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A B S T R A C T

This work proposed a two-stage pretreatment with alkaline sulphonation and steam treatment, and investigated
its efficiency for converting Eucalyptus woody biomass to fermentable sugars and bioethanol. Comparing with
steam pretreatment and subsequent sulphonation, this alkaline sulphonation-steam pretreatment improved
carbohydrate recovery by maintaining a more neutral pH throughout the pretreatment process, while promoting
the enzymatic digestibility of biomass through lignin removal and modification. Results showed that the alkaline
sulphonation-steam pretreatment caused lignin removal of 69.37% and 120.28 mmol/kg acid groups in-
corporation into substrate, both of which could lead to significantly improved cellulose accessibility. About 80%
of the sugars present in the original carbohydrate (cellulose and hemicellulose) were released, which could be
recovered after pretreatment and enzymatic hydrolysis. The sugars released from enzymatic hydrolysis of sub-
strate pretreated by alkaline sulphonation-steam pretreatment could be efficiently converted to ethanol, in-
dicating that alkaline sulphonation-steam two-stage pretreatment is a promising pretreatment approach of lig-
nocellulosic biomass for the production of biofuels.

1. Introduction

Biorefinery means the process to utilize lignocellulosic biomass for
production of a wide range of fuels, chemicals and materials [1].
Among a large variety of lignocellulosic biomass, Eucalyptus is proposed
to be a promising resource for biorefinery due to its fast growth, wide
distribution and low cost [2]. However, the complex structure of cel-
lulose-lignin-hemicellulose in raw biomass makes it recalcitrant to-
wards enzymatic degradation to obtain fermentable sugars for down-
stream bioconverion. Therefore, proper pretreatment methods are
needed to mitigate the complexity of lignocellulosic structure, and to
maximize sugar production in subsequent enzymatic hydrolysis [3,4].

In the past two decades, various pretreatment methods have been
proposed and investigated. Among them, steam pretreatment has been
widely studied, due to a number of merits such as environmental
friendliness, low energy requirement and high effectiveness for a large
variety of lignocellulosic biomass [5]. In a typical steam pretreatment,

the high temperature steam causes the release of acetyl groups to form
acetic acid, mainly catalyzing hemicellulose solubilization. As a result,
the enzymatic digestibility of biomass is increased. However, after
steam pretreatment, the lignin content in water-insoluble fraction is
higher than that in untreated biomass due to hemicellulose solubiliza-
tion, which may adversely affect subsequent enzymatic hydrolysis
[6,7]. Moreover, recent studies have shown that the lignin repolymer-
ization during steam pretreatment aggravates inhibiting effects of lignin
on enzymatic hydrolysis, primarily through intensive non-productive
adsorption of cellulase enzymes [4,8].

To mitigate the limitation imposed by lignin, various second-stage
pretreatments are applied on steam-treated pulps prior to enzymatic
hydrolysis, including the use of alkali, hydrogen peroxide, oxygen de-
lignification and sulphonation, etc., in order to remove or modify lignin
[9–12]. Alkali second-stage pretreatments are commonly used, as they
can remove lignin and increase biomass accessibility [11,13]. Besides,
lignin modification, in which the chemical structure of lignin is
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modified, has also been proved as effective as lignin removal in en-
hancing the hydrolysis yield of steam pulps [4,14]. For instance, the
acid groups incorporation by sulphonation has the potential to de-
creased non-productive adsorption of enzymes to residual lignin, re-
sulting in improved ease of enzymatic hydrolysis [14].

Various two-stage pretreatments with different configurations have
been assessed, aiming to maximize biomass saccharification [15–20]. It
has been suggested that the sequence of two-stage pretreatment may
also play a significant role on the enzymatic digestibility of biomass.
For instance, the alkali-acid two-stage pretreatments have been re-
ported to be much more effective than the acid-alkali two-stage pre-
treatments in terms of enhancing biomass saccharification and im-
proving sugars recovery [18,21]. It is proposed that the alkaline first-
stage pretreatment mostly leads to lignin removal, resulting in en-
hanced substrate porosity [13,19]. The enhanced porosity has a po-
tential to raise the effectiveness of acidic or acid second-stage pre-
treatment that primarily causes hemicellulose solubilization [19,20].

In this study, two-stage pretreatment based on steam-sulphonation
or sulphonation-steam was performed on Eucalyptus woody biomass.
Initially, we investigated the influence of each strategy on enzymatic
hydrolysis and total sugar yields. For each scenario, the impact of steam
pretreatment severity on total sugar yield was also taken into con-
sideration. Then, a comprehensive comparison between these two
strategies was carried out. Through the comparison, we tried to figure
out the role of lignin repolymerization during steam pretreatment in
substrates’ properties and total sugar yield. Finally, sodium bicarbonate
was supplemented in the first-stage sulphonation pretreatment, in order
to further enhance delignification selectivity and sugar yield from
biomass. The fermentability of the resulting enzymatic hydrolysate was
also evaluated.

