the maximal contour with the greatest XOS yield (>45%) was obtained in the 145–160°C and 0.08–0.12% MA range (Figure 3A), with further increases in reaction temperature and acid concentration resulting in decreased XOS yields owing to the excessive conversion of XOS into xylose. Similar results were also observed when exploring the interaction effects of holding time and reaction temperature (Figure 3B) or holding time and acid concentration (Figure 3C).


[image: Figure 3]
FIGURE 3. Response surface plots demonstrating the interactive effects of (A) reaction temperature and MA content. (B) reaction temperature and holding time; and (C) MA content and holding time on XOS production. XOS: xylooligosaccharides = X2+X3+X4+X5+X6.




Predicted Value Verification

In light of the 3D surface plots generated above, it was clear that holding time was the dominant factor significantly affecting XOS yield responses, as evidenced by a higher F-value for time relative to corresponding values for temperature or acid concentration (Table 2), with A, B, and C values in the 160–170°C, 0.08–0.12%, and 15–20 min ranges producing XOS yields of > 50%. In the fitted yield, the maximal predicted XOS yield (51.1%) was identified for the following reaction conditions: 164°C, 0.11% MA, and 14 min. From a practical industrial perspective, however, lower acid concentrations are preferable as they will lower the costs of downstream purification. Other response conditions with predicted XOS yields of around 50% were thus also compared (168°C, 0.08% MA, 15 min; 170°C, 0.06% MA, 17 min). Each of these experimental protocols was repeated in triplicate using the indicated reaction conditions, and xylan hydrolysis component distributions were then assessed (Figure 4). In the resultant hydrolysates, X2 and X3, which are considered to be the most effective prebiotic compounds (36), were the dominant components, while X4–X6 yields were substantially more limited.


[image: Figure 4]
FIGURE 4. Hydrolysate component distributions and XOS yields for three chosen conditions. X2: xylobiose; X3: xylotriose; X4: xylotetraose; X5: xylopentaose; X6: xylohexaose; XOS: xylooligosaccharides = X2+X3+X4+X5+X6; MA: maleic acid.


The maximal achieved XOS yield under these experimental conditions was 51.7%, corresponding to a total concentration of 35.7 g/L. This yield was largely consistent with the predicted yield (51.1%) under the selected reaction conditions (164°C, 0.11% MA, 14 min), further supporting the accuracy of the established regression equation. XOS yields when xylan hydrolysis was performed using 0.06 or 0.08% MA were 49.1 and 50.3%, respectively. As these values were only slightly lower than the 51.7% yield achieved above, they were considered acceptable. At the 0.06% MA concentration, xylose byproduct levels were higher than those observed at a 0.08% MA concentration, leading to the conclusion that XOS production with 0.08% MA at 168°C for 15 min is preferable. This acid concentration is relatively low as compared to previously reported organic acid concentrations in other studies assessing xylan hydrolysis. For example, Zhang et al. (37) achieved a maximal 45.86% XOS yield when using 20% acetic acid to hydrolyze waste xylan extracted from viscose fiber plants for 20 min at 140°C. In another report, Zhao et al. (14) employed 1.2% furoic acid to facilitate the xylan hydrolysis of corncob xylan for 33 min at 167°C, achieving a 49.2% yield. Besides, it was reported that the highest XOS yield of 45.18% was obtained with 1% sulfuric acid at 120°C for 60 min during the hydrolysis of the residual hemicelluloses of dissolving pulp (38). Henriques et al. (39) concluded that a maximum XOS yield of 30.2% was obtained within 30 min at 100°C and pH 0.5 by nitric acid hydrolysis of xylan from Eucalyptus globulus bleached kraft pulp. The ability of dilute MA to efficiently hydrolyze xylan and generate XOS can be attributed to the low dissociation constant of MA (pKa1 = 1.83, pKa2 = 6.07) (40, 41). This property, in turn, is attributable to the fact that MA is monounsaturated and protonates via the formation of a stable cis-anion through intramolecular hydrogen bonding. The sp2 character of MA further improves its acidity as its electrons are more closely located to the unsaturated carbon nucleus, resulting in a lower energy state and enhanced anion stability (42). MA is also free of additional alkyl groups that can inductively decrease acid strength. Together, these features are conducive to the enhanced acidity of MA such that it is more similar to a strong acid capable of readily releasing H+ (43). The activation energy for MA-mediated hemicellulose hydrolysis is significantly lower than that for sulfuric acid, suggesting MA to be a more efficient catalyst in this context (44). Other studies have also reported MA to exhibit greater efficacy when converting barley straw xylan into reducing sugar as compared to other monocarboxylic or dicarboxylic acids, including adipic acid, benzoic acid, malonic acid, and salicylic acid (42). Lin et al. (11) have also further reported MA to be better suited than citric acid to the catalysis of hemicellulose conversion into XOS.

