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ABSTRACT: To achieve full utilization of lignocellulosic biomass and easy integration of
nanomaterials production, it is essential to develop an e�cient fractionation to overcome
the highly recalcitrant nature of lignocellulose and facilitate the subsequent valuable
conversion. Herein, in a combined process based on the formic acid rapid fractionation of
bamboo chips, pure cellulose, and lignin were �rst obtained as fractionated streams.
Compared to wood kraft pulp, the bamboo-originated cellulose was easily converted into
cellulose nanocrystals (CNCs) using TEMPO oxidation in a relatively short time, which
holds greater potential to meet the commercial cost target. The dissolved lignin was
processed into nanoparticles (lignin NPs), which exhibited spherical morphology and a
uniform particle size distribution. Dispersions of CNCs and lignin NPs were prepared and
further �ltrated to form nanocomposite membranes. The nanocomposite membranes
exhibited a very smooth surface and homogeneous structure. Most impressively, at the
CNCs/lignin NPs ratio of 5, the tensile strength and Young’s modulus were improved by
44 and 47%, respectively, compared to the pure CNCs �lm. Owning to the presence of lignin NPs, and the nanocomposites
exhibited an e�ective antibacterial activity against E. coli.
KEYWORDS: Bamboo, Integrated treatment, Cellulose nanocrystals, Lignin nanoparticles, Multifunctional nanocomposite

� INTRODUCTION
Lignocellulosic biomass, the most abundant renewable natural
resource on Earth, o�ers an immense potential as a sustainable
feedstock for the production of chemicals and materials.1,2

With the inevitable depletion of fossil fuels and the concerns
related to their environmental issues, extensive research and
development programs in lignocellulosic nanomaterials have
been initiated to act in lieu of traditional nanomaterials that
pose signi�cant environmental hazard postuse.1,3,4 There is a
wide range of applications for such environmentally biode-
gradable nanocomposites prepared from renewable natural
nanomaterials, such as nanocellulose and lignin nanoparticles
(lignin NPs).4�6 From an industrial viewpoint, the direct
conversion of raw lignocellulosic biomass is of great
signi�cance for the large-scale production of lignocellulosic
nanocomposite. However, a key challenge for the commerci-
alization strategy of lignocellulosic nanocomposite is the cost-
competitiveness of the whole process relative to that of
petrochemical routes; hence, the e�orts to integrate

coproduction process and to reduce the overall cost should
be the research focuses.

All methods that lead to di�erent types of lignocellulosic
nanomaterials (e.g., nanocellulose and lignin NPs) depend on
the treatment of raw materials. To prepare nanocellulose, the
�rst treatment of the raw lignocellusic biomass is the
deligni�cation to remove lignin and hemicelluloses in order
to overcome the recalcitrance and facilitate the subsequent
processing. Sul�te, chlorite, diluted acid, or alkaline solutions
are commonly used in the deligni�cation process, which is
usually tedious and detrimental to the environment.7,8 Toward
process feasibility on an industrial scale, it is important to
obtain cellulose and lignin of high purity with an e�ective
fractionation method, which eventually facilitates the sub-
sequent preparation of nanomaterials. Nowadays, as a new type
of organosolv treatment protocol, formic acid rapid deligni�-
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cation under pressure results in an e�cient fractionation of
lignocellulosic biomass into high-purity cellulose, lignin with
high chemical reactivity, and hemicellulosic sugars.9,10

Equivalent deligni�cation using common methods of ethanol
pulping and alkaline pulping can only be achieved at higher
temperatures with longer reaction time. To increase the
techno-economic feasibility, a sustainable integrated biore�-
nery platform could be achieved based on the formic acid rapid
fractionation and the various fractionated components can be
further converted into nanocellulose and lignin NPs as well as
nanocomposites.

Currently, numerous methods for producing cellulose
nanocrystals (CNCs) and cellulose nano�brils (CNFs) have
been reported. Nanocelluloses are commonly produced from
market wood pulp by mechanical �brillation, chemical
treatments, and enzymatic treatments, as well as a combination
of two or several of the aforementioned approaches.11�13 The
preparation procedures have a large impact on the intrinsic
morphology and material properties of the resulted nano-
celluloses. Typical preparations of CNCs involve a hydrolysis
process subject to cellulosic materials in di�erent acid solutions
such as mineral acids, organic acids, and solid acids.14�18 Yet,
certain issues regarding hydrolysis process or the related CNC
products exist, for example, strong corrosion, long reaction
time, and less surface activity of products, and so on. As a
common method for producing CNFs, the 2,2,6,6-tetrame-
thylpiperidine-1-oxyl radical (TEMPO)-mediated oxidation
was also used to prepare CNCs.19,20 Zhou et al.20 successfully
prepared CNCs from softwood bleached kraft pulp (KP) using
a 4.5 or 7 h TEMPO-mediated oxidation followed by a 3 h
postreduction process with NaBH4. However, as a result of the
limited reaction e�ciency, relatively long reaction time or a
higher chemical reagent input was also required. There is no
doubt that these preparation procedures for nanocellulose
substantially increase the production cost and negatively a�ects
commercial utilization.