2. Material and methods

2.1. Wood sample collection and chemicals used

Eucalyptus (wood processing residues) was kindly provided by
Guangdong Academy of Forestry, China. Air-dried biomass was stored
in sealed plastic bags at room temperature. The moisture content of the
air-dried biomass was 8.73%. Sulphur dioxide (SO2), sodium bicarbo-
nate (NaHCO3) and sodium sulfite (Na2SO3) were purchased from
Sinopharm Chemical Reagent Co., Ltd.

2.2. Steam pretreatment followed by sulphonation

Biomass (20–100mesh) was wrapped by 120-mesh screen and put
into a steam gun (Jiangsu Kangwei Biological Co., Ltd., Jiangsu, China).
Steam was then injected into the reactor and maintained at the tem-
perature of either 200 °C or 210 °C for 5min (Steam200 and Steam210).
Pretreatment liquor and solid residues were collected after steam pre-
treatment. Subsequently, the solid residues were subjected to a sul-
phonation treatment (Steam200-Sulphonation and Steam210-
Sulphonation) in a stainless steel batch reactor (NS-250I-C276, Anhui
Kemi Machinery Technology Co., LTD, Anhui, China). Briefly, the steam
treated substrate was resuspended in an aqueous solution containing
sodium sulfite. The ratio of pretreatment liquor to dry weight of sub-
strate was 10 (v/w). The sodium sulfite charge on dry weight of sub-
strate was 12% (w/w). The mixture was heated to 130 °C and incubated
for 1 h. At the end of sulphonation, the reactor was cooled down to
room temperature by tap water. The slurry was separated into water-
soluble fraction (WSF) and water-insoluble fraction (WIF). The water-
insoluble fraction was washed with tap water and kept at 4 °C for fur-
ther use. The water-soluble fraction and washing water were collected
for determination of sugars concentration.

2.3. Sulphonation followed by steam treatment

Biomass was mixed with an aqueous solution containing sodium
sulfite. The ratio of pretreatment liquor to dry weight of substrate was 5
(v/w). The sodium sulfite charge on dry weight of substrate was 12%
(w/w). The mixture was cooked at 130 °C for 30min. After the first-
stage sulphonation, solid residues were collected and subjected to a
second-stage steam treatment at either 200 °C (Sulphonation-
Steam200) or 210 °C (Sulphonation-Steam210) for 5min.

2.4. Alkaline sulphonation followed by steam treatment

Biomass were mixed with either water (Autohydrolysis) or an
aqueous solution containing sodium sulfite and sodium bicarbonate
(Na2SO3 Sulphonation-Steam). The ratio of pretreatment liquor to dry
weight of substrate was 1 (v/w). The sodium sulfite and sodium bi-
carbonate charge on dry weight of substrate was 12% and 4% (w/w),
respectively. Another set of two-stage pretreatment with alkaline sul-
phonation using SO2 and sodium bicarbonate (SO2 Sulphonation-
Steam) was also carried out for comparison. Biomass was mixed with
sodium bicarbonate solution in a plastic zipper bag. The ratio of pre-
treatment liquor to dry weight of substrate was 1 (v/w). The sodium
bicarbonate charge on dry weight of substrate was 8% (w/w). Then,
SO2 was introduced into the plastic zipper bags with an amount of 6%
(w/w). All samples were soaked in plastic zipper bags overnight, then
transferred into the batch reactor. Water was added into the reactor to a
final liquor-to-dry mass ratio of 5 (v/w). The mixture was subjected to a
mild cooking at 130 °C for 30min. After sulphonation, solid residues
were collected and subjected to a second-stage steam treatment at
210 °C for 5min.

2.5. Enzymatic hydrolysis

The enzymes used for the enzymatic hydrolysis were cellulase
cocktail CTec 2 (filter paper activity of 191.25 FPU/g) and a β-gluco-
sidase preparation NZ188 (β-glucosidase activity of 349.46 U/g), which
were obtained from Sigma-Aldrich China Inc. Enzymatic hydrolysis of
the pretreated substrates was performed in acetate buffer (50mM, pH
4.8) at 50 °C with shaking at 180 rpm. Enzyme dosage was 20 FPU of
cellulase and 10 U of β-glucosidase per gram cellulose. Enzymatic hy-
drolysis was conducted at substrate loading of 10% (w/v) in a 100mL
Erlenmeyer flask. Samples were taken after 48 h enzymatic hydrolysis.
All experiments were run in duplicate.

