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A B S T R A C T  

This study proposes an efficient biorefining strategy for co-producing of bioethanol, furfural, and lignin nano-
particles (LNPs) from birch wood based on acid hydrotropic fractionation. Birch was fractionated into glucan- 
rich washed water-insoluble solids (WIS) fraction and xylose-rich spent liquor (SL) fraction with a low p-tol-
uenesulfonic acid (p-TsOH) concentration of 15% (w/v). The obtained WIS was utilized to produce 75.5 g/L 
ethanol (76.3% ethanol yield based on initial sugars in the enzymatic hydrolysate) through separate hydrolysis 
and fermentation. Meanwhile, the xylose-rich SL was concentrated and catalyzed by dehydration to produce 
furfural with tetrahydrofuran (THF) as a co-solvent. The furfural concentration of 27.3 g/L (78.2% theoretical 
yield) was achieved from the 3-fold concentrated SL (without lignin precipitation) with a 3:1 THF-SL ratio at 
160 ◦C for 7 min. The enzymatic hydrolysis solid residue of WIS was further fractionated by p-TsOH to prepare 
LNPs with an average particle size of 37.4 nm. The mass balance showed that 6.5 t oven-dry birch wood pro-
duced 1.0 t ethanol, 0.61 t furfural and 0.63 t LNPs. 

1. Introduction 

The use of bio-degradable lignocellulosic biomass to produce bio-
fuels and other high added-value bio-chemicals and materials through 
the biorefinery concept has attracted significant attention for several 
decades. This is attributed to the abundance and renewability of the raw 
materials used to produce biofuels, serving as a substitute for nonre-
newable fossil-based fuels and chemicals [1]. Lignocellulosic biomass 
exhibits high recalcitrance because of the complex intertwined network 
of cellulose, hemicelluloses, and lignin [2]. Thus, fractionation or pre-
treatment is required to disrupt the three-dimensional structure and 
facilitate enzyme accessibility to biomass [3]. Many diverse fraction-
ation or pretreatment technologies have been developed, including 
physical [4], chemical [5], biological [6], and combined methods [7]. 
However, these pretreatments have their pros and cons with regards to 
energy consumption and production cost. Besides, these methods have 
difficulties in the economic recovery of chemicals, a prerequisite for 
sustainability [8,9]. 

Acid hydrotropic fractionation (AHF) process was recently 
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developed that uses an aromatic acid (p-toluenesulfonic acid, p-TsOH) to 
simultaneously solubilize approximately 90% of wood lignin and a 
substantial amount of hemicelluloses [9,10]. AHF is considered as a 
potential pretreatment method alternative to conventional acid/alkali 
pretreatment because of low operating temperature at atmospheric 
pressure and rapid fractionation along with the potential of acid 
hydrotrope recycle. The structure characteristics of hydrotropes are 
similar to those of surfactants containing both a hydrophilic and a hy-
drophobic functional group [10,11]. Hydrotropes can solubilize hy-
drophobic substances such as lignin in aqueous systems through 
aggregation [12] and the lignin can be recovered from the hydrotrope 
solutions by simple dilution with water. AHF has a good delignification 
ability of hardwood (poplar [13,14]), grass (reed [14], Miscanthus [15], 
and switchgrass [16]), agricultural resource (corncobs [15], wheat 
straw [17,18], walnut shell [19], bagasse [20], and corn stover [21]), 
while has a tough delignification ability of softwood (masson pine [13] 
and Radiata pine [14]) because the dissolution of the syringyl (S) and 
p-hydroxyphenyl (H) units were easier than that of guaiacyl (G) unit 
[14]. 
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AHF substantially improved cellulose accessibility to enzymes, 
enabling effective enzymatic sugar production. Furthermore, p-TsOH in 
the fractionation spent liquor (SL) can catalyze the dehydration of dis-
solved xylan into furfural without additional catalysts [12]. Furfural is a 
promising renewable platform molecule for sustainable production of C4 
and C5 chemicals [22]. Low-temperature AHF also decreased lignin 
condensation, facilitating lignin valorization [23,24]. Separating dis-
solved lignin is achieved simply by diluting the p-TsOH in SL to the 
minimal hydrotrope concentration (MHC) [9,12]. The p-TsOH is then 
reused after concentration. The amount of water evaporation is exten-
sive; however, it is similar to that used for weak black liquor evaporation 
in commercial Kraft pulp mills. The SL can also be directly reused 
without lignin separation without losing its efficacy [12]; this can save 
energy for evaporation. 

Ji et al. [25] demonstrated effective production of furfural, phenolic 
compounds, and ethanol using p-TsOH but using γ-valerolactone (GVL) 
for fractionation, an extra process step with additional chemical cost as 
GVL is a very expensive solvent. To improve enzymatic saccharification, 
dissolution of xylan has found to be most effective [26]. On the other 
hand, it is very desirable to reduce p-TsOH concentration to decrease 
load for chemical recovery. As demonstrated previously using poplar 
wood [9,12] and herbaceous biomass [16,17], the reduced fractionation 
severity due to low p-TsOH loading can be compensated by using 
elevated temperatures (< 100 ◦C) and extended reaction time to ensure 
substantial dissolution of xylan and therefore to improve enzymatic 
sugars and furfural production. 

Zhu et al. [12] proposed that hardwood poplar was fractionated with 
p-TsOH at the concentration of 55%; after filtration, the washed 
water-insoluble solids (WIS) were used to produce bioethanol via 
simultaneous saccharification and fermentation, while the SL was 
diluted to remove the lignin (because high lignin content could affect the 
furfural production), and then dehydrated to prepare furfural. However, 
the precipitated lignin was not studied further and the furfural con-
centration is relatively low. Therefore, this study aimed to evaluate the 
effectiveness of AHF for birch wood biorefinery using p-TsOH at lower 
concentrations than those reported in previous studies and with a 
multi-product portfolio for valorization all three components of ligno-
cellulosic biomass. The specific objectives are (1) to optimize AHF for 
birch wood bioconversion using a reaction kinetics based severity factor 
for bioethanol production from the fractionated WIS, (2) to produce 
furfural from the dissolved xylose in the SL or concentrated SL (for high 
furfural concentration) in batch dehydration with/without co-solvent 
(with co-solvent to inhibit furfural decomposition to byproducts such 
as levulinic acid, formic acid and humins [27]), and with/without lignin 
separation for defining better route of p-TsOH recovery, and (3) to 
produce lignin nanoparticles (LNPs) from the enzymatic hydrolysis solid 
residue (EHSR) of WIS using further p-TsOH fractionation. In General, 
this work proposes a p-TsOH pretreatment at a low p-TsOH concentra-
tion to fractionate all lignocellulosic components and especially utilizes 
the EHSR for co-producing bioethanol, furfural, and lignin nano-
particles. Compared with the previous study [12], a higher concentra-
tion of bioethanol with separated hydrolysis and fermentation, and a 
higher concentration of furfural with a co-solvent system were pro-
duced, and especially lignin nanoparticles were generated from the 
EHSR via p-TsOH fractionation. The findings of this study will guide the 
development of a potential technology for biochemical conversion of 
birch wood. 