As the most abundant aromatic polymer, the conversion of
low-value lignin byproducts to its valorization is one of the key
factors for developing an economically feasible integrated
lignocellulose biore�nery.4 The preparation of lignin nano-
particles (lignin NPs) has been considered the best way to
build a promising versatile material platform for various
downstream utilizations, especially in the emerging nanoma-
terial �elds for enhancing UV barriers21 as well as
antibacterial22 and antioxidant properties.23 Lignin NPs have
been fabricated by di�erent methods, such as precipitation
methods initiated with acids,24 CO2 saturation,25 solvent
exchange,26 and dialysis,27 as well as by sonication28 and a
water-in-oil microemulsion method.29 Among the available
methods reported so far, acid precipitation is a technically and
economically feasible route to achieve the green chemistry
goals of benign products and processes. Furthermore, the
production and application of lignin NPs also present new
market opportunities for various multifunctional nanocompo-
sites. Among those nanomaterials, novel nanocomposite �lms
based on lignin-containing cellulose �bers or nanocellulose
have recently been developed to enhance the hydrophobicity,
mechanical resistance, and oxygen-barrier properties of these
materials.

To achieve full utilization of lignocellulosic biomass and easy
integration of nanomaterials production into current biore�-
nery concepts, we developed a combined method for the
fabrication of novel biodegradable nanocellulose and lignin

NPs, as well as nanocomposites from lignocellulosic biomass
based on formic acid rapid fractionation. It is conceived that
the formic acid rapid fractionation will contribute to e�cient
fabrication of nanocellulose through TEMPO-mediated
oxidation. E�cient recovery of formic acid can be accom-
plished by evaporation to achieve an environmentally
sustainable system. The dissolved lignin and hemicellulose
sugars can be easily separated by diluting the spent acid liquor.
The precipitated nonsulfonated lignin can be directly used for
producing lignin NPs based on a pH change method from
basic to acidic aqueous medium. The properties of the
resultant nanocellulose (e.g., structure, morphology, and
crystallinity) and lignin NPs (e.g., morphology, size, and zeta
potential against various pH) were comprehensively inves-
tigated. In an attempt to achieve a multifunctional nano-
composite and facilitate their application, dispersions of CNCs
and lignin NPs were prepared and further �ltrated to form
nanocomposite membranes. The main objective of the study is
to demonstrate the feasibility of the combined process to
integrate production of nanocomposite toward the manufac-
ture at an industrial- and large-scale commercial application.
We envision this work reported here could open the door for
building an integrated nanomaterials production platform from
lignocellulosic biomass.

� EXPERIMENTAL SECTION
Materials. Bamboo (Neosinocalamus af f inis) chips (20�30 mm

long, 10�20 mm wide, and 3�4 mm thick) were obtained from
Sichuan Province in China and selected as the raw materials in this
study. According to the NREL LAP method, the moisture content of
the selected bamboo chips used in this study was 9.43%. The primary
chemical compositions of the bamboo chips were as follows: Klason
lignin 25.56%, acid-soluble lignin 1.87%, xylan 21.96%, glucan
39.63%, ethanol�toluene extractives 2.10%, and ash 2.20%.

Formic Acid Fractionation of Bamboo Chips. First, 100 g of
dry bamboo chips was treated at a temperature of 145 °C for 45 min
using 85% (v/v) formic acid at a liquid/solid ratio of 7:1 (mL/g) in a
jacketed Hastelloy alloy sealed reactor. When the reaction �nished,
the solid fraction (crude pulp, mainly cellulose) was �ltered from the
process liquor and washed with 85% formic acid and deionized water
(85 °C) three times, respectively. The obtained pulp was screened
with an 8-cut �at screen to remove the rejects. The �ltrate and the
washing liquids were mixed together as spent liquor and then
evaporated in a rotary evaporator to recover formic acid. Then, 10
volumes of distilled water were poured into the concentrated liquor to
precipitate the dissolved lignin. The precipitate was centrifuged o�,
washed twice with distilled water, and dried. The supernatant was
collected and concentrated using a rotary evaporator. The residue
obtained was a hemicellulose-rich fraction.

