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Abstract. Utilization of the huge quantity of sawdust wastes is urgent. In this study, SPORL, dilute acid
pretreatment (DA), formic acid pretreatment (FA), ethanol pretreatment (EtOH/H2O), and sulfuric acid
catalyzed ethanol pretreatment (EtOH/H2O/H2SO4), on improving enzymatic hydrolysis of mixed sawdust
wastes were comprehensively compared. EtOH/H2O/H2SO4 was the most effective pretreatment in lignin
removal from sawdust fiber cell wall, while FA was much more effective in hemicellulose removal. After the
pretreatments, the crystallinity of cellulose increased because of the removal of amorphous hemicellulose and
lignin. Moreover, the fiber surface became coarse and porous, especially after EtOH/H2O/H2SO4, the structure
was destroyed into fragments, which enhanced the cellulase accessibility of cellulose. Therefore, the glucose
yield of EtOH/H2O/H2SO4 pretreated substrate was highest among these five pretreatments, achieved at 91.4%
with a cellulase loading of only 10 FPU/g glucan.
Keywords: Mixed sawdust wastes; pretreatments; enzymatic hydrolysis; delignification.
Resumen. Es urgente aprovechar la gran cantidad de residuos de aserrín. En este estudio, SPORL,
pretratamiento con ácido diluido (DA), pretratamiento con ácido fórmico (FA), pretratamiento con etanol
(EtOH/H2O) y pretratamiento con etanol catalizado con ácido sulfúrico (EtOH/H2O/H2SO4), sobre la mejora de
la hidrólisis enzimática de residuos de aserrín mezclado fueron comparados de manera integral.
EtOH/H2O/H2SO4 fue el pretratamiento más eficaz para eliminar la lignina de la pared celular de la fibra de
aserrín, mientras que el FA fue mucho más eficaz para eliminar la hemicelulosa. Después de los pretratamientos,
la cristalinidad de la celulosa aumentó debido a la eliminación de hemicelulosa amorfa y lignina. Además, la
superficie de la fibra se volvió gruesa y porosa, especialmente después de EtOH/H2O/H2SO4, la estructura se
destruyó en fragmentos, lo que mejoró la accesibilidad de celulasa de la celulosa. Por lo tanto, el rendimiento
de glucosa del sustrato pretratado con EtOH/H2O/H2SO4 fue el más alto entre estos cinco pretratamientos,
alcanzado al 91,4% con una carga de celulasa de solo 10 FPU / g de glucano.
Palabras clave: Residuos de aserrín mezclados; pretratamientos; hidrólisis encimática; deslignificación.
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Introduction
Lignocellulosic materials are recognized as a low-cost and sustainable feedstock for solving the energy
and environmental issues arising from fossil fuel [1,2]. The global annual production of lignocellulosic residues
from forest processing industry, such as sawdust, bark, and other wood wastes, is approximately 180 million of
cubic metric [3,4]. Among these wood wastes, sawdust is found approximately 42%. Moreover, more than 67%
of sawdust is located in Brazil, Canada, and China [4]. The huge quantities of sawdust wastes are generated
mainly from sawmills, laminated lumber factories, furniture manufactures, and so on [5]. Therefore, how to
utilize these sawdust wastes is urgent. Recently, some studies indicated that sawdust could be used as a
promising feedstock for biofuel production [6]. During the biofuel production, enzymatic hydrolysis of wood
structural carbohydrates is a critical step. However, the biomass recalcitrance is a key limit for cheaply releasing
sugars from sawdust. Due to the tight linkage of lignin, hemicellulose and cellulose, the cellulase accessibility
to cellulose is limited. Therefore, the pretreatment of sawdust is necessary. The purpose of pretreatments
includes removing lignin and hemicellulose, decreasing the cellulose crystallinity and increasing the porosity