2. Materials and methods 

2.1. Materials 

Birch wood logs was debarked and chipped at the USDA Forest 
Products Laboratory. The wood chips were hammer milled and then 
Wiley milled (model No. 2, Arthur Thomas Co, Philadelphia, PA, USA) to 
20-mesh. The p-TsOH (ACS reagent grade) was purchased from Sigma- 

Aldrich (St. Louis, MO, USA). Reagent-grade tetrahydrofuran (THF) 
(>99% purity) was obtained from Fisher Scientific (Pittsburgh, PA, 
USA). Other chemicals, such as sulfuric acid, were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). 

A commercial complex cellulase, Cellic® CTec 3 (abbreviated CTec 
3), was provided by Novozymes North America (Franklinton, North 
Carolina, USA). Its cellulase activity was 217 FPU/mL determined using 
filter paper assay as per the International Union of Pure and Applied 
Chemists [28]. 

2.2. Birch fractionation using p-TsOH 

Wiley milled birch wood of 5 g (in oven dry weight) were fraction-
ated using 50 mL aqueous p-TsOH solutions of different concentrations 
(15%, 30%, 45%, 60%, and 75%, w/v) at 90 ◦C for various reaction 
times (60, 120, 180, and 240 min). A low p-TsOH concentration of 5% at 
80 ◦C for 70 min was also studied. The selected large-scale fractionation 
run using 100 g birch wood was carried out based on the results of 
optimization study using 5 g wood. 

For all runs, vacuum filtration was used to directly separate undis-
solved solids and SL at the end of each fractionation. The filtrate (SL) 
collected from 100 g birch fractionation was used to produce furfural 
through dehydration. Deionized (DI) water was used to thoroughly wash 
the separated solid samples until the fluid reached a pH of 5–6. The WIS 
was then used to produce bioethanol through separate hydrolysis and 
fermentation (SHF). 

2.3. Enzymatic hydrolysis of WIS 

Enzymatic hydrolysis of all WISs was performed in 125 mL Erlen-
meyer flasks on an incubator shaker at 200 rpm and 50 ◦C with solid 
loading of 1% (w/v) at pH 5.5 [12]. CTec 3 cellulase loading of 20 FPU/g 
glucan was used. After 72 h of hydrolysis, enzymatic hydrolysates were 
centrifuged at 10,000 rpm for 5 min. The supernatant was analyzed for 
monosaccharides via HPLC. 

Solid substrate loading of 10% (w/v) was used in enzymatic 
saccharification to produce glucose for SHF. The hydrolysate was 
centrifuged and the supernatant was used for subsequent SHF. 

2.4. Separate hydrolysis and fermentation 

The yeast Saccharomyces cerevisiae YRH400, an engineered fungal 
strain for glucose and xylose fermentation, was obtained from the USDA 
Agriculture Research Service [12]. The strain was maintained at 4 ◦C on 
YPD agar plates supplemented with 10 g/L yeast extract, 20 g/L 
peptone, 20 g/L glucose, and 20 g/L agar. 

A single colony from the YPD agar plate was inoculated into 50 mL 
liquid YPD medium in a 125 mL flask and cultured at 30 ◦C and 200 rpm 
for 24 h. A UV–vis spectrophotometer (Model 8453, Agilent Technolo-
gies, Palo Alto, CA, USA) was used to monitor the yeast concentration 
based on optical density at 600 nm (OD600). 

Part of the supernatants of the enzymatic hydrolysates from the 10% 
solid loading run was concentrated using a BÜCHI vacuum rotary 
evaporator R-210 at 60 ◦C and 160 mbar. Both the un-concentrated and 
the concentrated hydrolysates were supplemented with yeast extract (5 
g/L), (NH4)2SO4 (2 g/L), and NaH2PO4 (5 g/L) for fermentation in flasks 
at 30 ◦C and 150 rpm. The yeast loading was measured at an initial 
optical density (OD600) of 5. Samples were withdrawn periodically 
(0–96 h) and centrifuged at 10,000 rpm for 5 min and then analyzed for 
glucose, xylose, fermentation products including ethanol, xylitol, and 
glycerol. 

2.5. Furfural production from the p-TsOH spent liquor 

Pure xylose solution was first used to optimize furfural production in 
batch mode catalyzed by p-TsOH. The collected SL of birch was then 
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used to evaluate furfural production under the conditions from the 
optimization study. SL was concentrated three folds through evapora-
tion in a BÜCHI vacuum rotary evaporator R-210 at 60 ◦C and 160 mbar 
before dehydration to furfural. Two strategies were evaluated to inves-
tigate the effect of the dissolved lignin in SL on furfural production: (1) 
SL was directly dehydrated without lignin separation; (2) SL was first 
diluted with DI water three folds to separate lignin, and then re-
concentrated three and six folds for dehydration [9]. 

Furfural dehydration was conducted at 150–210 ◦C for 5.5–25 min in 
a 25 mL stainless reactor containing 20 mL liquid with/without adding 
THF as co-solvent. A sand heating bath (Techne F932D, Techne Inc.) was 
used to heat the reactor. After heating the sand to the target tempera-
ture, the stainless reactor was completely immersed in the sand bath and 
kept for a period of time. At the end of the reaction, the stainless reactor 
was immediately quenched in an ice-water bath. The compositions of 
the reacted liquor were analyzed by HPLC. 

2.6. Enzymatic hydrolysis solid residue for LNPs production 

The EHSR from enzymatic hydrolysis of p-TsOH fractionated WIS 
was further fractionated to dissolve lignin using 55% (w/v) p-TsOH at 
90 ◦C for 120 min, as described by Zhu et al. [29]. After filtration, the SL 
fraction containing primarily dissolved lignin was magnetically stirred 
at 600 rpm, and then added with deionized (DI) water at 2 mL/min to 
dilute the p-TsOH concentration below 10%. The diluted SL was 
centrifuged at 8000 rpm for 5 min and washed several times until the pH 
of the liquor became neutral. The obtained liquor contained LNPs. 
Transmission electron microscopy (TEM) was used for LNPs analysis. All 
aforementioned experiments were performed in duplicate to ensure the 
reproducibility of the experimental results. 

2.7. Analytical methods 

The chemical compositions (glucan, xylan, and lignin) of untreated 
birch and p-TsOH fractionated birch WISs analyzed at the 
Analytical Chemistry and Microscopy Laboratory of 

were 
the USDA Forest 

Products Laboratory (Madison, WI, USA), as described previously [30]. 
The HPLC system (Ultimate 3000, ThermoFisher Scientific) and 

refractive index detector (RI-101, Shodex) were used to determine the 
chemical compositions (glucose, xylose, xylitol, glycerol, ethanol, for-
mic acid, acetic acid, levulinic acid, 5-hydromethylfurfural (5-HMF), 
and furfural) of SLs, enzymatic hydrolysates, and fermentation broths as 
described previously [31]. Chromatographic species separation was 
achieved using a Bio-Rad Aminex HPX-87H column (300 mm × 7.8 mm 
i.d.). The separation was performed at 60 ◦C and a flow rate of 0.6 
mL/min with dilute sulfuric acid (0.005 mol/L) as the mobile phase. At 
least two parallel samples were used in all analyses; data were presented 
as the mean of the replicates. Relative errors were determined to be 
within 5% for sugar and ethanol analysis and 10% for inhibitor assay. 
The experimental data were sorted, plotted and analyzed with Excel 
2016 and Origin 9.0. 

