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Abstract
The biological valorization of cork depends mainly on the weakening of cell wall recalcitrance. As a typical softwood, 
Chinese fir is more resistant to enzyme and microbial invasion than most biomass. This study compared the efficiency of 
two single-step pretreatments (dilute sulfuric acid pretreatment (DSA) and acidic sodium chlorite pretreatment (SC)) and 
their interaction effects on the pretreatment process. Two single pretreatments could selectively remove hemicellulose and 
some lignin from Chinese fir sawdust (CFS). Combined pretreatments resulted in a remarkable synergistic enhancement 
in delignification. The hemicellulose-removal-first strategy is favored by softwood delignification, the destruction of fiber 
morphology, and the redistribution of lignin. Using DSA-SC, more than 90% of lignin and hemicellulose were removed, 
and complete hydrolysis (99.3%) was obtained. Based on DSA-SC, the CFS biorefinery recovered 41.6% lignin and 52.8% 
hemicellulose sugar, and 306.1 g lactic acid was produced from 1000.0 g CFS. The integrated pretreatment process with a 
stepwise separation feature could be effectively applied in softwood destruction and provide more opportunities for softwood 
waste whole-component utilization.

Keywords  Chinese fir · Sodium chlorite pretreatment · Dilute sulfuric acid pretreatment · Combinative pretreatment · 
Synergistic effect

1  Introduction

Biorefinery is considered to be an effective means to address 
the problems caused by the excessive consumption of fossil 
fuels. Using lignocellulose biomass to produce biofuel or 
chemicals can not only reduce greenhouse gases but also 
conserve nonrenewable energy. Among the variety of lig-
nocellulose biomass, forest residues are an important ligno-
cellulose biomass source and have been widely used for the 
production of ethanol. However, wood lignocellulose has 
a relatively complex structure that is resistant to enzyme 
and microbial invasion, and among them, softwood is often 

considered the most recalcitrant type of wood lignocellulose 
[1]. Therefore, exploring an effective deconstruction pre-
treatment is key for softwood residue bioconversion.

In the last few decades, despite many pretreatment tech-
nologies having been developed to overcome the inher-
ent recalcitrance of plant biomass for fermentable sugar 
production, only a few of them, including acid or SO2 
preimpregnated steam explosion [2], alkaline or sulfite 
pulping-based pretreatment, and organosolv pretreatment 
[3, 4], have been proven to be partly effective for treat-
ing softwood (up to 90% or more hemicellulose or lignin 
removal). Among them, dilute acid pretreatment is one 
of the most representative chemical pretreatment methods 
and is effective in removing hemicellulose from cork, but 
its effect on cork lignin removal is far from satisfactory 
[5, 6]. When Li et al. pretreated camphor pine wood with 
dilute acid, the hemicellulose removal rate reached 99.4%, 
while the lignin removal rate was only 2.7% [7]. Addition-
ally, the presence of lignin limits the increase in enzymatic 
hydrolysis yield. For example, Lim and Lee compared the 
effects of different acid species on coniferous wood chips 
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at high temperatures, with enzymatic hydrolysis yields 
ranging from 35.6 to 61.2% despite the complete removal 
of hemicellulose [8]. In contrast, one researcher compared 
the effect of two dilute acid pretreatments on coniferous 
wood and found that the yield of enzymatic hydrolysis of 
coniferous wood after two dilute acid pretreatments was 
still below 50% [9].