The feasible commercial use of MA as a catalyst necessitates that it can be repeatedly recycled. MA chromatograms before and after the hydrolysis of xylan at 168°C with 0.08% MA for 15 min were compared in Figure 5. While partial overlap of the MA and XOS peaks was observed, the intensity of the post-hydrolysis MA peak was very similar to the pre-hydrolysis peak, suggesting that MA does not undergo degradation or conversion during hydrolysis. As such, MA offers great potential for the industrial-scale production of XOS given that it can potentially be recovered via electro-dialysis procedures (45).


[image: Figure 5]
FIGURE 5. MA solution chromatograms (A) prior to and (B) following xylan hydrolysis at 168°C with 0.08% MA for 15 min. MA, maleic acid.





CONCLUSIONS

In summary, dilute edible MA was employed to produce XOS via an acid hydrolysis approach using xylan as an input, with an RSM approach being used to optimize the necessary reaction temperature, holding time, and acid concentration. Using this strategy and quadratic regression model-based predictions, an optimal 50.3% XOS yield was achieved, highlighting a promising approach to achieving large-scale production of XOS with desired DP (X2 and X3).



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

CF and AS developed the idea and methodology for the study and helped in manuscript preparation. KJ and XFu performed the experiment and drafted the manuscript. RH, XFa, LJ, DC, XL, and YF analyzed the results and interpreted them. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

The works were supported by Scientific Research Fund of Zhejiang Provincial Education Department (Y202146043), the Scientific Research Fund of Zhejiang Provincial Education Department (Y202146041), Basic Research Funds of Hangzhou Medical College (KYYB202009), Doctoral Scientific Research Foundation of Hangzhou Medical College (00004F1RCYJ2001), Zhejiang Provincial Natural Science Foundation of China (No. LY20C200002), Basic Research Funds of Hangzhou Medical College (KYQN202104), and Zhejiang Provincial Program for the Cultivation of High-Level Innovative Health Talents.



ACKNOWLEDGMENTS

We sincerely thank for the support of State Key Laboratory of Subtropical Silviculture of Zhejiang A&F University, and the Advanced Analysis and Testing Center of Nanjing Forestry University.



REFERENCES

 1. Mhetras N, Mapre V, Gokhale D. Xylooligosaccharides (XOS) as emerging prebiotics: its production from lignocellulosic material. Adv Microbiol. (2019) 09:14–20. doi: 10.4236/aim.2019.91002

 2. Santibáñez L, Henríquez C, Corro-Tejeda R, Bernal S, Armijo B, Salazar O. Xylooligosaccharides from lignocellulosic biomass: a comprehensive review. Carbohyd Polym. (2021) 251:117–8. doi: 10.1016/j.carbpol.2020.117118

 3. Huang C, Wang X, Liang C, Jiang X, Yang G, Xu J, et al. A sustainable process for procuring biologically active fractions of high-purity xylooligosaccharides and water-soluble lignin from Moso bamboo prehydrolyzate. Biotechnol Biofuels. (2019) 12:189. doi: 10.1186/s13068-019-1527-3

 4. Jain I, Kumar V, Satyanarayana T. Xylooligosaccharides: an economical prebiotic from agroresidues and their health benefits. Indian J Exp Biol. (2015) 53:131–42.

 5. Grootaert C, Delcour JA, Courtin CM, Broekaert WF, Verstraete W, Wiele TV. Microbial metabolism and prebiotic potency of arabinoxylan oligosaccharides in the human intestine. Trends Food Sci Tech. (2007) 18:64–71. doi: 10.1016/j.tifs.2006.08.004

 6. Turck D, Bresson JL, Burlingame B, Dean T, Fairweather-Tait S, Heinonen M, et al. Safety of xylo-ligosaccharides (XOS) as a novel food pursuant to regulation (EU) 2015/2283. EFSA J. (2018) 16:5361. doi: 10.2903/j.efsa.2018.5361

 7. Amorim C, Silvério SC, Prather K, Rodrigues LR. From lignocellulosic residues to market: production and commercial potential of xylooligosaccharides. Biotechnol Adv. (2019) 37:107397. doi: 10.1016/j.biotechadv.2019.05.003

