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Near-infrared (NIR) transparent optical filters show great promise in night vision and receiving windows.
However, NIR optical filters are generally prepared by laborious, environmentally unfriendly processes
that involve metal oxides or petroleum-based polymers. We propose a lignin capturing—fusing approach
to manufacturing optical biofilters based on molecular collaboration between lignin and cellulose from
waste agricultural biomass. In this process, lignin is captured via self-assembly in a cellulose network;
then, the lignin is fused to fill gaps and hold the cellulose fibers tightly. The resulting optical biofilter
featured a dense structure and smooth surface with NIR transmittance of ~90%, ultralow haze of close
to 0%, strong ultraviolet-visible light blocking (~100% at 400 nm and 57.58% to 98.59% at 550 nm).
Further, the optical biofilter has comprehensive stability, including water stability, solvent stability, thermal
stability, and environmental stability. Because of its unique properties, the optical biofilter demonstrates
potential applications in the NIR region, such as an NIR-transmitting window, NIR night vision, and privacy
protection. These applications represent a promising route to produce NIR transparent optical filters

Citation: YuS, ZhouY, GanM, ChenL,
XieY, ZhongY, Feng Q, ChenC.
Lignocellulose-Based Optical
Biofilter with High Near-Infrared
Transmittance via Lignin Capturing—
Fusing Approach. Research
2023;6:Article 0250. https://doi.
org/10.34133/research.0250

Submitted 28 August 2023
Accepted 25 September 2023
Published 16 October 2023

Copyright © 2023 Shixu Yu etal.
Exclusive licensee Science and
Technology Review Publishing House.
No claim to original U.S. Government
Works. Distributed under a Creative
Commons Attribution License 4.0
(CCBY 4.0).

starting from lignocellulose biomass waste.

Introduction

Near-infrared (NIR) transparent optical filters with low haze
and dark color have attracted interest in applications such as
night vision, privacy protection, and medicolegal identification
[1,2]. These filters are composed of metal oxides, germanium/
chalcogenide glasses, or silicon semiconductors that are expen-
sive, environmentally harmful, and/or complicated to fabricate
[3]. To circumvent these shortcomings, researchers have embed-
ded dyes that absorb ultraviolet-visible (UV-vis) light and allow
passage of NIR light into polymer matrices or inorganic/organic
hybrid polymers [1,2,4,5]. Despite improved optical perform-
ance, the incorporation of dyes poses problems with safety,
sustainability, and NIR transmittance mainly attributed to
toxicity of dyes and poor balance between UV-vis and NIR
transmittance.

Lignocellulose-based biosourced materials are abundant,
renewable, nontoxic, and mechanically strong candidates for
optical materials [6-13]. However, as an inexhaustible resource
[14-17], lignocellulose from agricultural bioresource is wasted
in large quantities [18]. In addition, optically, lignocellulose
is mainly involved in UV [19-21] or visible regions [22-24]
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according to the presence or absence of lignin [25]. Because
many types of extracted lignin are dark in color [26], lignin
can theoretically function as a natural dye in cellulose films
to produce lignin—cellulose composite films that have low haze
and dark color, which are requirements of NIR transparent
optical filters. However, lignin in cellulose aggregates, thereby
compromising interior compactness and then producing optical
haze [27]. In addition, surface smoothness is a key factor that
must be considered in reducing the haze of lignocellulose-based
NIR transparent materials [28]. Therefore, effective engineering
strategies are needed to tune the structure of lignin—cellulose com-
posite films, especially the synergistic interaction between the
lignin and cellulose components, for NIR transparent optical
filter applications.

To address these essential needs, we propose a facile lignin
capturing—fusing strategy to construct an NIR transparent
lignocellulose-based optical biofilter directly from waste corn-
cob (Fig. 1A and B). The biofilter achieved selective light trans-
mission, i.e., high NIR transmittance, UV-vis light shielding,
and ultralow optical haze. The design of this lignin capturing-
fusing approach first profits from the solvent/antisolvent self-
assembling ability of lignin that originates from its amphiphilicity,
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Fig.1. Separation and recombination technology for optical biofilter. (A) The process from waste corncob to optical biofilter. (B) Microstructure diagram of lignin capturing-
fusing approach for optical biofilter fabrication. Initially, lignin occupies the pores of a cellulose network via solvent/antisolvent self-assembly. Then a lignin—cellulose film is
obtained after preliminary drying. In step 2, hot pressing promotes the fusion and uniform distribution of lignin, resulting in a homogeneous and dense structure of optical
biofilter. (C) The interaction between fused lignin and cellulose. 'H-C NMR revealed the emergence of new hydroxyl groups (blue) that created more hydrogen bonds between
lignin and cellulose, further strengthening their interaction. (D to F) The main properties of optical biofilter, including selective transmittance of light (D), low haze (E), and

water immunity (F).