Transmission electron microscopy (TEM, Model, JEM-1400, Japan 
Electronics Corporation) was used to analyze the obtained particle size 
of LNPs [29]. The obtained LNPs solution was centrifuged at 10,000 rpm 
for 5 min. Then, the obtained solid fractions were dispersed using 
ethanol to obtain a suspension of LNPs (～1 g/L), which was added to a 
copper mesh slide, dried at room temperature for 12 h, and then 
observed by TEM. The particle size was analyzed by the software of 
Image Pro Plus. The optical density (OD) of the yeast was measured 
spectrophotometrically at 600 nm with the vessel diameter of 0.5 cm 
[12]. 

3. Results and discussion 

3.1. Fractionation mass balance and severity 

The analysis results of chemical compositions and yields of WISs 
from p-TsOH fractionated birch wood under different conditions along 
with the concentrations of glucose, xylose, formic acid, acetic acid, 5- 
HMF and furfural in the SLs (Table 1) showed that AHF was highly se-
lective in preserving glucan (mainly retained in WIS) and dissolution of 
xylan and lignin. To facilitate process scale-up, a combined hydrolysis 
factor (CHF) and a combined delignification factor (CDF) developed 
previously [17,32] are used based on reaction kinetics for analyzing 
xylan and lignin dissolution data. By using a biphasic reaction model for 
both xylan and lignin (i.e., both xylan and lignin contains a fast and a 
slow fraction), the fraction of xylan, XR, and lignin, LR, that remained in 
WIS can be expressed as: 

CHF + θ • e f •CHFXR =(1 θ θR)e + θR (1a) 

( ) 

CHF = exp α 
RT
E 
+ βC • C • t (1b) 

) ′ 

θ 
′ 

θ 
′ 

e CDF + θ 
′ •CDF + θ 

′ 
LR = 1 R • e f 

R (2a) 

( )
E ′ 

CDF = exp α’ 
RT 
+ β’C • C • t (2b) 

where C is the p-TsOH molar concentrations (mol/L), R = 8.314 (J/mol/ 
K) is the universal gas content, t is reaction time in min, and T is reaction 
temperature in kelvins. α, α′, and β, β′ are adjustable parameters, E and 
E′ are apparent activation energy (J/mol), θ and θ′ are the initial fraction 
of slow-reacting xylan and lignin, respectively. f and f’ are the ratios of 
reaction rates between slow and fast xylan and slow and fast lignin, 
respectively. θR and θR ’ are residual xylan and lignin, respectively [11, 
17]. 

Fitting the data in Table 1 using Eqs (1) and (2) resulted in adjustable 
parameters α = 25.29, α′ = 36.07 and β = 0, β′ = 0.1, apparent activation 
energy E = 70,000 and E′ = 96,000 (J/mol), the fraction of slow reacting 
xylan and lignin of θ = 0.549 and θ′ = 0.911, respectively, and the ratios 
of reaction rates between slow and fast xylan f = 0.0014 and between 
slow and fast lignin f ′ = 0.000047, and residual xylan and lignin θR = 
0.15 and θR ’ = 0.03, respectively. Excellent fittings of the data were 
obtained as shown in Fig. 1. Therefore, xylan dissolution and delignifi-
cation can be controlled by CHF and CDF, respectively, independent of 
individual fractionation conditions. This reaction kinetics was success-
fully used for wheat straw [17], poplar [23], switchgrass [16], and 
bleached eucalyptus kraft dry lap pulp [33]. This suggested that CHF 
and CDF were true fractionation severity and CHF could be a real indi-
cator used for process scale-up. For example, low acid concentrations are 
often preferred to reduce chemical recovery costs, a long reaction time 
can be used to compensate for a low acid loading. Therefore, based on 
the results shown in Fig. 1, we chose to use a low p-TsOH concentration 
of 15% and a relatively long reaction time of 180 min to achieve good 
dissolution of xylan with low delignification for a scale-up run using 100 
g of birch. The corresponding severities for this condition were CHF = 
1162.5 and CDF = 14563.9 according to Eqs. (1b) and (2b), respectively. 
Although the CHF = 1162.5 seemed not very good as the curve showed 
in Fig. 1A, increasing the value of CHF increased the p-TsOH concen-
tration (because the reaction temperature was fixed, and the order of 
influencing strength of fractionation conditions was as follows: treat-
ment temperature > p-TsOH concentration > treatment time). The 
actual xylan and lignin dissolutions were approximately 71% and 43% 
based on WIS yield and chemical composition, and the glucan dissolu-
tion was very low (less than 3%). Most of the dissolved xylan was in the 
form of xylose (Table 1). The obtained WIS (P15T90t180) was used to 
produce ethanol by separate hydrolysis and fermentation (SHF), while 
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Table 1 
Chemical compositions of p-TsOH fractionated birch wood samples under different treatment conditions. The numbers in parentheses are component yield based on 
the component in the untreated birch.  

Sample labela Solid yield (%) WIS (%) Spent liquor (g/L) 

Glucan Xylan Lignin Glucose Xylose Formic acid Acetic acid 5-HMF Furfural 

Untreated birch 100 36.0 ± 0 23.1 ± 0.1 21.8 ± 0.1 
P5T80t70 
P15T90t120 

89.3 
63.2 

39.9 ± 0.4(98.9) 
56.1 ± 0.2(98.3) 

17.8 ± 0.3(68.8) 
11.6 ± 0.1(31.8) 

22.3 ± 0.3(91.3) 
25.9 ± 0.1(75.2) 

0.13 
0.28 

7.98 
17.15 

0.08 
0.46 

4.62 
5.75 

0 
0.16 

0.02 
0.09 

P30T90t120 
P45T90t120 
P60T90t120 

51.6 
44.3 
42.0 

68.9 ± 1.0(98.6) 
78.7 ± 1.1(96.7) 
82.0 ± 0.4(95.5) 

11.5 ± 0.1(25.6) 
10.1 ± 0.2(19.4) 
8.5 ± 0.1(15.5) 

18.4 ± 0.1(43.5) 
11.6 ± 0.4(23.6) 
8.9 ± 0.2(17.1) 

0.48 
0.70 
0.86 

19.03 
19.47 
19.36 

0.46 
0.38 
0.12 

5.94 
5.96 
6.14 

0.24 
0.16 
0 

0.24 
0.60 
0.98 

P75T90t120 
P15T90t60 
P15T90t180 

37.9 
64.8 
59.2 

86.0 ± 0.3(90.5) 
54.9 ± 0.1(98.7) 
60.6 ± 1.5(99.5) 

6.7 ± 0.1(11.0) 
12.8 ± 0.1(36.1) 
9.6 ± 0.1(24.7) 

6.7 ± 0.1(11.7) 
25.2 ± 0.3(75.0) 
21.8 ± 0.2(59.2) 