 8. Kumar V, Satyanarayana T. Generation of xylooligosaccharides from microwave irradiated agroresidues using recombinant thermo-alkali-stable endoxylanase of the polyextremophilic bacterium Bacillus halodurans expressed in Pichia pastoris. Bioresour Technol. (2015) 179:382–9. doi: 10.1016/j.biortech.2014.12.049

 9. Brienzo M, Carvalho W, Milagres AMF. Xylooligosaccharides production from alkali-pretreated sugarcane bagasse using xylanases from Thermoascus aurantiacus. Appl Biochem Biotech. (2010) 162:1195–205. doi: 10.1007/s12010-009-8892-5

 10. Samanta AK, Jayapal N, Kolte AP, Senani S, Sridhar M, Suresh KP, et al. Enzymatic production of xylooligosaccharides from alkali solubilized xylan of natural grass (Sehima nervosum). Bioresour Technol. (2012) 112:199–205. doi: 10.1016/j.biortech.2012.02.036

 11. Lin Q, Li H, Ren J, Deng A, Li W, Liu C. Production of xylooligosaccharides by microwave-induced, organic acid-catalyzed hydrolysis of different xylan-type hemicelluloses: optimization by response surface methodology. Carbohyd Polym. (2017) 157:214–25. doi: 10.1016/j.carbpol.2016.09.091

 12. Ying W, Xu Y, Zhang J. Effect of sulfuric acid on production of xylooligosaccharides and monosaccharides from hydrogen peroxide-acetic acid-pretreated poplar. Bioresour Technol. (2021) 321:124472. doi: 10.1016/j.biortech.2019.122349

 13. Akpinar O, Erdogan K, Bakir U. Yilmaz, L. Comparison of acid and enzymatic hydrolysis of tobacco stalk xylan for preparation of xylooligosaccharides. LWT-Food Sci Technol. (2010) 43:119–25. doi: 10.1016/j.lwt.2009.06.025

 14. Zhao J, Zhang X, Zhou X, Xu Y. Selective production of xylooligosaccharides by xylan hydrolysis using a novel recyclable and separable furoic acid. Front Bioeng Biotech. (2021) 9:660266. doi: 10.3389/fbioe.2021.660266

 15. Wen P, Zhang T, Xu Y, Zhang J. Co-production of xylooligosaccharides and monosaccharides from poplar by a two-step acetic acid and sodium chlorite pretreatment. Ind Crop Prod. (2020) 152:112500. doi: 10.1016/j.indcrop.2020.112500

 16. Deng A, Ren J, Wang W, Li H, Lin Q, Yan Y, et al. Production of xylo-sugars from corncob by oxalic acid-assisted ball milling and microwave-induced hydrothermal treatments. Ind Crop Prod. (2016) 79:137–45. doi: 10.1016/j.indcrop.2015.11.032

 17. Kootstra AMJ, Beeftink HH, Scott EL, Sanders JPM. Comparison of dilute mineral and organic acid pretreatment for enzymatic hydrolysis of wheat straw. Biochem Eng J. (2009) 46:126–31. doi: 10.1016/j.bej.2009.04.020

 18. Zhou X, Xu Y. Eco-friendly consolidated process for co-production of xylooligosaccharides and fermentable sugars using self-providing xylonic acid as key pretreatment catalyst. Biotechnol Biofuels. (2019) 12:272. doi: 10.1186/s13068-019-1614-5

 19. Zhou X, Zhao J, Zhang X, Xu Y. An eco-friendly biorefinery strategy for xylooligosaccharides production from sugarcane bagasse using cellulosic derived gluconic acid as efficient catalyst. Bioresour Technol. (2019) 289:121755. doi: 10.1016/j.biortech.2019.121755

 20. Qin L, Liu Z, Li B, Dale BE. Yuan, Y. Mass balance and transformation of corn stover by pretreatment with different dilute organic acids. Bioresour Technol. (2012) 112:319–26. doi: 10.1016/j.biortech.2012.02.134

 21. Akpinar O, Erdogan K, Bostanci S. Production of xylooligosaccharides by controlled acid hydrolysis of lignocellulosic materials. Carbohyd Res. (2009) 344:660–6. doi: 10.1016/j.carres.2009.01.015

 22. Yang Z, Wu D, Chen C, Cheong KL, Deng Y, Chen L, et al. Preparation of xylooligosaccharides from xylan by controlled acid hydrolysis and fast protein liquid chromatography coupled with refractive index detection. Sep Purif Technol. (2016) 171:151–6. doi: 10.1016/j.seppur.2016.06.051

 23. Liu Z, Shi E, Ma F, Jiang K. An integrated biorefinery process for co-production of xylose and glucose using maleic acid as efficient catalyst. Bioresour Technol. (2021) 325:124698. doi: 10.1016/j.biortech.2021.124698