2.6. Fermentation of the enzymatic hydrolysate

Following alkaline sulphonation-steam pretreatment using sodium
sulfite and sodium bicarbonate and enzymatic hydrolysis, the enzy-
matic hydrolysate (liquid fraction of enzymatic hydrolysis) was sepa-
rated from residual solids by filtration. A sequential fermentation using
fermentable sugars in the enzymatic hydrolysate was applied as follows:
after concentration of the enzymatic hydrolysate, Saccharomyces cere-
visiae was added to the concentrated hydrolysate with an initial optical
density (OD600) of 10. Glucose fermentation was then performed at pH
5.5, 30 °C and 100 rpm, for 24 h. After glucose fermentation, S. cerevi-
siae was removed by centrifugation. The generated ethanol was dis-
tilled, using a rotary evaporator (BüCHI R-200, Swiss) at 70 °C,
160mbar. Subsequently, xylose fermentation was carried out at pH 6.0,
30 °C and 150 rpm for 36 h, with initial dosage of Pichia stipites at OD600

13. These yeast strains for glucose and xylose fermentation were ob-
tained from Co-Innovation Center for Efficient Processing and
Utilization of Forest Products, Nanjing Forestry University. After fer-
mentation, the concentration of residual sugar and generated ethanol
was determined by high performance liquid chromatography (HPLC).
And the sugar-ethanol conversion rate (g/g) was calculated as gram
ethanol produced per gram sugar consumed. All experiments were run
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in duplicate.

2.7. Analytical methods

The chemical components of raw material and pretreated samples
were determined based on the procedure developed by the National
Renewable Energy Laboratory for analyzing biomass material [22]. The
concentrations of monosaccharide were determined using a high per-
formance liquid chromatography system with a refractive index (RI)
detector. The separation was performed on an Aminex HPX-87H
column (300×7.8mm) with 5mM H2SO4 as the eluent at a flow rate
of 0.6mL/min. All analyses were done in triplicate. To assess the ac-
cessibility of cellulose, Direct Orange staining was performed as de-
scribed by Oliveira Santos et al. [23]. Fiber swelling was determined by
the water retention value (WRV), which was measured according to the
Technical Association of the Pulp and Paper Industry's (TAPPI) useful
method UM 256. Briefly, 0.5 g of the substrate was disintegrated and
soaked in 8mL water overnight. The mixture was carefully filtered
through a 200-mesh screen in a centrifuge cup. The filtrate was re-
circulated three times to prevent the loss of fines and the remaining
pulp pads were centrifuged at 900 G for 30min at 25 °C. Then, the wet
samples were weighed and dried at 105 °C overnight and weighed
again. Acid groups in substrates were determined by conductometric
titration as described by Katz et al. [24]. In brief, 0.1 g dry mass of
substrate was resuspended in 15mL 0.1M HCl, and incubated at 15 °C
overnight. The pulp was then washed with pure water by adding 35mL
of water, mixing, and centrifuging at 5,000 rpm for 10min. The su-
pernatant was carefully collected and the pulp was further washed five
times with 50mL water. The sample was then rinsed and resuspended
in 0.001M NaCl (50mL), spiked with 20 μL of 0.50M HCl and titrated
against 0.05M NaOH. All experiments were run in duplicate.

3. Results and discussion

3.1. Effect of steam pretreatment on enzymatic digestibility of biomass

In this work, steam pretreatment was carried out at either 200 °C
(Steam200) or 210 °C (Steam210), which resulted in significant hemi-
cellulose solubilization (Fig. 1). As a consequence, the cellulose acces-
sibility, estimated as direct orange dye adsorption on fibers, was con-
siderably enhanced (Fig. 2), resulting in improved ease of enzymatic
hydrolysis compared to the raw material (Fig. 3). Especially, hydrolysis
yield of Steam210 substrate was obviously higher than that of
Steam200 substrate due to the higher cellulose accessibility, although
this increment of hydrolysis yield was achieved at the expense of 30%
higher hemicellulose solubilization and about 20% more hemicellulose
degradation (Table 1).

Lignin removal of Steam200 and Steam210 pretreatment was both
around 10% (Table 1), indicating that the majority of lignin retained in
water-insoluble fraction. Besides, it was also interesting to see that acids
groups in the raw material decreased from originally around 40mmol/
kg to 16.33 and 10.16mmol/kg, after Steam200 and Steam210 pre-
treatment, respectively. Results suggested that steam pretreatment
caused loss of acid groups of substrate, and higher severity resulted in
greater loss of acid groups. Reasons might be that increasing severity of
autohydrolysis such as steam pretreatment and liquid hot water pre-
treatment would intensify the acid catalyzed repolymerization reac-
tions of lignin, leading to the more loss of functional groups in lignin
structure [9,25]. As reported, the loss of functional groups might de-
crease lignins’ extractability, reactivity and functionality for further
modification like sulphonation and downstream value-added applica-
tions [26,27]. Besides, the loss of hydrophilic acid groups might in-
crease substrates’ hydrophobicity, intensifying hydrophobic interac-
tions between residual lignin and enzymes, thereby inhibiting
subsequent enzymatic hydrolysis [8].

