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Abstract 

Background: Pretreatment is the key step for utilizing lignocellulosic biomass, which can extract cellulose from 

lignin and disrupt its recalcitrant crystalline structure to allow much more effective enzymatic hydrolysis; and organic 

acids pretreatment with dual benefic for generating xylooligosaccharides and boosting enzymatic hydrolysis has 

been widely used in adding values to lignocellulose materials. In this work, furoic acid, a novel recyclable organic acid 

as catalyst, was employed to pretreat sugarcane bagasse to recover the xylooligosaccharides fraction from hemicel-

lulose and boost the subsequent cellulose saccharification.

Results: The FA-assisted hydrolysis of sugarcane bagasse using 3% furoic acid at 170 °C for 15 min resulted in the 

highest xylooligosaccharides yield of 45.6%; subsequently, 83.1 g/L of glucose was harvested by a fed-batch opera-

tion with a solid loading of 15%. Overall, a total of 120 g of xylooligosaccharides and 335 g glucose could be collected 

from 1000 g sugarcane bagasse starting from the furoic acid pretreatment. Furthermore, furoic acid can be easily 

recovered by cooling crystallization.

Conclusion: This work put forward a novel furoic acid pretreatment method to convert sugarcane bagasse into 

xylooligosaccharides and glucose, which provides a strategy that the sugar and nutraceutical industries can be used 

to reduce the production cost. The developed process showed that the yields of xylooligosaccharides and byprod-

ucts were controllable by shortening the reaction time; meanwhile, the recyclability of furoic acid also can potentially 

reduce the pretreatment cost and potentially replace the traditional mineral acids pretreatment.
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Background

Increasing demands for chemicals and energy have 

driven the shift toward the exploration of alterna-

tive resources; therefore low-cost and renewable lig-

nocellulosic materials are stimulating researchers to 

develop techniques and methods that can convert these 

resources into high value-added products [1–3]. Sug-

arcane bagasse (SCB), a type of fibrous residues, can be 

obtained from the juice extracted from sugarcane dur-

ing the sugar production process [4]. Like other fibrous 

residues, SCB contains high amounts of polysaccharides, 

especially for cellulose and hemicellulose [5, 6]. Because 

of its lower ash content, the feedstock SCB has numer-

ous advantages over other agro-based residues (such as 

corn stover and wheat straw); thus, it is a preferred can-

didate for biorefinery [7].
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However, the native structure of SCB, like other lig-

nocellulosic biomasses, is strongly recalcitrant to enzy-

matic hydrolysis. For this reason, the implementation of 

the pretreatment that can deconstruct the lignocellulosic 

entanglement is necessary [8–10]. �us, pretreatment 

is considered as the key step to deconstruct the com-

plex structure of lignocellulose [11]. According to previ-

ous studies, acidic pretreatments, including mineral and 

organic acids, have been proven to effectively disrupt the 

recalcitrant crystalline structure of cellulose and to effi-

ciently enhance its enzymatic hydrolysis [12, 13]. Organic 

acid pretreatments are more desirable compared to dilute 

mineral acid pretreatments because of its many ben-

efits in enzymatic hydrolysis, including generating lower 

amounts of degradation products and ability to directly 

generate value-added products like xylooligosaccharides 

(XOS) [14–16]. XOS are particularly attractive products 

because of their potential function in enhancing human 

immunity and promoting the growth of bifidobacte-

ria and lactobacillus [17–19]. Concurrent production of 

XOS and fermentable sugars can effectively improve eco-

nomic efficiency of SCB biorefinery [20]. However, the 

separation of acid catalyst and the recovery of product 

after the acid pretreatment are still challenging due to 

not only the technical issues, but also the economic prob-

lems. �erefore, it is urgent to speed up the technological 

innovation that can help augment the utilization and pro-

cessing of SCB resources.

Furoic acid (FA) as a recyclable organic acid was first 

employed for producing XOS and pretreating SCB mate-

rial. FA is a heterocyclic carboxylic acid, consisting of a 

five-membered aromatic ring and a carboxylic acid group 

and has been widely used in food products as preservative 

and flavoring agent; its solubility is only 37 g/L in 25 °C 

water and it is easily recovered by cooling and natural 

crystallization [21]. In the present study, we designed an 

integrated biorefinery process, which using FA as cata-

lyst for xylan degradation and as a pretreatment agent—a 

part of the attempts to develop a new biorefinery process, 

starting from FA pretreatment.