Many other pretreatment technologies, including dilute 
alkali pretreatment [10], ionic liquid [11], and sodium chlo-
rite treatment [12], have been shown to remove lignin more 
effectively than acid pretreatment. Franco et al. treated dif-
ferent coniferous raw materials using an alkaline sulfite/
anthraquinone pretreatment combined with a fine grinding 
process. The delignification rate ranged from 25 to 50%, 
and the enzymatic hydrolysis yield could be increased from 
the original 20 to 70%, which could effectively overcome 
the recalcitrance of softwoods [11]. Gschwend et al. synthe-
sized a new, low-cost ionic liquid in the treatment of Pinus 
sylvestris and found that the synthesized [DMBA] [HSO4] 
not only removed 66% of the lignin but also exhibited excel-
lent enzymatic hydrolysis performance with 75% enzymatic 
yield [13]. Although alkali pretreatment and ionic liquids 
can leach more lignin from the raw material and improve 
the enzymatic hydrolysis yield of lignocellulose after pre-
treatment, there are still difficult challenges to overcome. 
For example, carbohydrate degradation during alkali pre-
treatment is serious, while lye recovery is difficult. Ionic 
liquids are generally expensive, the pretreatment process 
is long, and there is a lack of mature ionic liquid recov-
ery technology. In contrast, chlorite pretreatment, which 
is widely used in industrial pulping, has the advantages of 
mild pretreatment conditions, exclusive lignin removal, and 
less degradation of polysaccharides [14]. The use of chlorite 
for the pretreatment of softwoods has been reported in the 
literature and has shown good delignification ability. Lauri 
et al. performed chlorite delignification on fir wood and 
almost completely eliminated lignin [15]. Some research-
ers have also used sodium chlorite pretreatment of Douglas 
fir for repeated lignin removal [16]. Additionally, several 
combined pretreatment techniques have been reported to tar-
get the recalcitrance of softwoods. Tang et al. also reported 
that they improved lignin removal and enzymatic hydrolysis 
yield (up to 97.7%) of larch by combining water preextrac-
tion with alkaline hydrogen peroxide [17]. Matsoukas et al. 
used acid-catalyzed organic solvent-vapor blast pretreat-
ment for spruce without the enzymatic hydrolysis yield of 
spruce, which could be increased to 61% under the condition 
of considering the recovery of the hemicellulose fraction 
[3]. Combining two or more pretreatment methods can sig-
nificantly improve the efficiency of the pretreatment process 
and is an emerging approach in the field of biorefining [18]. 
Nevertheless, the recalcitrant nature of the cork still affects 
the enzymatic effect.

For this reason, many studies have been devoted to 
a deep investigation of the main limiting factors of soft-
wood hydrolysis [19]. Compared to other biomasses, more 
carbon‒carbon linkages existed in softwood lignin, and a 
higher lignin content was observed. Mooney et al. deemed 
that the residue lignin was the main donor of steric hindrance 
limiting the enzymatic hydrolysis of four Douglas fir pulps 
[20]. Additionally, almost all lignin in softwood is linked 
to hemicellulose by covalent bonds, and researchers named 
this fraction the lignin-carbohydrate complex (LCC). LCC 
is regarded as an important obstacle to enzymatic hydrolysis 
and delignification [19, 21]. Therefore, compared to herb 
or hardwood, both hemicellulose and lignin were recom-
mended to be removed before softwood hydrolysis due to 
the high lignified component and the natural special LCC 
structure [22, 23].

Chinese fir is a typical softwood in China and has been 
widely planted in many countries. Recently, along with its 
extensive application in the wood industry, vast processing 
residues have been generated every year. In this work, the 
potential of Chinese fir sawdust in biomass biorefineries was 
explored. Dilute sulfuric acid pretreatment, acidic sodium 
chlorite pretreatments, and their integrated pretreatment 
processes were introduced to deconstruct Chinese fir saw-
dust (CFS). The chemical and physical changes in substrates 
after various pretreatments were investigated. Moreover, the 
relationship between these changes and their effects on enzy-
matic hydrolysis was explored to provide well-established 
information on softwood destruction. Moreover, develop-
ing an integrated pretreatment process could provide more 
opportunities for softwood waste biorefineries.

2 � Materials and Methods

2.1 � Materials

The CFS used in this work was kindly provided by sawmills 
in Jiujiang City and was pretreated as described in previ-
ous works before use [24]. The cellulase enzyme Cellic@ 
Ctec2 solution with an activity of 215.3 FPU/mL used in 
the present work was obtained from Novozymes Investment 
Co. Ltd.

2.2 � Strain and media

B. coagulans CC17A was used for SSF experiments on 
DSA-SC-treated material (cellulose content of 76.8%) at 
different substrate concentrations. The CC17A strain was 
obtained from the Laboratory of Biochemical Engineering, 
Nanjing Forestry University.

