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Lignocelluloses consist of the biopolymers of cellulose,
hemicellulose, and lignin that form a natural structural
matrix. Representing one of the most abundant renewable
natural resources, the utilization of lignocelluloses does not
necessarily impact the environment and land use. The substi-
tution of traditional fossil resources by the three major
biopolymers as sustainable feedstock has been extensively
investigated for the manufacture of high value-added prod-
ucts including biofuels, commodity chemicals, biobased
functional materials, and heterogeneous catalysts that
could be directly applied for promoting the manufacturing
processes. Effective separation and conversion techniques
would play a significant role in economic viability of
manufacturing these products from the lignocellulosic
feedstock. Aiming at improving the conversion effective-
ness or developing innovative techniques for new value-
added products, this special issue was conceived for the
collection of studies on state-of-art techniques developed
specifically for producing chemicals, materials, and catalysts
from the lignocellulosic feedstock.

In the natural source of cell walls, hemicellulose and
lignin can be closely linked together in a homogeneous
state to form the lignin-carbohydrate complexes (LCC).
Recently, the great strength and good biocompatibility of
the lignin composition, as well as the stimulation of the
animal cell adsorption and growth by the containing
galactose composition, were reported. In the study entitled
“Lignin-Carbohydrate Complexes Based Spherical Biocar-
riers: Preparation, Characterization, and Biocompatibility,”

H. Zhao et al. prepared porous spherical carriers from the
natural LCC isolated from the xylem of Ginkgo biloba L. with
a high physical strength. Because it contains the galactose
unit, the carriers are very biocompatible to human hepato-
cytes. It shows a good promise of the LCC to be introduced
as a biomedical supporter in the tissue engineering.

Nanofibrillated celluloses (NFCs) are high value-added
cellulosic materials for their high strength, high Young’s
modulus but low coefficient of thermal expansion and
transparency. The NFCs were mechanically prepared from
lignocellulosic biomass in the industry. However, the natural
cellulose showed a strong resistance against the mechanical
fibrillation. The low yield, high degradation, and low energy
efficiency always challenge the current mechanical prepara-
tion of NFCs. In the study entitled “Ozone Oxidation of Kraft
Bamboo Pulp for Preparation of Nanofibrillated Cellulose,”
M. Liu et al. developed a novel green approach for NFC pro-
duction from the low-cost Kraft bamboo pulp. Results
showed that the NFC product could be efficiently produce
through the homogenization method combined with the
advanced oxidation technique using ozone. The prepared
NFC had a high aspect ratio of length (≥250 nm) versus
width (10–20nm). In the study entitled “Preparation and
Characterization of Nanofibrillated Cellulose from Bamboo
Fiber via Ultrasonication Assisted by Repulsive Effect,”
Z. Hu et al. reported an alternative process to efficiently
isolate the NFCs from bamboo fiber using ultrasonic
homogenization with the assistance of negatively charged
entities. As the presence of the carboxyl groups attributed
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to the ionic repulsion between the carboxylate groups of the
cellulose chains, the number of carboxyl groups that had
led to the addition of negative charge played a critical role
in the dispersion of NFCs. Ultrasonic homogenization could
contribute to a further augmentation of the surface charge by
destroying the crystal structure of the cellulose composition.

Carbonaceous adsorbents derived from lignocellulosic
biomass could be applied in removal of heavy metals from
aqueous environments. In the study entitled “Valorizing Rice
Straw and Its Anaerobically Digested Residues for Biochar to
Remove Pb(II) from Aqueous Solution,” both the rice straw
and its anaerobically digested residues (ADR) were valorized
to biochar through the pyrolysis approach. Results showed
that the Pb(II) absorption capacities of biochar produced
from the rice straw and its ADR at 500°C were 276.3 and
90.5mg·g−1, respectively. Different adsorption mechanisms
acted between the biochar produced from the two biomass
resources. The biochar from the rice straw promised an
efficient adsorbent for removal of the Pb(II) from aqueous
solutions, in which the existence of the carbonates and car-
boxylates was considered to be responsible for the promoted
adsorption efficiency.

Soybean straw is a renewable resource in agricultural
byproducts. In the study entitled “Evaluation of Alkali-
Pretreated Soybean Straw for Lignocellulosic Bioethanol
Production,” S. Kim tested the potential of the soybean straw
to be used as the raw material for lignocellulosic bioethanol
production. The results showed that the alkali-pretreatment
with sodium hydroxide could remove the lignin and hemicel-
lulose from the soybean straw effectively. The enzyme digest-
ibility of the raw material was promoted leading an over 90%
of the cellulose composition converted to fermentable sugars
catalyzed by the commercial Cellic CTec2 enzyme cocktail.
The ethanol yield was 0.305 g ethanol/g dry soybean straw
through the simultaneous hydrolysis and fermentation pro-
cess under the optimal condition. The ethanol productivity
from soybean straw was greatly enhanced by the pretreat-
ment using sodium hydroxide.

We hope all the work above in this special issue could
provide useful information and shall technically contribute
to further development of the biorefinery field.
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The influence of ozonation on the homogenization of Kraft bamboo pulp (KBP) for the production of nanofibrillated cellulose
(NFC) was studied. Using optimized conditions for ozonation, that is, pulp consistency 35%, ozone dosage 0.87% (v/w), and
pH = 2 5, the kappa number and viscosity of KBP decreased from 10.8 to 2.8 and from 1024mL∙g−1 to 258mL∙g−1,
respectively, while the crystallinity and carboxylate content increased from 36.2% to 48% and 0.93mmol/g to 1.26mmol/g,
respectively. The ozonation-treated KPB was used as the substrate for NFC preparation through homogenization. With a
width of 10–20 nm and length ≥ 250 nm, the prepared NFC had a high aspect ratio of length versus width. Ozonation can
be used as an alternative approach to promote the efficient production of NFC from KBP.

1. Introduction

Cellulose is a natural, renewable material commonly used in
the production of biocompatible or environmentally friendly
product [1, 2]. It is also used as a low-cost filler for sustain-
able composite materials and, therefore, could be applied as
a reinforcing element in polymer matrices [3]. In particular,
bioderived, nanosized cellulose nanofillers have attracted
great attention because they have a stronger reinforcing
potential than individual cellulose fibers [4]. Nanofibrillated
cellulose (NFC) is a common nanosized material for which
at least one dimension is at the nanometer level. The diame-
ters of NFC particles are usually below 100nm. Furthermore,
the high strength, high Young’s modulus, low coefficient of
thermal expansion, and transparency of NFC make it one
of the most promising reinforcing elements to be used in a
range of products.

NFC can be mechanically separated from woody biomass
[5, 6]. The natural herbal fibers have a complex multilayer
structure, which contributes to a complex aggregation of

fibers. Moreover, there is a large extent of hydrogen bonding
among the cellulose microfibrils. The natural cellulose
material showed a strong resistance against mechanical
fibrillation. Therefore, the mechanical preparation of NFC
is a high-energy process that requires special equipment,
which is not conducive to industrial production [7].

To improve the production efficiency of NFC, the raw
materials are pretreated prior to mechanical shearing.
Chemical pretreatment methods, including oxidation, acid
hydrolysis, or organic solvent dissolution, are commonly
applied to remove lignin and hemicellulose, to reduce the
crystallinity of the cellulose, and to promote the hydrophi-
licity of the material. Besbes et al. [8] reported a TEMPO-
(2,2,6,6-tetramethylpiperidine-1-oxyl radical-) mediated oxi-
dation procedure, which assisted the defibrillation process by
reducing the number of required passes and preventing the
cellulose fibers from clogging in the homogenizer [9, 10].
Acid pretreatment is typically performed in a heated
acidic solution (64% concentrated sulfuric acid) with
ultrasound or mechanical stirring in order to hydrolyze
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the cellulose fibers. Unfortunately, most chemical methods
suffer from harsh reaction conditions and result in
environmental pollution.

Ozone is a green oxidizing reagent that has been impor-
tant in pulp bleaching because of its strong capacity for lignin
removal. In addition, it could also efficiently perform ozona-
tion (ozone oxidization) on the carbohydrate polymers in the
fiber. While ozone is a strong oxidant, ozonation of cellulose
leads to a minor oxidation reaction mostly at the C-6 position
[11, 12]. The reaction could increase the number of
negatively charged species on the fiber surface, similar to
the TEMPO-mediated oxidation system, to promote fibrilla-
tion during the homogenization process. The ozonation
could spur the development of new applications and markets
for CNF with the advantages of low energy and low chemical
requirement [13].

Bleached pulp from the pulping and paper industries
has been extensively used as a raw material for the prepa-
ration of NFC [14, 15]. Although they are readily available
and contain high-purity cellulose, bleached pulp and pure
cellulose fibers are more expensive than unbleached pulp,
especially when considering large-scale production. How-
ever, unbleached pulp has a high lignin content that
should be removed from the fibers as much as possible
before use. The retained fiber should also be broken down
and turned into filaments before homogenization to avoid
clogging the high-pressure homogenizer.

Considering the high efficiencies of delignification as well
as good oxidizing selectivity, direct application of the ozona-
tion method on the pretreatment of the unbleached Kraft
pulp instead of pure cellulose fibers for the NFC preparation
would be feasible. In this study, the effect of ozonation on the
physical properties of Kraft bamboo pulp (KPB) for subse-
quent mechanical production of NFC was determined. The
objective of this work is to demonstrate that the ozone oxida-
tion could be applied in conjunction with mechanical
homogenization for produce CNF from the Kraft pulps.

2. Experiments

2.1. Materials. The KBP sample was obtained from a local
pulp mill (Sichuan, China). The kappa number, viscosity,
and water consistency of the KBP were 10.1, 1024mL∙g−1,
and 33%, respectively. Before use, the KBP was activated via
oxidation with oxygen at 100°C for 100min. Then, 60 g
(dry weight (DW)) of EKP was sealed in a 2 L reactor
(Dawn Precision Instrument Co., Ltd, Shandong, China)
with 700mL of a solution containing 10% (w/v) NaOH,
1% (w/v) MgSO4, and 30% (v/v) H2O2. The pressure in
the reactor was 0.6Mpa at 100°C.

2.2. NFC Preparation

2.2.1. PFI Refining. The KBP was adjusted to a 10% (w/w)
oven-dried (OD) consistency with distilled water and
dispersed evenly. According to QB/T 1463-2010, the pulp
was loaded and mechanically sheared on a PFI refiner
(Mark VI, Hamjern Maskin A/S, Hamar, Norway) for
1000 revolutions.

2.2.2. Ozonation. The ozonation process includes 4 stages:
pretreatment with sulfuric acid (A), ozone oxidation (Z),
alkali treatment with sodium hydroxide (E), and hydrogen
peroxide treatment (P). Table 1 shows the reaction condi-
tions applied in each of the 4 stages.

In the A, E, and P stages, the BKP was sealed in poly-
ethylene bags and incubated at the designated temperature
in a water bath. During the reaction, the BKP sample was
mixed every 20min by hand kneading the bags. After each
stage of the reaction, the collected BKP samples were
washed thoroughly with distilled water (5 times w/v) until
the pH reached 7.

Before ozone oxidation, the washed pulp was dewa-
tered and sealed in polyethylene bags for 12 h at room
temperature to maintain consistent water content. Then,
the sample was placed in a self-designed rotary reactor
[16]. Ozone with a flow of 120 L/Nm3 was pumped into
a 2.5 L bleaching reactor through Teflon tubes at a flow
rate of 800mL/min. The ozone was produced by an ozone
generator (KCF-SF100B, Koner, Jiangsu, China) using the
compressed pure O2 as the gas supply. The reactor was
rotating at 60 r/min at 25°C.

2.2.3. Mechanical Homogenization. The disintegration of
ozone-treated KBP pulp was performed using a high-
pressure microfluidizer (Lab-scale, Nano DeBEE, USA)
equipped with D5 and D10 nozzles. The KBP was dispersed
in distilled water and diluted to a 0.1% (w/w) suspension. A
50mL suspension was continuously homogenized for 3 times
at 10,000 psi and then twice at 25,000 psi.

2.3. Characterization

2.3.1. Kappa Number and Viscosity. The kappa number and
viscosity of the BKP were determined according to GB/T
1546-1989 and GB/T 1548-2016, respectively. The BKP
sample that was collected after ozonation was recognized as
the treated BKP.

2.3.2. Determination of the Degree of Crystallinity. The X-ray
diffraction (XRD) patterns of the original and treated BKP
were recorded using a Bruker X-ray diffractometer (D8
Advance, USA) equipped with Cu-Kα radiation (λ = 0 154
nm). The 2θ values were measured from 5° to 40° with a step

Table 1: Reaction conditions for the ozonation stage.

Condition A Z E P

Pulp consistency (w/w) 6.0 25–45 7.0 10

Temperature (°C) 60 RT 70 90

Time (min) 60 4–12 60 100

pH NA 1.5–3.5 NA NA

H2SO4 (w/w) 2.0 — — —

O3 (v/w) — 0.4–1.2 — —

NaOH (w/w) — — 1.5 0.5

H2O2 (w/w) — — — 2.5

RT: room temperature (25°C); NA: not available.
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of 0.04° and 0.2 s. The crystallinity index (CrI) was calculated
by formula [17] as follows:

Cr% = I002 − Iam
I002

× 100 1

where I002 and Iam represent the intensity of the peaks that
correlate to the 020 and 101 lattice planes of cellulose I at 2
θ = 22 5° and 16.5°, respectively.

2.3.3. Carboxylate Content. The carboxylate content in BKP
was determined using the conductometric-titration method.
A 55mL BKP suspension (0.55%, w/w) was prepared in
deionized water. After adding 5mL of 0.01M NaCl, the pH
was adjusted to 2.5 using 0.1M HCl. The mixture was stirred
well and titrated with 0.1M NaOH. The total amount of
carboxyl groups was calculated according to

C = V2 −V1 × CNaOH
m

, 2

where C (mmol/g) is the carboxylate content, V2 (mL) is the
added volume of the NaOH solution when the titration
curves reached their peak point, V1 (mL) is the volume of
HCl added to the mixture, CNaOH (M) is the exact concentra-
tion of the NaOH solution, and m is the weight of the dried
product (g).

2.3.4. Electron Microscopy. The surface of the treated BKP
and the nanostructure of the NFC product were observed
with a Carl Zeiss Evo 18 scanning electron microscope
(SEM; Germany) and H-7650 HITACHI transmission elec-
tron microscope (TEM; Japan), respectively. Before observa-
tion, the treated BKP was freeze-dried and coated with a gold
film. The NFC product was transferred into a 2mL tube and
centrifuged at 8000 r/min for 5min using a centrifuge
(Eppendorf Vertrieb GmbH, Germany). The liquid superna-
tant was diluted 50 times with distilled water, and 20μL of
the diluted supernatant was dropped on a copper sample disc
and air dried. The SEM and TEM images were collected at an
acceleration voltage of 5–15 kV and 150 kV, respectively.

3. Results and Discussion

3.1. Ozonation of KBP. The selective oxidization of the
hydroxymethyl groups on cellulose using a TEMPO-
mediated system led to significant improvements in the
efficiency of mechanical processing in the preparation of
individual NFC suspensions [18–20], which suggests that a
net increase in the negative surface charge of the nanofibers
could facilitate mechanical peeling of the fibers. Ozone is a
strong oxidant that could simultaneously react with the
residual lignin and oxidize the groups, such as aromatic rings
and -C=C- in the side chains, to improve the surface hydro-
philicity of the fibers. In theory, ozone is a promising green
reagent for pretreating unbleached pulp before the prepara-
tion of NFC; nevertheless, free radicals generated during
ozonation could cause the degradation of the cellulose and
carbohydrates. This potential problem can be combatted by
controlling the intensity of the reaction.

In ozonation, pulp consistency, ozone consumption, and
initial pH were considered as the key factors for an efficient
oxidation process [21]. Their optimal levels were determined
by single-factor experiments using the change in the KBP
properties, that is, crystallinity, viscosity, kappa number,
and carboxylate content, as the response factors.

3.1.1. Effect of Pulp Consistency. For the ozonation of high-
consistency pulp, the optimal concentration of the pH and
ozone dosage were 2-3 and 0.4–1.2%, respectively [22].
When the pulp consistency varied from 25% to 45%, the
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Figure 1: Effect of pulp consistency on kappa number, viscosity, crystallinity, and carboxylate content.

Table 2: The relationship between the ozone dosage and
treatment time.

Ozone dosage (%) Time (min)

0.42 4

0.64 6

0.87 8

1.06 10

1.21 12
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acquired experimental pH and ozone dosage were 2.5 and
0.87%, respectively.