Results and discussion

In�uence of FA concentration, and hydrolysis temperature 

and time on conversion of hemicelluloses

In an acid-hydrolysis process, xylan was first degraded 

into polysaccharides with high degree of polymeriza-

tion (DP); and these polysaccharides would be further 

degraded into oligomers with low DP or xylose [14]. As 

a result, in the presence of acid catalyst, the XOS and 

xylose yields increased gradually with increasing reaction 

temperature and hydrolysis time. However, as retention 

time was further prolonged, XOS also could be degraded 

into xylose and furfural. �erefore, a suitable reaction 

condition is required so as to achieve the highest XOS 

yield. �ree main parameters that affect both the degra-

dation rate and the selectivity, including FA concentra-

tion (1–3%), hydrolysis time (15–60 min) and hydrolysis 

temperature (130–170 °C), were investigated [7], and the 

results, presented as yields of furfural, xylose and XOS 

with a DP range of 2–6, are displayed in Fig. 1a–c.

As can be observed in Fig. 1, both the hydrolysis tem-

perature and hydrolysis time significantly affected the 

XOS yield. At relatively low reaction temperature and 

short hydrolysis time, the XOS yield was very low: the 

XOS yield produced by the use of 3% FA for 15 min at 

130 °C was only 1.09%. It can also be seen that the XOS 

yield was significantly enhanced when the hydrolysis 

time was increased from 15 to 60  min: the XOS yield 

generated by the use of 3% FA for 60  min was 16.3%. 

According to the chromatogram, some xylo-saccharides 

with sizes of larger than X6 could not be degraded into 

XOS at a low temperature. Conversely, xylan was easy to 

be hydrolyzed into soluble polymers with lower molecu-

lar weights at high temperature. Figure  1a and b show 

that the XOS yield rapidly increased from 3.9% (130 °C, 

3% FA, 30 min) to 28.9% (150 °C, 3% FA, 30 min); simi-

lar observation was also observed when the hydroly-

sis temperatures were 150  °C and 170  °C, in which the 

XOS yield was rapidly increased from 8.1% (150  °C, 3% 

FA, 15 min) to 46.5% (170 °C, 3% FA, 15 min). In addi-

tion, too long hydrolysis time resulted in a markedly 

decline in XOS content, which could be ascribed to the 

further degradation of some XOS under such harsh reac-

tion conditions. �us,  we observed that XOS yield at 

both 150 and 170 °C first increased and then decreased, 

and with prolonged hydrolysis time and higher tempera-

ture, higher amounts of X2 and X3 and lower amounts 

of X5 and X6 were obtained. Using 3% FA as the catalyst, 

a remarkable decrease in XOS yield at 170 °C from 46.5% 

(15  min) to 38.1% (60  min) was observed; and accord-

ingly, a rapid increase of xylose and furfural yields was 

observed.

Taken  together,  in the case of the low reaction tem-

perature, it required a relatively long hydrolysis time and 

it is economically unfavorable. However, longer hydroly-

sis time resulted in further hydrolysis of oligosaccharides 

into smaller molecules byproducts, xylose and furfural. 

Although similar XOS yields (44.4 versus 46.5%) were 

obtained at 150 and 170  °C at 60 and 15  min, it could 

be observed that the yields of xylose and furfural with a 

hydrolysis time of 60 min were significantly higher than 

that of 15  min. Apparently, the longer reaction time 

resulted in higher by-products (xylose and furfural) 

yields. �ese results indicate that the production of XOS 

and byproducts in the FA-assisted hydrolysis process can 

be controlled by changing FA concentration, hydrolysis 
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temperature and reaction time. It has been accepted that 

a high reaction temperature with short hydrolysis time is 

much more conducive to the formation of oligosaccha-

rides with lower by-product yields. Optimization of the 

assays showed that the highest content of XOS generated 

(170 °C for 15 min with 3% FA) was 11.9 g/L (3.77 g/L X2, 

3.04 g/L X3, 2.45 g/L X4, 1.54 g/L X5 and 1.11 g/L X6) 

with a yield of 46.5%

Furoic acid recovery

Nowadays, green and sustainable development, which 

aims to balance the environment/resource and economic 

growth, is a matter of significant importance facing all 

countries. �us, a required appeared to re-design the 

processes for preventing hazardous chemical syntheses, 

minimizing wastes and increasing efficiency. �e use of 

stronger maleic acid  (H2SO4 or HCl) for pretreating SCB 

might result in lower catalyst loading and short reac-

tion time, but it is not suitable for recycling and repeated 

extractions because of the environmentally hazardous 

and costly [13]. In contrast, FA is a heterocyclic mono-

carboxylic acid with a low water-solubility, thus render-

ing it can be easily extracted and recovered for further 

reuse, mostly by using the natural crystallization method 

of cooling the acid liquor.