e.g., tetrahydrofuran/water and acetic acid/water self-assembly
(Fig. S1) [29,30]. In this manner, a cellulose fiber network can
easily capture assembled lignin colloid spheres (Fig. S2) that
enables the lignin to spontaneously occupy vacant space in
the cellulose network. In addition, disrupted hydrogen bond-
ing and increased free volume caused by acetylation prompt
the captured lignin to be fused to fill gaps during hot pressing
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(a property unique to acetic acid lignin) [31,32], which then
holds the fibers tightly via abundant hydrogen bonds (Fig. 1C),
resulting in a homogeneous dense structure (Figs. S3 to S5).
Therefore, the glassy optical biofilters (Fig. S6) have high NIR
transmittance, selective light transmission, ultralow haze, and
outstanding water resistance (Fig. 1D to F). With all these
advantages, the optical biofilter shows the potential to be a
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promising candidate for optical materials used in the NIR
region. In addition, our lignin capturing—fusing approach pro-
motes use of waste agricultural biomass, opening the way to
develop sustainable NIR optical materials.

Results

Construction of optical biofilter from waste corncob
In our lignin capturing—fusing approach, a key requirement is
enabling a viscous flow state of the lignin in the cellulose net-
work. Therefore, we used acetic acid pulping to process waste
corncob into cellulose and partially acetylated lignin (Notes S1
and S2). Compared with nonacetylated lignin, the acetic acid
lignin became viscous at 180 °C (Fig. S7). Typically, lignin cap-
turing and fusion were achieved by lignin self-assembly and
hot pressing (180 °C, 5 MPa), respectively. Cellulose hydrogels
were immersed in lignin/acetic acid solution to exchange lig-
uid. Then, lignin-cellulose hydrogels were obtained after reim-
mersing the gels in deionized water to remove excess acetic
acid, followed by a preliminary drying process to obtain lignin-
cellulose films. Finally, lignocellulose-based optical biofilters
were fabricated via hot pressing. The resulting dense structure
and smooth surface enabled desirable transparency of the bio-
filter (Fig. S8) with high NIR transmittance (~90%) and ultra-
low haze (~0%), fulfilling the prerequisites for NIR transparent
material.

Structure and molecular interaction of

optical biofilter

The transparent optical biofilter featured a more homogeneous
and denser structure with smoother surface compared with
cellulose film and lignin—cellulose film (Fig. 2A to J and Fig.
S9). These improvements were attributed to the self-assembled,
fused lignin that acted as a binder and bonded with cellulose
[33]. Without lignin, hot-pressed cellulose films had a loose
laminated structure (Fig. S10A to F), which indicated the neces-
sity of lignin capturing for the dense structure of the film. In
addition, to investigate the contribution of lignin fusion, we
hot-pressed the lignin—cellulose film at 130 °C, a temperature
higher than the glass transition temperature (T,) and lower than
the viscous flow temperature (T}) of lignin (Fig. S7). The film
had enhanced compactness but defects remained (Fig. S10G
to I). Thus, both capturing and fusing of lignin are keys to the
homogeneous dense structure of the optical biofilter. Note that
our lignin capturing-fusing approach is friendly to the struc-
tural integrity of the cellulose matrix as verified by the similar
x-ray diffraction patterns of cellulose film, lignin-cellulose film,
and optical biofilter (Fig. S11).