Figure 1 shows the change in kappa number, viscosity,
crystallinity, and carboxylate content for KBP when different
pulp consistencies are used in the ozonation process. When
the pulp consistency increased from 25% to 35%, the kappa
number and viscosity decreased rapidly. This indicated
accelerated delignification and degradation of the cellulose.
Ozonation is recognized as a complex mass-transfer process
including stages of both solid chemical absorption and gas-
liquid mass transfer [23, 24]. Because ozone is nearly

insoluble in water, the resistance of mass transfer was sup-
posed to be generally dependent on the water film between
the ozone and the surface of the BKP. With accelerated
ozonation, the increased pulp consistency may have led to a
thinner water film on the BKP. This is consistent with the
measured increase in crystallinity and carboxylate content
that was caused by the oxidization of the amorphous
cellulose and hydroxyl groups, respectively. When the pulp
consistency exceeded 35%, the rates of decrease in the Kappa
number and viscosity, as well as the rate of increase in the
carboxylate content, were slowed down. However, a decrease
in crystallinity was observed. This indicated that the cellulose
had an intense reaction with the ozone.

Based on these results, the critical level of pulp consis-
tency for the ozonation reaction was 35%, and a 35% pulp
consistency was applied to subsequent experiments.

3.1.2. Effect of Ozone Dosage. At a constant ozone composi-
tion (120 L/Nm3) and gas flow rate (800mL/min), the
ozone dosage is mostly dependent on the amount of time
the oxidation reaction is continued. In this experiment,
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Figure 2: Effect of ozone dosage on kappa number, viscosity, crystallinity, and carboxylate content.
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Figure 3: Effect of pH on kappa number, viscosity, crystallinity, and carboxylate content of the pulp.

Table 3: Change in the properties of the KBP.

Original KBP
Treated KBP
after ozonation

Kappa number 10.8 2.8

Viscosity (mL·g−1) 1024 258

Crystallinity degree (%) 36.2 48

Carboxylate content (mmol/g) 0.93 1.26
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different ozone dosages were applied in the ozonation
process by controlling the reaction time (Table 2). The
effect of the ozone dosage on the BKP properties was
examined at pH = 2 5 and 35% pulp consistency.

As the ozone dosage increased, the kappa number and
viscosity gradually decreased. The rate of decline decreased
when the ozone dosage exceeded 0.87% (Figure 2). Con-
versely, the crystallinity and carboxylate content increased
notably when the ozone dosage increased from 0.42% to
0.87%. When the ozone dosage was over 0.87%, the crystal-
linity started to decrease.

The reduction in the viscosity indicated the degradation
of cellulose. This was correlated to the ozone-induced
delignification reaction, which could generate a large number
of free radicals. These free radicals could attack the chemical
bonds within the carbohydrates and cause the degradation of
cellulose in the BKP. Because the cellulose crystal structure is
also impacted by the free radical attacks, the crystallinity of
the cellulose decreased as the oxidation time increased. The
increasing carboxylate content with increasing ozone dosage
indicated the oxidation of hydroxyl groups to carboxyl
groups by ozonation.

3.1.3. Effect of pH. The rate of ozone self-decomposition
could be reduced by the proper H+ concentration within
the pulp. The effect of pH on the properties of the pulp
was studied using a 35% pulp consistency and ozone
dosage of 0.87%.

Figure 3 shows that the lowest kappa number and the
highest crystallinity and carboxylate content were achieved
when pH = 2 5. When pH < 2 5, the ozone decomposed
less and the delignification rate increased, while the cellu-
lose decomposition decreased. Higher pH led to lower
viscosity but a higher kappa number, as intensive decom-
position of the ozone could generate a large amount of
hydroxyl radicals to oxidize the cellulose polymers. The
overconsumption of ozone to produce hydroxyl radicals
had a negative effect on delignification.

3.1.4. Preparation of the Substrate for NFC Production via
Ozonation.Using the optimized conditions (35% pulp con-
sistency, pH = 2 5, and ozone dosage of 0.87%), ozonation
of the KBP was performed. After the ozonation, the kappa

number and the viscosity of the KBP decreased by 74.1%
and 74.8%, respectively, while the crystallinity and carbox-
ylate content increased by 32.6% and 35.5%, respectively
(Table 3). The size of the BKP fibers was not dramatically
changed by the ozonation treatment and had an average
diameter of 10μm (Figures 4(a) and 4(b)). However, the
distinct microfiber structure on the surface of the BKP
fibers became less obvious due to the formation of fibrils
and fragments.

3.2. Defibrillation of the KBP and the NFC Morphology. The
treated KBP was then homogenized for NFC production.
The treated KBP could smoothly pass through the micro-
fluidizer, and a suspension of the NFC product was stably
suspended after 5 cycles (Figure 5). In contrast, the
untreated KBP seriously clogged the nozzles of the microflui-
dizer, which caused the NFC preparation to fail. The pre-
pared NFC from the visible suspension from the 5-cycle
homogenization was observed using TEM (Figures 6(a)
and 6(b)). The TEM images of the isolated NFC showed
widths of 10–20nm and lengths up to 250nm. The high
aspect ratio of the prepared NFC is consistent with the
literature [25].

Ozone is an oxidizing agent with high oxidation poten-
tial. The ozonation treatment of KBP promoted fibrillation,
which was advantageous for the preparation of NFC. This
improved fibrillation can be explained by the decreased lig-
nin composition and increased negative surface charge on
the fibers. The ozone-induced delignification occurred via
an electrophilic substitution reaction on the lignin units or

(a) (b)

Figure 4: The morphology of the BKP fiber and the prepared BKP fiber before (a) and after (b) ozonation.

(a) (b) (c) (d)

Figure 5: Appearance of the NFC product after standing still for
24 h. Samples before (a) and after 1 (b), 3 (c), and 5 (d) passes
through the microfluidizer.
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side chains [26, 27]. Free radical reactions induced by the
decomposition of ozone and lignin self-ozonation could also
contribute to the improved delignification. Ozone could also
enhance the hydrophilicity of the fibers, which may prevent
the reformation of hydrogen bonds during mechanical
defibrillation. In this study, ozone treatment of pulp had a
similar effect as acid hydrolysis or TEMPO-mediated oxida-
tion; however, the ozonation method is essentially free of
environmental pollutants. The combination of ozone oxida-
tion and high-pressure homogenization is an effective way
to prepare nanocellulose.

4. Conclusion

NFC was successfully prepared from unbleached KBP using
the combination of ozonation and high-pressure homogeni-
zation. The pulp consistency, pH value, and ozone dosage
are important parameters in the ozonation of KBP. The
ozonation treatment enabled the fibrillation of the KBP for
the efficient preparation of NFC. The obtained NFC nano-
particles had a high aspect ratio.
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Soybean straw is a renewable resource in agricultural residues that can be used for lignocellulosic bioethanol production. To enhance
enzymatic digestibility and fermentability, the biomass was preparedwith an alkali-thermal pretreatment (sodiumhydroxide, 121∘C,
60min). The delignification yield was 34.1∼53%, in proportion to the amount of sodium hydroxide, from 0.5 to 3.0M. The lignin
and hemicellulose contents of the pretreated biomass were reduced by the pretreatment process, whereas the proportion of cellulose
was increased. Under optimal condition, the pretreated biomass consisted of 74.0 ± 0.1% cellulose, 10.3 ± 0.1% hemicellulose, and
10.1 ± 0.6% lignin. During enzymatic saccharification using Cellic� CTec2 cellulase, 10% (w/v) of pretreated soybean straw was
hydrolyzed completely and converted to 67.3 ± 2.1 g/L glucose and 9.4 ± 0.5 g/L xylose with a 90.9% yield efficiency. Simultaneous
saccharification and fermentation of the pretreated biomass by Saccharomyces cerevisiaeW303-1A produced 30.5 ± 1.2 g/L ethanol
in 0.5 L fermented medium containing 10% (w/v) pretreated biomass after 72 h. The ethanol productivity was 0.305 g ethanol/g
dry biomass and 0.45 g ethanol/g glucose after fermentation, with a low concentration of organic acid metabolites. Also, 82% of
fermentable sugar was used by the yeast for ethanol fermentation.These results show that the combination of alkaline pretreatment
and biomass hydrolysate is useful for enhancing bioethanol productivity using delignified soybean straw.

1. Introduction

The soybean (Glycine max L. Merr.) is an annual herbaceous
plant in the species of legumes that originated in East Asia
(including China, Japan, and Korea), widely grown for its
edible bean as an important food resource. During soybean
harvesting, the stalks, the husks, and the dry leaves remain
as the agricultural residues. In Korean traditional agriculture
farming, the dry leaves had been traditionally used as cattle
feedstock, but the rest of residues had been consumed as
biomass fuel for heating. However, the modern agriculture
farm does not use these agricultural residues anymore and
abandon the large volumes of the biomass [1].

Nevertheless, soybean straw, the residual part, has the
potential to serve an inexpensive feedstock for the production
of fermentable sugars, instead of food sources, such as
corn, sugar cane, and other food stocks, for the production
of bioethanol or other biorefinery products [1, 2]. Among
various biomass sources, crop residues such as rice, wheat,

barley straw, and corn stover have gained considerable
interest and several studies have already been reported based
on these feedstocks [3–5]. However, soybean straw, like
other lignocellulosic biomaterials, consists of a rigid cellulose
structure of strongly cross-linked amorphous hemicellulose
and lignin [6–10]. These rigid biomass structures are too
chemically complex and too resistant to enzymatic hydrolysis
for the production of fermentable sugars. Thus, pretreatment
is necessary to change the rigid lignocellulose structures into
more enzymatically accessible and digestible forms [2–5].

Soybean straw contains a relatively low level of hemicel-
lulose and lignin per gram biomass, compared with other lig-
nocellulosic biomasses [6–10]. Thus, pretreatment is needed
to increase the cellulose content and to decrease the hemicel-
lulose and lignin contents in the biomass. The pretreatment
processes should enhance the proportion of cellulose in
soybean straw [7–10]. Acidic, alkali, and sequential acidic-
alkali pretreatments, combined with high temperature or
high pressure, have been applied in “conventional” chemical
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treatment processes [3–5, 11–14]. Acidic pretreatments are
known to be effectivewith lignocellulosic biomasses in reduc-
ing the hemicellulose content. Similarly, alkali pretreatments
have been reported as simple processes for the delignification
of biomass under mild conditions with minimal sugar degra-
dation and without the formation of inhibitory compounds
[14]. Thus, chemical pretreatments can reduce hemicellulose
and lignin together to enhance the cellulose content of a
biomass [11, 13, 14].

In this study, an alkali-pretreatment was carried out to
decrease hemicellulose and lignin for high cellulose content
in soybean straw.The biomass was pretreated under different
concentration of sodium hydroxide at high temperature, that
is, 121∘C. The effectiveness of the alkali-pretreatment of the
biomass was determined based on the degree of composi-
tional change and enzymatic hydrolysis of pretreated solids.
In addition, to evaluate the alkali-pretreatment process, the
simultaneous saccharification and fermentation was also per-
formed using an ethanologenic yeast strain of Saccharomyces
cerevisiae and ethanol productivity was determined.

2. Materials and Methods

2.1. Materials. Soybean straws were obtained locally from
a farm in Jeongeup, Jeonbuk, South Korea, at the end of
November 2017. It was washed with water to eliminate soil
and other particles and then dried at 105∘C for 24 h. The
straws were chopped into 5–10 cm lengths for chemical pre-
treatment. Cellic CTec2 cellulasewas provided byNovozymes
Korea (Seoul, Republic of Korea).

2.2. Chemical Pretreatment of Soybean Straws. Dried straws
(20%w/v) with no physical treatment were soaked in sodium
hydroxide (NaOH) solution in the concentration range of
0∼3M and heated in an autoclave (121∘C, 15 psi, 60min). The
thermal-alkali-pretreated biomasses were removed from the
black alkali solution and then washed with flowing tap water
to remove NaOH from the biomass. This washing step was
repeated several times until the washed water showed a pale
brown color. The alkali-pretreated straws were dried at 105∘C
for 24 h to reduce themoisture content and then stored under
anhydrous conditions. The composition of the pretreated
biomass was analyzed based on the NREL chemical analysis
and testing laboratory analytical procedures (LAPs) of the
US Department of Energy (DOE). The lignin content of the
biomass was analyzed according to the LAPs of the DOE
(LAP-003 and LAP-004). The biomass pretreatment with
different NaOH concentration was performed in triplicate.

2.3. Enzymatic Hydrolysis of the Alkali-Pretreated Soybean
Straw. Enzymatic hydrolysis of the alkali-pretreated straw
(2M NOH-treated biomass) was carried out in a tube with a
30ml reaction volume usingCellic CTec2 cellulase. 10% (w/v)
pretreated biomass was soaked in phosphate buffer (pH 6.0)
containing the cellulasewith 10∼50 FPU (filter paper unit) per
gram of dry biomass. Enzymatic hydrolysis was performed
at 42∘C, 200 rpm, for 48 h. The biomass hydrolysate was
withdrawn at each 12 h for 72 h. After centrifugation of the

enzyme reactants, the hydrolyzed products were analyzed
by high-performance liquid chromatography (HPLC) for
the amount of monosaccharides generated in the enzymatic
hydrolysis. The enzyme solution of Cellic CTec2 cellulase
used for the enzymatic hydrolysis basically contains 206 ±
2.3 g/L glucose and 193.3 ± 0.2 g/L xylose. The calculation
of the amount of monosaccharides (glucose and xylose)
hydrolyzed from the pretreated biomass and the enzymatic
saccharification yields excludes the amount of these sugars
from the solution of the cellulase.

2.4. Ethanol Production Strain, Growth Conditions, and Fer-
mentation. Saccharomyces cerevisiae W303-1A was used as
an ethanol production strain [12]. The ethanologenic strain
was cultivated in YPD broth (2% Bacto peptone, 1% Bacto
yeast extract, and 2% glucose) at 30∘C at 200 rpm for 24 h. To
prepare a seed culture for ethanol fermentation, 1% (v/v) seed
culture was inoculated in a medium containing enzymatic
hydrolysis solution, in which 10% (w/v) pretreated soybean
straw was hydrolyzed by the cellulase for 48 h as carbon
sources, 2% Bacto peptone, and 1% Bacto yeast extract as
nutrient sources.Then the seed culture was further cultivated
at 30∘C at 200 rpm for 24 h. 5% (v/v) preculture of the
yeast strain was inoculated into a 1-L fermentor FMT ST-S
(Fermentec, Cheongju, South Korea) with a 0.5 L working
volume containing 10% (w/v) alkali-pretreated soybean straw,
2% Bacto peptone, and 1% Bacto yeast extract and then the
fermentor was operated at 30∘C with agitation at 300 rpm.
The ethanol fermentation was performed in triplicate.

2.5. Analytical Procedures. Cell growth was monitored by
measuring the optical density at 600 nm (OD600 nm) using
a spectrophotometer. Total reducing sugars in the enzy-
matic saccharification reaction were measured using the 3,5-
dinitrosalicylic acid method. The amounts of the released
sugars in the enzymatic saccharification and the metabolites
in fermentation were determined with a high-performance
liquid chromatography (HPLC) system (Agilent Technolo-
gies, Santa Clara, CA, USA), equipped with a refractive
index detector, an autosampler, and an Aminex HPX-87P
column (7.8 × 300mm; BioRad, Hercules, CA, USA) for
monosaccharide analysis or a Rezex ROA-Organic Acid H+
column (7.8× 300mm; Phenomenex, Torrance, CA,USA) for
organic acid analysis. All samples were clarified by filtration
with a 0.20-𝜇mfilter (Acrodisc LC PVDFMinispike; Pall Life
Sciences, Ann Arbor, MI, USA) and then injected into the
analytical HPLC column. The column temperature was kept
at 65∘C. The mobile phase was distilled water for monosac-
charides and 2.5mM sulfuric acid for organic acids, with a
flow rate 0.5mL/min under isocratic conditions. Under these
conditions, cellobiose, glucose, xylose, ethanol, glycerol, and
xylitol were detected at the retention times 9.93, 12.08, 13.14,
16.36, 18.96, and 34.33min, respectively, in monosaccharide
analyses. Succinic acid, lactic acid, acetic acid, and ethanol
were detected at the retention times 13.14, 16.36, 18.96, and
34.33min, respectively, in organic acid analyses. All analyses
were performed in triplicate
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Table 1: The chemical composition of soybean straws.