1.26 
0.17 
0.60 

16.51 
14.62 
18.60 

0.18 
0.37 
0.48 

5.88 
5.40 
6.02 

0 
0.16 
0.15 

1.63 
0.06 
0.15 

P15T90t240 57.8 61.0 ± 0.3(97.9) 9.1 ± 0.1(22.9) 11.6 ± 0.1(30.8) 0.68 19.40 0.45 5.96 0.12 0.29 

a PxxTyytzz, xx stands for p-TsOH concentration in %, yy stands for reaction temperature in oC, zz stands for reaction time in min. Abbreviations: WIS, Washed water 
insoluble solids; 5-HMF, 5-Hydroxymethylfurfural; p-TsOH, p-Toluenesulfonic acid. 

the SL was used to prepare furfural. Zhu et al. [12] chose the condition of 
P50T90t112 to obtain a good delignification (83.7%) and dissolution of 
xylan (78.6%) for a scale-up run using 100 g of poplar. The corre-
sponding severities CHF and CDF were 78 and 296, respectively. Ji et al. 
[34] used the CHF of approximately 3.90 as the optimal pretreatment 
severity for Hybrid poplar to balance enzymatic saccharification and the 
structural characteristics of lignin with approximately 90% of the xylan 
removal and a sugar yield of 76%. Therefore, proper reaction severities 
were chosen based on the xylan and lignin dissolutions. 

The relationships between the glucose yield from WIS, and CHF and 
CDF are shown in Fig. 2, which demonstrated that glucose yield 
increased with the increase in CHF and/or CDF due to increasing xylan 
and/or lignin dissolution which improved substrate glucan accessibility 
to cellulase [35]. The highest glucose yield (99%) was observed at CHF 
of 3887.7 and CDF of 90026.1. In order to obtain a relatively high 
glucose yield (>85%) at a lower p-TsOH concentration, the conditions of 
p-TsOH of 15% and 180 min (P15T90t180) were selected from Fig. 2. 
The glucose yield was up to 88.4%. Under the same enzymatic hydro-
lysis conditions for the fractionated poplar (P50T90t112) as described 
by Zhu et al. [12], the glucose yield of WIS reached 93%. The results of Ji 
et al. [34] also showed that the sugar yield increased with the increase in 
CHF. Therefore, these results indicated that higher delignification 
and/or xylan removal could achieve a higher enzymatic hydrolysis 

Fig. 1. Predictions of xlylan and lignin dissolution by p-TsOH fractionation of 
birch using a combined hydrolysis factor (CHF) and a combined delignification 
factor (CDF), respectively, in comparison with experimental data. Fig. 2. Glucose yield of p-TsOH fractionated birch WIS with various combined 

hydrolysis factor (CHF) and combined delignification factor (CDF) at 1% (w/v) 
substrate and 50 ◦C with pH 5.5 for 72 h. Abbreviations: p-TsOH, p-Toluene-
sulfonic acid; WIS, Washed water insoluble solids. 
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performance. 
The concentrations of glucose, xylose, formic acid, acetic acid, 5-

HMF and furfural in the SLs (Table 1) showed that xylose (8.0–19.5 g/ 
L) from the xylan hydrolysis was the main monosaccharide and a small 
amount of glucose (0.1–1.3 g/L) was also produced from glucan hy-
drolysis. A variety of carbohydrate-degradation products (formic acid, 
acetic acid, 5-HMF and furfural) were also produced, which inhibited 
the subsequential ethanol fermentation if they were not detoxified [36]. 
Acetic acid, released through the acetyl groups of hemicellulose, was the 
main degradation products from 4.6 to 6.1 g/L 5-HMF and furfural are 
formed by the degradation of sugars, while formic acid is produced from 
the degradation of 5-HMF and furfural [29,36]. The results of Ma et al. 
[17] demonstrated that glucose, xylose, formic acid, acetic acid, and 
furfural except 5-HMF were generated in the SL from the p-TsOH pre-
treated wheat straw. 

3.2. Separate hydrolysis and fermentation of WIS 

Separate hydrolysis and fermentation of p-TsOH fractionated birch 
WIS from run P15T90t180 was performed in a 250 mL Erlenmeyer flask 
at 10% (w/v) substrate loading. 57.8 g/L glucose and 11.0 g/L xylose 
were detected in the hydrolysate at 48 h, representing 88.2% of glucose 
yield. The hydrolysate was then concentrated by two and three folds via 
vacuum evaporation for subsequent ethanol fermentation. Glucose 
concentration was increased from 57.3 to 107.0 and 165.1 g/L, while 
xylose concentration was increased from 10.9 to 20.6 and 32.1 g/L, 
respectively. 

Fig. 3 shows the performance of the fermentation runs using the un-
concentrated and concentrated (by two and three folds) hydrolysates by 
S. cerevisiase YRH400. Ethanol yield was calculated as the percentage of 
ethanol determined to the ethanol theoretically produced from the 
initial glucose and xylose in the un-concentrated/concentrated hydro-
lysate [12]. As listed in Fig. 3A, after 30 h fermentation, glucose and 
xylose concentration decreased from 57.3 to 2.9 g/L, and 10.9 to 2.6 

g/L, respectively, and ethanol concentration reached 27.8 g/L. The 
glucose consumption rate was 2.27 g/(L⋅h) before 24 h, and the xylose 
was not utilized before the glucose was almost completely consumed. 
Furthermore, the overall sugar utilization ratio and ethanol yield were 
91.9% and 81.2%, respectively. The 2-fold concentrated enzymatic hy-
drolysate (glucose 107.0 g/L, xylose 20.6 g/L) also exhibited good fer-
mentability. The ethanol concentration, sugar utilization ratio, and 
ethanol yield were 53.3 g/L, 94.6%, and 83.3%, respectively, fermen-
tation time was prolonged to 72 h (Fig. 3B). The glucose consumption 
rate was 3.12 g/(L⋅h) before 24 h. Notably, the 3-fold concentrated 
enzymatic hydrolysate (glucose 165.1 g/L, xylose 32.1 g/L) was fer-
mented slowly before 48 h, the glucose consumption rate was 1.81 
g/(L⋅h) before 24 h. The ethanol concentration, sugar utilization ratio, 
and ethanol yield were 35.3 g/L, 47.6%, and 35.7%, respectively 
(Fig. 3C). This could be because the initial sugars concentration was very 
high (≈200 g/L, glucose 165.1 g/L and xylose 32.1 g/L), and the initial 
OD600 of the yeast inoculum was relatively low (OD600 = 5). Therefore, 
another yeast inoculum of OD600 = 15 was added at 50 h, and the 
fermentation process was allowed to continue for an additional 46 h. As 
a result, the ethanol concentration, sugar utilization ratio, and ethanol 
yield improved to 75.5 g/L, 91.5%, and 76.3%, respectively. The glucose 
consumption rate increased to 2.95 g/(L⋅h) between 50 and 72 h, indi-
cating that high yeast inoculum increased the sugar consumption rate. 
Therefore, these results indicated that a higher concentration of yeast 
inoculum was needed when the sugar concentration was increased. Chu 
et al. [37] used the concentrated sugar solution (glucose 216.97 g/L, 
xylose 11.27 g/L) from the enzymatic hydrolysis of corn stover for 
ethanol fermentation with initial S. cerevisiae yeast inoculum of OD600 = 
15. The results showed that the glucose consumption and ethanol yield 
was 99.48% and 94.98%, respectively. This indicated that the concen-
tration of sugar solution was performed to increase glucose concentra-
tion, so as to increase subsequent ethanol concentration in the 
fermentation liquor [37]. 