Glucan hydrolysis yield was significantly improved from 12.23% of

raw material to 42.41% (Steam200) and 57.89% (Steam210) (Fig. 3),
respectively. However, reasonable hydrolysis yield (60–70%) was not
achieved [28], likely due to the high content of residual lignin in the
steam pretreated substrate. As in the related work, when the more re-
calcitrant softwood-derived steam pulps was completely delignified
[29], cellulose was near-theoretically converted, even at a low enzyme
loading of 5 FPU/g cellulose. Although complete delignification of
steam pulps could eliminate the physical and chemical barriers posed
by lignin, it was considered too chemically intensive as pretreatment
approach of lignocellulosic biomass [30].

3.2. Effect of Steam-Sulphonation pretreatments on enzymatic digestibility
of biomass

Earlier work showed that a second-stage pretreatment like sulpho-
nation to remove/modify the residual lignin in steam pretreated poplar
was effective in enhancing the enzymatic digestibility of biomass [14].
Thus, a second-stage sulphonation treatment was carried out on
Steam200 and Steam210 substrates. It was noted that second-stage
sulphonation treatment caused around 20% more lignin removal from
the both steam pulps (Table 1), which contributed to the increased
cellulose accessibility (Fig. 2) and improved ease of enzymatic hydro-
lysis (Fig. 3). Previous work also suggested that sulphonation could
cause the formation of acid groups such as sulphonic acid (strong acid)
and carboxylic acid (weak acid) in side chain of lignin structure [31].
Obviously, the second-stage sulphonation in this work, on either
Steam200 or Steam210 substrate, led to the detectable increment in
sulphonic groups content in substrate, but slight carboxylic groups in-
corporation (Fig. 2). When the Steam210 substrate underwent a sub-
sequent sulphonation process, lower total acid groups content of
30.61mmol/kg was observed as compared to that of Steam200-Sul-
phonation substrate (65.22 mmol/kg). This is probably because the
severer lignin repolymerization during steam pretreatment at a higher
temperature decreased the reactivity of lignin, making it less suscep-
tible to sulphonation [8]. The acid groups incorporation through sul-
phonation was reported to increase substrates’ hydrophilicity, which
would decrease non-productive adsorption of enzymes [32]. Besides, it
was found that Steam210-Sulphonation substrate gained less acid group
incorporation and lower extent of fiber swelling, but higher hydrolysis
yield of cellulose was still obtained (Fig. 3). It was considered that the
higher cellulose accessibility resulted from greater degree of hemi-
cellulose solubilization and lignin removal played a primary role
(Table 1) [33].

In order to directly evaluate the efficacy of pretreatment process in
recovering carbohydrates (cellulose and hemicellulose) while im-
proving enzymatic hydrolysis, the concept of “total sugar yield” after
pretreatment and enzymatic hydrolysis (or the yield based on the ori-
ginal carbohydrate content of the raw material) was proposed. The total
sugar yield accounted for the sum of the sugars present in the hemi-
cellulose-enriched, water-soluble fraction and the sugars released
during enzymatic hydrolysis of the pretreated, water-insoluble fraction.
Obviously, pretreatments at higher severity (Steam 210, Steam210-
Sulphonation) and enzymatic hydrolysis resulted in higher total sugar
yield from original biomass, in which more sugars were released from
enzymatic hydrolysis (Fig. 4), comparing with pretreatments at lower
severities (Steam200, Steam200-Sulphonation). Results also implied
that, although higher severity pretreatment caused greater sugar de-
gradation, the better hydrolysability of water-insoluble fraction after
pretreatments offset the sugar loss of pretreatment, leading to higher
total sugars yield.

3.3. Influence of Sulphonation-Steam pretreatments on enzymatic
digestibility of biomass

Previous work indicated that an alkaline pretreatment followed by a
steam treatment could distinctly enhance the enzymatic digestibility of
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Fig. 1. Chemical composition of raw material and pretreated substrates (Steam-Sulphonation: steam pretreatment at either 200 °C or 210 °C followed by sulphonation
treatment; Sulphonation-Steam: sulphonation followed by steam pretreatment at either 200 °C or 210 °C).
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Fig. 2. Characteristics of raw material and pretreated substrates, including fiber swelling (WRV), cellulose accessibility (orange dye adsorption) and acid groups
incorporation through sulphonation.
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biomass [14,20]. However, the past work did not look into the potential
effect that the severity of steam pretreatment might have on substrate
characteristics and thus, the ease of enzymatic hydrolysis. In the work,
the biomass was subjected to alkaline pretreatment using sodium sulfite
(130 °C, 30min) and a subsequent steam pretreatment (200 °C or
210 °C, 5min). The severities of second-stage steam pretreatment were
compared for the ability to change substrate compositions and prop-
erties.