Compositions (%) per 100 g soybean straw∗

Sample 1 2 3 4 5 6
Cellulose 44–83 25.0 34.1 39.8 35.3 44.2
Hemicellulose - 11.9 16.1 22.6 16.9 5.9
Lignin(2) 5–14 17.6 21.6(1) 12.8 21.7(1) 19.2(1)

Ash 2–5 - 5.2 - 10.6 -
Reference [6] [7] [8] [9] [10] This study
∗The percentage of composition in the biomass is based on the dry weight of soybean straw. (1)The amount of lignin contains acid-soluble and insoluble
materials. (2)The lignin means acid-insoluble fraction.

3. Results and Discussion

3.1. Alkali Treatment of Soybean Straw and Its Composition.
Prior to alkali-pretreatment, cellulose, hemicellulose, and
lignin contents in the soy straw rawmaterial were determined
by using the methods of the US DOE. Dried soybean straw
(100 g) consisted of 44.2% cellulose, 5.9% hemicellulose,
and 19.2% lignin (Table 1). Compared to these contents in
several different biomasses summarized in Table 1 [6–10],
the soybean straw used in this study contained a relatively
low amount of hemicellulose and a high content of lignin.
It needs to reduce lignin content to enhance the enzymatic
accessibility and digestibility to produce a fermentable sugar
glucose and to enhance ethanol production yield using an
ethanologenic strain [5].

To enhance a high-cellulose-content biomass, alkali-
pretreatment was applied to reduce lignin in the soybean
straw (Figure 1). After the biomass had dried completely, the
chemical composition change in alkali-pretreated soybean
straws was analyzed (Table 2). The concentration of sodium
hydroxide affected the solubility of the biomass and the
loss of cellulose, hemicellulose, and lignin contents. Alkali-
thermal treatment within sodium hydroxide extracted up
to 52∼64.5% of the biomass into the soluble fraction, even
though hot water without any alkali compound extracted
29.1% of the biomass. With 3M sodium hydroxide pre-
treatment, the insoluble residue fraction contained 72.9%
cellulose, 9.1% hemicellulose, and 9.0% lignin per 100 g
dry biomass. After alkali treatment, 9.0∼12.6% lignin and
9.1∼17.9% hemicellulose remained in the residual biomass.
However, the pretreated biomass did not lose much cellulose
content, from 66.4 g to 72.9 g per 100 g of dry soybean straw,
with an increase in the sodium hydroxide concentration.
Thedelignification yieldwith the alkali-thermal pretreatment
was 34.1∼53.0%, in proportion to the amount of sodium
hydroxide, from 0.5 to 3.0M. However, >47% of the lignin
could not be removed from the biomass under the alkali-
thermal pretreatment conditions, even with a high concen-
tration of sodiumhydroxide. Nevertheless, the alkali-thermal
treatment of the biomass showed that sodium hydroxide
reduces hemicellulose and lignin effectively and increases the
cellulose content per gram biomass.

3.2. Enzymatic Hydrolysis of Soybean Straw. To assess the
enzymatic hydrolysis of alkali-thermal-pretreated soybean

Soybean straw

Pretreated soybean straw
(Delignification)

Enzymatic saccharification
(biomass depolymerization)

Ethanol fermentation
(SSF)

Ethanol production

Bio-Ethanol

Alkaline pretreatment 

Saccharification enzymes

Inoculation of a yeast strain
Saccharomyces cerevisiae W303-1A

Biomass hydrolysate

CellicⓇ CTec2 cellulase

0.5∼3.0 M NaOH, 121∘C, 60 min

Figure 1: Overall procedure for the simultaneous saccharification
and fermentation of the alkali-treated soybean straw for ethanol
production.

straw with 2M sodium hydroxide, the pretreated biomass
(10% (w/v)) was digested with different enzyme dose of Cellic
CTec2 cellulase, from 10 to 50 FPU per gram of dry biomass
in phosphate buffer (pH 6.0) for 72 h. The pH in the reaction
media for the enzymatic digestion could affect the growth,
metabolism, and transport in an ethanologenic strain for
further ethanol fermentation [15]. Thus pH was fixed at 6.0
for the enzymatic biomass saccharification. The amount of
glucose produced by enzymatic hydrolysis increased with
increasing amounts of cellulase per unit the alkali-pretreated
soybean straw (Figure 2(a)). At 72 h, the cellulose generated
40.1∼67.3 g/L glucose and 5.6∼9.4 g/L xylose. The enzymatic
digestibility at the enzyme loading ratio of 50 FPU cellulase
per gram of dry biomass reached 54.2 ± 2.8%∼90.9 ± 2.8%
(Figure 2(b)). On the other hand, the nontreated biomass was
hydrolyzed with less than 33% (data now shown). Compared
with untreated soybean straw, the alkali-thermal-pretreated
biomass contained higher amounts of glucose and lower
amounts of xylose. Alkali-pretreatment with approximate
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Figure 2: Enzymatic saccharification of the alkali-treated soybean straw with 50 FPU of Cellic CTec2 cellulase loading per gram of the dry
biomass. The enzymatic digestibility was calculated by the relative amount of glucose released from the content of glucan in the pretreated
biomasses after enzyme reaction.

47.4% delignification efficiency would affect the cellulase
digestibility, resulting in a hydrolysis efficiency up to 90%.The
chemical pretreatment also reduced the strong interactions
in cellulose/hemicellulose/lignin complexes in the biomass
structure, enhancing the enzyme reaction efficiency. An
increase in the volume of enzymes used significantly affects
the amount of fermentable sugar generation. At the final
reaction time point, the amount of glucose increased up to
1.7 times depending on 5 enzyme loading ratios of Cellic
CTec2 cellulase per biomass. Additionally, sugar production
increased time-dependently, whereas enzymatic hydrolysis
rates decreased exponentially due to product inhibition (data
not shown). The generated glucose, xylose, and incompletely
digested cellobiose may inhibit the hydrolysis reactions of
the cellulase. These enzymatic saccharifications showed that
alkali-pretreated soybean straw could be powerful to prepare
a fermentable sugar glucose for bioethanol production.

3.3. Separate Hydrolysis and Fermentation of Alkali-Pretreated
Soybean Straw. To evaluate the fermentability of the sugars
generated from the alkali-pretreated soybean straw, ethanol
production was performed using Saccharomyces cerevisiae
W303-1A [12]. Batch cultivation of the yeast strain was
performed in a 50-mL culture volume in a 250-mL Erlen-
meyer flask with 5 g of alkali-pretreated soybean straw,
supplemented with a 50 FPU Cellic CTec2 cellulase. Before
cell inoculation, prehydrolysis was performed at 42∘C for
12 h. Then, 5% (v/v) yeast inoculum was added and cultured
further (30∘C, 180 rpm, 36 h) for ethanol fermentation. The
prehydrolysis step generated ∼12.1 ± 0.7 g/L glucose in the
flask for yeast cell growth without the lag phase. At 36 h,
the maximum ethanol concentration of 13.1 ± 0.7 g/L was
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Figure 3: Batch simultaneous saccharification and fermentation
of the alkali-pretreated soybean straw by Saccharomyces cerevisiae
W303-1A in a 1-L jar fermenter. Profiles of ethanol (filled circle),
glucose (open circle), and xylose (filled triangle) in the fermenter
were analyzed by HPLC.

observed in the culture broth. However, low ethanol produc-
tion yield was observed in the flask culture. The enzymatic
saccharification was not efficient in the flask culture.

3.4. Batch Simultaneous Saccharification and Fermentation
(SSF) for Ethanol Production. To increase ethanol produc-
tion, ethanol fermentationwas performed in a 1-L jar fermen-
tor. For batch SSF, 10% (w/v) pretreated biomass was enzy-
matically saccharified with 50 FPU of Cellic CTec2 cellulase
per gram of dry biomass. The ethanol production proceeded
gradually for 72 h (Figure 3). The amount of glucose was
gradually increased by enzymatic hydrolysis. Although the
ethanologenic yeast consumed glucose for cell growth, the
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concentration of glucose generated exceeded the amount
consumed. The yeast completely consumed all glucose enzy-
matically hydrolyzed from the biomass in the medium over
60 h. Nevertheless, the amount of xylose increased gradually
to 9.1 ± 0.5 g/L, because the wild type S. cerevisiae W303-
1A can not utilize the sugar. In a batch SSF, the maximum
ethanol concentration was 30.5 ± 1.2 g/L at 72 h, giving an
ethanol production yield of 0.305 g ethanol/g dry soybean
straw and 0.45 g ethanol/g glucose at 72 h. Finally, 82% of the
fermentable sugar hydrolyzed from the pretreated biomass
was used by the yeast for ethanol production. In addition,
the decrease of ethanol concentration was not observed until
glucose was completely depleted in the fermentation (72 h).

In ethanol production of the alkali-pretreated soybean
straw, the baker’s S. cerevisiae W303-1A generated minor
metabolites, including glycerol and organic acids such as
acetic acid, lactic acid, and succinic acid (data not shown).
These metabolites are less than 1.5 ± 0.4 g/L. These minor
byproducts generated by the yeast were at lower concentra-
tions than ethanol. Although thesemetabolites remained and
were accumulated during the ethanol production, it did not
affect the fermentation efficiency or the yeast cell growth.

In this study, an alkali-pretreatment was applied to an
agricultural residue soybean straw as a potential bioresource
to produce fermentable sugars by enzymatic saccharification.
The soybean straw used in this pretreatment contained
relatively high cellulose and lignin contents rather than
hemicellulose. To reduce lignin and to enhance cellulose con-
tent, sodium hydroxide among chemical pretreatments was
chosen for delignification of soybean straw. The maximum
cellulose content of 74% was achieved with 2M NaOH at
121∘C after 60min and, at this condition, delignification of
47.4% and hemicellulose content of 10.3% (Table 2).

In fact, the advantage of sodium hydroxide pretreat-
ment can break down effectively the internal structure of
lignocellulose component through degrading the ester and
glycosidic chains. In addition, the alkali can alter the structure
of lignin, causing cellulose swelling and partial decrystalliza-
tion of cellulose [16]. Moreover the safer handling and the
lower toxicity in the pretreatment, including lower operating
temperatures and faster process times, make it an attractive
alternative to ammonia pretreatment [17]. Relatively lower
thermal-pretreatment condition also reduce sugar degrada-
tion products such as furfural, hydroxymethylfurfural, and
organic acids, considering potential inhibitors for enzymatic
saccharification as well as ethanol fermentation [18]. In
enzymatic digestion and the fermentation process, these
inhibitors were not detected in the biomass lysate. Moreover,
the soybean straw pretreated with 2M NaOH was effectively
hydrolyzed with a hydrolysis efficiency up to 90% for produc-
tion of the fermentable sugars (Figure 2(a)). Additionally, the
simultaneous saccharification and fermentation converted
the sugar of the biomass hydrolysate to 30.5 g/L of ethanol
with ethanol conversion of more than 82% (Figure 3).

Although the concentration of sodium hydroxide for
pretreatment of soybean straw was relatively higher than
other alkali chemical compounds, sodiumhydroxide solution
could be recovered and reused several times for biomass
pretreatment [19]. In addition, comparedwith other chemical

pretreatments using aqueous ammonia, organosolv, and ionic
liquids, the sodium hydroxide-treatment could be a simple
and convenient process, because it does not require any
special equipment or control systems for the pretreatment
[19].

The utilization of soybean straw could offer several
advantages for the sustainable development based on the
biomass utilization. Sugar crops or alternative lignocellulosic
biomass plants consumed nutrients in the soil leading to
decreased nutrients levels. On the other hand, a legume plant
soybean with symbiotic bacteria Rhizobia in the nodules
of its root systems can fix nitrogen into ammonia and
ammonium leading to nitrogen (N) enrichment in the soil,
including CO2 fixation by photosynthesis [20]. Considering
the sustainability, the residual biomass from the soybean is a
potential resource for production of fermentable sugar.

4. Conclusions

The alkali-pretreatment of soybean straw with sodium
hydroxide effectively removed lignin and hemicellulose and
enhanced enzyme digestibility.The alkali-pretreated biomass
showed ∼53% delignification efficiency. In the pretreated
biomass, over 90% of the cellulose was hydrolyzed by Cellic
CTec2 cellulase and was converted to fermentable sugars
during enzymatic saccharification. In a flask-scale culture of
separate hydrolysis and fermentation supplemented with the
pretreated biomass, S. cerevisiae produced 13.1 g/L ethanol
with 0.13 g ethanol/g biomass. In a batch of simultaneous
hydrolysis and fermentation, the pretreated soybean straw
was converted to 30.5 g/L of ethanol with the product yield
of 0.305 g ethanol/g dry soybean straw and 0.45 g ethanol/g
glucose. In the fermentation, 82% fermentable sugar was
converted to ethanol within a low concentration of organic
acid byproducts. These results clearly show that alkali-
pretreatment for an agricultural byproduct soybean straw
efficiently reduces lignin and hemicellulose components and
increases enzymatic digestibility and ethanol productivity.
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To seek a new path to valorize rice straw (RS) and its anaerobically digested residues (DRS), biochar production at different
temperatures for removing Pb(II) from aqueous solution and its basic physicochemical characteristics for elucidating potentially
adsorption mechanisms were investigated. Overall, pH, electrical conductivity (EC), ash, specific surface area (SA), micronutrient
content, and aromaticity of RS biochars (RSBCs) and DRS biochars (DRSBCs) increased with the promoted pyrolysis temperature,
and opposite trends were found on the yield, volatile matter, H, N, andO. Lower pH and K content but higher yield, carbon stability,
and N and P content were achieved by DRSBCs. Consequently, DRSBCs exhibited lower Pb(II) removal, which was 0.15–0.35
of RSBCs. Maximum adsorption capacities of 276.3 and 90.5mg⋅g−1 were achieved by RSBC and DRSBC, respectively, at 500∘C.
However, distinct mechanisms dominated Pb(II) removal, in which carbonates and carboxylates were responsible for RSBCs, and
phosphate silicate precipitation and complexation with carboxylate groups controlled DRSBCs.

1. Introduction

Rice is the staple food for over half the world’s population.
Approximately 480 million metric tons of milled rice is
produced annually [1].More than 90% rice are produced from
Asian countries, in which China is the largest producer in
the world; consequently, approximately 975 million metric
tons of rice straw is generated annually in the fields [2].
It is reported that only 20% of rice straw produced in the
world can be utilized, and the rest is left as waste [2, 3]. In
most countries, the remaining rice straw is left undisturbed
to serve as mulch, is ploughed into the ground as soil
nutrients, or is directly disposed by open-burning in the
fields, which leads to the serious air pollution and greenhouse
gas emission in practice [4] and, thereby, is strictly prohibited
in China. In addition, rice straw is also employed as part of

the nutritional requirements of ruminant animals in most
rice producing countries. However, low protein content,
possession of phenolic properties, and high level of silica
and lignin are negative to rice straw digestibility by ruminant
animals [5]. Thus, seeking more paths for efficiently utilizing
rice straw is meaningful to the sustainability of rice produc-
tion. Recently, anaerobically digesting agricultural residues
for biogas production, as an effective method, have been
gradually popularized in all the world [6]. However, with
the increased scale of anaerobic digestion, the disposal of
digested residues has become an urgent issue to be solved.

At present, producing biochar, a carbon-containingmate-
rial via pyrolyzing biomass in an oxygen-limited environ-
ment, has become one of the alternative ways to utilize
the waste biomass, such as crop straw, forestry waste, and
livestock manure [7, 8]. Its applications in sequestrating
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carbon, remediating soil, improving soil quantity, and con-
trolling pollutants make biochar more attractive and pop-
ularly investigated. Especially in pollutant control in water
environment, many investigations indicate that the biochar
can remove many types of organic and inorganic contami-
nants from the aqueous solutions [9]. Unlike most organic
pollutants, inorganic pollutants, mainly heavy metals, are
nonbiodegradable and may be transferred along the food
chain via bioaccumulation [7]. Many studies have demon-
strated that biochar has excellent performances to immobilize
heavy metals in soil and water [10–12]. Thus, biochar is
increasingly being considered as an alternative agent in water
treatment technologies for removing heavy metals.