Preparation of Lignocellulosic Nanomaterials. Cellulose �ber
obtained was bleached to 87% ISO by a ECF (elemental-chlorine-
free) sequence (D1EPD2P), where D stands for a chlorine dioxide
stage, EP stands for an alkaline extraction with peroxide stage, and P
stands for a peroxide stage, according to our previous research.10

TEMPO-mediated oxidation process according to the literature
method.30 Brie�y, 2 g of dry bleached �bers were dispersed in 100 mL
of distilled water and stirred for 4.0 h at room temperature. Next, 32
mg of TEMPO (0.1 mmol/g �ber) and 200 mg of NaBr (1.0 mmol/g
�ber) were dissolved in 100 mL of distilled water, and the solution
was mixed with the dispersed �ber suspension and stirred at 300 rpm.
Subsequently, the pH of the slurry was adjusted to 10.0 by dropwise
addition of 0.5 M NaOH. The oxidation was started by the addition
of the desired amount of the 10% NaClO dropwise (10 mmol/g
�ber). The total volume of the NaClO was added within one-third of
the designated reaction time, and the pH was maintained at 10.5 by
dropwise addition of 0.5 M NaOH. When the desired reaction time
(0.5�24 h) was reached, the reaction mixture was poured into 3
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volumes of ethanol to precipitate the TEMPO oxidized cellulose.
After the centrifugation at a speed of 3500 rpm for 10 min, the
obtained cellulose gel was thoroughly washed with deionized water by
�ltration, and the residual ethanol was removed by rotary evaporation.
The oxidized cellulose was diluted to a consistency of 0.5%, and then
�brillated by a domestic blender (OBH Nordica 6658, Denmark) for
2 min at an output of 300 W. Finally, the obtained nanocellulose was
stored at 4.0 °C for further analysis. The carboxylate content of
nanocellulose products was determined according to the literature
method.30

Initially, 1.0 g of precipitated lignin was mixed with 150 mL of
milli-Q water, and the pH was increased stepwise to hit a �nal target
pH value of 12.00 by adding 0.1 M NaOH under constant stirring
(500 rpm). The sample was equilibrated for 5 min. Finally, lignin NPs
were formed by addition of 0.1 M HCl to reach the �nal pH value of
5.00. A particle diameter of 112.9 nm (z-average) with a
polydispersity index of 0.32 was measured.

Nanocomposite �lms were prepared by mixing nanocelluloses and
lignin NPs suspension followed by dilution to 0.1% (w/v) during
magnetic stirring (500 rpm) at room temperature for 30 min. The
total amount of dry substance in each �lm was kept constant at 300
mg. The compositional weight ratios of nanocellulose/lignin NP in
the nanocomposite �lms were 100, 10, 5, 2, and 1, respectively. About
300 mL of the suspension was �ltrated on a nylon membrane �lter
with 0.1 �m pore size and 90 mm diameter (Sterlitech, USA). A
nanocomposite �lm was obtained after drying in vacuum desiccator at
40 °C at a pressure of 88 mbar for 4.0 h.

Characterization. The particle size distribution and zeta potential
of lignin nanoparticles obtained were analyzed by a Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., UK). All the samples
suspensions with a concentration of 0.1 wt % were dispersed by
ultrasonic bath (VMR, 80 W) for 10 min prior to analysis. The
measurements were conducted in triplicates for each sample and runs
of 10 and 13 were performed, respectively. The average data was
reported after the analyses.

FTIR spectra of freeze-dried nanocellulose, lignin, and nano-
composite were recorded by a Thermo Scienti�cTM NicoletTM
iSTM 50 FTIR Spectrometer (United States), respectively. Each
spectra was collected with ATR mode in the absorbance mode from
an accumulation of 36 scans in the range of resolution from 400 to
4000 cm�1 with a resolution of 4 cm�1.

The samples for XRD measurements were prepared by pressing the
freeze-dried nanocellulose into �attened sheets on a sample holder.
The XRD spectroscopy (Bruker Discover D8, Germany) with a Ni-
�ltered Cu K� radiation generated with an operating voltage of 45 kV
and a �lament current of 40 mA was used. The XRD patterns were

obtained with the changing scattering angle (2 �) from 10 to 40°
(Scanning rate = 2 s/step, step size = 0.002°). The crystallinity index
(CrI), which was calculated using empirical eq 1 shown as follows:

= � ×I I ICrI ( ) 100/200 am 200 (1)

where I200 is the maximum peak intensity at lattice di�raction (200)
and Iam is the minimum intensity between planar re�ections (200)
and (110).

The morphology of nanocelluloses, lignin NPs, and nanocomposite
were evaluated using a JEM-1400 Plus TEM microscope (JEOL Ltd.,
Japan) with an accelerating voltage of 80 kV. The samples were
dispersed by placing them in a sonicator for 5 min. Then, 5 �L of
dilute nanocellulose suspension (nanocellulose content of 0.1 mg/
mL) was dropped onto a carbon-supported copper grid, and then the
sample was stained with 5 �L of uranyl acetate solution (1 wt %) for
40 s. Afterward, the excess liquid was carefully absorbed using �lter
paper, and the remaining solution formed an even layer on grid. The
samples were completely air-dried before imaging.