It was showed that Sulphonation-Steam210 pretreatment resulted in
greater lignin removal than Sulphonation-Steam200 pretreatment
(Table 1). Reasons for this phenomenon were probably that the harsher
second-stage steam treatment brought about greater fragmentation and
solubilization of lignin by breaking hydrogen and other covalent bonds
[18,34]. Besides, we found that the hemicellulose retention in water-
insoluble fraction after Sulphonation-Steam210 pretreatment was
slightly higher than that in Sulphonation-Steam200 substrate (Table 1),
which meant hemicellulose solubilization by Sulphonation-Steam210
pretreatment was relatively lower. This was probably because the lignin

extraction showed negative effect on the removal of hemicellulose, and
the inhibition was mainly resulted from the swelling effect of cellulose
by alkaline pretreatment, which hindered the hydrolysis of hemi-
celluloses [35]. As results of higher lignin removal, Sulphonation-
Steam210 substrate showed greater cellulose accessibility (Fig. 2) and
higher enzymatic hydrolysis yield (Fig. 3), comparing with Sulphona-
tion-Steam200 substrate, despite of the lower hemicellulose solubili-
zation. Results also indicated that lignin removal, other than hemi-
cellulose solubilization, should be the predominant effect for enhancing
enzymatic saccharification of biomass.

3.4. Comparison of Steam-Sulphonation and Sulphonation–Steam
pretreatments on enzymatic hydrolysis and total sugar yield from biomass

As discussed above, steam pretreatment was an acidic pretreatment,
as acetic acid was released during steam pretreatment, mainly causing
the hemicellulose solubilization through the split of strong chemical
bonds under high temperature, whereas sulphonation was an alkaline

0

15

30

45

60

75

90

G
lu

ca
n 

hy
dr

ol
ys

is
 y

ie
ld

 (%
)

X
yl

an
 h

yd
ro

ly
si

s y
ie

ld
 (%

)

 Glucan hydrolysis yield            Xylan hydrolysis yield

-S
tea

m20
0

Su
lph

on
ati

on

Ste
am

20
0

-S
ulp

ho
na

tio
n

Ste
am

20
0

Raw
 m

ate
ria

l

-S
tea

m21
0

Su
lph

on
ati

on

Ste
am

21
0

-S
ulp

ho
na

tio
n

Ste
am

21
0

Fig. 3. Enzymatic hydrolysis of raw material and pretreated substrates (Hydrolysis was performed at 50 °C with solids concentration of 10% for 48 h).

Table 1
Sugars recovery and lignin removal after pretreatments.

Pretreatments Cellulose recovery a (%) Hemicellulose recovery b Total hemicellulose recovery (%) Lignin removal
(%)

Delignification
selectivity c

WIF (%) WSF (%)

Steam200 96.55 51.69 22.32 74.01 9.83 0.27
Steam200-Sulphonation 95.97 35.20 29.37 64.57 28.30 0.58
Sulphonation-Steam200 96.37 37.31 33.83 71.14 37.59 0.81
Steam210 95.29 22.27 28.00 50.27 11.86 0.20
Steam210-Sulphonation 94.56 18.38 29.29 47.67 36.28 0.57
Sulphonation-Steam210 96.54 43.69 28.52 72.21 52.20 1.25

a Cellulose recovery is the sum of the percentage of initial glucose present in the liquid and the solid fractions after steam pretreatment.
b Hemicellulose recovery is the sum of the percent recovery of mannose, galactose, xylose, and arabinose (monomeric and oligomeric sugars) in the water soluble

fraction (WSF) and water insoluble fraction (WIF).
c Delignification selectivity is defined as g lignin removed per g carbohydrate removed.

