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A B S T R A C T

This work proposed an integrated process based on alkali-sulfite (AlkSul) pretreatment to coproduce fermentable
sugars and lignin adsorbents from hardwood. Different from conventional liquid hot water (LHW) pretreatment,
this pretreatment improved cellulose accessibility through selective lignin removal and modification, resulting in
significantly enhanced biomass saccharification. Over 75% of the original cellulose and hemicellulose was re-
leased and could be recovered as fermentable sugars after pretreatment and subsequent enzymatic hydrolysis.
Meanwhile, lignin residues from pretreatment hydrolysate and enzymatic hydrolysate showed lead ions ad-
sorption capacities of 156.25 and 68.49 mg/g, respectively, indicating both streams of lignin residues were
favorable adsorbents for heavy metal ions. The improved adsorption capacity of lignin residues was primarily
due to the lignin modification as sulfur-containing functional groups incorporation during the integrated pre-
treatment. Results demonstrated the integrated alkali-sulfite pretreatment improved biomass saccharification,
while coproducing lignin adsorbents for wastewater treatment, which can promote the sustainability of lig-
nocellulosic biorefinery.

1. Introduction

Lignocellulosic biomass is important feedstock of biorefinery pro-
cess for the production of bio-based fuels and materials (Zhang et al.,
2019). Poplar wood pellets are considered potential feedstocks for

lignocellulosic biorefinery due to the advantages such as great uni-
formity, small particle size, high biomass density and low moisture
content, which is favorable to reduce transportation and storage costs
comparing with wood logs and chips. However, the cellulose-lignin-
hemicelluloses structure in raw biomass makes it refractory towards
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enzymatic saccharification to obtain fermentable sugars that can be
further converted to valuable bio-based chemicals and materials
(Hassan et al., 2018). Therefore, proper feedstock pretreatment to in-
crease cellulose accessibility and biomass saccharification is one of the
crucial steps in biorefinery process (Karuna et al., 2014).

Currently, a number of methods including autohydrolysis, acid hy-
drolysis, alkaline hydrolysis and ionic liquid pretreatment have been
proposed and used for lignocellulosic biomass pretreatment (Hassan
et al., 2018). Among the various pretreatment methods, autohydrolysis
pretreatment like steam explosion and liquid hot water (LHW) pre-
treatment is widely studied due to a number of merits, such as im-
proved biomass digestibility, no chemical addition, applicability to a
wide range of biomass feedstocks (Huang et al., 2016; Weinwurm et al.,
2017). However, previous work has also shown that severe auto-
hydrolysis conditions are required to improve the enzymatic hydrolysis
of cellulose, especially when highly recalcitrant woody biomass is used
as feedstock (Yuan et al., 2018). The high severities of these pretreat-
ments may result in the loss of hemicellulose-derived sugars, as well as
the repolymerization of lignin (sometimes refers to condensation) (Zhai
et al., 2018). The repolymerization of lignin is revealed to hinder effi-
cient cellulose hydrolysis by intensifying both physical barrier and non-
productive binding of enzymes (Pielhop et al., 2015; Tian et al., 2017).

Comparing with acidic process like autohydrolysis or acid pre-
treatment, alkaline pretreatment could improve sugar recovery by re-
taining carbohydrates mostly in water-insoluble fraction (Chandra
et al., 2016), while facilitating the enzymatic hydrolysis through lignin
removal (Yoon et al., 2011). The addition of sulfite in alkaline media
could enhance the extent of lignin removal, while giving rise to lignin
modification by incorporating mainly sulphonic groups in lignin
structure (Del Rio, 2012; Liu et al., 2015; Monte et al., 2018). The lignin
removal/modification could further improve the ease of enzymatic
hydrolysis. Besides, comparing with one-stage pretreatment, two-stage
pretreatment could integrate different severities or chemicals for better
flexibility to enhance sugar recovery while minimizing the formation of
inhibitors (Kim et al., 2011). Thus, in this work, a two-stage alkali-
sulfite pretreatment was proposed, as a combination of alkali-sulfite
treatment and two-stage process, to explore its potential on improving
sugar recovery and enzymatic hydrolysis for maximal sugar yield from
biomass.

Conventionally, lignin is considered as a waste from pulp mill and
lignocellulosic biorefinery. Among the huge amount of lignin wastes, it
is reported that as little as 5% of present lignin is utilized, with the
other significant quantities of lignin are burnt as heat source for plant
operation. This is one of the reasons for the poor economic returns of
lignocellulosic biorefinery that restricts its commercialization (Liu
et al., 2013). Besides, water pollution has become one of serious en-
vironmental issues in many developing countries due to the rapid in-
dustrialization and urbanization. Adsorption is a favorable water
treatment method due to its simplicity, high effectiveness and low cost,
depending on proper adsorbents. Traditional adsorbents that require
complex preparation process are relatively expensive (Kong et al.,
2019). In this context, the low cost, abundance and vast availability of
lignin made it a suitable feedstock for adsorbents production
(Supanchaiyamat et al., 2019; Xu et al., 2017). However, the prepara-
tion of lignin-based adsorbents always involves complex activations or
extra modifications after extracting lignin from biomass, which restricts
the utilization of lignin via adsorbents (Supanchaiyamat et al., 2019).
Thus, in this work, an integrated processes based on two-stage alkali-
sulfite pretreatment was established to simultaneously achieve lignin
adsorbents and fermentable sugars production, which could promote
the holistic utilization of lignocellulosic biomass for sustainable bior-
efinery (Martin-Sampedro et al., 2019a).