The medium used for B. coagulans CC17A culture 
included the following: (1) seed medium (20 g/L xylose, 
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1 g/L yeast extract, 1.5 g/L corn steep powder, 1 g/L NH4Cl, 
0.2 g/L MgSO4, and 10 g/L CaCO3) and (2) cellulose simul-
taneous saccharification fermentation medium (pretreated 
solids as substrate with substrate concentrations of 40, 80 
or 120 g/L; 2.5 g/L yeast extract; 1.2 g/L corn steep powder; 
3 g/L (NH4)2SO4; 0.22 g/L KH2PO4; 0.4 g/L MgSO4·7H2O; 
0.03 g/L MnSO4·H2O; 0.03 g/L FeSO4·7H2O; and 20 g/L 
CaCO3 with a final concentration of 20 mM, pH 5.5 phos-
phate buffer solution).

2.3 � Dilute sulfuric acid pretreatment (DSA)

Dilute sulfuric acid pretreatment was carried out in a 120-
mL glass tube using an oil bath for heating. Dry CFS (8.0 g) 
was soaked with 0.4% (w/v) sulfuric acid in a solid-to-
liquid ratio of 1:10 at 160 °C for 60 min. After cooking, 
the obtained residues were separated by filtration and then 
extensively washed with deionized water until the filtrate 
pH was neutral.

2.4 � Sodium chlorite pretreatment (SC)

Raw CFS (10.0 g) was first suspended in deionized water to 
form a 5% (g/g) solid slurry, and then, 1 mL of acetic acid 
and 20 g of sodium chlorite were added. The mixtures were 
then incubated at 75 °C for 40 min with gentle swirling. 
After pretreatment, the obtained residues were separated by 
filtration and then extensively washed with deionized water 
until the filtrate pH was neutral.

2.5 � Combined pretreatments

Two combined pretreatments were designed: DSA followed 
by SC pretreatment (DSA-SC) and SC followed by DSA 
pretreatment (SC-DSA). For DSA-SC or SC-DSA, DSA 
was conducted as described in Section 2.3, and SC was per-
formed as described in Section 2.4.

2.6 � Enzymatic hydrolysis

Enzymatic hydrolysis was subjected to 30 mL of phosphate 
buffer (pH 5.5, 50 mM) at 3% (w/v) glucan, and the cellulase 
loading was 15 filter paper units (FPU) per gram of glu-
can. The hydrolysis experiment was conducted at 50 °C and 
150 rpm on a shaker incubator for 48 h. Five hundred micro-
liters of hydrolysis solution was taken at intervals, and then, 
the acquired supernatants were diluted and filtered through 
a 0.22-µm syringe filter for subsequent sugar analysis. The 
hydrolysis yield was calculated based on the glucose amount 
as a percentage of the theoretical maximum yield of glucose.

2.7 � Simultaneous saccharification fermentation

Pretreated substrates (cellulose-rich) were collected after 
DSA-SC two-stage treatment and evaluated for their per-
formance in simultaneous saccharification fermentation 
for lactic acid production. The experimental conditions for 
the simultaneous saccharification fermentation were as fol-
lows: 150 mL of simultaneous saccharification fermentation 
system; 4%, 8%, and 12% adiabatic solid concentrations; 
12 FPU/g adiabatic solids of cellulase enzyme, nitrogen, 
and nutrients according to the B. coagulans fermentation 
medium components; 20 mM pH 5.5 phosphate buffer; 
50 °C and 150 rpm shaker speed. B. coagulans CC17A was 
inoculated at 10% (v/v) and neutralized by adding calcium 
carbonate at a 1/2 molar ratio of the theoretical carbon 
source at the end of synchronous saccharification fermenta-
tion for up to 6 h. The concentrations of glucose, cellobiose, 
and lactic acid in the fermentation broth were measured by 
sampling at regular intervals.

2.8 � Component analysis

The concentrations of glucose and other monosaccharides 
(arabinose, galactose, xylose, and mannose) in the water phase 
were determined as described in the work of Tang [17].

where m0 is the mass of the component (glucan, hemicel-
lulose, or lignin) in the raw material; m1 is the mass of the 
component (glucan, hemicellulose, or lignin) in the pre-
treated material; mglu2 is the mass of glucose obtained in 
the enzyme hydrolysate of the DSA-SC sample; and mglu3, 
mman3, mgal3, mxyl3, and mara3 represent the mass of glucose, 
mannose, galactose, xylose, and arabinose in the liquid of 
the first step of DSA-SC pretreatment, respectively.