After being separated by filtration, the acid liquor was 

triple-concentrated through rotary vacuum evaporation, 

and the concentrated hydrolysate was then refrigerated 

overnight at 4  °C, then 95% FA crystallized and gradu-

ally precipitated. In order to determine whether the acid 

remained unaffected, HPLC analysis was initially used to 

determine the change of the FA. In addition, FTIR was 

also applied to analyze the FA crystals and to compare 

them with the crystals of the FA standards. �e HPLC 

results confirmed that the peak of the collected crystals 

was the same as that of the standard and the content of 

FA after hydrolysis showed almost no lose. As shown in 

Fig. 2, the FTIR spectra showed that there were no sig-

nificant differences between the crystals of FA and those 

of the standard [22]. �e results of both HPLC and FTIR 

analyses confirmed both the identity and the purity of 
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Fig. 1 Yields of furfural, xylose, X2–X6, and XOS in hydrolysate of SCB 

pretreated with different concentrations of FA for varying durations at 

different temperatures: a 130 °C; b 150 °C; and c 170 °C

Fig. 2 FTIR spectra of standard and recovered furoic acid
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FA, indicating that the recovered FA was identical to the 

FA standards, thus it  may suitably be recycled in addi-

tional hydrolysis rounds.

Enzymatic hydrolysis of pretreated solid residues

It is known that crystallinity of cellulose can highly impact 

its enzymatic digestibility. XRD analysis (Fig.  3) showed 

that the characteristic peak of cellulose I at 2θ = 21.9° were 

observed in both the un-pretreated biomass and the FA-

pretreated biomass. �e CrI, which is the ratio between the 

crystalline portion in cellulose to the amorphous portion, 

of the FA-pretreated sample (48.8%) increased compared 

to that of the un-pretreated sample (34.3%). �e increase of 

CrI is mainly attributed to get rid of amorphous hemicel-

lulose. �e removal of the xylan-riched hemicellulose and 

lignin can break the entanglement of cellulose, hemicellu-

lose and lignin, and  improve  the accessibility of cellulases 

to cellulose.  �e XRD results indicated that the pretreat-

ment with FA could increase the cellulose portion availa-

bility of SCB, suggesting that it can increase the cellulolytic 

digestibility of SCB in the same manner as the other pre-

treatment methods [23, 24]. Furthermore, the SEM (Fig. 4) 

images showed that the surface of un-pretreated raw SCB is 

smooth and compact. After FA pretreatment, the surfaces 

of pretreated SCB appeared rough and etched, and seem to 

feature much more newly exposed surfaces. Larger exposed 

surface areas and more micropore quantities that occurred 

in FA-pretreated SCB offer more probability for the action 

of cellulases [25]. Altogether, FA-assisted prehydrolysis is 

a feasible and promising pretreatment method for further 

processing SCB.

After the pretreatment with 3% FA, 85% of xylan was 

removed from SCB, while XOS was directly converted 

into a liquid phase, causing the content of glucan in the 

pretreated solid residues to increase from 42.7 to 62.1%; 

and most of the glucan (88.6%) was reserved. �e 

reserved glucan can usually be degraded into glucose, 

which is easy to be transformed into biofuels or other 

biochemical compounds; however, it is well known that 

the activity of cellulases will be inhibited by inhibitors 

from degradation, such as formic acid, furfural, and 

HMF, as well as by lignin derivatives (phenolic com-

pounds). �us, prior to the enzymatic hydrolysis pro-

cess, the pretreated solids were firstly rinsed with water 

to get rid of the inhibitors [26]. Moreover, increasing 

the solids loading not only can enhance the final fer-

mentable glucose concentration, but also reduce the 

overall production cost by reducing the equipment size, 

the associated energy consumption, and the burdens of 
Fig. 3 XRD patterns obtained from the un-pretreated raw material 

and FA-pretreated SCB solids

Fig. 4 Scanning electron micrographs (SEM) of pretreated and 

untreated sugarcane bagasse solid
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the downstream processing. �erefore, a higher solid 

loading is preferred in process of enzymatic hydroly-

sis; and based on that, batch and fed-batch hydrolysis 

using varying solid loadings (5, 10, 15, and 20% w/v) to 

produce high-concentration glucose was conducted. 

In this assay, the Cellic CTec2 enzyme at a dose of 20 

FPIU/g glucan was used; this enzyme contains a certain 

amount of β-glucosidase; therefore, β-glucosidase was 

not additionally added into the assay.

�e course of glucose production depicted in Fig.  5a 

showed that the solid loading had a direct link with the 

glucose concentration in each enzymatic hydrolysate. 