In this work, poplar wood pellets were exposed to auto-catalyzed
LHW pretreatment, one-stage or two-stage alkali-sulfite pretreatment
followed by enzymatic hydrolysis, to evaluate the performance of in-
tegrated process to coproduce fermentable sugars and lignin

adsorbents. Besides, through the comparison among these pretreat-
ments, the contribution of each stage in enhancing biomass sacchar-
ification was identified. Subsequently, the adsorption capacities of
lignin residues from both pretreatment and enzymatic hydrolysis for
heavy metal ions were investigated. Heavy metals are toxic con-
taminants to water pollution due to their harmful effects to health and
environment (Peng et al., 2018). Pb(II) was used in this work as a model
heavy metal ion to evaluate the technical feasibility of using lignin
adsorbents for aqueous heavy metal ion removal as a potential way for
lignin valorization. Finally, the mechanisms of the integrated alkali-
sulfite pretreatment on improving biomass saccharification and copro-
ducing lignin adsorbents were discussed and the hypothesis model was
proposed accordingly.

2. Materials and methods

2.1. Wood samples and chemicals

Poplar wood pellets were obtained from Gansu province, China. The
moisture content of wood pellets and wood chips was 6.77% (measured
in triplicate). Chemicals including sodium sulfite (Na2SO3), sodium
bicarbonate (NaHCO3), sodium hydroxide (NaOH), nitric acid (HNO3),
sodium nitrate (NaNO3) and lead nitrate (Pb(NO3)2) were obtained
from Sinopharm Chemical Reagent Co., Ltd.

2.2. Pretreatment

One-stage alkali-sulfite treatment (AlkSul* pretreatment) was per-
formed as follows: 20 g dry mass of pellets was soaked in an aqueous
solution containing 8% Na2SO3 with 4%, 8% or 12% (w/w, based on
dry weight of substrate) NaHCO3 at a solid-to-liquid ratio of 1:1 (w/v).
Considering the dryness and compactness of pellets, soaking was per-
formed at room temperature overnight in plastic zipper bags (AlkSul*

8+4%, AlkSul* 8+ 8% and AlkSul* 8+ 12%). Then, water was added
to the mixture to reach a final solid-to-liquid ratio of 1:5 (w/v). The
mixture was cooked in a stainless Parr reactor at 130 °C for 30min.
After pretreatment, the reactor was cooled down immediately in cold
tap water. The one-stage alkali-sulfite treatment served for comparison
with two-stage alkali-sulfite treatment in order to identify the role of
each stage.

Two-stage alkali-sulfite pretreatment (AlkSul pretreatment): After
the one-stage alkali-sulfite treatment, the temperature of pretreatment
was increased to 210 °C and the mixture was cooked at 210 °C for 5min.
As control, the two-stage liquid hot water (LHW) pretreatment and two-
stage alkali pretreatment were carried out under the same condition in
order to isolate and exclusively examine the role of each chemical ad-
ditive. After pretreatment, the reactor was cooled down immediately in
cold tap water. The solid residue was separated from black liquor by
filtration and washed with deionized (DI) water. The black liquor and
washing water were collected for determination of sugars (water-so-
luble fraction, WSF), while the washed solid (water-insoluble fraction,
WIF) was kept at 4 °C for further use.

2.3. Enzymatic hydrolysis

Enzymatic hydrolysis of the pretreated substrates was carried out in
acetate buffer (50mM, pH 4.8) at 50 °C with shaking at 180 rpm. The
enzymes for the enzymatic hydrolysis of cellulose were Cellic CTec 2
and HTec 2 (obtained from Novozymes, Franklinton, NC). The enzyme
activities were 120 FPU/mL (156mg protein/mL) and 1600 IU/mL
(51mg/mL), respectively. Enzyme dosage was 20mg protein of cellu-
lase (Ctec 2) and 10mg protein of xylanase (HTec 2) per gram cellulose.
Enzymatic hydrolysis was performed with substrate loading of 10% (w/
v) in a 100mL flask for 48 h. Then, enzymes were inactivated by
heating at 100 °C for 5min and subsequently stored at −18 °C until
sugar analysis was performed. All experiments were run in duplicate.
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2.4. Preparation of lignin adsorbents

The water-soluble fraction (WSF) from two-stage alkali-sulfite pre-
treatment was collected. Nitric acid (0.25M HNO3) was added drop-
wise to the WSF until pH reached around 2. The precipitate was sepa-
rated from liquid by filtration with Whatman No. 1 filter paper and
washed with warm water. The washed solid mainly consisting of lignin
was then dried in a vacuum oven at 50 °C for 24 h and milled in a
mortar. The obtained solid was used as the adsorbent in the following
adsorption experiments.