of the substrate, thereby, enhancing enzymatic digestibility of cellulose [7]. To date, various pretreatment
technologies have been investigated, which can be broadly classified into four categories, such as physical,
chemical, biological pretreatments and their combinations [8-10]. Among all of the currently available and
widely used pretreatment methods, chemical pretreatments are most commonly used due to the economic reason
[11].
Dilute acid pretreatment (DA), the most widely studied process, was commercially applied from the
beginning of 20th century. The usually used acid concentration for DA is below 5%. It works at 120-190°C for
several minutes to 90 min [10]. The application of DA for hardwood sawdust showed 41% and 62% of glucose
yield for aspen and birch chips, respectively [12]. When catalpa sawdust was treated by 5% (w/v) of H2SO4 or
HCl at 100°C for 1 h, the reducing sugar yield slightly decreased comparing with that from the raw catalpa
sawdust, only about 25 mg/g [13]. In another work, addition of 4 wt% (based on oven dried sawdust) 2naphthol-7-sulfonate in the combined DA pretreatment enhanced the enzymatic hydrolysis of DA by 47.8%
[14].
The development of sulfite pretreatment to overcome recalcitrance of lignocellulose (SPORL) process
is based on the fundamental understandings of sulfite pulping, which is a combined pretreatment of using
sulfuric acid and sodium bisulfite to pretreat lignocellulose at high temperature followed by size reduction with
a disk milling [15]. It has been demonstrated for robust and efficient bioconversion of woody biomass [15-17].
After SPORL pretreatment at 165°C for 75 min with sulfuric acid and sodium bisulfite loading of 2.2 and 8%
on beetle-killed lodgepole pine, glucose yields were approximately 90% [16]. When spruce chips were treated
by SPORL process with 8-10% sodium bisulfite and 1.8-3.7% sulfuric acid (based on oven dried wood) at
180°C for 30 min, more than 90% cellulose conversion could be obtained [15].
Organosolv pretreatment not only well enhances the cellulose digestibility but also produces three
separate fractions including high purity lignin, an aqueous hemicellulose enriched stream, and cellulose fibers
[6,18]. Due to the low toxicity, high volatility and easiness of recycling of ethanol, ethanosolv pretreatment has
been used for various feedstocks [19-21]. Quercus sp. sawdust was pretreated by sulfuric acid catalyzed ethanol
pretreatment (EtOH/H2O/H2SO4) at 146°C for 15 min with 0.05 mol/dm3 H2SO4 as a catalyst, the delignification
achieved at 89.77%, and the cellulose recovery was 85.42% [6]. Formic acid represents a good solubility of
lignin. Zhao and Liu [22] proposed a Formiline process with formic acid delignification followed by alkaline
deformylation, after which, more than 80% of lignin and hemicellulose in sugarcane bagasse were removed.
Therefore, the glucan conversion increased to 84.4% with cellulase loading of 20 FPU/g solid.
Although researchers have been made a lot of effort on building efficient and environmental benign
pretreatment methods [23], little research has been found on systematically comparing SPORL, DA, FA,
EtOH/H2O, EtOH/H2O/H2SO4 of the mixed sawdust wastes. For different feedstock species, the influences of
different types of pretreatment technologies on enhancing the enzymatic digestibility are diverse. Therefore,
further comparison of these pretreatments for scale up design and economic evaluation are impossible. The aim
of this study is thus to systematically compare these pretreatments of mixed sawdust wastes in terms of
composition analysis, enzymatic hydrolysis, and substrate structure characterization.
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Experimental
Materials and Methods
Materials