S. cerevisiae YRH400 can also utilize xylose because it is engineered 

Fig. 3. Changes in the parameters during the ethanol fermentation of enzymatic hydrolysate of WIS (10% (w/v) substrate loading) (A), 2-fold concentrated 
enzymatic hydrolysate (B), and 3-fold concentrated enzymatic hydrolysate (C) by S. cerevisiase YRH400 with OD600 = 5. Abbreviations: WIS, Washed water insoluble 
solids; OD600, Optical density at 600 nm. 
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with xylose fermentation genes that code for xylose reductase, xylitol 
dehydrogenase, and xylulokinase [12]. However, xylose accumulated 
more with increasing initial sugar concentration except for the 
un-concentrated hydrolysate, indicating that xylose utilization was 
more difficult than glucose even if the xylose fermentation genes were 
engineered. The xylose consumption rate was 0.24, 0.25, and 0.28 
g/(L⋅h) of the un-concentrated hydrolysate (6–48 h), the 2-fold 
concentrated hydrolysate (6–72 h), and the 3-fold concentrated hydro-
lysate (30–96 h), respectively. The fermentation by-product xylitol was 
also produced, increased with the increasing of initial sugar concen-
tration, but less than 0.9 g/L (data not shown in Fig. 3). Another 
fermentation by-product glycerol was generated, and its concentration 
increased with the increase in sugar concentration, reaching the highest 
value of 1.9, 5.3, 8.8 g/L at the un-concentrated hydrolysate, 2-fold 
concentrated hydrolysate and 3-fold concentrated enzymatic hydroly-
sate, respectively (data not shown in Fig. 3). The higher the initial sugar 
concentration, the higher the glycerol concentration. This is because the 
initial sugar is high, yeast secretes glycerol to balance in order to relieve 
the osmotic stress of sugar on itself [38]. 

3.3. Furfural production 

Furfural production from a simulation xylose solution was conducted 
under at two sets of conditions: xylose and p-TsOH concentrations of 20 
g/L and 15% (w/v), and 55 g/L and 45% (w/v), respectively. The 
experiment was performed based on the concentrations of xylose and p-
TsOH in the SL of P15T90t180 before and after 3-fold concentration 
(Table 1). Furfural yield was calculated based on the measured terminal 
furfural concentration (including furfural production in the fraction-
ation process) as a percentage of the theoretically achievable furfural 
from the initial xylose concentration in the simulation xylose solution or 
the SL. High temperature and short reaction time enhanced furfural 
yield at xylose concentration of 20 g/L and p-TsOH concentration of 
15% (w/v) (Table S1). The reaction at 200 ◦C for 6 min produced the 
highest furfural yield of 62.6% (theoretical). The results of Danon et al. 
[39] showed that furfural yield of 30% was obtained in monophasic 
system at 170 ◦C. Therefore, the furfural yield (62.6%) of this simulation 
xylose solution in this study is excellent for batch operations at high 
temperature for a short time without halide salts or biphasic system. 

Furfural yield was tended to reduce because of unavoidable side 
reactions, such as condensation and self-polymerization [40,41]. Xylose 
was almost depleted with a negligible amount of formic acid (0.20 g/L). 
Furfural yield did not increase at higher xylose and p-TsOH concentra-
tions (Table S2). The maximum furfural concentration of 14.7 g/L 
(corresponding to 45.1% furfural yield) was achieved at 160 ◦C for 7 min 
with the remaining xylose concentration of only 0.63 g/L. This is 
attributed to severe unavoidable side reactions, which tends to reduce 
furfural yield. Therefore, alternative methods should be adopted to 
improve the furfural yield. Cai et al. [42] revealed that tetrahydrofuran 
(THF) as a novel single-phase co-solvent can promote higher yields of 
fuel precursors furfural, 5-HMF, and levulinic acid from biomass. THF is 
a promising organic solvent that is less toxic and miscible with water 
over a wide range of reaction conditions. Also, it can be synthesized 
directly from furfural at high selectivity through catalytic 
de-carbonylation to furan followed by ring hydrogenation. Besides, THF 
can be easily recovered by room temperature vacuum distillation due to 
its low boiling point [43]. Therefore, THF was used as a co-solvent in this 
study to increase the furfural yield. Furthermore, we compared furfural 
yield from THF co-solvent and non-solvent reactions of simulation 
xylose solution (Table S2). THF improved furfural yield from 45.1% to 
75.7% at 160 ◦C for 7 min, compared to the non-solvent, which indicates 
that THF catalyzes xylose dehydration to improve the furfural yield. 
Varying the solvent-water ratio in the co-solvent reactions showed that 
furfural yield decreased with a decrease in THF level. The results of Cai 
et al. [42] showed that THF improved furfural yields from 62% to 87% 
compared to the non-solvent case from the maple wood at 170 ◦C for 40 

min. Cai et al. [44] further improved the furfural yield (95%) directly 
from maple wood when combined FeCl3 with THF co-solvent. 

According to the results from the aforementioned simulation xylose 
and p-TsOH solution, furfural produced from the un-concentrated and 3- 
fold concentrated p-TsOH SLs of P15T90t180 is listed in Table 2. And 
also, comparisons were made between SLs with/without lignin precip-
itation. The SL without lignin precipitation was directly dehydrated. 
According to the results, xylose was not completely depleted after 
dehydration reactions at 180 ◦C. The highest furfural yield of 65.9% 
with residue xylose concentration of 3.39 g/L was obtained at 180 ◦C for 
6 min. Increasing reaction time reduced residue xylose concentration 
but did not increase furfural yield. This can be attributed to furfural 
condensation through sided reactions [40]. 

Direct dehydration of the virgin SL from poplar after p-TsOH frac-
tionation resulted in a high furfural concentration of 5.44 g/L at 68.4% 
yield as described by Zhu et al. [12]. While, precipitating lignin in the SL 
increased the furfural concentration to 6.18 g/L and yield to 77.7%. 
Therefore, to study the effect of dissolved lignin on furfural production, 
we precipitated lignin in the SL. The dehydration results from the SL 
with lignin precipitation were compared with the results from the virgin 
SL. Heating at 180 ◦C for 6 min produced the highest furfural yield of 
64.5%, slightly lower than 65.9% obtained using the virgin SL without 
lignin precipitation. For the virgin SL, residue xylose concentration 
increased from 3.4 to 4.1 g/L in the lignin precipitated liquor. This in-
dicates that the SL without lignin precipitation can obtain a relatively 
high furfural yield, possibly because there is about 38% of the dissolved 
lignin in the SL, which has a minimal effect on the furfural yield. A small 
amount of glucose in the SL resulted in 5-HMF formation (Table 2). 