The SEM images of the obtained �lms were taken with a LEO
Gemini 1530 instrument with a Thermo Scienti�c UltraDry Silicon
Drift Detector (SDD) (LEO, Oberkochen, Germany). The cross
sections were prepared by cryo-fracturing of the �lms after dipping in
liquid N2. The nonconductive samples were sputter-coated with
carbon prior to the measurements.

Mechanical Properties of Composite Films. The tensile
strength, elongation at break, and Young’s modulus of the obtained
�lms with ca. 5 mm width and 30 mm length were determined at a
constant 5 mm/min strain rate using an Instron universal testing
machine [Instron-33R4465, (Instron Corp., High Wycombe,
England)] equipped with a static load cell of 100 N and a 20 mm
gauge length. The mechanical testing was conducted at 23 °C and
50% RH in a climate room. The prerun was �rst conducted at a rate
of 2 mm/min until 0.1 N load was reached before the main run at 5
mm/min, so as to eliminate the error which is caused by loosely
attached samples. The thickness and width of the specimen were
measured using a micrometer (Lorentzen & Wettre, Kista, Sweden,
precision 1 �m) and a digital caliper (Mahr GmbH 16ER, Germany,
precision 10 �m), respectively. Each sample was tested in at least ten
specimen from three replicate �lms.

Thermal Analysis. The thermal stability of the nanocomposites
was investigated by a Thermal Gravimetric Analyzer (Q600, TA
Instruments). The test samples of 4�6 mg, which were vacuum-dried
at 40 °C for 48 h in prior to the measurements, were heated in an
aluminum crucible from ambient temperature up to 600 °C at a

Figure 1. Schematic process �ow diagram illustrating the preparation of nanocellulose and lignin nanoparticles based on formic acid rapid
fractionation for producing multifunctional nanocomposite �lms.
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heating rate of 10 °C/min, while using a constant nitrogen �ow as an
inert atmosphere during the experiment.

Antibacterial Activity Analysis. The antibacterial activity of the
nanocomposites obtained was examined against E. coli ATCC 11229
(provided by Canadian Research Institute for Food Safety (CRIFS) at
the University of Guelph). The ring-di�usion method was a
qualitative approach to con�rm the nonleaching e�ect of the �lm
sample. The speci�c procedures are as follows: First, 0.2 mL of
bacterial culture (106 CFU/mL) of Gram-negative bacterium
Escherichia coli (E. coli) was spread on the LB agar plates, and then
round pieces of nanocomposite samples were plated on the surface.
After 12 h of cultivation in the incubator at 37 °C, the nonleaching
e�ect was evaluated by examining whether there was any inhibition
zone (ring) around the �lm sample.

� RESULTS AND DISCUSSION
Formic Acid Treatment and Preparation of Ligno-

cellulosic Nanoparticles. On the basis of the integrated

biore�nery concept, each component from lignocellulosic
biomass should be signi�cantly fractionated and this process
should also facilitate the subsequent valorization of all the
fractions obtained. As described in Figure 1, one-step rapid
fractionation using formic acid e�ciently separates bamboo
into three major components, namely, cellulose pulp, lignin,

and a hemicellulose-rich fraction. In such a fractionation
process, 42.2 g of cellulose pulp, 31.5 g of crude lignin, and 8.5
g of hemicellulosic sugars could be obtained from 100.0 g of
oven-dried bamboo chips, and only 0.50 g of hydroxyme-
thylfurfural (HMF) was detected, demonstrating that the rapid
fractionation using formic acid exhibited a good selectivity
toward cellulose. To achieve valorization of main compositions
and easy integration production into a modern biore�nery
concept, the one-step rapid treatment strategy followed by
TEMPO oxidation and acid precipitation for cellulose and
lignin, respectively, was employed to produce nanocellulose
and lignin NPs. Furthermore, a nanocomposite �lm can be
facilely prepared using the suspension of nanocellulose and
lignin NPs obtained from the integrated process. The
characterization and property of the nanomaterials obtained
will be discussed in the following text.

Characterization of Nanocellulose. Cellulose �bers were
isolated by a formic acid rapid fractionation process combined
with bleaching treatment prior to nano�brillation. In the
present study, a commercial bleached KP was evaluated as a

Figure 2. TEM images of nanocellulose prepared from di�erent types
of original �ber though TEMPO-mediated oxidation. (a) (KP-CNFs,
24 h); (b) (FP-CNCs, 5 h); (c) (FP-CNCs, 24 h).

Figure 3. (a) FTIR, (b) carboxylate contents, and (c) XRD spectra of
nanocelluloses compared with that of the original �ber.
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