Q. Chu et al. Energy Conversion and Management 175 (2018) 236–245

240



pretreatment that mostly targeted lignin extraction by breaking hy-
drogen and other covalent bonds [18]. Comparing with Steam-Sul-
phonation pretreatments, Sulphonation-Steam pretreatments were
found to recover more hemicellulose components, in which greater
amount remained in the water-insoluble fraction (Table 1). This result
was in accordance with the findings of previous work [21] that alkali-
acid two-stage pretreatments caused higher hemicellulose retention in
water-insoluble fraction than acid-alkali two-stage pretreatments. This

was probably because the swelling of cellulose and deacetylation of
hemicelluloses through first-stage alkali pretreatment decreased the
severity of the second-stage acidic-pretreatment, hindered the hydro-
lysis of hemicelluloses [35]. Additionally, extensive hydrogen bonding
in the alkali-delignified substrates might also hinder the hydrolysis of
hemicelluloses [36]. Another reason for the higher hemicellulose re-
covery in this work was likely that, pH value of the whole slurry after
first-stage sulphonation was around 7, which decreased to around 5
after the second-stage steam pretreatment at either 200 °C or 210 °C
(data not shown). Comparing with steam pretreatment (pH 3.6 and 3.2
after Steam200 and Steam210, respectively) followed by sulphonation,
a relatively neutral pH was maintained throughout the Sulphonation-
Steam pretreatment, resulting in enhanced sugar recovery. These re-
sults agreed with the work of Hendriks and Zeeman [37], which re-
ported that a way to minimize the hemicellulose degradation during
steam treatment was by keeping the pH between 5 and 7 during the
pretreatment process. The high hemicellulose retention in the solid
phase was also considered important, as this phase could be en-
zymatically saccharified and converted to fuels or chemicals by known
biological or catalytic processes [38].

In addition to carbohydrate recovery, it was evident that
Sulphonation-Steam pretreatments exhibited more significant lignin
removal, which was over 10% higher than that obtained by Steam-
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Fig. 4. Total sugar yield from original biomass after pretreatments and enzymatic hydrolysis at 50 °C with solids concentration of 10% for 48 h.

Table 2
Chemical composition of substrates, sugar recovery and lignin removal after alkaline sulphonation-steam pretreatment.

Chemical composition (%) Cellulose recovery (%) Hemicellulose recovery (%) Lignin removal (%) DelignificationSelectivity

Cellulose Hemicellulose Lignin

Autohydrolysis 55.78 8.36 33.12 96.44 51.72 20.31 0.40
SO2 Sulphonation-Steama 63.12 14.67 20.97 96.74 80.56 57.09 1.64
Na2SO3 Sulphonation-Steamb 67.05 19.16 12.60 96.55 82.65 69.37 2.21

a Sulphonation using sodium bicarbonate and SO2 followed by steam pretreatment.
b Alkaline sulphonation using sodium bicarbonate and sodium sulfite followed by steam pretreatment.

Table 3
Characteristics of alkaline sulphonation-steam pretreated substrates, including
acid groups incorporation, fiber swelling (WRV) and cellulose accessibility
(orange dye adsorption).

Strong
acids
(mmol/
kg)

Weak
acids
(mmol/
kg)

Total acid
groups
(mmol/
kg)

WRV Orange dye
adsorption
(mg/g fiber)

Autohydrolysis 0 19.81 19.81 2.22 100.16
SO2 Sulphonation-

Steam
70.14 20.04 90.18 2.54 137.67

Na2SO3

Sulphonation-
Steam

93.52 26.76 120.28 2.77 146.50
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Sulphonation pretreatments (Table 1). This increment in lignin removal
was possibly because the first-stage alkaline pretreatment could notably
enlarge the substrate porosity, resulting in porous substrate that was
more susceptible to second-stage steam treatment [19]. Cellulose ac-
cessibility that estimated by adsorption of orange dye was also shown in
Fig. 2. Clearly, sulphonated and steam treated substrates obtained
greater cellulose accessibility when comparing with steam pretreated
and sulphonated substrates, in which lignin removal played a primary
role. Regarding the carbohydrate (cellulose and hemicellulose) solubi-
lization and degradation during the process of lignin removal/mod-
ification, delignification selectivity was calculated as lignin removed
per gram of carbohydrate removed from the raw biomass (Table 1)
[20], in order to directly evaluate the ability of a pretreatment for lignin
solubilisation and carbohydrate preservation. For example, Steam210

pretreatment possessed the lowest delignification selectivity, as only
0.20 g lignin was removed from the biomass per gram of carbohydrate
solubilized. As expected, Sulphonation-Steam pretreatments exhibited
much better delignification selectivity than Steam-Sulphonation pre-
treatments. Results confirmed that the Sulphonation-Steam pretreat-
ments favored lignin degradation over carbohydrate solubilization
more than Steam-Sulphonation pretreatments, making it favorable to
improve fermentable sugars conversion for the production of bioe-
thanol from lignocellulosic biomass [39].