2.9 � Scanning electron microscopy (SEM)

The surface morphologies of solid materials were detected 
by using a scanning electron microscope (FEI Quanta 400 
instrument, HITACHI, Japan). The surface images were 

(1)Total removal of composition (%) =
m0 − m1

m0

× 100,

(2)Total recovery of composition (%) =
m1

m0

× 100,

(3)Total recovery of C6 sugars (%) =
mglu2 + mglu3 + mman3 + mgal3

mglu0 + mman0 + mgal0

× 100,

(4)

Total recovery of C5 sugars (%) =
mxyl3 + mara3

mxyl0 + mara0

× 100,
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captured at magnifications of 600 and 3000 times to reveal 
their macro and micro appearances.

2.10 � FTIR‑ATR spectroscopic analysis

A Spectrum One FTIR system (Themo Scientific, USA, 
Thermo Nicolet 360) was used to characterize the changes in 
the functional groups of the samples with different pretreat-
ments. FTIR spectra were obtained by 64 scans from 4000 
to 400 cm−1 at 2 cm−1 resolution. A 2-mg dried sample was 
flaked with 200 mg KBr before FTIR analysis.

2.11 � Enzyme adsorption on pretreated materials

The enzyme adsorption was determined under the same 
conditions as the enzymatic hydrolysis at 4 °C [25]. After 
incubation, the samples were centrifuged, and the enzyme 
concentration of the supernatant was determined by Brad-
ford assay.

where Cini is the initial enzyme concentration of the superna-
tant before incubation and Csuper is the enzyme concentration 
in the supernatant after incubation.

2.12 � Determination of cellulose accessibility

Cellulose accessibility determined the adsorption capacity of 
direct red dye (DR28) on biomass [26]. Briefly, the experi-
ment was carried out at 1% (w/v) biomass substrate with 
a series of increasing direct red dye concentrations (0.00, 
0.05, 0.10, 1.00, 2.00, 3.00, 4.00 g/L), and the mixtures were 
incubated at 50 °C and 150 rpm for 24 h. After incubation, 
the unadsorbed DR28 was determined by measuring the 
absorbance at 498 nm. A Langmuir nonlinear regression was 
used to evaluate the maximum adsorption capacity of DR28, 
which was interpreted as the accessibility of the substrate.

3 � Results and discussion

3.1 � Chemical composition changes after various 
pretreatments

To selectively remove hemicellulose and lignin in CFS, 
dilute sulfuric acid and sodium chlorite pretreatments 
(DSA and SC) were first employed in this study. As shown 
in Table 1, glucan recovery remained at 79.5–85.9% after 
various pretreatments, which indicated that all pretreatment 
processes resulted in a slight glucose loss. SC treatment 
alone had a prominent selectivity for lignin removal and 

(5)Enzymeadsorptionratio(%) =
Cini − Csuper

Cini

× 100,

less of an effect on hemicellulose removal. There were no 
obvious changes in the cellulose and hemicellulose con-
tents of pretreated CFS, but the lignin content significantly 
decreased from 36.5 to 22.1%. For the DSA pretreatment, a 
large portion of hemicellulose (91.1%) was removed along 
with minor cellulose and lignin removal. After DSA, the cel-
lulose, hemicellulose, and lignin contents of the DSA sample 
were 48.5%, 2.7%, and 42.5%, respectively. This result was 
consistent with previous conclusions that DSA is an effective 
method for hemicellulose removal in industrial applications 
[27, 28]. Two single pretreatments did not have a good effect 
on the simultaneous removal of lignin and hemicellulose. 
However, there seemed to be a complement in lignin and 
hemicellulose removal. Thus, the combined process was 
further used for the pretreatment of CFS.