To obtain higher xylose and furfural concentration, we concentrated 
SL three folds with/without lignin precipitation. Furfural production 
using 3-fold concentrated SL was conducted at 160–170 ◦C for various 
reaction times, with/without THF co-solvent, based on the results of the 
aforementioned simulation xylose experiment (Table S2). The furfural 
yield was 33.0%/28.4% with/without lignin precipitation at 170 ◦C for 
6 min, and the remaining xylose concentration was 2.33 and 2.08 g/L, 
respectively. This can be attributed to furfural condensation through 
sided reactions [40]. Therefore, THF was added as a co-solvent to reduce 
the sided reactions and we reduced the reaction conditions to 160 ◦C and 
7 min. As a result, furfural yield increased to 79.4%/78.2% with/-
without lignin precipitation at THF/water of 3/1 and 160 ◦C for 7 min. 
Meanwhile, residue xylose concentration was 4.73/5.31 g/L with/-
without lignin precipitation. Although the furfural yield of SL with 
lignin precipitation was slightly higher, the process of dilution to lignin 
precipitation, involving water addition and re-concentration by vacuum 
evaporation, required more energy. It was obviously expensive. There-
fore, SL without lignin precipitation was better to produce furfural. 
Moreover, 5-HMF was produced from glucose dehydration and levulinic 
acid was generated from 5-HMF further degradation during the furfural 
preparation. As the result of Cai et al. [42], besides furfural, 5-HMF and 
levulinic acid were also produced from maple wood with THF co-solvent 
at the same time. Decreasing the ratio of THF to water led to a reduction 
in the furfural yield. The results of Wang et al. [45] showed a highest 
furfural yield of 76.7% with 100% xylose conversion was achieved at 
200 ◦C for 45 min in γ-valerolactone (GVL)-water (85:15 v/v%) mixture. 
The furfural yield was similar to that of this study with THF co-solvent. 

3.4. Lignin nanoparticles prepared from enzymatic hydrolysis solid 
residue 

The EHSR obtained after enzymatic hydrolysis of WIS (P15T90t180) 
was further fractionated using 55% p-TsOH at 90 ◦C for 120 min. After 
solid-liquid separation, the SL was diluted with water below the MHC of 
p-TsOH to obtain LNPs with a yield of 71.3% based on the lignin in the 
EHSR. The results of TEM images analysis showed that the untreated 
EHSR were large and agglomerated particles with cellulosic fibers 
(Fig. S1A). LNPs produced from the SL of p-TsOH fractionated EHSR 

https://4.73/5.31
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Table 2 
Compositional analysis of spent liquor from p-TsOH fractionated birch with/without lignin precipitation after furfural production at different reaction conditions.  

Name Un-concentrated spent liquor 3-Fold concentrated spent liquor 

Lignin precipitation No Yes No Yes 

T (oC)/t (min) 180/6 180/7 180/8 180/6 180/7 180/8 170/6 160/7 170/6 160/7 

THF/Water, v/v 0 0 0 0 0 0 0 3/1 2/1 1/1 0 3/1 2/1 1/1 

Glucosea (g/L) 
Xylosea (g/L) 
Formic acida (g/L) 
Acetic acida (g/L) 
Levulinic acida (g/L) 
5-HMFa (g/L) 
Furfurala (g/L) 

0.34 
3.39 
0.70 
6.33 
0.44 
0.08 
7.83 

0.31 
2.55 
0.432 
6.345 
0.505 
0.06 
7.71 

0.20 
1.72 
0.52 
6.25 
0.61 
0.05 
7.38 

0.39 
4.13 
0.53 
2.39 
0.33 
0.08 
7.67b 

0.23 
1.95 
0.44 
2.34 
0.54 
0.05 
7.66b 

0.21 
1.81 
0.44 
2.31 
0.56 
0.05 
7.45b 

0.09 
2.08 
1.72 
9.44 
1.56 
0.05 
9.94 

0.42 
5.31 
1.33 
9.14 
0 
0.71 
27.33 

0.49 
6.17 
1.38 
8.69 
0 
0.61 
24.49 

0.60 
7.22 
0.37 
10.10 
0.82 
0.48 
22.70 

0.25 
2.33 
1.49 
6.20 
1.40 
0.08 
11.53b 

0.40 
4.73 
0.23 
6.61 
0.48 
0.72 
27.48b 

0.44 
4.95 
0.36 
7.11 
0.76 
0.67 
26.57b 

0.44 
4.89 
0.48 
6.77 
0.86 
0.48 
23.01b 

Furfural yieldc (%) 65.9 64.9 62.1 64.5 64.5 62.7 28.4 78.2 70.1 65.0 33.3 79.4 76.8 66.5 

a The concentration is calculated as the concentration in the original p-TsOH spent liquor. 
b Furfural concentration contains the furfural produced in the fractionation process and the furfural produced from the spent liquor by dehydration. 

It was calculated using the total furfural produced from the original spent liquor as the percentage of the theoretical achievable furfural from the amount of xylose 
in the p-TsOH spent liquor. The initial xylose concentration in the un-concentrated spent liquor (with/without lignin precipitation) was 18.57 g/L, while the initial 
xylose concentration in 3-fold concentrated spent liquor with or without lignin precipitation was 54.06, 54.60 g/L, respectively. 

Fig. 4. Overall flow diagram of the integrated process. 
Note: p-TsOH: p-Toluenesulfonic acid; WIS: Washed water-insoluble solids; THF: Tetrahydrofuran; SL: Spent liquor; LNPs: Lignin nanoparticles; EHSR: Enzymatic 
hydrolysis solid residue. 
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exhibited a very small average particle size of 37.4 nm (Fig. S1B). While 
the LNPs produced from the SL of p-TsOH fractionated birch wood dis-
played a big average particle size of 107.6 nm, indicating that a much 
smaller particle size of LNPs was obtained from EHSR. The LNPs pro-
duced from the SL of p-TsOH fractionated EHSR of the acid-catalyzed 
steam-exploded corn stover exhibited a very bigger average particle 
size of 98.0 nm [29] than that of this study. Tian et al. [46] reported that 
LNPs were directly prepared from the EHSRs of three steam pretreat-
ment based lignocellulosic biomass (corn stover, poplar, and lodgepole 
pine) through solvent extraction and dialysis method, which gave a 
LNPs yield of 81.8%, 90.9% and 41.0% with a corresponding average 
particle size of 218, 131, and 104 nm, respectively. Therefore, the LNPs 
yield and average particle size depended on the type of biomass and the 
preparation method. The production of LNPs can be used as antioxi-
dants, UV-protectants, antimicrobial agents, delivery agents, encapsu-
lation agents, and adsorbents [47]. Zhu et al. [29] used the LNPs as 
adsorbents to partially remove the inhibitors in the prehydrolysate and 
improve the ethanol fermentability from 0.27 g/(L⋅h) (undetoxified 
prehydrolysate) to 0.61 g/(L⋅h). 