Themechanisms of removing heavymetals from aqueous
solution by biochar are generally via precipitation, complexa-
tion, ion exchange, electrostatic interaction (chemisorption),
and physical sorption [7]. The physical sorption is mainly
depended on the surface areas and pore volumes. Although
many biochars have been reported to have high surface area
with well-distributed pore network, including micropores
(<2 nm), mesopores (2–50 nm), and macropores (>50 nm)
[13], it is well known that the pore development of biochar
is not enough compared with the traditional activated char as
biomass is carbonized directly for biochar without any activa-
tion processes [14]. Many biochars are reported as negatively
charged surfaces, which can sorb positively charged metals
through electrostatic attractions. However, prevalence of this
mechanism in biochar-metal sorption process is dependent
on the solution pH and point of zero charge (PZC) of biochar
[13, 15]. Complexation (outer- and inner-sphere) involves
the formation of multiatom structures (i.e., complexes) with
specific metal-ligand interactions, which was mainly related
to oxygen functional groups on the surface of biochar [16,
17]. Immobilizing heavy metals via ion exchange is another
possible mechanism, which is closely related to the positively
charged ions, such as Na, K, Ca, and Mg, on biochar
surfaces and the cation exchange capacity (CEC) [18, 19].
By contrast, the precipitation has been widely accepted as
one of the main mechanisms for removing heavy metals
by biochar, which greatly related to the ash components of
biomass, such as the elements of Ca, Mg, Fe, Cu, and Si
[20, 21]. Obviously, the ash components in biomass may be
potentially associated with the functions of ion exchange and
precipitation and further affect the adsorption capacity to
heavy metals. Rice straw, typically characterized by relatively
higher ash content, thereby, can be potentially employed to
immobilize heavy metals via precipitation or ion exchange.
In addition, anaerobic digestion can convert part of organic
matters, such as hemicellulose, cellulose, lignin, and other
organic extractives into CH

4
and CO

2
. Consequently, ash

content of the anaerobically digested rice straw will be greatly
promoted compared with the original rice straw. Consider-
ing the urgency for seeking the efficient paths of utilizing
rice straw and its digested residues, their carbonization for
producing biochar to remove heavy metals specially deserves
being investigated in-depth.

Main sources of lead pollution in the environment are
from lead-acid battery industry, mining, metal smelting,
automobile exhaust, coal, and paint. At present, the main

methods for treating lead pollution include chemical precipi-
tation, redox, ion exchange, adsorption, reverse osmosis, and
electrolysis. However, these technologies have some draw-
backs, such as complex process, expensive chemical input,
high running cost, inconvenient operation, and potential
secondary pollution. In this context, the typical heavy metal
ion of Pb(II) was selected as the model contaminant to
investigate the adsorption performances of biochars derived
from rice straw and its anaerobically digested residues.Mean-
while, different biochars from RS and DRS were obtained
at an increasing pyrolytic temperature to seek their effects
on Pb removal from aqueous solution. Correspondingly, the
physical-chemical properties of biochars were discriminated
by elemental analyses, scanning electron microscopy (SEM),
Fourier transform infrared spectroscopy (FT-IR), and X-ray
diffraction (XRD).The adsorption performances of biochars,
concerning adsorption isotherm, kinetics, thermodynamics,
and effects of solution pH were elaborated by batch experi-
ments to discuss the possible adsorption mechanisms.

2. Materials and Methods

2.1. Rice Straw and Its Anaerobically Digested Residue. Rice
straw (RS) was harvested from the local farm in Deyang,
Sichuan province, and chopped in 2.0–3.0 cm for anaerobic
digestion in a 100 L bioreactor. After 50 d batch digestion, the
digested slurry was collected from outlet of the bioreactor.
The solid residue of digested rice straw (DRS) was separated
by filter, and it afterwards was air-dried for the following car-
bonization. Prior to pyrolysis, the RS and DRS were ground
into powder (<0.45mm, sieved) and dried at 105∘C for 6.0 h
to wipe off free moisture. The basic compositions of RS were
analyzed for Klason insoluble lignin and carbohydrates as
described in [22], and cellulose, hemicellulose, and lignin,
were 14.0%, 30.8%, and 23.0%, and the corresponding com-
positions in DRS were 3.1%, 9.3%, and 44.4%, respectively.

2.2. Biochar Preparation. The dried RS and DRS were
pyrolyzed in a tube furnace (OTL 1200, Nanjing Nanda
Instrument Co., Ltd., China) under protective gas of N

2

(purity of 99.9%) with a flow rate of 0.1m3⋅h−1. The heating
rate of tube furnace was controlled at 10∘C⋅min−1, and the
pyrolysis was maintained for 60min after arriving at the
designed temperature of 400∘C, 500∘C, 600∘C, and 700∘C.
After pyrolysis, the furnace was cooled to room temperature
for biochar collection. The derived biochar was weighted,
and biochar yield was calculated according to the weights
of biochar and the input RS and DRS. The obtained biochar
from RS at different temperature was named as RS-400, RS-
500, RS-600, and RS-700, respectively. The corresponding
biochars fromDRSwere labeled as DRS-400, DRS-500, DRS-
600, and DRS-700, respectively.

2.3. Characterization of Biochars. Proximate analysis, includ-
ing ash, volatile matter, and fixed carbon, in RS, DRS, and
their derived biochars, was performed according to the
standardmethods in theASTMD1762-84 [23].The elemental
compositions, including carbon, hydrogen, nitrogen, and
oxygen, were determined using an elemental analyzer (EA112,
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Thermo Finnigan, USA). pH and electric conductivity (EC)
of biochars were measured by a pH meter (PHS-3C, LeiCi
Instruments Co., Ltd., China) and a conductivitymeter (DDS
12DW, BanTe Instruments Co., Ltd., China) with the ratio of
1 : 20 (m⋅v−1) for biochar to deionizedwater.The sampleswere
digested in the concentrated HNO

3
and 30% H

2
O
2
with the

ratio of 3 : 1 for 24 h at 150∘C to determinate the concentration
of K, Na, Ca, Mg, and P. The elemental concentrations in
the digested solutionwere determined by inductively coupled
plasma spectroscopy (ICP-MS 7700s, Agilent, USA).

Thermal analysis of RS, DRS, and their corresponding
biochars was conducted on a thermogravimetric analyzer
(SDT Q600, TA instrument, USA) with the heating rate of
10∘C⋅min−1 from20∘C to 700∘C.The specific surface area (SA)
of the biochars was measured by N

2
adsorption isotherms

at 77K (NOVA-2000E, Quantachrome Instruments, USA)
with the Brunauer-Emmett-Teller (BET)method.The surface
morphology of rice straw biochar (RSBC) and the digested
rice straw biochar (DRSBC) were observed by a scanning
electron microscopy (SU1510, Hitachi, Japan) to compare
the apparent structure and surface characteristics. A Fourier
transform infrared spectrometer (Nicolet 6700, Thermo
Fisher Scientific, USA)was employed to identify the chemical
functional groups of the original and Pb-loaded RSBC and
DRSBC.The spectra were obtained by 64 scans of the sample
in the range of 400–4000 cm−1 at a resolution of 4 cm−1.
In addition, the XRD analysis of RSBC, DRSBC, and Pb-
loaded biochars were conducted on a computer-controlled
diffractometer equipped with stepping motor and graphite
crystal monochromator (I-2, Nicolet, Madison, WI, USA).
The diffractometer was operated at 40 kV and 40mA range
from 5 to 70∘ with a scan speed of 1∘⋅min−1.

2.4. Adsorption. Pb(II) solution was prepared by dissolving
analytic reagent grade Pb(NO

3
)
2
in deionized water for batch

adsorption with a concentration of 20–1200mg⋅L−1 and 20
to 800mg⋅L−1 for RSBC and DRSBC, respectively. 0.1000 g
biochar was added to 150mL screw-flasks filled with 50mL
Pb(II) solution and shaken at 120 r⋅min−1 for 24 h according
to the kinetic result. After adsorption, the solutions were
filtered through 0.45 𝜇m filters and determined the residual
Pb(II) concentration by an atomic adsorption spectrometer
(FAAS-M6, Thermo, USA). As the thermodynamics were
investigated, the batch adsorptionwas carried out at 15, 25, 35,
and 45∘C, respectively, with similar process. As the effects of
pH were discussed, the Pb(II) solution was rapidly adjusted
to the specified pH in equilibrium using 1.0mol⋅L−1 HNO

3

or 1.0mol⋅L−1 NaOH after 0.1 g biochar was added, and the
batch adsorption was similar to the statement above. All runs
for the adsorption were performed in triplicate, the presented
data were the average of 3 reads.

3. Results and Discussion

3.1. Pyrolysis Behaviors and Biochar Yields of RS and DRS.
Results of TG/DTG on RS and DRS are shown in Figure 1.
The main mass loss stage of rice straw typically appeared
in the range of 200–500∘C with the maximum weigh loss
at 340∘C due to the decomposition of the typical fractions
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Figure 1: TG-DTG curves of RS and DRS.

of hemicellulose, cellulose, and lignin in the lignocellulosic
biomass [24]. According to the DTG curve, the DRS was
sharper than that of RS; however, the weight loss rate
of DRS at 335∘C was significantly lower than that of RS,
indicating easier degradation via pyrolysis because most of
hemicellulose and cellulose in the RS were degraded after
anaerobic digestion, only 3.1% cellulose and 9.3% hemicel-
lulose in DRS. An apparent peak at 408∘C can be observed
at DRS, because higher lignin remained to be undigested
and the content of lignin increased from 23% to 44.4% after
anaerobic digestion. Besides, the TG curves during final stage
(400–750∘C) indicated that more fix fraction will remain
in DRS due to relatively higher ash content after anaerobic
digestion. These results from TG/DTG basically responded
to the composition change of RS after anaerobic digestion.

As shown in Table 1, the biochar yield decreased from
47.5% to 36.0% for the RS with the increase of pyrolysis
temperature. By contrast, it was 74.9% to 57.5% for the DRS.
Thebiochar yields of RS andDRSwere both decreased rapidly
from 400∘C to 500∘C but tended to be stable after 500∘C.This
was mainly because most organic matters were decomposed
rapidly and only a few lignin dissociated in the pyrolysis
process when the pyrolysis temperature over 500∘C. Overall,
the biochar yield from DRS was promoted by 21.5–27.4%
compared with RS due to the relatively higher ash content
in DRS, which was basically consistent with the results from
TG/DTG.

3.2. Characterization of Biochar

3.2.1. Thermal Stability. Weight loss peaks appeared at 100∘C
in all biochars, mainly due to the dehydration of free water
and bound water (see Figure S1). In contrast to the corre-
sponding rawmaterials of RS and DRS, there was no obvious
mass loss within 200–400∘C because of the decomposition
of hemicellulose, cellulose, and lignin during the pyrolysis
process [25]. As RSBC was obtained at lower temperature of
400∘C, 3 obvious weight loss peaks were detected at 335, 425,
and 465∘C, respectively, which wasmainly due to the residual
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Table 1: Physicochemical properties of biochars produced at different temperatures.

Yield Ash FCb VMc EC pH SA K Na Ca Mg P
% % % % (ms) (m2⋅g−1) (g⋅kg−1) (g⋅kg−1) (g⋅kg−1) (g⋅kg−1) (g⋅kg−1)

RS N.A.a 15.43 7.57 68.58 N.A. N.A. N.A. 17.60 0.28 8.34 1.81 0.88
RS-400 47.45 31.87 21.88 38.05 4.70 9.81 270.84 28.31 0.49 11.70 4.31 2.50
RS-500 39.25 35.01 33.30 24.73 5.32 10.89 314.86 38.80 0.69 11.37 5.82 3.22
RS-600 36.35 41.09 33.33 19.16 5.73 11.1 465.21 40.39 0.61 40.51 5.39 3.29
RS-700 36.00 42.16 34.65 17.20 5.77 11.18 404.97 40.69 0.71 11.33 4.90 3.06
DRS N.A. 43.77 4.48 46.78 N.A. N.A. N.A. 5.01 1.21 40.47 5.54 13.74
DRS-400 74.85 57.36 8.07 31.13 0.57 8.6 117.42 6.75 1.62 51.82 7.34 20.19
DRS-500 63.16 64.18 13.95 18.04 0.74 9.12 137.50 6.50 1.57 52.07 7.66 21.03
DRS-600 59.70 69.01 12.46 14.97 0.69 9.52 162.00 8.62 2.04 256.91 9.61 25.38
DRS-700 57.52 70.82 14.76 11.04 0.79 9.73 213.27 8.60 2.12 174.85 8.96 25.61
Note. aN.A.means not applicable; bFC is fixed carbon; cVM is volatile matter.

cellulose and lignin after carbonization. Nevertheless, only
one peak of lignin loss appeared at 470∘C inDRS-400. A peak
of weight loss still could be detected in DRS-500, but RS-500
peak could not be observed in the same area, which again
implied the rich-lignin in DRS. With increasing pyrolysis
temperature, the weight loss of RSBCs and DRSBCs were
weakened within 400–550∘C, which due to the carbonization
was not complete during carbonization at middle tempera-
ture (400 and 500∘C), and the residual cellulose and lignin
were further pyrolyzed and released as volatile matters. By
contrast, the biochars prepared at high temperatures (600 and
700∘C) were relatively complete, suggesting relatively higher
thermal stability. All biochars had a weak weight loss peak
after 650∘C, which was mainly due to the decomposition
of mineral substances in the ash, for example, CaCO

3
→

CaO [26]. Overall, DRSBCs have less mass loss compared
with RSBCs being obtained at the investigated temperatures,
implying relatively higher thermal stability.

3.2.2. Proximate Analysis on the Derived Biochars. As is
known, fixed carbon (FC) and volatile matter (VM) can eval-
uate the biochar stability against the biological degradation
[27]. Pyrolysis temperature exhibited a positive correlation
with the FC content but negatively affectedVMcontent in the
biochar from both of RS and DRS, which were also observed
in reference [28]. Overall, FC content decreased 13.8–20.9%
in DRSBCs compared with the corresponding RSBCs at the
investigated pyrolytic temperatures. Similarly, VM content in
DRSBCs was reduced 4.2–6.9%. Ash content enhanced obvi-
ously as the pyrolysis temperature was increased, indicating
more organic components in the RS and DRS were pyrolyzed
at high temperature. Moreover, the ash in DRSBCs was
25.5–29.2% higher in contrast to the corresponding RSBCs,
which was consistent to the biochar yield, suggesting biochar
yields of RS and DRS were ash-dependent. High amounts of
mineral elements, especially higher content of silicon, in rice
straw, will lead to high ash content of the derived biochar
(RSBCs) [29]. Relatively higher ash content in DRSBCs again
indicated the organic fractions was decomposed and retained
indigestibility mineral composition during anaerobic diges-
tion process.

3.2.3. Ultimate Analysis. As expected, the elemental contents
of H and O were reduced with increasing pyrolysis temper-
ature (see Table S1). The C content in RSBCs was increased
from 41.1% to 44.1% as the temperature was elevated from
400∘C to 600∘C, which was consistent with the biochar pro-
duced form traditional lignocellulosic biomass [8]. However,
a slight decrease (43.8%) was observed at 700∘C. Unlike the
traditional lignocellulosic biomass with relatively lower ash
content, the C content in DRSBCs exhibited obvious decrease
with the increase of pyrolysis temperature. According to
many reported works, it could be found that the biomass
with lower ash content, and the increased C content with
increasing pyrolytic temperature could be observed; however,
the contrary results on C content will appear in the higher
ash content biomass, such as swine manure, vermicompost,
and sludge [19, 30, 31]. Obviously, the mineral fractions in
ash-abundant biomass will function as the heat transmitter
to intensify the release of volatile matters during pyrolysis
[32]. Moreover, the relatively lower organic fraction (most
of them were decomposed by biological process) in such
substrates will more easily be pyrolyzed into low molecular
weight compounds for rapid releasing. The decreased H/C
and O/C ratios at higher pyrolysis temperature indicated
more stability of RSBC and DRSBC [8]. As for the N
content in biochars from RS and DRS, obvious decreases
with increasing pyrolysis temperature can be observed, which
was due to the volatilization in the form of NOx and
NH
3
during the generation of waste gases [33]. However,

significant increases also could be observed as the pyrolysis
temperature kept increasing to 700∘C, which was mainly
related to the formation of stable N-derivatives or N-doping
into complex structures at relatively higher temperatures [28,
34]. Relatively higher C content in DRSBCs suggested the
stable N formation at higher temperature would be related to
the ash content. However, the detailed production of stable N
still required more investigations.

Besides, the contents of Na, Ca, Mg, and P in RS were
all obviously lower than that of DRS. Correspondingly, their
contents in the obtained biochars from RS were all lower
than that of DRS. However, K content in RS was significantly
higher than that of DRS, resulting in its relatively lower
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Figure 2: FT-IR spectra for RSBCs and DRSBCs. (a) RSBC; (b) DRSBC.

content in RSBCs correspondingly. These results indicated
K in rice straw will be released more in the liquid fraction
after anaerobic digestion, and the other investigated elements
above will be kept more in the digested solid residue. K
as a critical element for catalyzing the melting of silica in
rice pyrolysis may affect the crystalline properties of the
silicate particles and further the function of the produced
biochars [35]. Overall, the content of K, Na, Ca, and Mg in
biochar increased with the rising of temperature, indicating
that the prepared biochars at high temperature can exhibit
ion exchange capacity and can be potentially beneficial to the
adsorption of heavy metals via ion exchange. However, the
Ca and Mg content in both of RSBCs and DRSBCs reduced
significantly at extra higher temperature of 700∘C due to the
volatilization via pyrolytic gas, and this result was consistent
with the previous report on another kind of digested residue
of vermicompost [19].