2.5. Batch adsorption experiments

Analytical grade Pb(NO3)2 was used to prepare 166mg/L Pb(II)
(0.8 mM) in 0.01M NaNO3 solution. The effect of pH on adsorption was
investigated as follows: 0.25 g lignin were added to 100mL of Pb(II)
solution in 500mL beaker. The pH was adjusted to 3.0, 4.0, 5.0, 6.0 and
7.0, respectively, using 0.1M HNO3 or 0.1M NaOH as appropriate. The
mixtures were stirred at 25 °C, 80 rpm on a stirring plate for homo-
genous adsorption. After 6 h adsorption, the mixture was settled down
for 5min. Then, supernatant was centrifuged at 5,000 rpm for 10min,
and the residual metal ion concentration was analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES, Optima 5300
DV, PerkinElmer). Effect of contact time on adsorption was investigated
by mixing 0.25 g lignin with 100mL Pb(II) solution with initial con-
centration of 166mg/L. Samples were taken at intervals of 5, 10, 20,
30, 60, 90, 120 and 150min. Effect of initial Pb(II) concentration on
adsorption was examined by mixing 0.25 g lignin with 100mL Pb(II)
solution with initial concentration ranging from 134.70 to 673.50mg/
L. Samples were taken at 60min for residual metal ion analysis. Each
experiment was conducted in duplicate.

The amount of metal ions adsorbed by lignin was determined as
(Peng et al., 2018):

=
−q C C V
M
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e
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and the metal ions removal percentage was calculated as:
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where qe (mg/g) was the equilibrium adsorption capacity, Co (mg/L)
and Ce (mg/L) were the metal ions concentration before and after ad-
sorption, respectively; M (g) was the amount of lignin adsorbent used
and V (mL) was the volume of the Pb(II) solution.

2.6. Adsorption kinetics and isotherms

For adsorption kinetics study, the pseudo-first-order model was
described as follows (Ho and McKay, 1999):
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while the pseudo-second-order model was expressed as follows (Ho and
McKay, 1999):
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where qe and qt were the adsorbed Pb(II) ions on lignin (mg/g) at
equilibrium and at time t, respectively; k1 was the first order rate
constant (1/min); k2 was the pseudo-second-order rate constant (g/
(mg·min)).

For adsorption isotherms study, the Freundlich model was described
as (Peng et al., 2018):

= +q K
n

Cln ln 1 lne f e (5)

where qe was the adsorbed metal ions by lignin adsorbent (mg/g) and

Ce is the equilibrium concentration of metal ions (mg/L). The slope
n
1

indicated the adsorption intensity or surface heterogeneity while the
constant, Kf, was a measure of the adsorption capacity.

The Langmuir model was expressed as (Peng et al., 2018):
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where qe was the adsorbed metal ions on lignin adsorbent (mg/g) when
the equilibrium concentration of metal ions was Ce (mg/L); qm was the
amount of metal ions required to form a monolayer on lignin adsorbent
(mg/g), and b was the adsorption equilibrium constant (L/mg).

2.7. Analytical methods

The chemical components of substrate were determined based on
the protocol developed by the US National Renewable Energy
Laboratory (Sluiter et al., 2008). The concentration of monosaccharide
was determined using a high performance liquid chromatography
(HPLC) system as described by Chu et al. (2018). Fiber swelling was
assessed by the water retention value (WRV) (Chu et al., 2018). Por-
osity, including specific surface areas, pore size and pore volume, was
evaluated by Brunauer-Emmett-Teller (BET) method using nitrogen
adsorption/desorption at 77 K with Nova Station (Quantachrome In-
struments) (Song et al., 2016). The accessibility of cellulose was eval-
uated by direct orange staining (Simon’s Stain technique) as described
by de Oliveira Santos et al. (2018). The Fourier transform infrared
(FTIR) spectra measurements were conducted with a Nicolet 560
spectrophotometer. The samples were prepared using KBr-disk method,
and twenty scans for each sample were performed from 600 to
4000 cm−1 with 2 cm−1 resolution. Acid groups in substrates were
determined by conductometric titration as described by Meng et al.
(2019). All analyses were performed in duplicate.