To investigate the chemical evolution of the optical biofilter
during the pulping and reconstruction, we conducted Fourier
transform infrared (FTIR) spectroscopy and 'H-""C nuclear
magnetic resonance (NMR). FTIR spectroscopy (Fig. S12)
showed that the lignin-cellulose film and optical biofilter each
had a new peak at 1,510 cm™" from the vibrations of the aro-
matic rings of captured lignin [34]. In addition, another new
absorption peak in lignin, lignin-cellulose film, and optical
biofilter appeared at 1,710 cm™", which confirmed the partial
acetylation of acetic acid lignin [35]. The NMR spectra in the
aliphatic region (8-/8; of 50 to 90/3.0 to 5.5) decisively con-
firmed the transformation of lignin and fused lignin and the
interaction between fused lignin and cellulose (Fig. 2K to M).
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After lignin fusion, the signals correlating to A, (8./8y of
69.3/5.23), acetylated A, (8-/8y of 72.6/4.86), and acetylated
Ap (8./8y of 80.1/3.95) disappeared in the fused lignin, which
demonstrated the cleavage of the acetyl groups and f—O—4
ether bonds. The lignin acetyl groups were detached because
of the harsh pressure and temperature. This detachment led to
acidolysis of lignin that eventually produced ketones and phe-
nols, resulting in newly available hydroxyl groups that strength-
ened hydrogen bonding between the lignin and cellulose in the
optical biofilter (Figs. 1C and 2N) [34,36,37].

Optical properties of the optical biofilter

Smooth surface and dense interior are key factors to realize the
transparency of the optical biofilter. A smooth surface enabled
the biofilter to reduce light reversal because of a uniform sur-
face height that was attributed to the surface rearrangement
during lignin fusion (Fig. 3A and B). In addition, the innovative
use of lignin solvent/antisolvent self-assembly inside the cellu-
lose hydrogel (Fig. 3C and D) enabled the lignin to transform
into lignin colloid spheres that then occupied the pores of cel-
lulose. This occupation initially achieved a uniform distribution
of lignin that was crucial for the production of a dense struc-
ture. As a result, compared with cellulose film and lignin-cellulose
film, the optical biofilter enabled one to see the view behind
without fuzziness (Fig. 3E).

To further evaluate the unique optical properties of the bio-
filter, we measured the transmittance (200 to 1,400 nm) and
haze (550 nm) of the films. UV-vis-NIR spectrophotometry
demonstrated that lignin capturing process was the major con-
tributor to the UV-blocking property of both lignin—cellulose
film and optical biofilter, enabling resistance of almost all
UV light (>99.9%; Fig. 3F and Fig. S13) [38], thus preventing
UV-responsive paint from color changing (Fig. S14). After the
lignin capturing process, the visible transmittance decreased
from 67.25% to 20.46% at 550 nm and the NIR transmittance
decreased from 77.58% to 68.40% at 1,400 nm, respectively. By
contrast, the optical biofilter had equally strong UV-shielding
ability with a dramatically enhanced NIR transmittance of
88.60% that was attributed to lignin fusion and that was unaf-
fected by the concentration of the aqueous lignin/acetic acid
solution (Fig. 3G, Figs. S15 and S16, and Note S3). These results
also indicated that the optical blocking properties in the visible
region could be tailored by adjusting the lignin loading con-
centration. When the concentration of the lignin solution came
to 10 wt%, the optical biofilter resisted most of visible light
(98.59% at 550 nm), featuring simultaneous UV and visible
lights blocking. The optical biofilter also featured ultralow haze
of ~0% at 550 nm, which was substantially lower than that of
the cellulose film (~40%) and the lignin-cellulose film (~15%)
(Figs. S17 and S18). More interestingly, unlike other lignocellulose-
based materials (for example, transparent wood [39,40] and
lignin-incorporated cellulose film [27,41]), our biofilter simul-
taneously exhibited high NIR transmittance, ultralow haze,
and strong UV resistance (Fig. 3H and Table S1).