Results showed that Suphonation-Steam pretreatment not only in-
creased lignin removal, but also caused greater degree of sulphonation.
As 75.80mmol/kg and 92.01mmol/kg total acid groups were detected
in Sulphonation-Steam200 and Sulphonation-Steam210 substrates, re-
spectively, comparing with the acid groups content of 65.22 and
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Fig. 6. Hypothesis model of two-stage pretreatment with alkaline sulphonation and steam treatment to improve the enzymatic digestibility of Eucalyptus woody
biomass: “+” and “−” indicated for increasing and reducing substrate characteristics and enzymatic digestibility.
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30.61mmol/kg in Steam200-Sulphonation and Steam210-Sulphonation
substrates. The increase in sulphonation degree was probably because
of the better reactivity of the raw lignin when compared to the re-
polymerized residual lignin present in the steam treated substartes, as
discussed above. Furthermore, it was speculated that the incorporation
of sulphonic acid groups at the α position of the lignin side chain would
suppress lignin repolymerization during the subsequent steam treat-
ment [32]. As reported, repolymerization reactions of lignin could

occur predominantly between either the C-5 or C-6 site and the C-α
position of adjacent lignin structures [4,8]. In Sulphonation-Steam
pretreatment, the C-α was sulphonated in first-stage pretreatment and
would not be available for further repolymerization reactions in second-
stage steam pretreatment [4].

The extent of fiber swelling was determined by calculating the
centrifugal Water Retention Value (WRV), which could also predict
cellulose accessibility and substrates’ susceptibility towards enzymatic
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hydrolysis [32]. The WRV results in Fig. 2 showed that Sulphonation-
Steam pretreatments led to higher degree of fiber swelling in substrates
than Steam-Sulphonation pretreatments (2.16 and 2.47 vs. 1.79 and
1.70). This higher WRV could be interpreted by the higher hemi-
cellulose and acid groups content, as well as the lower residual lignin
content in the Sulphonation-Steam substrates. Because hemicelluloses
and acid groups promoted fiber swelling by forming a hydrophilic layer
on the cellulose surface, while lignin adversely restricted fiber swelling
[40].

Enzymatic hydrolysis (Fig. 3) illustrated that hydrolysis yield of
Sulphonation-Steam treated substrates was higher than that of Steam-
Sulphonation treated substrates. Result agreed with the previous work
[18] that alkali-acid two-stage pretreatments was much more effective
in enhancing biomass saccharification than acid-alkali two-stage pre-
treatments. This was because Sulphonation-Steam pretreatments led to
larger amount of lignin removal from lignocellulosic biomass, resulting
in greater extent of cellulose accessibility and enzymatic saccharifica-
tion of biomass [13,18]. The highest glucan and xylan hydrolysis yield
of 76.13% and 81.09% were obtained on Sulphonation-Steam210
substrate (Fig. 3). Taking advantages of both higher carbohydrate re-
covery (Table 1) and promoting the ease of enzymatic hydrolysis
(Fig. 3), Sulphonation-Steam210 pretreatment led to the highest total
sugar yield of above 70% (Fig. 4), while providing relatively high
concentration of sugars available in enzymatic hydrolysate (62.99 g/L
total sugars). However, it was reported that, in order to make the lig-
nocellulosic materials-to-ethanol process economically feasible, a
75–80% conversion of the total polysaccharides in wood to fermentable
sugars was required [41]. To further improve sugar recovery and hy-
drolysis yield from steam pretreated woody biomass, we further mod-
ified the sulphonation process prior to steam pretreatment.

3.5. Two-stage pretreatment with alkaline sulphonation and steam
treatment to maximize the total sugar yield from biomass for bioethanol
production

In this section, biomass was subject to sulphonation in alkaline
media by addition of sodium bicarbonate, in order to further increase
the delignification selectivity. It was suggested that the addition of al-
kali to sulphonation could facilitate the reaction towards delignifica-
tion, which could further increase the porosity and internal surface area
of substrate [9]. In alkaline media, the free hydroxyl group located at
phenolic lignin subunits was deprotonized, while phenolic units were
converted into quinone methide intermediate. This reaction caused
incorporation of a sulfite anion at the α-carbon that facilitated the
nucleophilic displacement of β- or γ- substituent by sulfite ions [32].
Besides, the use of sodium bicarbonate was reported to effectively swell
wood fiber structure [42], thus favoring the reaction between chemicals
and lignin.