Mixed sawdust wastes were provided by Jiaonan Longquan Wood Processing Co. Ltd. (Qingdao,
China). Sawdust was used as received without any further treatments.
Commercial cellulase enzyme Cellic CTec2 was purchased from Novozymes China (Shanghai,
China). The filter paper activity of CTec2 was 110 FPU/mL as calibrated according to Wood and Bhat [24]. All
chemicals, such as sulfuric acid, ethanol, sodium bisulfite, were analytical grade.

Pretreatments

All pretreatments were carried out in the pressure reactor (BFK-2L, Borui Chemical Machinery,
Shandong, China). According to our previous SPORL pretreatment research [16-17,25], the liquid to sawdust
ratio of SPORL pretreatment was fixed at 6 (v/w). Sawdust of 200 g was pretreated at 170°C for 25 min. The
sodium bisulfite and sulfuric acid loading on oven dried sawdust was 16 and 4.4 wt%, respectively. After the
pretreatment, the liquid and solid phases were separated by filtration under vacuum. The solid phase was washed
with distilled water.
For the dilute acid pretreatment (DA), the solid-liquid ratio, sulfuric acid loading, reaction temperature
and time, and processing of the treated solids were the same as SPORL pretreatment except for sodium bisulfite.
Formic acid pretreatment (FA) of sawdust (200 g) was carried out at 101 °C for 60 min with a liquidsolid ratio of 6:1 (w/v) using 78 % formic acid solution. After pretreatment, the liquid and solid phases were
separated by filtration under vacuum. The solid phase was washed with 78 % formic acid solution.
Subsequently, the washed solids were treated at 120 °C for 60 min using 600 mL of 2 w/w% Ca(OH)2 (based
on the weight of initial sawdust). Finally, the solids were collected and washed with distilled water.
Ethanol pretreatment (EtOH/H2O) of sawdust was conducted at 170 °C for 60 min with a liquid-solid
ratio of 7:1 (v/w) using 65 % aqueous ethanol solution. After pretreatment, the liquid and solid phases were
separated by filtration under vacuum. The solid phase was washed three times with 300 mL aqueous ethanol
solution at 60 °C, and then washed with distilled water.
Sulfuric acid catalyzed ethanol pretreatment (EtOH/H2O/H2SO4) of sawdust was the same as
EtOH/H2O except for adding 1.1 wt% H2SO4 on sawdust.
All the washed solids were stored in a refrigerator at 4 °C until use. To ensure the repeatability of the
experiments, at least two duplicate runs were performed.

Enzymatic hydrolysis

Enzymatic hydrolysis of pretreated sawdust was carried out in duplicates at 2% (w/v) as described
previously [26-27]. Briefly, 1 g of pretreated sawdust and 50 mL of acetate buffer (pH=5.5) were placed in a
150 mL conical flask in a shaking incubator at 50°C and 200 rpm. The CTec2 loading was 10 and 20 FPU/g
glucan. Aliquots of 1 mL were taken periodically for glucose determination after centrifuged at 10,000 rpm for
5 min. Glucose in the hydrolysate was measured in duplicate using a commercial glucose analyzer (SBA-40E
biosensor, Institute of Biology of the Shandong Academy of Sciences, China). Glucose yield, defined as the
glucose content in hydrolysate as a percentage of the theoretical glucose available in the substrates, was used
to represent the enzymatic hydrolysis efficiency. The average of two replicate hydrolysis runs and their errors
were reported to ensure the reproducibility of the results.

Characterization of substrates

The chemical compositions of untreated and pretreated sawdust were determined by a two-step acid
hydrolysis procedure, as described previously [16]. Two duplicate runs were carried out and the average of
them was reported.
Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet 380 FT-IR
spectrometer (Thermo Nicolet Co., USA). The spectra were recorded between 4,000 and 500 cm-1. Disks were
prepared by mixing finely ground samples and spectroscopic grade KBr with a weight ratio of 1:100.
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The crystallinity of the pretreated samples was analyzed by X-ray diffractometry (XRD). XRD spectra
were recorded by Rigaku Utima IV (Rigaku Corporation, Japan), which was operated at a voltage of 40 kV and
a current of 40 mA. The 2θ range was from 5° to 90° in steps of 0.02°. Crystallinity index (CrI) of samples was
calculated by: CrI = [(I002 – Iam)/I002] × 100%, where I002 indicates the maximum intensity of the diffraction
angle of the lattice, and Iam represents the scattering intensity of the amorphous background diffraction.
The morphologies of the pretreated samples were characterized by a Scanning electron microscope
(SEM) (Apreo, FEI, Hillsboro, USA).