Two different sequential two-stage pretreatment 
approaches (SC-DSA and DSA-SC) were investigated for 
their effectiveness in delignification and hemicellulose 
removal (Table 1). From a logical point of view, if there is 
no interaction influence between SC and DSA, the recovery 
of any component and total solid could be estimated as the 
product of the recovery of each separation process. There-
fore, the theoretical hemicellulose removal, lignin removal, 
and dextran recovery for the combined pretreatment were 
calculated to be 92.9%, 61.4%, and 71.5%, respectively. 
Moreover, the total solid recovery should be 56.6% theo-
retical. However, as shown in Table 1, the decrease in solid 
recovery confirmed that an interaction effect existed in CFS 
pretreatment. Glucan recovery did not decrease obviously 
with the supplementation of the second pretreatment step, 
whether DSA or SC. This result indicated that two-stage 
pretreatment did not result in more glucan loss, which is 
an important criterion for pretreatment technology. Moreo-
ver, close to 95% hemicellulose removal indicated that the 
combined pretreatment had no significant effect on it. How-
ever, it should be noted that combining SC and DSA dem-
onstrated a synergistic effect for improving lignin removal. 
More importantly, the order of combined pretreatment was 
critical for lignin removal. Approximately 71.2% deligni-
fication was found after SC-DSA, which increased lignin 
removal from 15.5 to 36.9% in the DSA process. By com-
parison, lignin removal increased to 93.6% when the order 
of the combined pretreatments was reversed (DSA-SC). 
In particular, 92.4% of lignin removal in the 2nd SC was 
observed, which increased by 38.1% more than in a single 
SC. In softwood, lignin and hemicellulose can form lignin-
carbohydrate complexes, and the lignin in spruce is linked to 
hemicellulose mainly through covalent bonds [19]. Thus, it 
was hypothesized that the presence of hemicellulose in CFS 
hinders the permeation of sodium chlorite to attack lignin 
in lignin-carbohydrate complexes. When hemicellulose was 
first removed during the DSA process and the structure of 
the LCC complex was destroyed, sodium chlorite could 
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more easily react with lignin, and the delignification was 
greatly improved. It was concluded that sequential compo-
nent removal was good for softwood pretreatment and that 
the hemicellulose-removal-first strategy contributed to better 
delignification.

Regarding compositional changes, the percentage of dex-
tran content did not change much after the two single pre-
treatments, while the combined pretreatment significantly 
increased the percentage of dextran content, decreased the 
hemicellulose and lignin content, and increased the purity 
of cellulose (Table 1). In particular, especially after DSA-
SC, the lignin content in the CFS residual solids decreased 
from 36.5 to 5.3%, while the dextran content increased from 
42 to 79.8%, reaching the highest level. It should be noted 
that hemicellulose removal by DSA pretreatment followed 
by combined SC pretreatment not only yielded good results 
for hemicellulose removal (93.8%) and lignin (93.6%) but 
also a very high cellulose purity close to 80% and a low 
lignin composition of 5.3%. This is the very high cellulose 
purity obtained in the currently known reported articles 
on the pretreatment of softwoods. Kumar et al. obtained a 
maximum glucan content of 57.0%, including 40.1% acid-
insoluble lignin, after pretreatment of six yellow fir species 
with steam at 200 °C, 5 min, and 4% SO2 [2]. Matsoukas 
et al. used a newly established hybrid organic solvent-vapor 
blast pretreatment of spruce yielded pretreated solids with 
high cellulose (72% w/w) and low lignin (up to 79.4% w/w 
in delignification) content [3].

3.2 � Structure and functional group changes 
of pretreated substrate

The morphological changes in different pretreated samples 
were studied via SEM images (Fig. 1). A complete and com-
pact, ordered fiber cell wall structure was observed for the 
untreated CFS. Its surface was smooth (Fig. 1B, A). After 
DSA or SC treatment alone, both of the pretreated samples 
still maintained an overall ordered fiber structure, but many 
ordered holes were generated on the surface (Fig. 1B and C). 
The SEM images at higher magnification showed that DSA 
produced a rougher surface than SC, and these deep pores 
were often trapped in collapsed and fractured holes, allowing 
cellulose accessibility and accelerating enzymatic hydrolysis 
[29]. In comparison, the pore structure of the SC samples 
was shallow and small, and there was no obvious damage 
or rupturing. SC likely had a lower impact on structural dis-
ruption than DSA. Regardless of SC-DSA and DSA-SC, the 
two-step pretreatments produced more fragmentation, result-
ing in cell wall structures that were no longer straight and 
were more disorganized, indicating severe damage. When 
the fiber-organized structure was destroyed and more irregu-
lar cracks and fragments were generated, the enzymolysis 
could be enhanced due to the increased fiber exposure [30]. Ta
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Fig. 1   Scanning electron 
microscopy (SEM) images 
of different samples: a, 
untreated Chinese fir sawdust 
(CFS); b, CFS pretreated with 
DSA (0.4% w/v H2SO4, 1 g 
(substrate):8 mL acid, 160 °C, 
60 min); c, CFS pretreated 
SC (10% w/v sodium chlorite 
solution, 1 g (substrate):20 mL 
solution, 75 °C, 40 min); d, 
CFS pretreated with SC-DSA 
(SC + DSA); e, CFS pretreated 
with DSA-SC (DSA + SC). 1 
was magnified 600 times; 2 was 
magnified 3000 times
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As noted for DSA-SC, irregular fragments were generated 
on the surface of DSA-SC, and many aggregated spheres 
were also clearly observed on the surface. Previous liter-
ature reported that these droplets were likely to be lignin 
deposits on the surface, as observed in some pretreated lig-
nocellulosic samples [31, 32]. Integrating these results with 
those of the compositional changes of the pretreated CFS, 
a more comprehensive view was provided that the order of 
two-stage pretreatment not only influenced the amount of 
lignin removal but also exhibited a difference concerning 
the subcellular dissolution of the lignin fraction. It is worth 
noting that DSA-SC, along with the highest lignin removal, 
could transfer the residual lignin from the interior cell wall 
to the exterior surface, which eliminated the negative effect 
of lignin and facilitated enzymatic hydrolysis.