After 96 h of reaction, glucose at concentrations of 31.2, 

58.7, 66.3, and 71.2  g/L was released from the reaction 

with solid loadings of 5, 10, 15 and 20%, respectively. 

However, as can be seen, the solid in the system contain-

ing 5–10% solid loadings was liquefied within 6–12  h, 

and the relationship between the glucose concentration 

and the solid loading was nearly linear. On the other 

hand, the time of liquefaction of the system with the solid 

loadings of 15–20% was retarded to over 12  h, and the 

hydrolysis rate was also very slow. Yields of 90.8, 90.2, 

74.2, and 63.1% were obtained from the system with the 

solid loadings of 5, 10, 15, and 20%, respectively. It can 

also be observed that the hydrolysis rate was high in the 

first 12 h; this could be explained by the reduction of the 

crystallinity and the increase of the available catalytic 

sites [27]. It is apparent that high hydrolysis consistency 

may result in difficulties in stirring the material due to 

high viscosity as a result of high solid loadings and the 

lack of free water in the system, which can limit the mass 

transfer; these events lead to product accumulation [28, 

29].

Higher solid loadings can therefore lead to the 

decrease in glucose yield. When the solid loading was 

over 15%, there was a considerable amount of cellu-

lose in the pretreated residue that was not hydrolyzed. 

�erefore, it could be concluded that 10% solid load-

ing was the initial loading optimal for batch operation, 

according to the change of glucose concentration and 

the time of liquefaction. However, the glucose concen-

tration was only 57 g/L when the solid loading was 10%. 

High ethanol concentration (> 4%, v/v) is one of the 

prerequisites that enable the industrial-scale ethanol 

distillation to be economically viable. �us, it is neces-

sary that glucose obtained from the enzymatic hydrol-

ysis should over 80  g/L; this also indicates that the 

loading of the solid biomass that usually contains 40%-

60 glucan should be over 15% to sufficiently achieve the 

available fermentable sugars [30]. However, the slurry 

of the fibrous material with high solid loadings has high 

apparent viscosity, which can result in poor mixing, as 

well as poor mass and enzyme distribution and poor 

heat transfer, causing the reduce of the enzymatic effi-

ciency. One approach that can minimize these negative 

effects is by conducting fed-batch enzymatic hydrolysis 

[30].

�us, we carried out fed-batch enzymatic hydrolysis of 

FA-pretreated SCB to produce glucose with high-concen-

tration. As presented in Fig. 5b, 83.1 and 88.1 g/L glucose 

could be obtained, respectively, with fed-batch enzymatic 

hydrolysis of 15 and 20% solids loading. Apparently, at 

the same solid loading of 15%, hydrolysis time required 

for the fed-batch mode was lower than that required for 

the batch mode. At the fed-batch solid loading mode, 

although the glucose conversion decreased in both cases, 

the decrease in fed-batch mode was lower than that in 

batch mode, which still demonstrates that the fed-batch 

mode is an excellent way to produce high-concentration 

fermentable sugars. Altogether, the fed-batch hydrolysis 

could weaken the negative effects such as low free water 

content, poor mixing, and product inhibition, thus could 

enable the production of high glucose concentrations at 

high solid loadings. In addition, 88.1 g/L glucose could be 
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Fig. 5 Performance of a batch enzymatic hydrolysis using 5–20% 

solid loadings; and b fed-batch enzymatic hydrolysis using 15 and 

20% solid loadings
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obtained from 20% solids loading with fed-batch opera-

tion, but at a lower yield of 65.1%. Taken together, a fed-

batch enzymatic hydrolysis of FA-pretreated SCB with 

15% solid loading within 72 h is preferable for producing 

high-concentration fermentable glucose.

Finally, the mass balances of the integrated process for 

XOS and glucose production were systematically calcu-

lated, as depicted in Fig. 6, approximately 120 g XOS and 

335  g glucose products could be collected from 1000  g 

oven-dried SCB (containing 427  g glucan and 256  g 

xylan) starting from FA pretreatment. In aggregate, the 

recovery rates of xylan and glucan were 46.5 and 71.3%, 

respectively. �e experimental findings suggest that FA 

pretreatment could be a promising and profitable option 

for the concurrent maximization of the economic value 

of SCB.

Conclusion

In this study, a novel FA pretreatment method that can be 

applied in XOS and glucose production was developed. 