Results and discussion
Composition analysis of the pretreated sawdust

Because of the crucial barriers of lignin and hemicellulose of woody biomass, the most important aim
of pretreatment is to solubilize lignin and hemicellulose as much as possible [28]. As shown in Table 1,
EtOH/H2O/H2SO4 obtained the lowest solid recovery, which was due to the considerable depolymerization and
solubilization of lignin and hemicellulose components. Particularly, EtOH/H2O/H2SO4 had the largest
delignification degree and removed more than 85% of hemicellulose. Therefore, the pretreated sawdust
contained the highest cellulose content, around 72%. In a previous study [29], after EtOH/H2O/H2SO4
pretreatment, the lodgepole pine was almost free from hemicellulose and contained approximately 80% of
cellulose. EtOH/H2O also removed considerable part of lignin, but the hemicellulose removal was much lower
than that of EtOH/H2O/H2SO4. This was because that sulfuric acid addition in EtOH/H2O/H2SO4 was beneficial
to solubilize lignin and hemicellulose. FA removed the most hemicellulose fraction; thereby, the residual
hemicellulose content of the pretreated sawdust was as low as 2.1%. Nevertheless, FA had a poorer solubilizing
ability to lignin than EtOH/H2O/H2SO4, EtOH/H2O and SPORL. The lignin removal of FA was different from
the previous researches for wheat straw [18], oil palm empty fruit bunches [30], and sugarcane bagasse [31],
while the hemicellulose removal was comparable. This difference was mainly due to the high lignin content
and its great degree of cross-linking in woody biomass [32-33]. SPORL has been demonstrated of good
performance for woody biomass, which is effective on solubilization of lignin and hemicellulose [16]. After
SPORL, the lignin and hemicellulose removal was 53.1 and 65.9%, respectively (Table 1). Thus, the cellulose
retained in the SPORL pretreated sawdust was 55.4%, higher than the one in untreated sawdust. In addition,
because of the high solid recovery, the cellulose recovery of SPORL was highest. Although SPORL removed
parts of lignin and hemicellulose, the efficiency of SPORL was not very prominent for this mixed sawdust
wastes among these five pretreatment methods. DA has been known to be effective in selective hydrolysis of
the hemicellulose component [34]. As observed in Table 1, the hemicellulose retained in DA pretreated sawdust
was 10%; however, the lignin content was as high as 45.6%. DA had the worst solubilizing ability to lignin
among these five pretreatment methods, and obtained the highest solid recovery. Nevertheless, due to partial
solubilization of cellulose, the cellulose recovery of DA was medium. The order of hemicellulose content in
pretreated sawdust was FA < DA < EtOH/H2O/H2SO4 < SPORL < EtOH/H2O, whereas, the order of lignin
content was EtOH/H2O/H2SO4 < EtOH/H2O < SPORL < FA < DA.

Enzymatic hydrolysis of pretreated sawdust

The effectiveness of various pretreatments carried out on sawdust was investigated by enzymatic
hydrolysis using two cellulase dosages. The glucose yield of pretreated sawdust after enzymatic hydrolysis was
shown in Fig. 1. Compared with the other pretreatments, EtOH/H2O/H2SO4 was the most efficient method to
improve the enzymatic hydrolysis of sawdust. The maximum glucose yield of EtOH/H2O/H2SO4 pretreated
sawdust reached 91.4% at only 10 FPU/g of cellulase, which was far superior to the other pretreatments in the
present manuscript. The glucose yield was in accordance with the ones obtained with EtOH/H2O/H2SO4
pretreated beetle killed and healthy lodgepole pine (around 90% at 20 FPU/g cellulase). However, if severer
pretreatment conditions were applied, the glucose yield could achieve at 100% [29]. Different from
EtOH/H2O/H2SO4, EtOH/H2O showed poor enzymatic hydrolysis efficiency, the glucose yield of which was
only 11.2%. The similar result was reported for EtOH/H2O pretreated wheat straw with or without 0.02 M HCl
[35], the maximal glucose yield of which was 99% and 44%, respectively. SPORL and DA also represented
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poor enzymatic hydrolysis efficiency, the glucose yield of which was 14.3 and 10.3%, respectively. The glucose
yield of SPORL pretreated sawdust was far below the level (around 70%) reported previously [16,17]. This
difference was mainly due to the high hemicellulose content (18.8%) in SPORL pretreated sawdust, while it
was approximately 10% in previous SPORL pretreated woody biomass. In terms of DA, the low glucose yield
was mainly due to the pretty high lignin content in the substrate. FA showed better glucose yield of 23.9%, but
still far below that from EtOH/H2O/H2SO4 and the previous researches for wheat straw [18], oil palm empty
fruit bunches [30], and sugarcane bagasse [31]. The low cellulose conversion of FA pretreated sawdust was
mainly due to the low lignin removal.
Generally, increasing the cellulase dosage from 10 FPU/g to 20 FPU/g glucan, the glucose yield was
enhanced. Especially for DA pretreatment, the glucose yield increased by 120% (Fig. 1(b)). In terms of FA,
SPORL, and EtOH/H2O pretreated sawdust, the increase was relatively lower than that of DA pretreated sample,
only 54%, 37%, and 56%, respectively. With cellulase dosage of 20 FPU/g glucan, the glucose yield of DA,
SPORL, and EtOH/H2O pretreated sawdust was 22.7%, 19.6%, and 17.5%, respectively. These results were
only comparable to the untreated sugarcane bagasse [36], which indicated that the sawdust was especially
recalcitrant to enzymatic hydrolysis. For EtOH/H2O/H2SO4 pretreated sample, the terminal glucose yield was
almost no change with increasing cellulase dosage; however, the enzymatic hydrolysis rate was faster.
In order to further investigate the effectiveness of EtOH/H2O/H2SO4, 5 FPU/g cellulase was applied to
the enzymatic hydrolysis, as shown in Fig. 1(c). The glucose yield achieved at 63.9%, better than other
pretreatments with 20 FPU/g cellulase. It indicated that EtOH/H2O/H2SO4 was very appropriate for this mixed
sawdust wastes. When 15 mg/g PEG was added to the substrate, the enzymatic hydrolysis increased by 39%,
achieved at 88.6%.