3.2.4. pH, EC, and Functional Groups. As expected, the
investigated biochar is alkaline due to the abundance of alkali
and alkaline earth metals. Moreover, the increased pH with
increasing the pyrolysis temperature could be observed on
RSBCs and DRSBCs as the mineral substances, especially
the alkaline earth metals, could be decomposed into the
corresponding oxides.ThepHofDRSBCswas lower than that
of RSBCs, which may relate to the relatively lower content
of a main alkali metal of K in DRSBCs. In addition, some
acid substances like humic acid, which produced in anaerobic
fermentation, may also contribute to relatively lower pH in
DRSBCs [36]. Overall, the EC enhanced with the increase
of temperature, which was positively correlated with the
soluble salt content in biochar. Overall, the SA of RSBCs and
DRSBCs was increased with the increase of temperature, but
a reduction appeared at high temperature (700∘C) of RSBC,
whichwas due to the rearrangement of the chemical structure
and part of the pore size collapsed at high temperatures [37].
Furthermore, the RSBC produced at different temperatures
exhibited typical higher SA compared with that of DRSBC,

which may be attributed to the richer lignocellulosic faction
in RS, and similar results were also reported in [38]. The
scanning electron microscopy images (Figure S2) showed
that RSBC had more multiple voids and micropores because
of the dehydration of lignocellulose [29]. Conversely, the
DRSBC images showed more crystalline and less porous
structure, implying a relatively lower lignocellulosic fraction
content.

According to the FT-IR spectra of RSBCs and DRSBCs in
Figure 2, the band intensities at 3400–3430 cm−1 (-OH) and
2850–2950 cm−1 (aliphatic CH

2
) decreased when the pyroly-

sis temperaturewas increased because of the thermal destruc-
tion of cellulose, hydroxyl groups, and aliphatic alkyl groups.
Similarly, the features (C=O) between 1630 and 1580 cm−1
and between 1430 and 1390 cm−1 were decreased due to
the thermal destruction of aliphatic matter and hydroxyl
groups.The aromatic carbon remained after pyrolysis in high
temperatures which ismore inert than aliphatic carbon under
oxidation conditions [39]. Therefore, the high-temperature
derived biochars are more recalcitrant and may have lower
adsorption capacity. The intensity of carboxylate groups
(C=O stretching) are stronger in RSBCs, which can serve
as adsorption sites for metals [40]. Thus, RSBCs may have
better heavymetal adsorption ability thanDRSBCs. 3 features
at 1100, 800, and 470 cm−1 are assigned to the vibration
of Si-O-Si. Si group in RSBCs became less intense with
increasing pyrolytic temperature, implying the formation of
silicon crystal at high temperature [40]. All biochars exhibit
a strong Si-O-Si stretching band, which means RSBCs and
DRSBCs could act as a novel silicon source due to its high
silicon content [39].

3.3. Pb(II) Adsorption via the Derived Biochars from RS
and DRS as Affected by Pyrolysis Temperature. Overall, the
considerable Pb(II) removal from aqueous solution could be
achieved by RSBCs. According to Figure 3, the adsorption
of Pb(II) was promoted significantly as the pyrolysis
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Figure 3: Pb(II) adsorption of biochars obtained at different
pyrolysis temperatures.

temperature for producing biochar increased from 400∘C to
500∘C. The maximum adsorption capacity of 264.4mg⋅g−1
appeared at RSBCs obtained from 500∘C. Afterwards, the
adsorption was reduced obviously to 221.3mg⋅g−1 when
pyrolysis temperature was increased to 700∘C. Similar effects
of pyrolysis temperature on the Pb(II) adsorption also
happened on the biochar from DRS. Previous studies have
shown the same result that biochar adsorption capacity
improved as the pyrolytic temperature from 300∘C to 500∘C
but did not increase when the pyrolysis temperature was
kept increasing to 600∘C [28]. In addition, the increased
Pb(II) adsorption may be related to the increased SA as the
pyrolysis temperature was lower than 500∘C. Besides, the
decreased Pb(II) adsorption was observed as the pyrolysis
was higher than 500∘C, indicating it may be affected
negatively by another action. Previous studies have proved
that the adsorption of heavy metals on biochar may be
also mainly related to the interaction between surface
functional groups and minerals [26]. The decreased oxygen
functional groups on these biochars at higher pyrolysis
temperature may partially decrease the Pb(II) adsorption
(Figure 2). In addition, the Ca, Mg, P, and inorganic elements
formed insoluble phosphate and carbonate crystals in
high-temperature biochar which could slow the release rate
of PO

4

3− and CO
3

2−, thereby reducing the reaction with
Pb(II) via precipitation [41]. Based on these results, the
adsorption of Pb(II) by RSBC and DRSBC may be related to
the coactions of the development of SA, oxygen functional
groups, and the anions involved in precipitation. Apparently,
the Pb(II) removal from aqueous solution by DRSBCs was
0.15–0.35 of RSBCs, which may greatly be attributed to
the loss of some surface functional groups and soluble salts
during anaerobic digestion and the decreased SA as well [42].

3.4. Pb(II) Adsorption Behaviors of RSBC and DRSBC.
According to the effects of pyrolysis temperature on Pb(II)
adsorption, the biochar produced at 500∘C from RS and

DRS was selected to elucidate the adsorption behaviors via
investigating the isotherms, kinetics, and thermodynamics.
As presented in Figure S3a, the adsorption capacity of RSBC
and DRSBC was elevated with the increase of initial Pb(II)
concentration. The Pb(II) adsorption capacity of RS-500 and
DRS-500 rapidly enhanced as the initial concentration of
Pb(II) was lower than 500mg⋅L−1 and 200mg⋅L−1, respec-
tively. Correspondingly, the Pb(II) could be almost removed
completely at these concentrations. However, the adsorption
tended to be balanced as Pb(II) initial concentrations kept
increasing.This phenomenon was generally depended on the
fact that the competitive adsorption for Pb(II) on RSBC and
DRSBC surface sites was not obvious at the relatively lower
concentrations, while their fiercely competition emerged as
the Pb(II) concentration increased greatly. Langmuir (Eq. S1)
and Freundlich (Eq. S2) isotherms have been widely accepted
to describe the relationship between the concentration of
adsorbate on adsorbent surface and in solution at equilib-
rium. In contrast to the Freundlich model (Figure 4(a) and
Table S2), the higher correlation coefficient can be obtained
by Langmuir model (𝑅2 > 0.83), demonstrating that the
adsorptions of Pb(II) by RS-500 and DRS-500 were both
based on monolayer homogeneous adsorption process. The
maximum Pb(II) adsorption capacity of RS-500 and DRS-
500 was determined as 276.3 and 90.5mg⋅g−1, respectively,
which was typically higher than most of the low cost adsor-
bents, such as anaerobically digested animal waste biochar
(51.4mg⋅g−1) and sludge biochar (30.9mg⋅g−1) [43, 44]. This
result implied that RSBC and DRSBC exhibited an excellent
adsorption ability to remove Pb(II) from aqueous solution.
Notably, the removal rate of RS-500 was very low as the
initial Pb(II) concentration was less than 100mg⋅L−1; how-
ever, almost no Pb(II) was detected in DRS-500 equilibrium
solution even at initial Pb(II) concentration of 20mg⋅L−1.
Therefore, DRSBC should be more suitable for removing
Pb(II) at low concentration compared with that of RSBC.The
affinities between Pb(II) and biochar can be further predicted
by using dimensionless separation factor𝑅

𝐿
(Eq. S3). 1> 𝑅

𝐿
>

0, 𝑅
𝐿
= 1 and 𝑅

𝐿
> 1 indicate that the shape of isotherm

is favorable, linear, and unfavorable, respectively. According
to the RS-500 and DRS-500 parameters of Langmuir, the
calculated𝑅

𝐿
was 0.56 and 0.046, respectively, suggesting that

the adsorption of Pb(II) onRS-500 andDRS-500was favored.
Pb(II) adsorption of RS-500 was rapidly performed

during the initial 2 h, and the removal of Pb(II) exceeded
215mg⋅L−1 (Figure S3b). However, the adsorption gradually
slowed down and reached equilibrium at 12 h. This could be
regarded as large amount of vacant adsorption sites on the
surface of RSBC were offered at initial stage, and the surface
sites were progressive saturation and almost occupied as time
was prolonged [43, 44]. Pb(II) adsorption ofDRS-500 did not
reach adsorption equilibrium in 48 hours, because DRS-500
is a relatively dense massive accumulation structure (Figure
S2), whichmay lead to the adsorption sites be covered, result-
ing in slower reaction with Pb(II). Additionally, Pb(II) can
be adsorbed by the precipitation of the anions released from
biochar, and the reaction rate depends on the dissolution rate
of themineral components.Most of theminerals in RSBC are
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Figure 4: Adsorption isotherms and kinetics of Pb(II) adsorption on biochars: (a) adsorption isotherms of RS-500 and DRS-500; (b)
adsorption kinetics of RS-500 and DRS-500.

amorphous and easily solublemineral salts, which can release
anions more easily and faster to precipitate with Pb(II) [41].
However, DRSBC formed more crystalline minerals, which
was more difficult to dissolve. Even though a small amount
of crystalline minerals can be dissolved, the dissolution rate
is relatively slow; thereby the biochar adsorption of Pb(II)
became slow. The kinetics of Pb(II) adsorption on RS-500
and DRS-500 were described by first-order (Eq. S4) and
second-order (Eq. S5) model (Figure 4(b)), respectively. It
can be known that the second-order model gives better
simulation on both RS-500 and DRS-500 (Table S3), further
confirming that the adsorption rate is greatly governed by
chemisorptionmechanism [45].The second-ordermodel (𝑅2
= 0.96) appeared to better describe adsorption of DRS-500
rather than RS-500 (𝑅2 = 0.87), partially suggesting that
precipitation and inner-sphere surface complexation could
also play an important role in Pb(II) adsorption by RS-500.

The Gibbs free energy (Δ𝐺0), enthalpy (Δ𝐻0), and
entropy (Δ𝑆0) are generally considered to be important
parameters to understand adsorptionmechanisms.The equa-
tions were exhibited in Eq. S6–Eq. S8 and calculated results
were given in Table S4. The values of Δ𝐺0 were negative to
the adsorption temperatures, indicating that the adsorption
process is spontaneous.The elevated Δ𝐺0 with the increasing
temperature illustrated that the adsorption process of RS-
500 and DRS-500 can be favored by temperature, which
can be again proved in Figure S3d. As the temperature was
elevated from 15 to 45∘C, the Pb(II) adsorption capacity of
RS-500 and DRS-500 can be increased from 245.1mg⋅g−1 to
254.5mg⋅g−1 and 63.0mg⋅g−1 to 140.8mg⋅g−1, respectively.
This phenomenon could be attributed to the promoted
occasion of collision between adsorption sites and Pb(II) ions
at higher adsorption temperature [12].The Δ𝐻0 values of RS-
500 and DRS-500 were 0.244KJ⋅mol−1 and 4.038KJ⋅mol−1,
suggesting the adsorption process was endothermic and the
random thermal motion of ions in the aqueous solution

has significant effects on Pb(II) adsorption of DRSBCs. The
values of Δ𝑆0 were 5.9 and 18.0 J⋅mol−1⋅K−1, elucidating that
RS-500, DRS-500, and Pb(II) were closely combined. In
addition, increasing the adsorption temperature can increase
the degree of freedom between adsorbate and adsorbed
on solid-liquid interface [46]. DRS-500 had high activation
entropy values, meaning that DRS-500 is far from its own
thermodynamic equilibrium and the system can react faster
to produce the activated complex [47]. Thus, complexation
may play a more important role in DRSBCs than RSBCs.

Besides, as presented in Figure S3c, the adsorption of
Pb(II) by RS-500 was enhanced by pH of solution, indi-
cating that the lower pH resulted in the larger competition
interaction between H+ and Pb(II). Diversely, when the pH
increased from 2.0 to 4.0, the DRS-500 adsorption capacity
of Pb(II) was decreased from 115.1mg⋅g−1 to 92.6mg⋅g−1.
In addition, SiO

2
is negatively charged at low pH (pH <

3.0) because its lower isoelectric point and the solution pH
also can influence silicon dissolution from biochar [39, 48].
Therefore, the increase of DRS500 adsorption capacity at low
pH value is mainly attributed to the contribution of SiO

2

components.

3.5. Potential Mechanisms for Pb(II) Adsorption by RSBC and
DRSBC. As stated above, Pb(II) adsorption by RSBC and
DRSBC was both decreased slightly as the SA was promoted
greatly with the increased pyrolysis temperature. This result
suggested the adsorption related to the increased surface
area was not dominant. According to the FT-IR results on
RSBC and DRSBC before/after Pb(II) adsorption (Figure
S4), some bands shift after adsorption indicated the existing
interactions between Pb(II) and the functional groups. For
example, the shift of the COO- symmetric stretching to
lower frequency (1433 → 1405 and 1420 → 1407 cm−1)
could be due to the low electron density induced by Pb(II)
adsorption on RS-500 and DRS-500, respectively [49]. A
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Figure 5: XRD diffraction patterns for RSBC-Pb and DRSBC-Pb.

shift of the COO- asymmetric stretching band to higher
frequency (1611 → 1615 and 1622 → 1625 cm−1) was also
observed after Pb(II) adsorption on RS-500 and DRS-500,
which likely resulted from the protonation of the carboxylate
groups [49]. Thus, one possibility for Pb(II) adsorption by
biochar from RS and DRS can be described as follows,
revealing surface complexation via coordination between the
carboxylate groups and Pb(II) is an important path (Eq. (1)).

C-COOH + P＜2+ + （2O C-COOP＜+ + （3／
+

→ (1)

In addition, the bands at 470, 800, and 1100 cm−1 were
characteristic of Si-O-Si bend stretching, symmetric stretch-
ing, and asymmetric stretching, respectively [50]. After
Pb(II) adsorption, these peaks were shifted and became
less intense, which indicated that Pb(II) may relate to the
existing structure of Si-O-Si; however, the substantial process
deserved further investigations.

To further elucidate the interaction between minerals
and Pb(II), XRD analysis was also conducted after Pb(II)
adsorption as shown in Figure 5. Elemental analysis shows
that DRSBC was rich in P, which was much higher than
RSBC (Table 1). Previous research has shown that introducing
P in biochar induced formation of insoluble lead phosphate
minerals in Pb-polluted water [51]. XRD showed the precipi-
tation of crystalline 𝛽-Pb

9
(PO
4
)
6
formation in DRS-500 after

Pb(II) adsorption. Similarly, 𝛽-Pb
9
(PO
4
)
6
was also found

in previous study on Pb(II) sorption on biochar converted
from dairy manure [52]. The potential action process of
the released phosphate from DRSBC with Pb(II) in aqueous
solution can be deduced as the following equation to form
stable minerals:

6HPO
4

2− + 9Pb2+ + 6OH− → Pb
9
(PO
4
)
6
+ 6H
2
O (2)

Besides, a sharp peak of PbO⋅P
2
O
5
⋅SiO
2
(lead phosphate

silicate), with the typical 26.68 in the 2𝜃 degree, was observed

in Figure 5. The lead phosphate silicate precipitation was
also reported by previous study [53]. The formation of lead
phosphate silicatemay be attributed to the reactions with lead
and crystalline silica andphosphate onDRSBC,whichmay be
the following reaction:

2HPO
4

2− + Pb2+ + SiO
2
→

PbO⋅P
2
O
5
⋅SiO
2
+ 2OH−

(3)

However, only one lead precipitate Pb
3
(CO
3
)
2
(OH)
2

(hydrocerussite) was found on the postsorption RSBC. We
hypothesized that higher lead removal by RSBC may be
attributed to formation of Pb-carbonate precipitate, which
was confirmed by three hydrocerussite peaks in XRD. Con-
trary to DRSBC, higher pH (Table 1) and carbonate concen-
trations allowed for precipitation of hydrocerussite, which
can be described as follows:

2HCO
3

− + 3Pb2+ + 4OH− →

Pb
3
(CO
3
)
2
(OH)2 + 2H2O

(4)

Silica is also a major mineral component in rice straw
[53], but there was no Pb-Si precipitation found on the post-
sorption RSBC. Based on these results, the interactions of Si-
rich minerals with Pb(II) probably depend on Si crystallinity
and the distinct crystalline substances in DRSBC, which may
result from the elimination of K element [40]. Because K
is a critical element to catalyze the melting of silica [35],
the silicate particles in RSBC were more amorphous than
DRSBC, which was potentially supported by the observations
from SEM and XRD. In addition, the inferior removal rate of
RS-500 at lower initial Pb(II) concentration (Figure S3a) is
probably because solution calcium andmagnesium remained
unchanged till Pb > 0.5mM [52]. Increased Ca2+ and Mg2+
are attributed to the dissolution of some Mg-substituted
calcite [26], which also can provide more carbonate for
hydrocerussite precipitation.