3. Results and discussion

3.1. LHW pretreatment to improve enzymatic saccharification of poplar
wood pellets

The chemical composition of poplar wood pellets was found to be
similar as that of unpelletized poplar chips (Fig. 1a), indicating pelle-
tization did not have a significant impact on the chemical composition
of the feedstock. When pellets underwent a subsequent enzymatic hy-
drolysis, very low hydrolysis yield of cellulose was obtained (Fig. 1b),
implying that the raw pellets were highly recalcitrant towards enzy-
matic hydrolysis. To improve the enzymatic digestibility of poplar
wood pellets, LHW pretreatment was used due to its potential to solu-
bilize hemicellulose, thus improving the ease of enzymatic hydrolysis.
As expected, hemicellulose content drastically decreased from around
20% in raw pellets to around 8% after LHW pretreatment (Fig. 1a). This
was because acetyl groups of hemicellulose components could be lib-
erated, which provided protons for subsequent “autohydrolysis” of
biomass, resulting in carbohydrates, especially, hemicellulose solubili-
zation (Saha et al., 2018). An appropriate hemicellulose removal was
reported to be as critical as lignin removal to obtain a satisfactory
cellulose digestibility, since the hemicellulose removal increased sub-
strate porosity, thus improving cellulose accessibility to cellulase en-
zymes (Monte et al., 2018). Substrate porosity evaluated by BET and
Simons’ Stain technique (dye adsorption) is illustrated in Fig. 2. The
pore volume and dye adsorption of raw pellets were undetectable,
while those parameters of LHW pretreated substrate were significantly
increased to 0.041 cm3/g and 92.16mg/g, respectively. Results in-
dicated greater substrate porosity and cellulose accessibility of poplar
wood pellets after LHW pretreatment. As a consequence, hydrolysis
yield of cellulose increased from originally 13.91% to 48.88% (Fig. 1b).
However, reasonable hydrolysis yield of cellulose (e.g. > 60%) was not
obtained, most likely due to the larger amount of repolymerized lignin
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in the resulting materials (Li et al., 2018). The previous studies have
showed that when repolymerized lignin was removed from auto-
hydrolysis pretreated poplar, cellulose could be almost completely
converted, even at a low enzyme loading (Chandra et al., 2016). Be-
sides, it was suggested that a substantial amount of soluble inhibitory
compounds may be produced due to the severe conditions used for LHW
pretreatment (Yuan et al., 2018). In spite that a washing step was
carried out, certain inhibitors could be also released in the subsequent
enzymatic hydrolysis (Alvira et al., 2013), impeding efficient hydrolysis
of cellulose.

3.2. One-stage alkali-sulfite pretreatment to improve the enzymatic
digestibility of poplar wood pellets

In this section, one-stage alkali-sulfite pretreatment (130 °C, 30min,
AlkSul*) was performed to process poplar wood pellets. As reported, the
pelletization process to produce durable pellets including grinding,
drying and pelleting steps was quite rigorous and might be in itself a
form of pretreatment (Kumar et al., 2012). Thus, this section aimed to
figure out whether pelletization and a mild one-stage pretreatment was
sufficient to reach a reasonable cellulose conversion of poplar wood
pellets in subsequent enzymatic hydrolysis.

After one-stage alkali-sulfite pretreatments (AlkSul*), the labile
hemicellulose components that were more prone to solubilization and
degradation showed negligible change in amount compared with the
raw pellets (Fig. 1a). Comparing with the hemicellulose retention of
LHW pretreatment, more than 50% higher (i.e. from 31.45% to 92.13,
86.95, 79.77% depending on varied NaHCO3 addition) hemicellulose
components were reserved in the water-insoluble fraction (WIF) after
one-stage alkali-sulfite pretreatment (Table 1). Results agreed with
previous work that mild alkali pretreatment caused minor carbohydrate
solubilization when compared with acid or autocatalyzed pretreatment
(Martin-Sampedro et al., 2019b). The high hemicellulose retention in
WIF was considered favorable, as this phase could be enzymatically
saccharified and converted to fuels or chemicals by known biological or
catalytic processes.

Moreover, lignin content obviously decreased after one-stage alkali-
sulfite pretreatment on pellets (Fig. 1a). Lignin removal of 15.00, 22.23
and 30.52% was obtained with pretreatment using 8% Na2SO3 sup-
plemented with 4%, 8% and 12% NaHCO3, respectively (Table 1). As
expected, lignin removal was improved by the increased alkali addition,
likely because the higher alkali charge intensified the degradation of
lignin macromolecules, as well as the cleavage of ester bonds between
lignin, hemicellulose and cellulose (Yang et al., 2013). However, the
lignin removal of one-stage alkali-sulfite pretreatment was not that high
as expected (≤30%), even with the highest Na2SO3+NaHCO3 dosage
of 8+12% (Table 1). This was probably because NaHCO3 was a rela-
tively weak alkali for lignin removal when compared to NaOH (Xing
et al., 2018).

In addition to lignin removal, acid groups content of substrate was
increased from around 20mmol/kg in the raw material to 84.38, 89.90
and 107.80mmol/kg after one-stage alkali-sulfite pretreatment
(Fig. 1b). And the obtained acid groups were mainly strong acids such
as sulfonic groups (details not shown), which helped to raise the overall
fiber swelling (Del Rio et al., 2011). Based on the water retention value
(WRV, as an indicator of fiber swelling) results, it was noted that the
one-stage alkali-sulfite pretreated (AlkSul*) substrates exhibited much
higher degree of fiber swelling than did the raw and LHW pellets
(2.47–2.70 vs. 1.67 and 1.43, Fig. 1b). Comparing with auto-catalyzed
LHW pretreatment, the alkali-sulfite assisted LHW pretreatments
caused both selective lignin removal and lignin modification in terms of
the corporation of hydrophilic acid groups into side chain structures of
lignin (Del Rio, 2012). As a result of selective lignin removal and
modification, the hydrolysis yield of cellulose obviously improved from
originally 13.91% to around 50% after AlkSul* pretreatment (Fig. 1b).