Fig. 1. The enzymatic hydrolysis of sawdust after different pretreatments with cellulase loadings of (a) 10
FPU/g glucan, (b) 20 FPU/g glucan, and (c) 5 FPU/g glucan.
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Surface morphology of sawdust after pretreatments

Scanning electron microscope (SEM) was executed to investigate the surface morphology of untreated
and pretreated sawdust. As observed in Fig. 2(a), raw sawdust had a non-porous, compact and smooth surface,
which was an obstacle for cellulase accessibility. After the pretreatments, the surface became coarse and porous
(Fig. 2(b-f)). In addition, the cellulose fibers became separated because of the removal of lignin and
hemicellulose. Especially for EtOH/H2O/H2SO4 pretreated sawdust, cracks, penetrations, and some particles
depositions could be obviously observed (Fig. 2(f)), indicating that the compact structure was disrupted. The
particles depositions might be due to the re-precipitation of dissolved lignin and the formation of “pseudolignin”, as the other researchers reported [6,18, 37,38]. Moreover, different from the other pretreatments, the
structure after EtOH/H2O/H2SO4 was destroyed into fragments, which was beneficial to enzymatic hydrolysis.
Without H2SO4 as catalysis, only cracks, pores and rough surface occurred during EtOH/H2O (Fig. 2(e)).
Compared with EtOH/H2O, EtOH/H2O/H2SO4 pretreated sawdust showed much better cellulase accessibility,
thereby, obtaining much higher glucose yield. Due to the considerable removal of hemicellulose, FA pretreated
sawdust represented deeper cracks, rougher surfaces than SPORL and DA, which implied the enhancement of
cellulase accessibility. After DA, many slight breaks generated on the fiber surface as a consequence of
hemicellulose removal. In general, the surface morphologies changes of SPORL and EtOH/H2O pretreated
sawdust were relatively small. This might be attributed to the lower hemicellulose removal, since hemicellulose
acted as adhesives to connect cellulose and lignin in the cell walls [39,40].
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Fig. 2. SEM images of the untreated and pretreated sawdust ((a) Raw sawdust; (b) SPORL; (c) DA; (d) FA; (e)
EtOH/H2O; (f) EtOH/H2O/H2SO4).

FTIR analysis of pretreated sawdust

FTIR analysis was used to investigate the chemical structure changes of untreated and pretreated
sawdust. As shown in Fig. 3, three main components were present in the analyzed substrates. The broad
adsorption band around 3400 cm-1 was attributed to the stretch of –OH group and the peak at 2910 cm-1 was
assigned to –CH stretching [41]. The peak around 1733 cm-1, observed for untreated raw sawdust, was assigned
to the stretching vibration of C=O in acetyl and uronic ester groups connected to branched chains of
hemicellulose [42]. This band was weakened for SPORL and EtOH/H2O pretreated sawdust, absent for DA,
FA, and EtOH/H2O/H2SO4 pretreated sawdust. It indicated a significant removal of acetyl group and
hemicellulose after pretreatments. Peaks at 1620, 1512, and 1400 cm-1 were attributed to the aromatic skeleton
vibration of lignin [41]. Compared with untreated sawdust, DA and FA pretreated sawdust showed stronger
intensities at these bands, while the band intensities of SPORL, EtOH/H2O, and EtOH/H2O/H2SO4 pretreated
sawdust were weaker than that of untreated sawdust. The band at 897 cm-1, corresponding to the β-(1-4)glycosidic bond (C-O-C), was the characteristic peak of cellulose [43]. After pretreatments, the intensity of this
peak was stronger than that of untreated sawdust, indicating that most of the cellulose remained after
pretreatments and the cellulose content was higher. These results were in accordance with those of composition
analysis (Table 1).