Figure 31 schematically shows that the effect of lignin captur-
ing and fusing processes on the unique optical properties of the
biofilter. In the capturing process, lignin embedded in cellulose
network ensured the lignin—cellulose film to absorb UV-vis light;
however, lignin did not efficiently reduce light scattering. After
lignin fusion, UV-blocking property of optical biofilter endowed
by lignin capturing process was not compromised; meanwhile,
the lignin held fibers tightly together, forming a uniform and
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Fig. 2. Structure of the optical biofilter and fused lignin. (A to I) Digital and scanning electron microscopy images of cellulose film (A to C), lignin—cellulose film (D to F), and
optical biofilter (G to I). (J) Raman surface 2D imaging of cellulose film, lignin—cellulose film, and optical biofilter according to difference of height. Red indicates a higher
position; blue indicates a lower position. (K and L) 2D-HSQC NMR spectra of acetic acid lignin (K) and the fused lignin (L) in aliphatic regions (8./8y of 50 to 90/3.0 to 5.5).
(M) Structures of lignin bonds. (N) The mechanism of cleaving the lignin f—0—4 bonds and regenerating hydroxyl groups during the lignin fusing process. We chose the
alpha-site acetylated p—0—4 structure to demonstrate the cleavage of p—0—4 bonds and the formation of new hydroxyl groups.
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dense structure with smooth surface that allowed light to avoid
passing through air and solids as frequently as in the cellulose
and lignin—cellulose films. Thus, no massive light scattering
occurred. In addition, the optical biofilters fabricated on the basis
of the lignin capturing-fusing approach but using bamboo and
wood exhibited transparency similar to the corncob-based bio-
filter, which indicated the generality of our strategy (Figs. S19 to
$23 and Notes S4 to S7).

Comprehensive stability of the optical biofilter
Because structural stability is crucial for practical applications,
we measured water stability, solvent stability, thermal stability,
and environmental stability of the lignocellulose-based optical
biofilter. Compared with cellulose and lignin-cellulose films,
the biofilter exhibited a reduced water vapor transmission rate
attributed to its homogeneous dense structure (Fig. 4A and
Figs. S24 to S26). In addition, the optical biofilter had low
water absorption of ~7.45%, considerably lower than that of
cellulose film (~65.78%), lignin-cellulose film (~61.86%), and
other lignocellulose-based materials, such as hot-pressed films
[42,43], superhydrophobic coating materials [44], and lignin-
cellulose composite bioplastics [34] (Fig. 4B and Fig. S27). After
the water absorption test, we dried the films. The dried opti-
cal biofilter did not exhibit any obvious shape change, which
demonstrated the excellent dimensional stability (Fig. 4C) and
the feasibility of direct use in humid environments. Figure 4D
shows the mechanism of water stability of the biofilter. The
dense structure of the biofilter prevented it from water perme-
ation, further decreasing the water vapor transmission rate and
water absorption. The fused lignin generated bending resist-
ance that limited the rearrangement of the cellulose fibers,
resulting in an unchanged shape. In addition, the water contact
angle of the lignin—cellulose film and optical biofilter increased
with the presence of lignin (Fig. $28).

To further investigate stability, we soaked the optical biofilter
for 21 d in deionized water, aqueous acetic acid (the solution
used to dissolve lignin in this work), dioxane, acetone, ethyl
ether, N,N-dimethylformamide, ethanol, aqueous 1 wt% of
NaOH, and tertiary butanol (Fig. 4E). The biofilter had excellent
stability in all the solvents except that lignin partially dissolved
in the NaOH solution. Moreover, lignin, which is more ther-
moduric than cellulose [42], provided the optical biofilter with
a higher thermal weight loss temperature (Fig. $29). Compared
with common plastics, such as polymethyl methacrylate, poly-
vinyl chloride, polypropylene, and polyethylene glycol tereph-
thalate, the optical biofilter did not exhibit any visible change
between 60 and 250 °C (Fig. 4F). We also exposed the biofilter
to a soil environment with sunshine and simulated rainfall for
150 d; no visible alteration appeared on the biofilter surface
(Fig. S$30), which demonstrated excellent environmental sta-
bility indicative of the antioxidant, antibacterial, UV-resistant,
and waterproof properties of lignin. Note that the lignin cap-
turing—fusing approach indeed caused decreased mechanical
strength (~78 MPa) because of the reduction of hydrogen bonds
between cellulose chains. However, the resulting mechanical
strength was still greater than that of common petroleum-based
plastics. (Figs. S31 and S32). Meanwhile, the biofilter also
demonstrated good recyclability (Fig. $33). Through a recycling
step of cellulose, the remanufactured cellulose hydrogel could
be reapplied to construct biofilter via our lignin capturing-fusing
approach.
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Applications of optical biofilter