Fig. 1. (a) Chemical compositions of raw material, substrates after one-stage
(AlkSul*) and two-stage alkali-sulfite (AlkSul) pretreatment with addition of 8%
Na2SO3 and 4%, 8% and 12% NaHCO3 (w/w), respectively. (b) Substrate
characteristics of pretreated solids and hydrolysis yield, total sugar yield from
biomass after pretreatments and subsequent enzymatic hydrolysis.

Fig. 2. Surface area, pore volume and pore diameter of substrates analyzed by
BET method, and cellulose accessibility analyzed by orange dye adsorption
(Simons’ Stain).

Q. Chu, et al. Bioresource Technology 289 (2019) 121659

4



3.3. Two-stage alkali-sulfite pretreatment to improve the enzymatic
digestibility of poplar wood pellets

The results above showed that mild one-stage alkali-sulfite pre-
treatment could obviously improve enzymatic hydrolysis of poplar
wood pellets, but reasonable total sugar yield (60–70%) (Kumar et al.,
2010) was not achieved yet. In previous work, it was found that the
two-stage alkali pretreatment could significantly enhance the ease of
cellulose hydrolysis (Chu et al., 2017). Rationale for the two-stage
pretreatment strategy was that, the mild first-stage could remove easily-
extracted lignin, followed by a harsh second-stage to remove the more
recalcitrant lignin-hemicellulose coverage around cellulose (Chen et al.,
2011), therefore remarkably increasing cellulose accessibility and bio-
mass saccharification. Thereby, a two-stage alkali-sulfite pretreatment
process was carried out on poplar wood pellets, which involved a mild
first-stage at 130 °C and a harsh second-stage at 210 °C. Through its
comparison with the one-stage pretreatment above, the role of second
stage in improving cellulose accessibility and biomass saccharification
could be clarified.

After two-stage pretreatment, hemicellulose content showed re-
duction when compared with that after one-stage alkali-sulfite pre-
treatments (Fig. 1a), owning to the amorphous, branched and readily
hydrolyzed structures of hemicellulose components (Kim et al., 2011).
Hemicellulose recovery, especially the hemicellulose reservation in
WIF, was also lower than that after one-stage pretreatment, but sig-
nificantly higher than LHW substrate (Table 1). This was probably be-
cause a relatively neutral pH was maintained throughout the two-stage
alkali-sulfite pretreatment when compared with LHW pretreatment
(5.9–6.7 vs. 3.2), preventing the acid-catalyzed carbohydrate de-
gradation. Moreover, the pH value of the two-stage AlkSul process was
considered quite lower than the conventional alkaline cooking (typi-
cally above 12). This lower media pH could also effectively reduce the
alkaline degradation and secondary peeling reaction of carbohydrates
during pretreatment, resulting in the retention of a greater amount of
the hemicelluloses in WIF.

The lignin content further decreased to 18.80%, 18.00% and
16.54% after two-stage alkali-sulfite pretreatment, respectively
(Fig. 1b), while the lignin removal increased to 51.78, 54.54 and
59.07%, respectively (Table 1). In other words, 36.78, 32.31 and
28.55% higher lignin removal (depending on varied NaHCO3 addition
of 4%, 8%, 12%) was obtained after second-stage pretreatment. Pre-
vious work revealed that the palletization conditions that required to
make durable pellets, especially the drying step, caused loss of pit pores
and potentially the collapse of the entire lumen in substrate (Liu et al.,
2015). The swelling and/or delignification effect of first-stage pre-
treatment probably reopened the tightly packed pore structure, fa-
cilitated the diffusion of water or chemicals in cell walls, leading to
homogeneous delignification during the harsh second-stage

pretreatment (Liu et al., 2014).
Besides lignin removal, acid groups incorporation also increased

through the second-stage pretreatment. However, the WRVs of two-
stage pretreated substrates were lower than that of one-stage pretreated
substrates (Fig. 1b). This phenomenon could be explained by the lower
hemicellulose content in two-stage pretreated substrates (Fig. 1a).
Previous work reported that hemicelluloses (particularly xylan) could
also enhance water uptake and prevent interactions between the crys-
talline regions of adjacent cellulose fibrils, thus promoting fiber swel-
ling (Del Rio et al., 2011). Thus, lower WRVs of the two-stage pre-
treated substrates were observed as a result of its lower hemicellulose
content, in spite of the higher acid groups incorporation. Moreover, it
was noticed that higher alkali addition gave rise to the larger amount of
acid groups incorporation, leading to the greater extent of fiber swelling
as indicated by the WRV results (Fig. 1b). Pore volume, surface area and
orange dye adsorption also increased with higher dosage of alkali
(Fig. 2), which would contribute to the increased cellulose accessibility
and biomass saccharification (Fig. 1b).