The chemical fingerprinting of untreated and pretreated 
CFS was characterized by FTIR, and their spectra are shown 
in Fig. 2. The band at approximately 1740 cm−1 represents 
the alkyl ester of the acetyl group in hemicellulose, and 
the diminishing of this peak is indicative of hemicellulose 
removal after pretreatment. Softwood is known for its high 
recalcitrance, mainly due to its high content of guaiacyl 
[33]. The peak near 1510–1505 cm−1 has been shown to 
be related to the guaiacyl ring, which was present in the 
raw sawdust and the DSA sample. Comparatively, a sig-
nificant reduction in this peak after DSA-SC is attributed to 
the high removal of lignin. Moreover, it was found that the 
peak near 898 cm−1 was significantly increased by DSA-SC 

when compared to the peak intensity observed in the other 
samples, which was related to amorphous cellulose [34]. 
The exposure of amorphous cellulose would be helpful to 
enhance the enzymatic hydrolysis efficiency.

3.3 � Improving enzymatic hydrolysis of pretreated 
sawdust properly

To evaluate pretreatment efficiency for hydrolysis, the 
enzymatic hydrolysis yield of various pretreated samples 
is illustrated in Fig. 3. As expected, the hydrolysis yield 
of raw CFS was only 8.8% at 48 h. Both hemicellulose and 
lignin in CFS are major obstacles to enzymatic hydrolysis, 
especially for softwood [35]. SC demonstrated better del-
ignification (54.3%) than hemicellulose removal (21.3%). 
However, more than half of the delignification effect did 
not significantly enhance enzymatic hydrolysis. In con-
trast, when DSA removed most of the hemicelluloses, 
the hydrolysis yield of CFS pretreated by DSA reached 
27.3%, almost twice as high as that of the SC-pretreated 
CFS. It seems that removing hemicellulose by DSA has a 
greater positive effect on enzymatic hydrolysis than lignin 
removal [36]. For one-step pretreatments, the relatively 
low enzymatic digestibility correlated nicely with their 
overall ordered fiber structure. The above results could 
account for the greater number of collapsed and frac-
tured fibers discovered in the DSA sample than in the SC 
sample. This result may be due to the disruption of the 

Fig. 2   FTIR spectra of 
untreated CFS and pretreated 
samples. Scans were conducted 
at 4000–400 cm−1 with a resolu-
tion of 2 cm.−1
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LLC structure by the removal of hemicellulose, which 
is speculated to be a potential reason for the superior-
ity of DSA over SC. Therefore, when using a combined 
design, SC-DSA and DSA-SC, pretreated CFS gave the 
highest hydrolysis yield (99.0%) by DSA-SC, followed 
by SC-DSA (53.1%). Among the known experiments on 
hydrolysis of recalcitrant cork, the present experiment 
has achieved a fairly good hydrolysis effect. Xiao et al. 
treated Metasequoia using different pretreatments while 
increasing the substrate enzymatic hydrolysis yield from 
the original 3.56 to 71.6% [37]. Matsakas et al. treated 
spruce using an acid-catalyzed organic solvent-vapor blast 
pretreatment to increase the enzymatic hydrolysis yield of 
spruce to 61% [3]. This significant improvement could be 
attributed to the removal of most of the lignin and hemi-
cellulose (> 70%) and the destruction of the fiber-organ-
ized structure, which was supported by the SEM results. In 
corn stover pretreatment, An et al. noted that the sequence 
of the two-step process has a great influence on enzymatic 
digestion [38] and that priority should be given to remov-
ing hemicellulose in the combined pretreatment process 
[1, 39]. Our results confirmed that first removing hemi-
cellulose contributed to more effective delignification, 
which is critical for improving the enzymatic digestibility 

of CFS. Moreover, taking into account the lignin droplets 
found in pretreated CFS by DSA-SC, it was reasonable to 
assume that the factors affecting the enzymatic hydrolysis 
might not only include chemical composition and substrate 
fiber morphology but also may include the redistribution 
of lignin [40].