3.5. Preliminary mass balance of the overall process 

The mass balance of the entire process involved p-TsOH fractionation 
of birch, solid-liquid separation, enzymatic hydrolysis of the obtained 
WIS, ethanol fermentation by S. cerevisiae YRH400, SL conversion to 
furfural via dehydration, and enzymatic hydrolysis residue further p-
TsOH fractionation to prepare LNPs (Fig. 4). Based on the results, 100 g 
oven-dry birch produced 15.3 g of ethanol, 9.3 g of furfural and 9.7 g of 
LNPs. When upscaled, 6.5 t oven-dry birch can produce 1.0 t ethanol, 
0.61 t furfural and 0.63 t LNPs. Normally, 4.7–7 t oven-dry corn stover 
can produce 1.0 t ethanol [48]. Chu et al. [48] used sequential 
fermentation strategy (glucose fermentation by S. cerevisiae, followed by 
ethanol distillation, and finally xylose fermentation by Pichia stipitis) 
from green liquor-pretreated corn stover, one ton ethanol produced only 
need 4.75 t corn stover because this process ensured that each fermen-
tation stage used the suitable microorganism, permitting high ethanol 
yields. However, this process only considered the utilization of glucan 
and xylan, the utilization of lignin was neglected. Zhu et al. [12] frac-
tionated poplar with p-TsOH to co-produce ethanol and furfural. How-
ever, the precipitated lignin from the SL was not studied further and the 
obtained furfural concentration was low. After calculation, 1.0 t ethanol 
and 0.33 t furfural were produced from 6.0 t oven-dry poplar. Overall, 
the findings of this study show that the integrated process to co-produce 
ethanol, furfural, and lignin nanoparticles from all the three components 
in birch wood was more feasibility. 

4. Conclusions 

This study demonstrates the potential application of acid hydrotropic 
fractionation in forest biorefinery. Birch wood was fractionated using p-
TsOH into water insoluble solids (WIS) fraction and a xylose-rich spent 
liquor (SL). Separate hydrolysis and fermentation of WIS resulted in a 
maximum ethanol concentration of 75.5 g/L; the enzymatic hydrolysis 
solid residue of WIS was further fractionated by p-TsOH to prepare lignin 
nanoparticles (LNPs); while the dehydration of the concentrated SL 
without lignin precipitation in batch using tetrahydrofuran as a co-
solvent produced a furfural yield of 78.2%. Therefore, the integrated 
process was proposed to co-produce bioethanol, furfural and LNPs, thus 
offering a potential strategy for forest biorefinery. 
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P. Harper, C.T. Maravelias, T. Runge, J.A. Dumesic, Increasing the revenue from 
lignocellulosic biomass: maximizing feedstock utilization, Sci. Adv. 3 (5) (2017), 
e1603301, https://doi.org/10.1126/sciadv.1603301. 

[9] L. Chen, J. Dou, Q. Ma, N. Li, R. Wu, H. Bian, D.J. Yelle, T. Vuorinen, S. Fu, X. Pan, 
J.Y. Zhu, Rapid and near-complete dissolution of wood lignin at ≤ 80 ◦C by a 
recyclable acid hydrotrope, Sci. Adv. 3 (9) (2017), e1701735, https://doi.org/
10.1126/sciadv.1701735. 

[10] J.Y. Zhu, L.H. Chen, C. Cai, Acid hydrotropic fractionation of lignocelluloses for 
sustainable biorefinery: advantages, opportunities, and research needs, 
ChemSusChem 14 (2021) 3031–3046, https://doi.org/10.1002/cssc.202100915. 

[11] L.P. Devendra, M.K. Kumar, A. Pandey, Evaluation of hydrotropic pretreatment on 
lignocellulosic biomass, Bioresour. Technol. 213 (2016) 350–358, https://doi.org/
10.1016/j.biortech.2016.03.059. 

[12] J. Zhu, L. Chen, R. Gleisner, J.Y. Zhu, Co-production of bioethanol and furfural 
from poplar wood via low temperature (≤ 90 ◦C) acid hydrotropic fractionation 
(AHF), Fuel 254 (2019), 115572, https://doi.org/10.1016/j.fuel.2019.05.155. 

[13] H. Chen, B. Jiang, W. Wu, Y. Jin, Comparison of enzymatic saccharification and 
lignin structure of masson pine and poplar pretreated by p-Toluenesulfonic acid, 
Int. J. Biol. Macromol. 151 (2020) 861–869, https://doi.org/10.1016/j.
ijbiomac.2020.02.242. 

[14] P. Li, H. Ji, L. Shan, Y. Dong, Z. Long, Z. Zou, Z. Pang, Insights into delignification 
behavior using aqueous p-toluenesulfonic acid treatment: comparison with 
different biomass species, Cellulose 27 (2020) 10345–10358, https://doi.org/
10.1007/s10570-020-03481-3. 

[15] M. Yang, X. Gao, M. Lan, Y. Dou, X. Zhang, Rapid fractionation of lignocellulosic 
biomass by p-TsOH pretreatment, Energy Fuel. 33 (2019) 2258–2264, https://doi.
org/10.1021/acs.energyfuels.8b03770. 

https://doi.org/10.1016/j.renene.2022.12.111
https://doi.org/10.1016/j.renene.2022.12.111
https://doi.org/10.1016/j.renene.2016.02.057
https://doi.org/10.1016/j.biortech.2009.11.007
https://doi.org/10.1016/j.indcrop.2015.10.049
https://doi.org/10.1016/j.chemosphere.2021.131372
https://doi.org/10.1016/j.chemosphere.2021.131372
https://doi.org/10.1002/btpr.206
https://doi.org/10.1002/btpr.206
https://doi.org/10.1016/j.renene.2018.06.033
https://doi.org/10.1016/j.renene.2018.06.033
https://doi.org/10.1016/j.renene.2020.07.031
https://doi.org/10.1126/sciadv.1603301
https://doi.org/10.1126/sciadv.1701735
https://doi.org/10.1126/sciadv.1701735
https://doi.org/10.1002/cssc.202100915
https://doi.org/10.1016/j.biortech.2016.03.059
https://doi.org/10.1016/j.biortech.2016.03.059
https://doi.org/10.1016/j.fuel.2019.05.155
https://doi.org/10.1016/j.ijbiomac.2020.02.242
https://doi.org/10.1016/j.ijbiomac.2020.02.242
https://doi.org/10.1007/s10570-020-03481-3
https://doi.org/10.1007/s10570-020-03481-3
https://doi.org/10.1021/acs.energyfuels.8b03770
https://doi.org/10.1021/acs.energyfuels.8b03770


Renewable Energy 204 (2023) 176–184

184

J. Zhu et al. 

[16] C. Su, K. Hirth, Z. Liu, Y. Cao, J.Y. Zhu, Acid hydrotropic fractionation of 
switchgrass at atmospheric pressure using maleic acid in comparison with p-TsOH: 
advantages of lignin esterification, Ind. Crop. Prod. 159 (2021), 113017, https://
doi.org/10.1016/j.indcrop.2020.113017. 

[17] Q. Ma, J. Zhu, R. Gleisner, R. Yang, J.Y. Zhu, Valorization of wheat straw using a 
recyclable hydrotrope at low temperatures (≤ 90 oC), ACS Sustain. Chem. Eng. 6 
(2018) 14480–14489, https://doi.org/10.1021/acssuschemeng.8b03135. 