 24. Lee JW, Jeffries TW. Efficiencies of acid catalysts in the hydrolysis of lignocellulosic biomass over a range of combined severity factors. Bioresour Technol. (2011) 102:5884–90. doi: 10.1016/j.biortech.2011.02.048

 25. Wu P, Li J, He T, Hu C. The direct conversion of hemicelluloses to selectively produce xylose from corn stover catalysed by maleic acid. Bioresources. (2019) 14:816–41. doi: 10.15376/biores.14.1.816-841

 26. Kootstra AMJ, Beeftink HH, Scott EL, Sanders JPM. Optimization of the dilute maleic acid pretreatment of wheat straw. Biotechnol Biofuels. (2009) 2:31. doi: 10.1186/1754-6834-2-31

 27. Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al. Determination of structural carbohydrates and lignin in biomass. Lab Anal Proc. (2008) 1617:1–16.

 28. Zarei M, Niaei A, Salari D, Khataee A. Application of response surface methodology for optimization of peroxi-coagulation of textile dye solution using carbon nanotube-PTFE cathode. J Hazard Mater. (2010) 173:544–51. doi: 10.1016/j.jhazmat.2009.08.120

 29. Xu Y, Fan L, Wang X, Yong Q, Yu S. Simultaneous separation and quantification of linear xylo- and cello-oligosaccharides mixtures in lignocellulosics processing products on High-Performance Anion-Exchange Chromatography coupled with pulsed amperometric detection. Bioresources. (2013) 8:3247–59. doi: 10.15376/biores.8.3.3247-3259

 30. Zheng Y, Yu Y, Lin W, Jin Y, Huang C. Enhancing the enzymatic digestibility of bamboo residues by biphasic phenoxyethanol-acid pretreatment. Bioresour Technol. (2021) 325:124691. doi: 10.1016/j.biortech.2021.124691

 31. Wen P, Zhang T, Wei L, Wang J, Ragauskas AJ, Zhang Y, et al. Effect of dilute acetic acid hydrolysis on xylooligosaccharide production and the inhibitory effect of cellulolytic enzyme lignin from poplar. ACS Sustain Chem Eng. (2021) 9:11361–71. doi: 10.1021/acssuschemeng.1c02937

 32. Lu Y, Mosier NS. Biomimetic catalysis for hemicellulose hydrolysis in corn stover. Biotechnol Prog. (2007) 23:116–23. doi: 10.1021/bp060223e

 33. Zhang H, Xu Y, Yu S. Co-production of functional xylooligosaccharides and fermentable sugars from corncob with effective acetic acid prehydrolysis. Bioresour Technol. (2017) 234:343–9. doi: 10.1016/j.biortech.2017.02.094

 34. Forsan CF, Freitas C, Masarin F, Brienzo M. Xylooligosaccharide production from sugarcane bagasse and leaf using Aspergillus versicolor endoxylanase and diluted acid. Biomass Convers Bior. (2021). doi: 10.1007/s13399-021-01403-2

 35. Nath A, Chattopadhyay PK. Optimization of oven toasting for improving crispness and other quality attributes of ready to eat potato-soy snack using response surface methodology. J Food Eng. (2007) 80:1282–92. doi: 10.1016/j.jfoodeng.2006.09.023

 36. Choi JH, Park H, Park C, Linda NH, Wang SY. Highly efficient recovery of xylobiose from xylooligosaccharides using a simulated moving bed method. J Chromatogr A. (2016) 1465:143-54. doi: 10.1016/j.chroma.2016.08.063

 37. Zhang H, Zhou X, Xu Y, Yu S. Production of xylooligosaccharides from waste xylan, obtained from viscose fiber processing, by selective hydrolysis using concentrated acetic acid. J Wood Chem Technol. (2016) 37:1–9. doi: 10.1080/02773813.2016.1214154

 38. Wang Y, Cao X, Zhang R, Xiao L, Yuan T, Shi Q, et al. Evaluation of xylooligosaccharide production from residual hemicelluloses of dissolving pulp by acid and enzymatic hydrolysis. RSC Adv. (2018) 8:35211–7. doi: 10.1039/c8ra07140c

 39. Henriques P, Martinho M, Serrano ML, Mendes de. Sousa AP, Brites Alves AM. Xylooligosaccharides production by acid hydrolysis of an alkaline extraction filtrate from Eucalyptus globulus bleached kraft pulp. Ind Crop Prod. (2021) 159:113066. doi: 10.1016/j.indcrop.2020.113066