To further elucidate the mechanism behind the pretreat-
ment effect, the enzyme adsorption ratio and cellulose acces-
sibility of the different pretreated samples were determined 
as evaluation parameters for enzymatic hydrolysis. Gener-
ally, enzyme–substrate interactions are correlated with the 
enzyme adsorption capacity. Lignin and hemicellulose have 
been proven to nonproductively bind to cellulase [41–43]. 
Overall, the decrease in the enzyme adsorption ratio favors 
enhanced enzymatic hydrolysis (Table 2). For all three pre-
treatments (DSA, SC-DSA, and DSA-SC), all hemicellulose 
removal rates of up to 90% were observed, and thus, their 
decrease in enzyme adsorption rate mainly depends on the 
removal of lignin. These results suggested that the decrease 
in lignin in the CFS might contribute more to nonproduc-
tive binding and yield enhancement. However, an exception 
was observed in that a lower enzyme adsorption ratio by SC 
did not bring a better yield than that by DSA. This could 
explain the higher cellulose accessibility of DSA than SC. 
Cellulose accessibility is an important evaluation index for 
evaluating the major physical barriers faced by cellulose 
[26]. Thus, a widely used Simons’ staining method of direct 
red dye (DR28) was applied to evaluate the cellulose acces-
sibility of wet lignocellulose [44]. For lignocellulose sac-
charification, hemicellulose and lignin were recommended 
to first be removed for cellulose accessibility [36, 44]. In 
this study, the removal of hemicellulose was more impor-
tant for the increase in cellulose accessibility than delig-
nification. Furthermore, when the mass of hemicellulose 
was removed, further delignification by SC demonstrated a 
remarkable increase in cellulose accessibility (from 121.09 
to 238.9 mg/g). The largest accessibility was found in the 
DSA-SC sample, which corresponded to the highest enzy-
matic hydrolysis yield. SC exhibited lower enzyme nonpro-
ductive binding and unexpectedly lower hydrolysis yield. 
This indicated that the trend of the enzyme adsorption ratio 
did not always coincide with the hydrolysis performance and 
the cellulose accessibility, which is related to substrate mor-
phology and the redistribution of lignin and hemicellulose 

Fig. 3   Enzymatic hydrolysis yield of CFS with different pretreat-
ments. Enzymatic hydrolysis was carried out with 3% (w/v) cellulose, 
cellulase loading of 15 FPU/g cellulose at 50 °C, and pH 5.5 for 48 h

Table 2   Enzyme adsorption 
ratio and cellulose accessibility 
of pretreated materials

a Гmax/DR28 refers to the maximum adsorption capacity of direct red dye (DR28) on pretreated materials, 
which could be interpreted as cellulose accessibility

Raw sawdust DSA SC SC-DSA DSA-SC

Enzyme adsorption ratio (%) 83.8 ± 3.1 76.9 ± 1.3 61.2 ± 2.1 49.1 ± 0.9 30.8 ± 0.9
Гmax/DR28 (mg/g) 49.5 ± 2.5 121.1 ± 6.1 84.2 ± 4.2 102.0 ± 5.1 238.9 ± 12.0
Yield 8.8 ± 0.7 27.3 ± 0.2 13.0 ± 0.3 53.1 ± 0.5 99.0 ± 0.9
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and might be a more important factor for enzymatic hydroly-
sis [42, 45].