[18] C. Su, K. Hirth, Z. Liu, Y. Cao, J.Y. Zhu, Maleic acid hydrotropic fractionation of 
wheat straw to facilitate value-added multi-product biorefinery at atmospheric 
pressure, GCB Bioenergy 13 (2021) 1407–1424, https://doi.org/10.1111/
gcbb.12866. 

[19] J. Zhu, X. Jiao, H. Li, G. Xu, H. Zhang, Y. Xu, p-Toluenesulfonic acid combined with 
hydrogen peroxide-assisted pretreatment improves the production of fermentable 
sugars from walnut (Juglans regia L.) shells, Bioresour. Technol. 355 (2022), 
127300, https://doi.org/10.1016/j.biortech.2022.127300. 

[20] C. Feng, J. Zhu, L. Cao, L. Yan, C. Qin, C. Liang, S. Yao, Acidolysis mechanism of 
lignin from bagasse during p-toluenesulfonic acid treatment, Ind. Crop. Prod. 176 
(2022), 114374, https://doi.org/10.1016/j.indcrop.2021.114374. 

[21] H. Yu, Y. Xu, J. Hou, Y. Ni, S. Liu, Y. Liu, S. Yu, S. Nie, Q. Wu, C. Wu, Efficient 
fractionation of corn stover for biorefinery using a sustainable pathway, ACS 
Sustain. Chem. Eng. 8 (2020) 3454–3464, https://doi.org/10.1021/
acssuschemeng.9b07791. 

[22] X. Li, P. Jia, T. Wang, Furfural: a promising platform compound for sustainable 
production of C4 and C5 chemicals, ACS Catal. 6 (2016) 7621–7640, https://doi.
org/10.1021/acscatal.6b01838. 

[23] J. Cheng, K. Hirth, Q. Ma, J. Zhu, Z. Wang, J.Y. Zhu, Toward sustainable and 
complete wood valorization by fractionating lignin with low condensation using an 
acid hydrotrope at low temperatures (≤ 80 ◦C), Ind. Eng. Chem. Res. 58 (2019) 
7063–7073, https://doi.org/10.1021/acs.iecr.9b00931. 

[24] Z. Wang, S. Qiu, K. Hirth, J. Cheng, J. Wen, N. Li, Y. Fang, X. Pan, J.Y. Zhu, 
Preserving both lignin and cellulose chemical structures: flow-through acid 
hydrotropic fractionation (AHF) at atmospheric pressure for complete wood 
valorization, ACS Sustain. Chem. Eng. 7 (2019) 10808–10820, https://doi.org/
10.1021/acssuschemeng.9b01634. 

[25] H. Ji, C. Dong, G. Yang, Z. Pang, Valorization of lignocellulosic biomass toward 
multipurpose fractionation: furfural, phenolic compounds, and ethanol, ACS 
Sustain. Chem. Eng. 6 (2018) 15306–15315, https://doi.org/10.1021/
acssuschemeng.8b03766. 

[26] S.Y. Leu, J.Y. Zhu, Substrate-related factors affecting enzymatic saccharification of 
lignocelluloses: our recent understanding, Bioenerg Res 6 (2) (2013) 405–415, 
https://doi.org/10.1007/s12155-012-9276-1. 

[27] A. Mukherjee, M.J. Dumont, V. Raghavan, Review: sustainable production of 
hydroxymethylfurfural and levulinic acid: challenges and opportunities, Biomass 
Bioenergy 72 (2015) 143–183, https://doi.org/10.1016/j.biombioe.2014.11.007. 

[28] T.K. Ghose, Measurements of cellulase activities, Pure Appl. Chem. 59 (2) (1987) 
257–268, https://doi.org/10.1351/pac198759020257. 

[29] J. Zhu, N. Jiao, H. Zhang, G. Xu, Y. Xu, Detoxification of lignocellulosic 
prehydrolyzate by lignin nanoparticles prepared from biorefinery biowaste to 
improve the ethanol production, Bioproc. Biosyst. Eng. 45 (6) (2022) 1011–1018, 
https://doi.org/10.1007/s00449-022-02720-0. 

[30] X. Luo, R. Gleisner, S. Tian, J. Negron, W. Zhu, E. Horn, X.J. Pan, J.Y. Zhu, 
Evaluation of mountain beetle- infested lodgepole pine for cellulosic ethanol 
production by sulfite pretreatment to overcome recalcitrance of lignocellulose, Ind. 
Eng. Chem. Res. 49 (17) (2010) 8258–8266, https://doi.org/10.1021/ie1003202. 

[31] Q. Ma, L. Chen, W. Wang, R. Yang, J.Y. Zhu, Direct production of lignin 
nanoparticles (LNPs) from wood using p-toluenesulfonic acid in an aqueous system 
at 80◦C: characterization of LNP morphology, size, and surface charge, 
Holzforschung 72 (11) (2018) 933–942, https://doi.org/10.1515/hf-2018-0033. 

[32] W. Zhu, C.J. Houtman, J.Y. Zhu, R. Gleisner, K.F. Chen, Quantitative predictions of 
bioconversion of aspen by dilute acid and SPORL pretreatments using a unified 
combined hydrolysis factor (CHF), Process Biochem. 47 (2012) 785–791, https://
doi.org/10.1016/j.procbio.2012.02.012. 

[33] H. Bian, J. Luo, R. Wang, X. Zhou, S. Ni, R. Shi, G. Fang, H. Dai, Recyclable and 
reusable maleic acid for efficient production of cellulose nanofibrils with stable 
performance, ACS Sustain. Chem. Eng. 7 (2019) 20022–20031, https://doi.org/
10.1021/acssuschemeng.9b05766. 

[34] H. Ji, Y. Song, X. Zhang, T. Tan, Using a combined hydrolysis factor to balance 
enzymatic saccharification and the structural characteristics of lignin during 
pretreatment of Hybrid poplar with a fully recyclable solid acid, Bioresour. 
Technol. 238 (2017) 575–581, https://doi.org/10.1016/j.biortech.2017.04.092. 

[35] S.Y. Leu, J.Y. Zhu, Substrate-related factors affecting enzymatic saccharification of 
lignocelluloses: our recent understanding, Bioenerg Res 6 (2) (2013) 405–415, 
https://doi.org/10.1007/s12155-012-9276-1. 

[36] J. Zhu, Q. Yong, Y. Xu, S. Yu, Detoxification of corn stover prehydrolyzate by 
trialkylamine extraction to improve the ethanol production with Pichia stipitis CBS 
5776, Bioresour. Technol. 102 (2011) 1663–1668, https://doi.org/10.1016/j.
biortech.2010.09.083. 

[37] Q. Chu, X. Li, B. Ma, Y. Xu, J. Ouyang, J. Zhu, S. Yu, Q. Yong, Bioethanol 
productions: an integrated process of low substrate loading hydrolysis-high sugars 
liquid fermentation and solid state fermentation of enzymatic hydrolysis residue, 
Bioresour. Technol. 123 (2012) 699–702, https://doi.org/10.1016/j.
biortech.2012.07.118. 

[38] L. Caspeta, J. Coronel, A.M. de Oca, E. Abarca, L. González, A. Martínez, 
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