As compared to the autohydrolysis pretreatment, much higher pH
value of spent liquor was observed, especially for pretreatment using
sodium bicarbonate and sodium sulfite (pH 7.9 and 7.1 after the first
and second-stage pretreatment, respectively). This pH value was re-
ported to reduce the alkaline degradation and secondary peeling reac-
tion of polysaccharides during pretreatment, thus promoting carbohy-
drate recovery [43]. As a result, hemicellulose recovery after
pretreatment was enhanced to 80.56% and 82.65%, after two-stage
pretreatments with alkaline sulphonation and steam using SO2 and
Na2SO3, respectively, in which 53.69% and 59.32% remained in the
solid fraction. As anticipated, lignin removal was significantly en-
hanced to 57.09% and 69.37%, respectively (Table 2). With the in-
creased lignin removal and decreased carbohydrate solubilization pre-
treatment, delignification selectivity was improved to 1.64 and 2.21.
Higher acid groups incorporation particularly sulphonic acid was de-
tected (70.14 and 93.52mmol/kg, respectively). And degree of fiber
swelling was further improved to 2.54 and 2.77, respectively (Table 3).
Particularly, the highest cellulose accessibility of 146.50mg direct

orange dye adsorbed by per gram dry was obtained on substrate pre-
treated by sodium sulfite (Na2SO3 Sulphonation-Steam). Enzymatic
hydrolysis of these two substrates was also carried out, and significant
enhancement was found compared to that of autohydrolysis substrates
(Fig. 5). As a consequence of lignin removal/modification, glucan and
xylan hydrolysis yield of substrate pretreated by sodium sulfite (Na2SO3

Sulphonation-Steam) were increased to 84.11% and 87.10%, respec-
tively (Fig. 5). Total sugar yield was raised to 79.71%, and a final sugar
concentration of 77.04 g/L was obtained in the enzymatic hydrolysate,
making it favorable to obtain high titer ethanol in subsequent fer-
mentation.

Previous work revealed the two main influences of lignin, in both
restricting the fiber swelling and directly binding with the celluloses
enzymes [29]. In this work, alkaline sulphonation followed by steam
treatment caused great lignin removal and partial hemicellulose solu-
bilization, leading to significantly higher fiber swelling and cellulose
accessibility. On the other hand, acid groups incorporation through
sulphonation was reported to have the potential to increase substrate’s
hydrophilicity, reducing the binding of cellulases to residual lignin
[30]. By overcoming the limitations inflicted by both the lignin’s re-
strictions on cellulose accessibility and non-productive binding of the
enzymes [18,21], enzymatic digestibility of biomass was largely im-
proved and the hypothesis model was illustrated in Fig. 6.

Finally, the highest enzymatic hydrolysis and fermentable sugars
concentration were obtained after two-stage pretreatment with alkaline
sulphonation using Na2SO3 and steam treatment (Na2SO3

Sulphonation-Steam pretreatment) followed by enzymatic hydrolysis.
Fermentability of the resulting enzymatic hydrolysate after Na2SO3

Sulphonation-Steam pretreatment to produce ethanol was also eval-
uated. The enzymatic hydrolysate (liquid fraction of enzymatic hydro-
lysis) was concentrated about 3 times prior to fermentation to achieve a
high starting glucose concentration of 163.80 g/L and xylose con-
centration of 42.84 g/L. A sequential fermentation strategy was applied
on the concentrated hydrolysate, as during sequential fermentation, the
separate utilization of glucose and xylose could ensure each fermenta-
tion stage use suitable microorganisms and conditions, therefore al-
lowing high sugar-to-ethanol conversion throughout the fermentation
process. With the depletion of available glucose at 24 h glucose fer-
mentation, 74.24 g/L ethanol was obtained, with a sugar-ethanol con-
version rate of 0.46 g/g. The subsequent xylose fermentation showed
that 41.96 g/L xylose was converted to 14.72 g/L ethanol at 36 h fer-
mentation, for a sugar-ethanol conversion rate of 0.36 g/g (Fig. 7).
Results indicated that sugars released from enzymatic hydrolysis of
Na2SO3 Sulphonation-Steam substrate were efficiently converted to
ethanol. It suggested that alkaline sulphonation-steam two-stage pre-
treatment, which maximized total sugar yield while leading to efficient
ethanol production from the raw biomass, has the potential to be a
promising pretreatment approach of lignocellulosic biomass to produce
biofuels.

4. Conclusion

In this work, a two-stage pretreatment with sulphonation and steam
treatment was performed on Eucalyptus woody biomass. Sulphonation
pretreatment mainly targeted at lignin removal/modification, while
steam pretreatment could mostly solubilize hemicellulose. Compared to
Steam-Sulphonation pretreatment, Sulphonation-Steam pretreatment
was proved more effective in enhancing enzymatic hydrolysis, resulting
in higher total sugar yield from biomass. Besides, the addition of so-
dium bicarbonate in sulphonation process could further improve car-
bohydrate recovery and delignification selectivity. As results of alkaline
sulphonation-steam pretreatment, enzymatic digestibility of biomass
was significantly improved, and the resulting fermentable sugars (glu-
cose and xylose) were efficiently converted to ethanol.
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