 40. Jaiswal PV, Ijeri VS, Srivastava AK. Effect of surfactants on the dissociation constants of ascorbic and maleic acids. Colloid Surface B. (2005) 46:45–51. doi: 10.1016/j.colsurfb.2005.09.001

 41. Strobel BW. Influence of vegetation on low-molecular-weight carboxylic acids in soil solution-a review. Geoderma. (2001) 99:169–98. doi: 10.1016/S0016-7061(00)00102-6

 42. Schneider L, Haverinen J, Jaakkola M, Lassi U. Solid acid-catalyzed depolymerization of barley straw driven by ball milling. Bioresour Technol. (2016) 206:204–10. doi: 10.1016/j.biortech.2016.01.095

 43. Kim DH, Park HM, Jung YH, Sukyai P, Kim KH. Pretreatment and enzymatic saccharification of oak at high solids loadings to obtain high titers and high yields of sugars. Bioresour Technol. (2019) 284:391–7. doi: 10.1016/j.biortech.2019.03.134

 44. Lu Y, Mosier NS. Kinetic modeling analysis of maleic acid-catalyzed hemicellulose hydrolysis in corn stover. Biotechnol Bioeng. (2008) 101:1170–81. doi: 10.1002/bit.22008

 45. Cao R, Xu Y. Efficient preparation of xylonic acid from xylonate fermentation broth by bipolar membrane electrodialysis. Appl Biochem Biotechnol. (2019) 187:396–406. doi: 10.1007/s12010-018-2827-y

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jiang, Fu, Huang, Fan, Ji, Cai, Liu, Fu, Sun and Feng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-09-909283-g005.gif
mmmmmmmmmmmmmmmmm






OPS/images/fnut-09-909283-t001.jpg
Factors

Response

A

B

c

L4

Temperature /°C Maleic acid /%

130

170

4 X0S, xylooligosaccharides.

0.04
0.1
0.04
0.16
0.16
0.04
0.04
0.16
0.1
0.16
0.04
0.1
0.16
0.1
0.16

Holding time /min

30
16
45
30
45
15
45
15
30
45
30
16
30
45
45

XOS? yield /%

6.8
99
10.6
37.1
474
18.6
311
483
45.1
189
429
50.3
123
9.8
17





OPS/images/fnut-09-909283-g003.gif
05 viet 59

p—

05 Vi

Tonpasne (C)
e pe

“ xos vie)






OPS/images/fnut-09-909283-g004.gif
®
H
g
%
2

TECO %A Ldmin  165°C-008%MA- 5min

B < I s s [ 6 B Xylosc = XOS





OPS/images/math_2.gif
Ri+ DI+ A%+ 2>+ 20) in hydrolysate @)
The inifial xylan content @)

x 100% (2)
XOS yield (%) =





OPS/images/fnut-09-909283-t002.jpg
Source Sum of squares Degree of freedom Mean square F-value P-value

Model 3134.11 9 348.23 30.66 0.0085 significant
A-Temperature 71.81 1 71.81 6.32 0.0866
B-Acid 55.11 1 56.11 4.85 0.1149
C-Time 179.54 1 179.54 16.81 0.0285
AB 1102.90 1 1102.90 97.10 0.0022
AC 688.14 1 688.14 60.59 0.0044
BC 456.67 1 456.67 40.21 0.0079
A 324.02 1 324.02 28.53 0.0128
B 196.52 1 196.52 17.30 0.0253
c* 96.68 1 96.68 851 0.0616
Residual 34.07 3 11.36

Cor Total 3168.19 12





OPS/images/math_1.gif
(ylose content in_hydrolysate (g)

x )
“The el wylan content (@)~ % 100% (D)

Xyloseyild (%) =





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Production of Prebiotic Xylooligosaccharides via Dilute Maleic Acid-Mediated Xylan Hydrolysis Using an RSM-Model-Based Optimization Strategy



		Introduction



		Materials and Methods



		Materials



		Xylan Preparation



		Maleic Acid-Mediated Xylan Hydrolysis



		Acid Hydrolysis Experimental Design



		Analytical Methods







		Results and Discussion



		Production of XOS in Single-Factor Experiments



		Model Fitting



		Predicted Value Verification







		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Production of Prebiotic
Xylooligosaccharides via Dilute
Maleic Acid-Mediated Xylan
Hydrolysis Using an
RSM-Model-Based Optimization
Strategy





OPS/images/fnut-09-909283-g001.gif





OPS/images/fnut-09-909283-g002.gif
Predicted vs. Actual

s

L I A

Actual









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