Given the excellent properties that met the demands of practical
NIR transparent materials, we tested applications of the optical
biofilter. To prevent blue light damage to the eyes, we fashioned
the biofilter into eyeglass lenses (Fig. $34). In addition, the bio-
filter functioned as a window for NIR diffuse spectroscopy to
determine the diffuse reflection of an apple (Fig. 5A). Compared
with the original paper fruit sleeve and commercial polycar-
bonate NIR transparent film, the optical biofilter exhibited the
preponderance of accurate detection due to the highly consistent
diftuse reflectance spectra with apple (Fig. 5B). We also noted
that an NIR night vision monitor was blinded by glare from
strong light exposure (Fig. 5C). After covering with the optical
biofilter, the monitor maintained normal operation (Fig. 5D and
Fig. $35). In addition, the optical biofilter provided privacy secu-
rity (Fig. 5E). In visible light, the biofilter prevented a quick
response (QR) code from being recognized, which indicated its
effectiveness in information protection. After switching to a night
vision model, the words with 3 different colors (red, green, and
blue) and the words covered by the NIR-reflecting filter became
invisible. However, the QR code reappeared and the words
“Privacy Information” stored in code can be identified by a rec-
ognizer, which indicated the effectiveness of determination of
privacy information in NIR light.

Discussion

We demonstrated a novel lignin capturing—fusing approach to
manufacturing an optical biofilter for use as NIR transparent
material. The captured lignin was fused to fill the gaps in a
cellulose network, which then held the fibers tightly and created
ahomogeneous dense structure. Both the lignin and the dense
structure provided the biofilter with unique optical properties,
including strong UV-vis light blocking (~100% at 400 nm and
57.58% to 98.59% at 550 nm), low haze (close to 0%), and high
NIR transmittance (~90%). In addition, the biofilter had excel-
lent, comprehensive stability, including water stability, solvent
stability, thermal stability, and environmental stability. Thus,
the multifunctional optical biofilter had many applications in
optics, especially in the NIR region, such as reducing blue light,
forming an NIR transmitting window for fruit detection, pre-
venting an NIR night vision monitor from glare blindness, and
protecting sensitive information. This proposed lignin capturing—
fusing approach for high-performance optical biofilter fabrication
demonstrates a pathbreaking opportunity for lignocellulose-
based biomass to broaden applications in optics.

Materials and Methods

Materials

Benzyl-trimethyl ammonium hydroxide (BzMe;NOH; 40 wt%
of aqueous solution) was purchased from TCI Shanghai Co.
Ltd. (Shanghai, China). Ethylene glycol (98 wt%), tert-butanol
(>99.5%), and anhydrous calcium chloride (CaCl,; 96%) were sup-
plied by Shanghai Macklin Biochemical Co. Ltd. (Shanghai, China).
Glacial acetic acid, sodium acetate, sulfuric acid, hydrochloric
acid, dioxane, acetone, ethyl ether, N,N-dimethylformamide,
ethanol, sodium hydroxide, and urea were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Cellulose and lignin were extracted from corncob waste
(Notes S1 and S2).
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Preparation of optical biofilter at 6,000 rpm for 5 min, cast with a height of 1 mm, and regen-
The optical biofilter was obtained by a facile strategy without  erated in ethylene glycol at 8 °C. The resulting cellulose hydro-
any chemical complexities. Typically, cellulose (1.8 g) extracted ~ gel was washed with deionized water to remove chemicals.
from corncob was swelled in deionized water (7.5 g) and dis-  Then, the hydrogel was immersed in aqueous 5 wt% of lignin/
solved with 40 wt% of aqueous BzMe;NOH (22.5 g) at 8 °C.  acetic acid (90 vol%) for 5 h (hydrogel: lignin solution = 1 g:
The mixture was further incubated at 8 °C for 24 h, centrifuged ~ 20 ml) to exchange the solution, followed by immersion in
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deionized water to remove acetic acid (lignin capturing pro-
cess). The subsequent lignin-cellulose hydrogel was dried at
97 °C using a rapid Kéthen sheet former (RK-3A, FrankPTI,
Vorchdorf, Austria) to manufacture a lignin-cellulose film.
Finally, the lignin-cellulose film was hot-pressed between
2 polyimide films at 180 °C and 5 MPa for 1 h to produce
optical biofilter (lignin fusing process). Biofilters with differ-
ent lignin loading contents were produced by using acetic
acid solutions with lignin concentrations of 1, 5, and 10 wt%
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and named optical biofilter_1%, optical biofilter_5%, and optical
biofilter_10% (Note S3). All tests were conducted after water
exchange that reached equilibrium in an air atmosphere of
saturated salt water at ambient temperature. The cellulose
film was fabricated by directly drying cellulose hydrogel at
97 °C using a rapid Koéthen sheet former (RK-3A, FrankPTI,
Vorchdorf, Austria). The generality of the biofilter preparation
strategy was verified by using bamboo and hardwood (Notes
S4 to S7).
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Characterizations