4. Conclusions

Biochars obtained from anaerobically digested rice straw
(DRSBCs) showed lower pH value and potassium content,
but higher yield, nitrogen, phosphorous content, and carbon
stability compared with the biochars derived from rice straw
(RSBCs). The biochars obtained at 500∘C from both DRS
and RS exhibited the highest performance for removing
Pb(II) from aqueous solution. However, Pb(II) removal by
RSBCswas typically higher than those of DRSBCs by 2.8–6.5-
folds. As biochars produced at 500∘C were selected, the
maximumadsorption capacity of RSBC andDRSBC to Pb(II)
arrived at 276.3 and 90.5mg⋅g−1, respectively, according to
the Langmuir model. Carbonates and carboxylates were
contributed for the relatively higher adsorption capacity
of RSBC. Pb(II) adsorption of DRSBC was dominated via
forming phosphate silicates precipitation and complexing
with carboxylate groups.
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Nanofibrillated celluloses (NFCs) have recently drawn much attention because of their exceptional physicochemical properties.
However, the existing preparation procedures either produce low yields or severely degrade the cellulose and, moreover, are not
energy efficient. The purpose of this study was to develop a novel process using ultrasonic homogenization to isolate fibrils from
bamboo fiber (BF) with the assistance of negatively charged entities. The obtained samples were characterized by the degree of
substitution (DS) of carboxymethyl, Fourier-transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), thermogravimetric
analysis, and transmission electronmicroscopy (TEM).The results showed that anNFC yield could be obtained above 70% through
this route. The enzyme hydrolysis could enhance the surface charge of the fiber, and mechanical activation facilitates an increase
in the DS. The disintegrating efficiency of the cellulose fibrils significantly depended on the input power of ultrasonication and
the DS. FT-IR spectra confirmed the occurrence of the carboxymethylation reaction based on the appearance of the characteristic
signal for the carboxyl group. From XRD analysis, it was observed that the presence of the carboxyl groups makes the isolation
more efficient attributed to the ionic repulsion between the carboxylate groups of the cellulose chains.

1. Introduction

In recent years, much more attention has been paid to
the sustainable, green, and environmental friendly materials
because of the increasing public interest in environmental
issues and the growing pressure from legislative institutions
[1, 2]. Cellulose is the most abundant renewable natural
biopolymer on earth and is present in a wide variety of living
species such as plants, animals, and some bacteria. Cellulose
is amultifunctional rawmaterial which can self-assemble into
well-defined architectures at multiple scales, from nano- to
microsize, and is expected to be able to replace many nonre-
newable materials [3]. Cellulose does not occur as an isolated
individual molecule in nature, but it is found as assemblies
of individual cellulose chain-forming fiber cell wall. Higher
plants form highly crystalline cellulose microfibrils, each of
which consists of 30–40 fully extended and linear cellulose

chains and are the elements with the second smallest width
(∼3 nm) after single cellulose chains [4]. Plant cell walls are
comprised of cellulose microfibrils filled with hemicelluloses
and lignin. The microfibrils are so tightly hooked to one
another bymultiple hydrogen bonds, that their extraction has
proven extremely difficult. By using harsh aqueous mechan-
ical or chemical treatment, wood fiber can be degraded
and opened into their substructural units giving a material
such as microfiber and nanofiber.

The term “nanocellulose” generally refers to cellulosic
materials having at least one dimension in the nanometer
range.There are twomajor structures, namely, nanofibrillated
cellulose (NFC) and nanocrystalline cellulose (NCC), as
shown in Figure 1. The dissimilarity is related to their mor-
phology.NCCcan be regarded as the crystalline regions of the
NFC. NCC, showing a short rod-like shape 100 to 200 nm
in length and 4 to 25 nm in diameter, has been extensively
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(a) Nanocrystalline cellulose (NCC) L = 100–300 nm (b) Nanofibrillated cellulose (NFC) L = several m 

Figure 1: Diagram of NCC and NFC.

isolated by acid hydrolysis treatment [5]. NFC has a diameter
below 100 nm and a length of several microns, which can be
isolated by mechanical processes [6].

NFCs consist of a long web-like structure displaying
exceptional mechanical properties [7] including a high
Young’smodulus, a high strength, and a very low coefficient of
thermal expansion. NFCs have attracted great interests for its
combination with a suitable matrix polymer for high-quality
specialty applications of bio-based composites.Therefore, the
development of effective methods for extracting NFCs from
biomass has received an arising interest.

NFCs were normally produced bymechanical disintegra-
tion using either super-grinders [8], high-pressure homog-
enizers [9], high-pressure microfluidizer [10], or through
cryocrushing [11]. However, the mechanical disintegration
of the fibers into nanofibers often involves several passes
through the disintegration device leading to the high energy
consumption. Single disintegrating method suffers from two
major drawbacks. The first challenge is the relatively low
yields. The second is hydrophilic nature of cellulose causing
irreversible agglomeration during drying and compounding
in nonpolar matrices.

Combination of two or more methods presents a promis-
ing approach to overcome the above drawbacks. Researchers
have combined various pretreatments with some suitable
mechanical fibrillation technique, including the use of refin-
ing [12], enzymes [13], alkaline-acid treatment [14], ionic
liquid treatment [15], and chemical modification [16, 17].
Among these methods, chemical modification, involving the
addition of negatively charged entities at the microfibril
surface, has attained considerable interest in the scientific
community including the 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) mediated oxidation [18] and carboxymethy-
lation [19]. These are expected to result in NFC systems with
smaller particle size distributions due to the high amount
of charges as compared with other pretreatment processes
[20, 21]. The charges and their repulsive effect can greatly
enhance the ease of separation and dispersion of individual
microfibrils at a lower power consumption rate. However,
a critical drawback associated with TEMPO is the negative
environmental impact due to the use of sodium hypochlorite
and sodium bromide as catalyst. Carboxymethylation has

been used for the commercial production of sodium car-
boxymethyl cellulose (CMC), so its impact on the environ-
ment can be easily controlled or eliminated. Hence, car-
boxymethylation is a relatively environmentally friendly pre-
treatment for carrying out the fibrillation of cellulose fibers at
low energies. Accordingly, this study investigates the extrac-
tion of nanofibrillated cellulose (NFC) from natural bamboo
fiber under pulsed carboxymethylation.

Recently, the ultrasonic technique has been applied to
isolate cellulose nanofibers and it has attracted considerable
attention [22, 23]. The effect of ultrasonication in degrad-
ing polysaccharide linkages has been well described [24].
Ultrasonication is the application of sound energy to physical
and chemical systems. Ultrasound produces its effects mainly
through cavitation, which can introduce much effect such as
intense shear forces, shock waves, and microjets, and gener-
ates localized hot spots with very high temperatures, pres-
sures, and heating/cooling rates [25, 26]. Such extreme envi-
ronments provide a unique platform to break the strong cel-
lulose interfibrillar hydrogen bonding, allowing nanofibers
to be gradually disintegrated [24, 27].

Existing procedures for the production of NFC either
result in low yields or severely degrade the cellulose and,
moreover, are not environmentally friendly or energy effi-
cient. In the present work, a novel route was developed for the
preparation of water-redispersible NFC from bamboo fiber
(BF). It consists of four steps including mechanical refin-
ing (R), enzyme treatment (E), carboxymethyl modification
(CM), and ultrasonic homogenization (S). The bamboo fiber
was disintegrated mainly by the effect of ultrasonication with
the assistance of negative charges.The resulting samples were
analyzed by charge titration, Fourier-transform infrared (FT-
IR) spectroscopy, X-ray diffraction (XRD), thermogravimet-
ric analysis (TGA), and transmission electron microscopy
(TEM) to further investigate their chemical structure and
morphology.

2. Materials and Methods

2.1. Materials. Raw bamboo was obtained from local farmers
in Anji, Zhejiang province, China. Enzyme was obtained
from Tianjin Changwei Biological Technology Co., Ltd.,
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for 1 h times.

Deligni�cation using an acidi�ed
Removal of hemicellulose using

Carboxymethylation
(CM) Ultrasonication (S)Enzymatic hydrolysis (E)

Lignin Hemicellulose Cellulose
Re�ning (R)

Bamboo �ber (BF)

5wt% KOH at 90∘C for 2 h

Width 10–40 nm; lengh 1–3m＃（2＃／／−

sodium chlorite solution at 75∘C

Figure 2: The individualization of bamboo fiber nanofibers from bamboo powders with typical laboratory-scale ultrasonication apparatus
under neutral conditions.

and the cellulolytic activity was 1000 EGU/g (EGU means
endoglucanase unit). Monochloroacetic acid (MCA)
(sodium salt, purity ≥ 98%,𝑀 = 116.48 g/mol) was purchased
from Aladdin. All other chemicals used were of ACS reagent
grade and purchased from Hangzhou Huipu Co., Ltd.
Deionized water was used for all the experiments.

2.2. Preparation of Bamboo Fibre (BF) and Nanocrystalline
Cellulose (NFC). The process of isolating nanocrystalline
cellulose (NFC) from bamboo fiber consists of a series
of chemical treatments and high-intensity ultrasonication
according to the flowchart shown in Figure 2. First, treatment
with acidified sodium chlorite was carried out at 75∘C for
1 hr, which was repeated five times until the product became
white. The major lignin was then removed following the
method of Abe and Yano [28]. Next, an alkaline treatment
with potassium hydroxide (KOH) was conducted to remove
the hemicelluloses, residual starch, and pectin. The obtained
bleached bamboo fiber was labelled as BF.

The cell wall delamination of the BF was carried out in
four steps: a refining (R) step to increase the accessibility of
the cell wall to the subsequent endoglucanase treatment, an
enzymatic treatment (E) step, a low degree of substitution
carboxymethylation (CM) stage, and finally the treatment
of the pulp slurry by ultrasonic homogenization (S). The
above samples were labeled as BF-R, BF-E, BF-CM, and BF-
S, respectively. In the enzymatic treatment, a total of 5 g
BF, 200mL acetate buffer solution (pH = 4.8), and enzyme
were added into a conical flask. Enzymatic hydrolysis was
performed at 50∘C and continuously stirred using a water
bath. Subsequently, the samples were carboxymethylated,
under specific conditions which are detailed in the literature
[20]. In brief, the fiberswere first dispersed in deionizedwater
at 10,000 revolutions in an ordinary laboratory disperser.The
fibers were then solvent-exchanged with ethanol by washing
the fibers in ethanol four times with an intermediate filtration
step. The fibers were then impregnated in a solution of 2%
MCA in 500mL isopropanol for 30min. This mixture was
transferred to a 5 L reaction vessel equipped with reflux and
containing a heated solution of 16.2 g NaOH in a mixture
of 3/5 v/v ethanol/isopropanol.The carboxymethylation reac-
tion was allowed to continue for 1 hr. Finally, the samples
were further treated by ultrasonic homogenization (S), after

dispersion in 500ml of deionized water at a final concentra-
tion of 1.5% w/w. The ultrasonic treatment was carried out
in an ice bath to avoid overheating of the sample. The input
power of ultrasonication was varied from 400 to 1200W.
After ultrasonication, the suspension was concentrated by
centrifugation at 5,000 rpm for 30min [29]. The colloidal
suspension of NFCwas collected and freeze-dried for testing.

2.3. Determination of the Degree of Substitution (DS) of
Carboxylate Group. Conductometric titration (CT) was used
to determine the DS of carboxymethylated BF following
the protocol [30]. 0.1M aqueous hydrochloric acid (HCl)
solution was added to the fiber suspension and stirred with
a magnetic bar. The conductivity of the suspension was
measured upon titration with 0.1M aqueous NaOH solution,
using a conductometer. The measurements were repeated
three times for each sample. The titration curves showed the
presence of a strong acid corresponding to the excess of HCl
and a weak acid corresponding to the carboxylate content.
The total amount of carboxymethyl (CM) groups and DS
were calculated from

𝑛CM = (𝑉1 − 𝑉0) 𝐶NaOH, (1)

DS =
162 × 𝑛CM
𝑚 − 58𝑛CM

× 100%, (2)

where 𝑛CM is the carboxymethyl content, 𝑉
1
and 𝑉

0
are the

equivalent volumes of added NaOH solution, 𝐶NaOH is the
exact concentration of NaOH solution, and 𝑚 is the weight
of dried product.

2.4. Determination of NFC Yield. The ultrasonic sample was
collected and washed with sufficient deionized water by
repeating the centrifugation and dilution processes until its
pH was neutral, and then the sample was freeze-dried for
48 hr. The yield of NFCs was calculated as follows:

𝑌 =
(𝑚
1
− 𝑚
2
) 𝑉
1

𝑚𝑉
2

× 100%, (3)

where 𝑌 is the yield of NFCs,𝑚
1
is the total mass of vacuum

freeze-dried NFC and weight bottle, 𝑚
2
is the mass of the

weight bottle, and𝑚 is the mass of BF.
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Figure 3: Effect of refining time on DS of cellulose.

2.5. X-Ray Diffraction (XRD). For each sample, three pel-
lets were prepared by applying 3 t of weight to 750mg of
powder for 2min. The pellets were measured in reflection
mode, using an X’Pert Pro diffractometer from Panalytical
(Almelo, Netherlands) with Cu Karadiation (𝑘 = 1.5418A∘) in
combination with a linear detector system (X’Celerator).

2.6. Fourier-Transform Infrared (FT-IR) Spectroscopy. The
spectra were recorded using IRTracer-100 6000 Spectrom-
eter in single reflection diamond ATR (Attenuated Total
Reflectance) mode. The number of scans was 32 and the
resolution was 4 cm−1. The absorbance measurements were
carried out within the range of 500 and 4000 cm−1.They were
all carried out in at least duplicate.

2.7. Thermogravimetry Analysis (TGA). Thermogravimetric
analysis (TGA) was performed to compare the degradation
characteristics of the cellulose fibers at each stage. The
thermal stability of each sample was determined using a
thermogravimetric analyzer (Pyris6, Perkin-Elmer, USA)
with a heating rate of 5∘C/min.

2.8. TEM Observations. Dispersions of celluloses in water
were observed using a photomicroscope (Olympus BX50).
A 10 𝜇L aliquot of the 0.01% (w/v) cellulose dispersion
was mounted on a glow-discharged carbon-coated electron
microscopy grid. The sample grid was observed at 100 kV
using a JEOL electron microscope (JEM 2000-EXII).

3. Results and Discussion

3.1. Effect of Refining Time on the DS of Cellulose. Figure 3
showed the effect of the refining time of the pretreatment
system on the degree of substitution (DS) of cellulose. The
refining time was varied between 0 and 2.5 hr, while the other
reaction parameters, molar ratio of monochloroacetic acid
(MCA) to anhydroglucose units in cellulose of 3 : 5, liquid-
solid ratio (volume/mass) of 10mL/g, NaOH-MCA molar
ratio of 1 : 1, temperature of 65∘C, and reaction time of 2 hr
remained unchanged.
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Figure 4: Effect of treatments on the surface charge.

As can be seen from Figure 3, with an increase of
refining time, the DS of the cellulose increased from 0.112
(without refining) to 0.159 (after a refining time of 1.5 hr).This
provides direct evidence that refining would be beneficial
for the etherification reaction of cellulose. As the refining
time extended beyond this point, the DS exhibited a slow
decline. This may be due to effects such as the degradation
of cellulose materials, the reversibility of the etherification
reaction, and alkaline degradation of the cellulose. However,
the DS of the refined cellulose was always greater than
that of unrefined cellulose. The results demonstrated that
mechanical treatment of the fiber can significantly improve
the reactivity of cellulose. This is because mechanical acti-
vation can change the crystalline structure of cellulose, thus
reducing its crystallinity, allowing etherified reagent to more
easily penetrate into the interior cellulose, which is consistent
with Huang et al.’s study [31].

3.2. Influence of Different PretreatmentMethods on the Surface
Charge. Three samples, namedBF-E, BF-CM, andBF-S, were
obtained following the route described in the Materials and
Methods section (Section 2).The effect of the enzyme dosage
on the surface charge is shown in Figure 4.