�e optimal pretreatment conditions, which resulted 

in the highest XOS yield of 46.5%, were 3% FA, 170  °C, 

and 15  min. �e fed-batch enzymatic hydrolysis of FA-

pretreated SCB could successfully produce high con-

centration of glucose, which is over 8%. Overall, a total 

of 120 g of XOS and 335 g glucose were collected from 

1000 g SCB starting from recyclable FA pretreatment. It 

is a strategy that the sugar and nutraceutical industries 

can be used to reduce the production cost.

Materials and methods

Raw materials and chemical composition analysis

SCB was harvested in October 2019 from Hainan Prov-

ince, China. �e harvested SCB was air-dried, milled, 

and then passed through 60 meshes; the obtained ground 

SCB was used as feedstock for subsequent processes. �e 

chemical composition (wt%, oven-dry-weight basis) of 

SCB was: glucan, 42.7%; xylan, 25.6%; lignin, 24.8%; ash, 

2.06%. �e chemical composition of SCB was analyzed 

by the two-step sulfuric acid hydrolysis method, which is 

supported by the National Renewable Energy Laboratory 

(NREL) [31].

Hydrolysis of sugarcane bagasse by furoic acid

SCB (3.0 ± 0.03  g) was mixed with 30  mL of 1–3% FA 

solution and loaded in a 50-mL stainless steel tube reac-

tor, which was then immersed in preheated oil baths at 

130–170 °C for 15–60 min; after the hydrolysis reaction 

was completed, the reactor was immediately removed 

from the oil bath and cooled down to room temperature. 

�e resultant solid and liquid fractions were separated 

by filtration; and the solids were then subjected to enzy-

matic hydrolysis process [32].

Batch and fed-batch enzymatic hydrolysis

Prior to enzymatic hydrolysis, the solid residues from the 

FA pretreatment were washed with distilled water and 

then air-dried to a constant weight (the moisture content 

was 7.6%). Both batch and fed-batch enzymatic hydrol-

ysis assays were conducted in a screw capped bottles 

(250 mL) shaken at 150 rpm at 50 °C for 72 h: each bot-

tle contained 50  mL sodium citrate buffer (0.05  mol/L, 

pH 4.8), and a constant cellulase concentration of 20 

FPIU/g glucan (Cellic CTec2, Novozymes, NA, Franklin-

ton, USA) was added into enzymatic hydrolysis system 

according to different solid loadings (5, 10, 15, and 20%). 

After enzymatic hydrolysis, the slurry was subjected 

to centrifugation for collecting supernatant. Fed-batch 

enzymatic hydrolysis was conducted with 5% (w/v) of sol-

ids (2.5 g dry weight) and enzymes; the two components 

(solids and cellulase) were simultaneously added into the 

Fig. 6 Mass balance for sugarcane bagasse biorefinery



Page 7 of 8Dai et al. Biotechnol Biofuels           (2021) 14:35  

hydrolysis reaction system every 6 h at the desired load-

ings [28, 30].

Recovery of furoic acid from the hydrolysate

After being separated by filtration, the acid liquor was 

triple-concentrated by rotary vacuum evaporation 

(RV10, IKA, Germany), and the concentrated hydrolysate 

was then refrigerated overnight at 4  °C to allow FA to 

gradually crystallize and precipitate. �e FA crystals were 

recovered by filtration through a glass fiber filter and 

were then compared with the crystals of the FA standard 

using Fourier transform infrared (FTIR) spectroscopy 

(Tensor 27-IR, Bruker, USA).

Analysis of crystallinity of cellulose by X-ray di�raction

�e crystallinity index (CrI) and the crystal size of cel-

lulose from unpretreated and FA-pretreated SCB solids 

were analyzed by X-ray diffraction (XRD) at a voltage of 

40 kV and a current of 40 mA. �e data were collected 

from 5° to 50° at a 10°/min scanning rate. �e CrI was cal-

culated as the followed equation:

where  Acryst is the area under curve of the crystalline cel-

lulose and  Aamorph is the area under curve of the amor-

phous cellulose [24].

Analytical methods

Furfural and FA were analyzed by a high-performance 

liquid chromatograph (HPLC; Agilent 1260, USA) 

equipped with an Aminex Bio-Rad HPX-87H column 

(Bio-Rad Laboratories, USA); xylose, xylobiose (X2), 

xylotriose (X3), xylotetraose (X4), xylopentaose (X5), 

and xylohexaose (X6) were co-analyzed by a high-per-

formance anion exchange chromatograph (Dionex ICS-

3000, USA) coupled to a CarboPac™ PA200 column [33].

Abbreviations

SCB: Sugarcane bagasse; XOS: Xylooligosaccharides; XA: Xylonic acid; SB: 

Sugarcane bagasse; XA·Na: Sodium xylonite; DP: Degrees of polymerization; 
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