The surface and cross-profile morphology of samples were
observed by scanning electron microscopy (SU8010, HITACHI
Ltd., Tokyo, Japan) (5 kV) and confocal Raman spectroscopy
(XploRA PLUS, Horiba Ltd., Japan). Molecular structures were
determined by FTIR (Thermo Fisher Scientific Inc., USA) in
the range of 650 to 4,000 cm ! and 2-dimensional heteronu-
clear single quantum coherence (2D-HSQC) NMR (Bruker;
600 MHz). Fused lignin was hot-pressed for 1 h (180 °C,
5 MPa) for the 2D-HSQC NMR measurement. X-ray diffrac-
tion (Empyrean, PANalytical B.V., Almelo, Netherlands) with
a Cu Ka monochromatic radiation source was used to char-
acterize crystallization conditions with the 26 angle from 5°
to 40° and a scanning speed of 5°-min~". Differential scanning
calorimetry (DSC2500, TA Instruments, USA) was performed
with a heating rate of 10 °C-min~" in a nitrogen atmosphere;
all samples were first heated at 105 °C for 10 min before testing
from 30 to 200 °C. NIR diffuse reflectance spectra in the range
0f 4,000 to 10,000 cm ™~ were obtained with an Fourier transform
near-infrared analyzer (ANTARIS II, Thermo Fisher Scientific
Inc., USA).

Optical property testing

Transmittance and haze were measured by UV-Vis-NIR (UH-
5700, HITACHI Ltd., Tokyo, Japan) with a wavelength range
of 200 to 1,400 nm and a transmittance/haze tester (WGT-S,
Shanghai Shenguang Industrial Co. Ltd., Shanghai, China) with
a wavelength of 550 nm.

Stability testing

Water vapor barrier properties were measured by the color
change of silica gel in a sealed bottle (48 h) and calculated by the
weight change of CaCl, in a sealed bottle (120 h) in air atmo-
sphere of saturated salt water (25 °C). The weight change of CaCl,
was used to calculate water vapor transmittance rate, equivalent
to the ratio of the mass change of CaCl, to the effective area
for 1 d (in grams per square meter per day). Water absorption
was measured by the weight before and after immersing cellulose
film, lignin—-cellulose film, and optical biofilter in deionized
water for 30 min. Then, the shape stability was illustrated by
recording the state of drying, wetting, and redrying. Water con-
tact angle was measured using a contact angle measuring system
(JC2000D1, Zhongchen Digital Technic Apparatus Co. Ltd.,
Shanghai, China) in 180 s at ambient temperature. Solvent sta-
bility was evaluated by immersing the optical biofilter for 21 d
in deionized water, 90 vol% of aqueous acetic acid, dioxane,
acetone, ethyl ether, N,N-dimethylformamide, ethanol, 1 wt%
ofaqueous NaOH, and tert-butanol. Thermal stability was meas-
ured by a thermogravimetric analyzer (SDT Q600, Thermal
Advantage Inc., USA) from 100 to 700 °C with a heating rate of
20 °C-min"" and a nitrogen atmosphere. Environmental stability
of the optical biofilter with size of 20 mm X 20 mm was investi-
gated in artificial soil environment and simulated environmental
changes with deionized water and sun exposure for 150 d.

Tensile strength

The tensile properties of cellulose film, lignin-cellulose film,
and optical biofilter, 30 mm X 10 mm (length X width), were
measured using an electromechanical universal testing machine
[E43.104, MTS Systems (China) Co. Ltd.] equipped with a
250-N load cell and a constant speed of 5 mm-min ™.
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