As can be seen in Figure 4, the surface charge of sample
BF-E first decreased quickly and then increased slowly. The
effect of the enzyme was first to hydrolyze the fibers and
decrease the specific surface area of the fiber and hence
reduce the number of exposed carboxyl groups on the fiber
surface. With an increasing enzyme dosage, the enzyme
hydrolyzed the fiber further, increasing the specific surface
area of the fiber, and exposed more carboxyl groups, leading
to an increase in the surface charge of the fibers. The surface
charge of both BF-CM and BF-S first raised rapidly and
then slowly with the increased dosage of enzyme. After car-
boxymethylation, the surface charge of the fibers increased
significantly, indicating that the etherification enhanced the
negative charge by increasing the number of carboxyl groups.
Moreover, the final ultrasonic homogenization led to a
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further augmentation of the surface charge of the fibers. This
can be explained by the fact that the ultrasonic treatment
destroyed the crystal structure of cellulose, exposing more
free carboxyl groups.

3.3. Effect of Liquid-Solid Ratio on DS of Cellulose. Figure 5
showed the effect of the liquid-solid ratio on the DS of
cellulose. The DS value displayed a trend of first rising and
then declining with an increase of the liquid-solid ratio. After
increasing to 15mL/g, theDS began to decrease.The reason is
that when the liquid-solid ratio increased, the larger volume
of liquid allowed the solid materials to disperse more evenly,
improving the flow condition of the reaction system. Con-
sequently, the etherifying agent made more frequent contact
with the raw cellulose material, promoting the reaction and
leading to an increase in the DS. The same phenomenon was
also observed in Ye and Chen’s study [32]. However, once
the liquid-solid ratio was greater than 15mL/g, an increase of
the liquid-solid ratio only reduced the concentration of SCA,
which did not benefit the flow state of the reaction system.
Therefore, in the presence of low concentrations of SCA, the
etherification of cellulose tended to decline.

3.4. Effect of Ultrasonication on the Yeild of NFCs. Ultrasonic
homogenization is a crucial step affecting the defibrillation
of the cellulose fiber. Ultrasonic treatment was conducted for
time periods ranging from 20min to 80min, with a constant
power of 𝑃1 (50% 𝑃max) and 𝑃2 (70% 𝑃max). The yield of
the NFC was calculated according to (4), and the results are
shown in Figure 6.

As shown in Figure 6, the ultrasonication time had a
significant effect on the NFC yield; with increasing ultra-
sonication time, the yield of NFC significantly increased.
An NFC yield above 65% could be obtained through the
route in the optimum conditions. When the ultrasonic time
increased from 20min to 50min, a significant increase in the
NFC yield was observed. The yield reached a maximum of
72.46% with an ultrasonication time of 80min and an input
power of 70% 𝑃max. The input power played an important
role in the process of ultrasonic homogenization. The yield
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for 30min with 𝑃2 was higher than that of 80min with
𝑃1. This finding could be attributed to the breach of the
inner crystallization area that needs sufficient power to be
affected by ultrasonication. A similar result was reported in
the literature [33].

3.5. FT-IR Analysis. To confirm successful carboxymethyla-
tion, the treated and untreated BF were characterized using
FT-IR spectroscopy, and the results are shown in Figure 7.

The spectrum of the untreated BF showed the charac-
teristic absorption bands of cellulose. A large band between
3,000 cm−1 and 3,800 cm−1 was attributed to the OH stretch-
ing vibrations, and the peak at 2,920 cm−1 was assigned to
the CH stretching vibrations. A series of peaks between
1,300 and 1,500 cm−1 were associated with OCH deformation
vibrations, CH

2
bending vibrations, and the CCH and COH

bending vibrations. Finally, the band ranging from 900
to 1,100 cm−1 mainly contained signals from CC stretch-
ing vibrations and COH and CCH deformation vibrations.
Refining disintegration of the BF (BF-R) did not lead to a
change in the FT-IR spectrum. However, the absorption peak
intensities displayed obvious changes, and the absorption
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peak attributed to theOHstretching vibrations becamewider,
indicating that, under the action of mechanical activation,
the intermolecular hydrogen bonding of cellulose was abated,
and the amount of free hydroxyls increased. Carboxymethy-
lation of the BF-R (BF-CM) led to the appearance of a new
signal at 1,598 cm−1, which was attributed to the asymmetric
stretching vibration of the carboxylate group [34], confirming
the successful carboxymethylation.

3.6. XRD Analysis. To investigate the effect of the sequence
of chemical and mechanical treatments on the preparation of
NFC, the crystallinities of the different samples were analyzed
by X-ray diffraction.The samples were prepared through two
routes. For route 1, the BF was first treated by mechanical
disintegration (BF-M) and then by chemical modification
(BF- M/C). For route 2, the BF was first treated by chemical
modification (BF-C) and then by mechanical disintegration
(BF-C/M). The results are shown in Figure 8.

The diffractogram of the untreated BF showed reflections
of the cellulose lattice planes appearing at 2𝜃 angles between
13∘ and 17∘ (110 and 110) and 22.3∘ (020) and 34.5∘ (004) [35].
The crystallinity 𝜒cr of the samples was estimated using (4)
[36] with 𝐼

020
being the intensity of the 020 peak (amorphous

and crystalline reflections at 22.3∘) and 𝐼am being the intensity
of the minimum between the 020 and 110 peaks.

𝜒cr =
𝐼
020
− 𝐼am
𝐼
020

. (4)

According to (1), the highest value of crystallinity was
obtained for raw BF (77.74%), followed by BF-M (69.02%),
BF-M/C (66.99%), BF-C (63.19%), and BF-C/M (56.15%). As
can be observed, mechanical disintegration of the BF (see
curve of BF-M) strongly decrease its crystallinity, and the
crystallinity was not significantly affected by postchemical
modification (BF- M/C), implying that mechanical disinte-
gration had a stronger effect on crystallinity than chemical
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Figure 9: TGA of (a) BF (black curve), (b) BF-E (red curve), (c)
BF-CM (blue curve), and (d) BF-S (green curve).

modification. However, samples from route 2 (BF-C and BF-
C/M) exhibited amore pronounced reduction in crystallinity
compared to those from route 1. It can be concluded that
the presence of the carboxylate groups made the mechanical
isolation more efficient, as not only amorphous regions but
also crystalline domains were affected by the treatment.
The improved efficiency of the isolation of the fibrillated
material could be attributed to the ionic repulsion between
the carboxylate groups of the single cellulose chains [20].

3.7. Thermogravimetry Analysis (TGA). It is well-known that
substituent groups have a significant influence on the thermal
stabilities and derivatives of cellulose. Therefore, the native
and treated samples were characterized by thermogravi-
metric analysis in order to obtain information about their
thermal behaviors. Figure 9 presents TGA curves for the BF
and differently treated samples. All the TGA curves showed
a small initial weight loss between 50 and 150∘C, which
corresponds to a mass loss of absorbed moisture. For the
original BF, a slight weight loss occurred at 300∘C and a
drastic loss at 300–390∘C (see black curve), followed by
slow weight losses up to 600∘C. These results are similar
to those reported in previous publications [37]. For BF-E,
a significant weight loss started at approximately 285∘C and
ended at 374∘C; the enzyme treatment slightly decreased the
thermal stability. Carboxymethylation clearly reduced the
thermal stability, showing a significant weight loss starting
at approximately 245∘C. This finding is in agreement with
results obtained from the thermal degradation of partially
carboxymethylated cellulose [38]. For BF-S, most weight loss
occurred in the range of 210–500∘C, and the degradation
temperature was further decreased. Ultrasonication resulted
in BF with a reduced molecular weight, an increased specific
surface area, and more exposed active groups. Generally,
the low molecular weight of cellulose fragments introduced
into the outer surface of the cellulose crystals resulted in a
decrease in thermal stability. These results were similar to
those reported in previous publications [39].
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Figure 10: TEM images of water-redispersed samples: (a) DS = 0.135 and (b) DS = 0.182.

3.8. Morphological Structures of NFCs. The TEM images of
the water-redispersed samples with different DS values were
shown in Figure 10. As can be seen in Figure 10, most of
individualized cellulose nanofibers were dispersed in water,
and the cellulose nanofibers obtained were mainly 10–40 nm
in width and a few microns in length. The sample with DS
= 0.182 (Figure 10(b)) presented better dispersion than that
with DS = 0.135(Figure 10(a)). This revealed that the amount
of negatively charged carboxyl groups played a critical role in
the dispersion of NFC.

4. Conclusions

Nanofibrillated cellulose (NFC) from bamboo fiber was
obtained by a combination of mechanical activation, enzyme
treatment, carboxymethylation, and ultrasonic homogeniza-
tion. It was encouraging that an NFC yield could be obtained
above 70% through this route. Carboxymethylation was
found to significantly increase the surface charge of the fibers.
Ultrasonic homogenization led to a further augmentation of
the surface charge by destroying the crystal structure of the
fibers. Refining was able to activate the fiber by changing the
crystalline structure of cellulose and allowing the etherified
reagent to more easily penetrate into the cellulose interior,
enhancing the efficiency of the etherification reaction of
cellulose.The input power played amore significant role than
the treating time in the process of ultrasonic homogenization
attributed to the breach of the inner crystallization area
requiring an adequate power of ultrasonication. FT-IR spec-
troscopy confirmed the occurrence of the carboxymethyla-
tion reaction in the modified BF by the appearance of char-
acteristic signals at 1,598 cm−1. Although carboxymethylation
modification did not significantly affect crystallinity, the
presence of carboxylate groups was beneficial for destroying
crystallinity of the posttreatment samples. The chemical
modification or physical treatment decreased the degradation
temperature of the fiber. The number of carboxyl groups,
leading to the addition of negative charge, played a critical
role in the dispersion of NFC.
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Spherical biocarriers were preparedwith lignin-carbohydrate complexes isolated from ginkgo (Ginkgo biloba L.) xylem.The specific
surface and average pore size of the biocarriers were 17.15m2 g−1 and 21.59 nm, respectively. The carriers were stable in solution
at pH 4.0∼9.5. Fourier transform infrared (FT-IR) spectrum indicated that the spherical carrier was composed of lignin and
polysaccharides and had a typical lignin-carbohydrate complex (LCC) structure. The contents of galactose, lignin, and total sugar
were 3.30%, 23.9%, and 64.62%, respectively, making the spherical biocarriers have good physical strength and compatible with
hepatocytes. It was observed using a scanning electronmicroscopy (SEM) that liver cells adhered to the spherical biocarriers during
culture. Cell counting indicated that the proliferation of liver cells in the experimental groupwas significantly higher than that of the
control group.The albumin secretion (ALB) value and glucose consumption of the human hepatocytes were increased by 51.7% and
38.6%, respectively, by the fourth day when cultivated on the biocarriers.The results indicate that ginkgo LCC is very biocompatible
and shows promise for the use as a biomaterial in the culture of human hepatocytes.

1. Introduction

Lignin is one of the most abundant natural products in
the land-plant kingdom and is formed through phenolic
oxidative coupling processes [1]. Lignin macromolecules
are formed by the dehydrogenative polymerization of three
monolignols:𝑝-coumaryl, coniferyl, and sinapyl alcohols [2].
Some hemicellulose in the cell walls of lignified plants
is linked to lignin to form lignin-carbohydrate complexes
(LCC) [3]. With the development of analysis technology,
more information has been reported in the literature describ-
ing the structure and properties of LCC, especially lignin-
carbohydrate linkage (LC bond) [4–8]. As shown in Figure 1,
(Galacto)glucomannan is the most common one in the soft-
wood hemicelluloses, which is considered to be linked to
ligninmoieties by chemical bonds [9]. It is a branched hetero-
polysaccharide consisting of two glucose epimers, 𝛽-D-glu-
copyranose and 𝛽-D-mannopyranose, and galactose units
which are bioactive for hepatocytes. Recently, LCC as a bio-
logical material has attracted attention. Many researchers
have found that lignin-carbohydrate complexes are a good

natural biodegradable material [10, 11]. In addition, LCC con-
tains hydrophobic rigid lignin blocks and hydrophilic flexible
polysaccharide blocks, making lignin-carbohydrate com-
plexes have good amphipathy, biocompatibility, andmechan-
ical strength [12]. The lignin and carbohydrate blocks in the
LCC copolymer not only have an ideal structure for biomate-
rials, but also have good compatibility with animal cells [13].
The rigid lignin blocks can form lignin-protein complexes
withmembrane bound proteins in animal cells, enabling cells
to grow [14]. Furthermore, the flexible polysaccharide blocks
containing 2–5% galactan have the ability to recognize hep-
atocytes due to the presence of asialoglycoprotein receptors
(ASGPR) onwhich galactose acts as a specific adhesive ligand
on the hepatocytes [15–19] (Figure 2). Galactosylated sub-
strates are useful biomaterials in the preparation of scaffolds
for hepatocyte cultivation because of their specific interaction
of the galactose moiety with the cell surface ASGPR [20].

In the literature describing lignin as a biomaterial, there
have been two opinions which have been argued for many
years. Some researchers think that although lignin has great
strength, its hydrophobicity may affect animal cell adhesion

Hindawi
International Journal of Polymer Science
Volume 2017, Article ID 4915185, 9 pages
https://doi.org/10.1155/2017/4915185

https://doi.org/10.1155/2017/4915185


2 International Journal of Polymer Science

O

OH

O

HO

HO

HO

HO

HO

HO

HO

HO

HO

OO O

O

OH
HO

OH

OH

OH

OH

OH

O

AcO

O
O R

H
CC

H

O

L

C

O

O

O

O

O

O

（2
／＃（3

Figure 1: (Galacto)glucomannan in softwood hemicelluloses with linkage to lignin moieties (R = H or polylignol; L = polylignol).
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Figure 2: Binding of LCC material to hepatocyte.

on the lignin-based biocarriers. Other researchers suggest
that lignin has many functional groups that possess physi-
ological activity, such as methoxyl, phenolic hydroxyl, alco-
holic hydroxyl, carboxyl, and carbonyl, which may promote
normal metabolism of animal cells. Recently, Erakovic et
al. studied the biocompatibility of modified lignin scaffold
material and demonstrated that the lignin fragments in
lignin-carbohydrate complexes not only have great strength,
but also have good biocompatibility [21–23]. Moreover,
Chung et al. [24] and Park et al. [25] demonstrated that the
scaffolds immobilized by galactose retained a greater number
of hepatocytes than those scaffolds which were unmodified
or immobilized with galactose, due to specific interactions
between hepatocytes and galactose moieties. Yang et al. [26]
and Wang et al. [27] investigated the ability of hydrogels

prepared with galactosylated acrylate (GAC) and poly (N-
isopropylacrylamide) (NIPAAm) as scaffolds to proliferate
hepatocytes and maintain the function of albumin and urea
synthesis.They found that the cell adhesion and proliferation
of hepatocytes occurred primarily on the surface of the
hydrogels, suggesting that the incorporation of GAC con-
taining galactose units could stimulate cell adsorption and
growth, as compared with conventional PNIPAAm hydrogel.
In our previous research,Wu et al. reported that hydrogel pre-
pared from artificial LCC, that is, dehydrogenation polymer-
(DHP-) galactose complex, has good biocompatibility with
human hepatocytes [28]. However, the biocompatibility of
natural LCC with hepatocytes is still open to investigation.

In order to understand the possibility of the applica-
tion of natural LCC in the tissue engineering area, LCC
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was isolated from ginkgo wood (Ginkgo biloba L.), in the
group of gymnosperm. Spherical biological carriers were
prepared using liquid nitrogen freeze-drying method. The
spherical biocarriers with relative large specific surface area
may provide more growth area for cell culture in vitro.
Hepatocytes are difficult to proliferate in monolayer cultures
and can be easily damaged by trypsin digestion and may be
resolved using spherical biocarriers [29]. In thiswork, Fourier
transform infrared spectroscopy (FT-IR), opticalmicroscopy,
high precision surface area, and pore size analyzer were used
to characterize the structure and morphology of spherical
biocarriers. The biocarriers were then used in the culture
of human hepatocytes. The growth of the hepatocytes on
the biocarriers was observed using an inverted biological
microscope and scanning electron microscopy (SEM). The
metabolic activities of the cells, including albumin secretion
and glucose consumption, were also determined.

2. Materials and Methods

2.1.Materials. Gingko tree was obtained fromWuhan Botan-
ical Garden. Human liver cells (L-02) were provided by
Pricells Company (Wuhan, China).

2.2. Preparation of Gingko LCC. Gingko wood meal (40–
60mesh) was extracted using benzene/ethyl alcohol (2/1,
V/V) followed by a hot water treatment and then dried in
vacuo for 7 days. The extractives-free wood mill was further
ground for 72 h in a vibration ball mill with water cooling.
The gingko LCC was then extracted and purified using the
Björkman method [30].