3.4. Comparison of LHW pretreatment, alkali and alkali-sulfite
pretreatment in enhancing cellulose accessibility and biomass
saccharification of poplar wood pellets

Two-stage alkali pretreatment with 12% NaHCO3 dosage was also
performed on poplar wood pellets. Through the comparison among
LHW pretreatment, alkali pretreatment and alkali-sulfite pretreatment,
the contribution of alkali and sulfite dosage in pretreatment to cellulose
accessibility and biomass saccharification could be evaluated.
Comparing LHW pretreatment with alkali pretreatment, it was found
that the acidic pretreatment (i.e. LHW pretreatment) mainly caused
hemicellulose solubilization, while the alkaline pretreatment mostly led
to lignin removal (Fig. 1a). Both hemicellulose solubilization and lignin
removal enhanced substrate porosity and cellulose accessibility (Fig. 2),
bringing about improved ease of enzymatic hydrolysis (Fig. 1b).

Comparing alkali pretreatment with alkali-sulfite pretreatment, the
addition of sulfite in alkaline media could obviously improve lignin
removal (Table 1). It seemed that the acid groups incorporation in
lignin structure through sulfonation (Fig. 1b) made lignin more hy-
drophilic and soluble, like lignosulfonate. The solubilized lignin would
not be condensed back to solid substrate (Zhai et al., 2018), which led
to the higher lignin removal in alkali-sulfite pretreatment. Another
noteworthy phenomenon was that, the acid groups content of alkali-
sulfite pretreated substrate was much higher than that of alkali or auto-
catalyzed LHW pretreated substrate (Fig. 1b). Results indicated that the
formation of acid groups in substrate was primarily ascribed to the
addition of sulfite in pretreatment. As results of greater lignin removal
and modification, hydrolysis yield of cellulose and total sugar yield
based on alkali-sulfite pretreatment were significantly promoted when

Table 1
Carbohydrate recovery and lignin removal after liquid hot water pretreatment (LHW) and alkali-sulfite pretreatment (AlkSul).

Pretreatments Na2SO3+NaHCO3 Cellulose recoverya (%) Hemicellulose recoveryb (%) Lignin removal (%)

WIF WSF Total

Two-stage LHW – 95.73 31.45 25.17 56.27 8.47
One-stage AlkSul* 8+4% 96.86 92.13 1.53 93.15 15.00
One-stage AlkSul* 8+8% 96.67 86.95 2.52 88.44 22.23
One-stage AlkSul* 8+12% 96.07 79.77 2.32 83.54 30.52
Two-stage AlkSul 8+4% 95.21 66.29 12.08 78.37 51.78
Two-stage AlkSul 8+8% 95.01 68.04 7.68 75.73 54.54
Two-stage AlkSul 8+12% 95.01 66.92 7.05 73.97 59.07
Two-stage Alkali 0+12% 96.50 63.34 11.28 74.62 46.05

* Indicates the first stage pretreatment at 130 °C for 30min.
a Cellulose recovery is the sum of the percentage of initial glucose present in the liquid and the solid fractions after 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).
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comparing with alkali pretreatment (Fig. 1b). Around 90% of cellulose
in two-stage alkali-sulfite pretreated substrate was converted to glu-
cose, and over 75% of the original carbohydrate (cellulose and hemi-
cellulose) in raw poplar wood pellets could be released through pre-
treatment and enzymatic hydrolysis.

3.5. Two-stage alkali-sulfite pretreatment to improve the adsorption
capacity of lignin residues for lead ions

After two-stage alkali-sulfite pretreatment and subsequent enzy-
matic hydrolysis, there were two potential streams from which lignin
could be valorized: pretreatment hydrolysate lignin and enzymatic
hydrolysis residue (EHR) mainly consisting of lignin. Considering the
abundance of lignin, its valorization would be one of the determining
factors for the economically feasible biorefinery (Ragauskas et al.,
2014). Lignin residues after the alkali-sulfite pretreatment in this work
were believed to be modified with acid functional groups and favorable
for utilization as adsorbents for heavy metal ions in wastewater treat-
ment.

FTIR spectra were used to identify the potential functional groups in
the chemical structure of lignin after two-stage alkali-sulfite treatment
(AlkSul lignin). As comparison, the commercial Kraft lignin and lignin
after two-stage alkali pretreatment (Alkaline Lignin) were also tested.
FTIR spectra (Supplementary data) revealed that all lignin samples
appeared a broad band around 3400 cm−1, attributed to the stretching
vibration of OH groups which were considered as the major functional
group for metal ion adsorption (Ge and Li, 2018). Different from Kraft
lignin, AlkSul lignin and Alkaline lignin showed a strong band at
1720 cm−1. This band originated from unconjugated carbonyl/carboxyl
stretching, indicating these functional groups resulted from alkaline
treatment. The main absorption bands that were associated with sul-
fonated lignin at 1270, 1080 and 870 cm−1 were found on AlkSul lignin
and Kraft lignin, but not on Alkaline lignin, ascribed to the presence of
sulfonic groups due to sulfite treatment (Al-Lagtah et al., 2016; Lee,
2013). The incorporation of these functional groups (hydroxylic, car-
boxylic and sulfonic groups) through AlkSul pretreatment could im-
prove the adsorption capacity of lignin for heavy metal ions, since the
adsorption of heavy metals on lignin was an ion exchange process in
which the functional groups on lignin deprotonated and adsorbed
heavy metal cations through ionic binding (Lee, 2013).