Fig. 3. FTIR spectra of sawdust after variety pretreatments ((a) Raw sawdust; (b) SPORL; (c) DA; (d) FA; (e)
EtOH/H2O; (f) EtOH/H2O/H2SO4).
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X-ray diffraction (XRD) analysis of pretreated sawdust

In order to further compare the crystallinities of the pretreated sawdust, XRD diffractograms of
pretreated and untreated sawdust were recorded. As shown in Fig. 4, for all the substrates, there were three main
reflections, namely I1-10, I110, and I200, located at 14.8°, 16.5°, and 22.2°, respectively [6,23]. The amorphous
background diffraction was around 18.3°. The calculated crystallinity index (CrI) for untreated sawdust,
SPORL, DA, FA, EtOH/H2O, and EtOH/H2O/H2SO4 pretreated sawdust was 22.4%, 37.8%, 27.5%, 30.0%,
38.8%, and 55.6%, respectively. Generally, pretreated substrates represented higher CrI than untreated sawdust,
which was mainly attributed to the removal of amorphous hemicellulose and lignin during pretreatments. The
highest crystallinity was observed for EtOH/H2O/H2SO4 pretreated sawdust, while DA pretreated sawdust
showed the lowest CrI among the five pretreated substrates. The CrI seemed to be positively correlated with
the lignin removal. The more the delignification was, the higher the CrI was, as shown in Table 1. The similar
relationship between the delignification and CrI was reported for Ethanosolv pretreated Quercus sp. Sawdust
[6]. On the other hand, the selective hydrolysis of amorphous cellulose during pretreatments was also a reason
for CrI increase [29].

Fig. 4. XRD diffractograms of sawdust after variety pretreatments ((a) Raw sawdust; (b) SPORL; (c) DA; (d)
FA; (e) EtOH/H2O; (f) EtOH/H2O/H2SO4).

Conclusion
Five pretreatment technologies of sawdust under respective optimal conditions were compared in terms
of enzymatic hydrolysis, composition analysis and structural features of the pretreated substrates. Ethanosolv
pretreatments showed higher degree of delignification but lower solid recovery than the other pretreatments.
Different from EtOH/H2O, EtOH/H2O/H2SO4 represented good hemicellulose removal as well. Therefore,
EtOH/H2O/H2SO4 obtained the highest final glucose yield, which was the most appropriate pretreatment for
this waste mixed sawdust. Structural features analysis demonstrated that after EtOH/H2O/H2SO4 pretreatment,
the recalcitrant and compact structure of sawdust was particularly disrupted. The cellulase accessibility of
cellulose in EtOH/H2O/H2SO4 pretreated substrates was consequently enhanced. However, the other
pretreatments, including EtOH/H2O, SPORL, DA, and FA were not very effective for this recalcitrant mixed
sawdust.
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Table 1. Composition analysis of the pretreated sawdust.
Solid
Cellulose
Cellulose
Pretreatment
recovery
recovery
(wt%)
(wt%)
(wt%)
Raw
100.0
41.8
SPORL
75.8
55.4
100.5
DA
77.5
44.4
82.3
FA
65.0
61.2
95.2
EtOH/H2O
61.9
50.2
74.5
EtOH/H2O/H
44.6
71.8
76.7
2SO4
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29.8
18.8
10.0
2.1
27.4

Hemicellulose
removal
(wt%)
65.9
81.4
96.7
59.4

11.3

88.0

Hemicellulose
(wt%)

28.5
25.8
45.6
36.8
22.3

Lignin
removal
(wt%)
53.1
15.3
42.8
66.9

16.9

81.9

Lignin (wt%)

Crl (%)
22.4
37.8
27.5
30.0
38.8
55.6
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