2.3. Posttreatment of the LCC. The LCC were further treated
with hot water at 50∘C in order to remove the water-soluble
fraction which will cause the swelling of the LCC-based
spherical biocarriers. The ginkgo LCC and distilled water
were put into an Erlenmeyer flask. The mixture was stirred
at 50∘C for 8 h and then filtered. The water-insoluble LCC
fraction was obtained by freeze-drying, yield: 21.7%.

2.4. Preparation of LCC-Based Spherical Biocarriers. The
ginkgo LCC-based spherical biocarriers were obtained using
the freeze-drying method, as shown in Figure 3. Firstly,
1 g water-insoluble ginkgo LCC was dissolved in 5mL
90% (V/V) acetic acid under magnetic stirring. Secondly,
the solution was dropped into liquid nitrogen using a 1mL
injector. Thirdly, the spherical biocarriers were obtained by
drying the frozen beads using a freeze dryer (Labconco
195, USA). The morphology of spherical biocarriers was
characterized using optical microscope and SEM.

2.5. FT-IR Spectroscopy. KBr pellets were prepared from 1mg
ground sample and 60mg predried KBr. The spectrum was
recorded in the range of 4000 cm−1–400 cm−1 using a FT-IR
spectrometer (Thermo Fisher 6700, USA).

2.6. Composition of the Spherical Biocarriers Material. Three-
milligram spherical biocarrier sampleswere hydrolyzed using

3mL 72% sulfuric acid at room temperature for 60min. The
sulfuric acid was then diluted to 4% using distilled water
and sample hydrolyzed for 45min at 121∘C in an autoclave.
The mixture was filtered through 1G4 glass filter. The filtrate
was used to detect the sugar composition of the sample
using HPLC (20AT, Shimadzu) equipped with a Aminex
HPX-87P column at 85∘C using water as the eluent at speed
of 0.6mLmin−1. The water-insoluble fraction was used to
determine acid insoluble lignin [31].

2.6.1. SEMObservation of Spherical Biocarriers. The spherical
biocarriers were put on a silicon wafer and sprayed with gold
ions in vacuo. The morphological structures of surface and
cross sections were observed using a JSM-6390LV SEM.

2.6.2. Diameter of the Spherical Biocarriers. The samples were
examined using a stereomicroscopy (Olympus SZX16, Japan)
equipped with a scale. The average diameter of the spherical
biocarriers was calculated.

2.6.3.Pretreatment for Specific SurfaceDetermination of Spher-
ical Biocarriers. An empty tube was weighed and marked as
𝑚
0
. The spherical biocarriers were put into the empty tube

and treated at 120∘C for 4.5 h. The dried spherical biocarriers
were cooled to 25∘C in a cooling bath. The tube containing
the biocarriers was weighed and marked as 𝑚

1
. The value of

𝑚
1
minus𝑚

0
was the weight of the spherical biocarriers.

2.6.4. Determination of Specific Surface. Thenitrogen adsorp-
tion method [32, 33] was used in the determination of
the specific surface using a BELSORP-mini II type high
precision surface area and pore size analyzer (Ankersmid,
Netherland). The Brunauer–Emmett–Teller (BET) specific
surface determination is based on the gas adsorption char-
acteristics on a solid surface. In addition, corresponding to
the defined pressure, the equilibrium adsorptionwas definite.
The equilibrium adsorption determinedwas equivalent to the
specific surface of the sample.The formulae to calculate these
are

𝑆g = 4.36 × 𝑉𝑚𝑚 ,
𝑃

𝑉𝑎 (𝑃
0
− 𝑃) =

1
𝑉
𝑚
∙ 𝐶 +
𝐶 − 1
𝑉
𝑚
∙ 𝐶 ∙ (
𝑃
𝑃
0

) ,
(1)

where Sg is specific surface area of the sample (m2 g−1); 𝑉
𝑚
is

saturated nitrogenmolecularmonolayer adsorption (mL);𝑉𝑎
is the actual adsorption of the sample (mL); 𝑚 is the weight
of the sample (g); 𝐶 is constant related to adsorption capacity
of the sample; 𝑃 is adsorbent partial pressure; 𝑃

0
is adsorbent

saturated vapor pressure.

2.6.5. Determination of the Pore Size. The pore size was also
determined using a BELSORP-mini II type high precision
surface area and pore size analyzer (Ankersmid, Netherland).
The gas adsorption method was used to determine the pore
size. This method is based on capillary condensation and the
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Figure 3: Preparation of LCC-based spherical biocarriers.

volume equivalent substitution. Corresponding to the ratio
of 𝑃/𝑃

0
, there is a critical radius, Rk. The critical radius is

calculated using the Kelvin equation as follows:

Rk = −0.414
log (𝑃/𝑃

0
) . (2)

2.6.6. Size Stability of Spherical Biocarriers. Fivemilligrams of
spherical biocarriers was suspended in 5ml of buffering solu-
tions at various pH (acetate buffer pH 4∼5, phosphate buffer
pH 6.8∼7.4, and sodium bicarbonate buffer pH 9.5). The size
andmorphology of spherical biocarriers in different buffering
solutions were determined using a stereomicroscopy (Olym-
pus SZX16, Japan) equipped with a scale after 15 days.

2.7. Culture of Human Hepatocytes. Human hepatocytes
(L-02), obtained from Pricells Company (Wuhan, China),
were rinsed with phosphate buffer. The hepatocytes were
inoculated into 12-well culture plates at a density of 3 ×
105 cellsmL−1. The spherical biocarriers were then sterilized
at 120∘C for 4 h. These were then added to the wells at a
concentration of 2.5mgmL−1. The hepatocytes together with
the spherical biocarriers were incubated at 37∘C, 5% CO

2
,

and 100% relative humidity. The culture medium used was
RPMI-1640 supplemented with 20% FBS, 1% penicillin, and
streptomycin solution. The adhesion of human hepatocytes
to the spherical biocarriers was observed daily using a XDS-
1 inverted biological microscope. Cell-free supernatant was
collected daily to detect the metabolic activity of the cells.

2.7.1. Cell Number Counting. On the 1∼5th days of culture
liquid media were collected every day. The cells were then
washed twice with phosphate buffer, followed by 0.25%
trypsin for 1∼2min. The media containing trypsin were then
discarded. Then the new media were added to terminate the
digestion. The cells were no longer adhered to the well but
in a cell suspension. Two hundred mL of suspension liquid
was taken and mixed with equal volume of 0.4% trypan blue
staining solution. Some of the stained cells were put onto a
blood cell counting plate. The number of stained cells was
counted using a microscope.

2.7.2. Observation of the Cells Adhesion on the Carrier by SEM.
On the 3rd day of cell culture, some spherical biocarriers were
removed. The spherical biocarriers were fixed using 2.5%
glutaraldehyde (GA) for 12 h at 4∘C.The spherical biocarriers
were then further fixed using 0.1% osmic acid for 30min.
After the spherical biocarriers were washed using phosphate
buffer, a gradient dehydrationwas carried out using ethanol at
concentrations of 30%, 50%, 70%, 80%, 90%, and 100%. The
dried spherical biocarriers were put onto silicon wafer and

sprayed with gold ions in vacuo. The hepatocytes adhered to
the spherical biocarriers were observed using a JSM-6390LV
SEM.

2.7.3. Detection of Metabolic Activity. The amount of albumin
secreted was determined using the method according to
the instructions of kit number A028 (provided by Nanjing
Jiancheng Bioengineering Institute, China). Briefly, 10 𝜇L
distilled water, standard albumin, and cell-free supernatant
were added to a test tube. After the addition of 2.5mL
bromocresol green buffer, the samples were shaken. After the
reaction was carried out for 10min at room temperature, the
absorption values were monitored at 628 nm using a UV-Vis
spectrophotometer (Shimadzu 2550, Japan).

ALB (g/L) = 𝐴1 − 𝐴2𝐴
0
− 𝐴
2

× 𝐶
0
, (3)

where ALB is the content (g L−1) of albumin; 𝐴
0
, 𝐴
1
, and 𝐴

2

are the absorbance values of standard tubes, sample tubes,
and control groups, respectively. 𝐶

0
(g L−1) is the concentra-

tion of the standard.
The amount of glucose consumed by the hepatocytes was

determined using the method according to the instruction
of kit number CAT361500 (provided by Nanjing Jiancheng
Bioengineering Institute, China). In test tubes, 10 𝜇L dis-
tilled water, standard glucose, and cell-free supernatant were
added. After the addition of 1mL of a solution contain-
ing phosphate buffer (pH 7.0), phenol 10.6mmol L−1, and
aminoantipyrine of 70mmol L−1, the samples were shaken.
After the reaction was carried out for 15min at 37∘C, the
absorption values were determined at 505 nmusing aUV-VIS
spectrophotometer.

𝐶 (mmol/L) = 𝐴1𝐴
0

× 𝐶
0
, (4)

where 𝐶 is the content (mmol L−1) of glucose. 𝐴
0
and 𝐴

1
are

the absorbance values of standard tubes and sample tubes,
respectively. 𝐶

0
(g L−1) is the concentration of the standard.

3. Results and Discussion

3.1. FT-IRAnalysis. Apeak of 3419.2 cm−1 was assigned to the
hydroxyl groups of gingko LCC, as shown in Figure 4. The
strong absorption of C-O stretch at 1035.6 cm−1 indicated the
presence of polysaccharides [34]. The peaks at 1510 cm−1 and
1423.2 cm−1 were related to the vibration of aromatic struc-
tures in the lignin moieties [35]. FT-IR analysis confirmed
that the spherical biocarriers had a typical LCC structure
composed of lignin and polysaccharides. Rigid hydrophobic
lignin and flexible hydrophilic polysaccharide fragments gave
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Table 1: Composition of ginkgo LCC-based biocarrier.

Composition Lignin Glucose Xylose Galactose Arabinose Mannose Total sugars
Content % 25.5 22.30 10.93 3.30 6.15 21.94 64.62
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Figure 4: FT-IR spectroscopy of the LCC-based spherical biocarri-
ers.

the spherical biocarriers good amphipathy properties and
high strength, which are essential requirements of natural
medical materials.

3.2. Composition Analysis. Galactose can be recognized by a
receptor on hepatocytes and has a high physiological activity
for hepatocytes [36]. Galactose was used to enhance the
selective interactions between biocarriers and hepatocytes.
As shown in Table 1, the content of galactose units in the
LCC macromolecule was 3.30%. The contents of lignin and
total sugars were 25.5% and 64.62%, respectively, which gave
the spherical biocarriers good physical strength [37]. The
results suggest that spherical biocarriers are suitable for use
as biocarriers of human hepatocytes.

3.3. Morphology of the Spherical Biocarriers fromGingko LCC.
The spherical biocarriers prepared with gingko LCC were
porous material as observed by optical microscopy and SEM.
As shown in Figure 5(a), the spherical biocarrier is seen
in light gray. The morphology of the spherical biocarriers
demonstrated that the LCCparticleswere porous and suitable
for cell biocarriers under culture conditions as shown in
Figure 5(b).

3.4. Diameter Determination and the Stability. As a bioma-
terial, the large diameter of the biocarriers will decrease the
specific surface area, whereas small diameters will increase
the density of biocarriers. Both could impact the growth
of cells. Therefore the diameter of biocarriers must be in
the appropriate range for the particular cells. In this study,
the dry and wet diameters of the spherical biocarriers are
1.8–2.0mm and 1.9–2.1mm, respectively. There are some

differences between dry and wet spherical biocarriers. The
results indicated that the diameters of the spherical biocarri-
ers were stable within a range that was suitable for cell culture.
The stability of spherical biocarriers was determined when
high concentrations of spherical biocarriers were suspended
in a weak acid of pH 4-5, a neutral solution of pH 7.4, and
an alkaline solution of pH 9.5. In Figure 6, it was found that
the spherical biocarriers kept their intact diameter and style
after 15 days in suspension. It was found that the spherical
biocarriers had good stability andwere suitable for cultivation
at different pH.

3.5. Specific Surface Area andAverage Pore Size of the Spherical
Biocarriers. Specific surface area and average pore size of
spherical biocarriers were measured using a high precision
surface tester. The BET curve is shown in Figure 7. The 𝑉

𝑚

value can be calculated using the linear slope and intercept in
Figure 7. According to (1) and Kelvin equation (2), the spe-
cific surface area and average pore size of spherical biocarriers
were calculated to be 17.15m2 g−1 and 21.59 nm, respectively.
The results revealed that the spherical biocarriers had a
high specific surface area. Thus, the spherical biocarriers can
provide enough surface for cell growth and increase the cell
density. When the monolayer of cells undergoes a trypsin
digestion process, the damage to cells can be reduced by
the cells being easily removed from the medium, compared
with conventional monolayer cell culture, because of the 3D
culture structure with the use of spherical biocarriers.

3.6. Cell Growth and Metabolic Activities of Hepatocytes
Adhered to Spherical Biocarriers. In the presence of the bio-
carriers, human hepatocytes (L-02) were cultured statically.
As shown in Figure 8, it was found that the majority of
hepatocytes adhered to the spherical biocarriers, indicating
that the LCC is nontoxic, biocompatible, and suitable for
the hepatocyte culture. Using cell counting, the cell growth
conditions of experimental and control groups in suspension
during days 1 to 5 were observed in Figure 9. The cultured
cells of the experimental and control groups during the first 3
days grew slowly. On the 4th day, the proliferation rate of the
cells increased, which was greater in the experimental group
compared to that of the control group.

In Figure 10, it was found that the content of albumin
secretion (ALB) from the hepatocytes cultured on the porous
biocarriers was significantly greater compared to the control
group (without biocarriers). On the 4th day of cultivation
the ALB value reached the highest level at 10.45 g d−1 L−1,
while the control group had a high value of 6.89 g d−1 L−1.
Therefore, The ALB value of the sample with the use of
biocarriers was increased by 51.7% as compared with the
control. As shown in Figure 11, the glucose consumption
of the hepatocytes increased significantly with the use of
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(a) (b)

Figure 5: Morphological observations by stereomicroscopy (a) and SEM (b) of the spherical biocarriers prepared from gingko LCC.

(a) (b)

Figure 6: The morphology of spherical biocarriers before (a) and after 15 days (b) suspended in pH 7.4.
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Figure 7: BET adsorption isotherm of the spherical biocarriers.

biocarriers when compared to the control experiment. In
the 4th day of cultivation, glucose consumption reached the
highest value of 14.0mmol d−1 L−1, while the highest value
was 10.1mmol d−1 L−1 in the control group.This suggests that

the glucose consumption value of sample using biocarriers
is enhanced by 38.6% as compared with the control. These
results indicated that the biocarriers using ginkgo LCC had
biocompatibility with human hepatocytes. The LCC are a
promising biomedical polymers that could be used in the
tissue engineering of culture hepatocytes to create hepatic
organs.

4. Conclusions

(1) The spherical carriers were prepared using lignin-
carbohydrate complexes from poplar wood with the
liquid nitrogen freeze-drying method. It was found
that the carriers were stable in aqueous solution.
The specific surface area and average pore size were
17.154m2 g−1 and 21.59 nm, respectively. The specific
surface analysis and SEM results indicated that the
spherical carriers prepared from gingko LCC could
provide a large cell growth platform.

(2) The FT-IR spectral analysis indicated that the spher-
ical carriers were composed of lignin and polysac-
charides. The spherical biocarriers had a typical LCC
structure. The chemical analysis indicated that the
contents of galactose, lignin, and total sugars were
3.30%, 23.90%, and 64.62%, respectively, giving good
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Figure 8: An inverted microscope image (a) and SEM image (b) of the human hepatocytes L-02 cultured on the spherical biocarriers.
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Figure 9: Cell counting of hepatocyte growth on spherical biocar-
riers (A) and control medium (B).
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biocarriers (A) and conventional media (B).

1 2 3 4 5
7

8

9

10

11

12

13

14

15

G
lu

co
se

 co
ns

um
pt

io
n 

(m
m

ol
/L

/d
)

Time (d)

A
B

Figure 11: Glucose consumption of human hepatocytes cultured on
biocarriers (A) and conventional media (B).

physical strength and compatibility of the biocarriers
to hepatocytes.

(3) Cell counting showed that the cells increased faster
than those of control group. It was also found that
albumin secretion (ALB) value and glucose consump-
tion of the human hepatocytes were enhanced by
51.7% and 38.6%, respectively, when cultivated on
the biocarriers. The results indicate that material of
ginkgo LCC is very biocompatible and shows promise
for use as a biomaterial in the culture of human
hepatocytes.
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[33] E. Raymundo-Piñero, V. Khomenko, E. Frackowiak, and F.
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