Adsorption properties of heavy metal ions on lignin residues from
pretreatment (AlkSul lignin) and enzymatic hydrolysis (AlkSul-EHR)
were examined using Pb(II) ions as a representative. The influence of

Fig. 3. Adsorption capacity of obtained lignin adsorbents for heavy metal ions.
(a) effect of pH on adsorption capacity of lignin for Pb(II); (b) effect of contact
time on adsorption capacity of lignin for Pb(II); (c) effect of initial Pb(II) con-
centration on adsorption capacity of lignin.

Table 2
Experimental and calculated data for pseudo-first-order and pseudo-second-
order kinetic models, Freundlich and Langmuir isotherms for adsorption of Pb
(II) on lignin.

Model Parameter AlkSul
Lignin

Alkaline
Lignin

AlkSul EHR Kraft
Lignin

qe,exp (mg/
g)

59.07 57.12 40.27 25.23

Pseudo-first-
order
kinetics

R2 0.8911 0.9363 0.9508 0.9878
k1 (min−1) 0.1219 0.1165 0.1461 0.1004
qe (mg/g) 29.72 35.99 28.41 22.56

Pseudo-second-
order
kinetics

R2 1.0000 1.0000 0.9998 0.9997
k2 (g/
(mg·min))

0.0161 0.0176 0.0139 0.0089

qe (mg/g) 59.88 54.35 41.32 26.53

Freundlich
isotherm

R2 0.9683 0.9783 0.9656 0.9674
Kf (mg/g) 25.62 12.78 19.37 7.28
n 3.36 3.05 5.13 3.49

Langmuir
isotherm

R2 0.9991 0.9975 0.9995 0.9999
qm (mg/g) 156.25 112.36 68.49 48.78
b (L/mg) 0.0249 0.0105 0.0248 0.0126
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pH on adsorption showed greater performance of adsorption with the
increase in pH value. And optimum adsorption was observed in a pH
range of 6–7 (Fig. 3a). The results also implied that at lower pH, des-
orption would occur, which favored regeneration of lignin adsorbents
for reusability (Ge et al., 2016). Besides, the adsorption process reached
equilibrium within 60min, at 25 °C and pH 6 (Fig. 3b). The rapid ad-
sorption indicated that Pb(II) was adsorbed by readily available ad-
sorption site on lignin (Suopajarvi et al., 2015). At 60min, 59.60,
53.32, 40.27 and 25.23mg Pb(II) could be adsorbed to per gram AlkSul
lignin, Alkaline lignin, AlkSul-EHR and Kraft lignin, respectively, equal
to Pb(II) removal of 92.48, 79.93, 53.13 and 32.80%. As expected,
AlkSul lignin possessed the highest adsorption capacity for Pb(II),

primarily due to the acid groups incorporation during pretreatment.
AlkSul-EHR showed lower adsorption capacity than AlkSul lignin, as
the lignin remained in water-insoluble fraction after AlkSul pretreat-
ment was hardly modified. Nonetheless, they possessed 1.6–2.4 times
higher adsorption capacity than commercial Kraft lignin. The effect of
initial Pb(II) concentration was also examined. Results illustrated that
the increment in adsorption capacity at higher initial Pb(II) con-
centrations was less than that at lower initial concentrations (Fig. 3c),
because the adsorption sites were blocked and not available at higher
Pb(II) concentrations .

The adsorption kinetics analysis showed that the kinetics of Pb(II)
adsorption on lignin followed a pseudo-second-order model with high

Fig. 4. (a, b) Contribution of each factor during two-stage alkali-sulfite assisted liquid hot water pretreatment of poplar wood pellets and (c) proposed mechanisms on
improving biomass saccharification and enabling lignin valorization via absorbents for heavy metal ions (“+” and “−” indicated for enhancing and suppressing
substrate characteristics and enzymatic hydrolysis).
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correlation coefficients (R2) (Table 2), suggesting that the adsorption
process involved chemisorption as the rate limiting step (Xu et al.,
2012). The adsorption isotherm analysis showed that Langmuir model
could better describe the adsorption of Pb(II) to lignin as indicated by
the higher R2 values (Table 2), implying that lead ions adsorption on
lignin followed a monolayer coverage (Ogunsile and Bamgboye, 2017).
The calculated saturation capacity (qm) according to the Langmuir
model was 156.25, 112.36, 68.49 and 48.78mg/g for AlkSul lignin,
Alkaline lignin, AlkSul-EHR and Kraft lignin, respectively.