3.4 � SSF of DSA‑SC pretreatment materials 
and overall mass balance

To evaluate the potential of DSA-SC in biorefineries, simul-
taneous saccharification and fermentation (SSF) experiments 
were performed for pretreated samples using B. coagulans 
CC17A. The lactic production under different substrate con-
centrations is shown in Fig. 4. The lactic acid concentra-
tions after 48 h of SSF reached 27.5, 52.1, and 71.2 g/L 
when using 4%, 8%, and 12% substrate (w/v absolute dry 

solids mass), respectively. The high conversion rate of cel-
lulose into lactic acid (> 70%) suggested that DSA-SC is 
an effective pretreatment technology for softwood biorefin-
eries with good hydrolysis and fermentation performance. 
Moreover, a mass balance based on 100.0 g of dry CFS was 
conducted. As shown in Fig. 5, after the first pretreatment 
step, the soluble fraction contained mainly glucose (4.1 g), 
mannose (5.6 g), xylose (2.9 g), galactose (1.0 g), and ara-
binose (0.4 g), yielding a total of approximately 14 g of 
monosaccharides. These monosaccharides from hemicel-
lulose were relatively pure and were further converted into 
chemicals by chemical conversion or fermentation. In the 
first step of pretreatment, the hemicellulose fraction could be 
selectively and completely separated from the biomass. The 
second pretreatment step resulted in a high lignin removal of 
92.4%. The soluble fraction mainly contained soluble lignin, 
and a total of 15.2 g of lignin was recovered by multiple 
ethanol precipitation. According to the design, relatively 
pure lignin was obtained in the second step, which could be 
applied in the macromolecular industry [46]. Finally, when 
using the pretreated solids as substrate, a total of 30.6 g lac-
tic acid was produced by SSF. The overall balance of the 
CFS biorefinery showed that 41.6% of lignin and 52.8% of 
hemicellulose were recovered with good selectivity by the 
DSA-SC process, and 306.1 g lactic acid could be produced 
from 1000.0 g CFS. The layer-layer separation during two-
step pretreatment paves the way for a multipurpose project 
for Chinese fir sawdust.

4 � Conclusion

Two pretreatments and their sequential combination were 
introduced to investigate their effect on CFS deconstruction. 
Neither of the pretreatments alone produced simultaneous 

Fig. 4   SSF experiments with B. coagulans CC17A as fermentation 
strain on DSA-SC-treated material (76.8% cellulose content) at differ-
ent substrate concentrations. □, substrate concentration of 4% (w/v); 
○, substrate concentration of 8% (w/v); △, substrate concentration of 
12% (w/v)

Fig. 5   Mass balance for DSA-
SC pretreatment and enzymatic 
hydrolysis. The first-step 
pretreatment conditions: 0.4% 
(w/w) H2SO4, 1:10 w/v ratio 
(dry substrate: dilute H2SO4), 
160 °C for 60 min. The second-
step pretreatment conditions: 
10% (w/w) sodium chlorite 
solution, 1:20 w/v ratio (dry 
substrate: sodium chlorite solu-
tion), 75 °C for 40 min
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removal of lignin and hemicellulose from the CFS. How-
ever, combining SC and DSA demonstrated a remarkable 
synergistic effect for improving lignin removal. After DSA-
SC, 93.8% of hemicellulose and 93.6% lignin were removed, 
and the pretreated substrate had a high cellulose purity of 
close to 80% and a low lignin content of 5.3%. Moreover, 
the residual lignin in the CFS was found to transfer from the 
interior cell wall to the exterior surface. Pretreating CFS 
with DSA-SC gave the highest hydrolysis yield (99.0%), 
which increased by 45.9% and 71.7% compared with SC-
DSA and DSA, respectively. Furthermore, lactic acid pro-
duction reached 71.2 g/L at 12% substrate after 48 h of SSF 
using B. coagulans CC17A. An overall balance for the CFS 
biorefinery showed that 41.6% lignin and 52.8% hemicellu-
lose sugar were recovered and obtained with good selectiv-
ity, and 306.1 g lactic acid was produced from 1000.0 g CFS 
by this stepwise separation using DSA-SC. DSA-SC ladder 
separation is a potential pretreatment method for recalcitrant 
softwood biorefineries due to its high efficiency and good 
selectivity.

Abbreviations  CFS: Chinese fir Sawdust; DSA: Dilute sulfuric acid 
pretreatment; SC: Sodium chlorite pretreatment; DSA-SC: Dilute sulfu-
ric acid combined with sodium chlorite pretreatment; SC-DSA: Sodium 
chlorite combined with dilute sulfuric acid pretreatment; SSF: Simul-
taneous saccharification and fermentation
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