3.6. Proposed mechanisms and mass balance of two-stage alkali-sulfite
pretreatment

The integrated process based on two-stage alkali-sulfite pretreat-
ment was proved to be capable of improving fermentable sugars pro-
duction and coproducing lignin adsorbents for sustainable biorefinery.
Based on the results and discussion above, the contribution of each
factor of two-stage alkali-sulfite pretreatment and the underlying me-
chanisms are illustrated in Fig. 4. The addition of alkali and sulfite in
LHW pretreatment significantly enhanced the performance of pre-
treatment in terms of lignin removal and lignin modification (acid
groups incorporation), thereby giving rise to greater enzymatic hy-
drolysis and total sugar yield. More detailed, the addition of alkali
mostly targeted at lignin removal, while the addition of sulfite mainly
gave rise to the lignin modification (Fig. 4a). Furthermore, the first
stage of alkali-sulfite pretreatment made major contribution to the
improvement in acid groups incorporation when comparing with the
second-stage pretreatment. And the second-stage pretreatment was
more related to lignin removal rather than acid groups incorporation,
which could further break the lignin-hemicellulose coverage on

cellulose surface, contributing to the larger extent of cellulose accessi-
bility and biomass saccharification (Fig. 4b).

On the one hand, the incorporation of acid groups played an im-
portant role in improving enzymatic hydrolysis of poplar wood pellets,
and the hypothetical mechanism model was shown in Fig. 4c. As re-
ported in previous work, the acid groups could enhance substrate hy-
drophilicity, which had the potential to decrease non-productive
binding of cellulase enzymes to residual lignin (Del Rio et al., 2011).
Moreover, acid groups incorporation was also supposed to promote
fiber swelling in substrate, which, in combination with selective lignin
removal, increased cellulose accessibility to enzymes. As a result of
selective lignin removal and modification, the limitation imposed by
lignin through physical barrier and non-productive binding of enzymes
could be mitigated, leading to enhanced ease of enzymatic hydrolysis
(Wang et al., 2018). On the other hand, C-α position in lignin structure
was typical site for both lignin repolymerization and modification such
as sulfonation, alkylation as revealed previously (Lai et al., 2017;
Pielhop et al., 2015). Thus, in this work, C-α was most likely sulfonated
in mild first-stage AlkSul pretreatment and would not be available for
further repolymerization reactions in harsh second-stage pretreatment
(Del Rio, 2012). As a result, the highly modified but lower re-
polymerized lignin was favorable for not only improving biomass sac-
charification, but also enabling lignin valorization via adsorbents for
heavy metal ions.

In a biorefinery process, the main goals of the pretreatment were to
enhance the biomass fractionation and to recover cellulose, hemi-
cellulose and lignin components in usable forms (Schneider et al.,
2017). In previous work, steam or LHW pretreatment was proposed to
facilitate biomass fractionation by solubilizing and recovering hemi-
celluloses in water-soluble fraction, while providing a water-insoluble

Fig. 5. Flowchart and mass balance of the integrated process to coproduce fermentable sugars and lignin adsorbents.
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fraction mainly consisting of cellulose and lignin with enhanced enzy-
matic digestibility (Chandra et al., 2016; Chu et al., 2017). However,
this work aimed at maximizing the sugar recovery by retaining most of
the original carbohydrates (cellulose and hemicellulose) in water-in-
soluble fraction, while significantly improving its enzymatic digest-
ibility through selective lignin removal and modification. As illustrated
in Fig. 5, 38.39 g glucan and 10.22 g xylan could be converted to fer-
mentable sugars after AlkSul pretreatement using 8% Na2SO3 and 12%
NaHCO3 on 100 g pellets and subsequent enzymatic hydrolysis. Even
with low chemical loading of 8% Na2SO3 and 4% NaHCO3 in pre-
treatment, 35.70 g glucan and 8.85 g xylan could be converted to fer-
mentable sugars (details not shown). They obviously outweighed the
total sugar yield from pellets after LHW pretreatment and enzymatic
hydrolysis (5.65 g in pretreatment liquor and 24.61 g in enzymatic
hydrolysate, Fig. 5). Meanwhile, lignin could be partially solubilized
through pretreatment and recovered in the water-soluble fraction in
usable forms (14.85 g, Fig. 5) for downstream valorization, while the
lignin residue after enzymatic hydrolysis (21.14 g, Fig. 5) could also be
utilized as adsorbents for heavy metal ions. The maximum Pb(II) ad-
sorption capacity according to the Langmuir model was 156.25 and
68.49mg/g, respectively. As comparison, it was reported that the Pb(II)
adsorption capacity of unmodified lignin was less than 30mg/g (Ge and
Li, 2018).

4. Conclusions

The integrated process based on alkali-sulfite pretreatment was
proved to be capable of improving biomass saccharification and co-
producing lignin adsorbents for heavy metal ions, allowing the holistic
utilization of lignocellulosic biomass for sustainable biorefinery. During
this process, the addition of alkali made major contribution to lignin
removal, while the addition of sulfite primarily caused lignin mod-
ification. Moreover, lignin modification mostly took place in the mild
first stage, while lignin removal mainly resulted from the harsh second
stage. The lignin modification in terms of hydrophilic acid groups in-
corporation played a significant role in improving biomass sacchar-
ification and increasing lignin adsorption capacity.
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