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ABSTRACT 
Semi-transparent composite film from rice straw-based microfibrillated cellulose and chitosan 

(MFC/CS) has been demonstrated to be a promising candidate light management material for the 
next generation optical engineering applications. Here, the lignin-modified MFC was prepared 
successfully through a green method, in which the MFC was first extracted using dilute sodium 
hydroxy solution on a homogenizer at 5000 rpm. The dissolved lignin was then deposited on the MFC 
surface by neutralizing it with a dilute hydrochloric acid solution. MFCs were obtained with 
diameters ranging from 2-5 μm and lengths up to 200 μm. Decoloration of lignin by removing its 
chromophore groups was conducted using peracetic acid treatment using a mixture of hydrogen 
peroxide and acid acetic with a volume ratio of 4:1. The MFC film shows good transparency and 
excellent diffusing effects with MFC/CS weight ratios of 1:3 and 1:1. 

Keywords: green method; light management; microfibrillated cellulose; rice straw 
 
1. Introduction 

The increasing world population has caused a significant increase in global energy 
needs (Breyer, 2020; Eyl-Mazzega & Mathieu, 2020; Lee & Yang, 2019). The topic of 
energy efficiency in buildings has been considered a critical issue recently. Several 
innovative materials have been investigated and developed in the last decades for opaque 
and transparent elements, high-performant lighting systems, and more efficient heating and 
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cooling systems that maximize energy savings (Ascione et al., 2021; Fang et al., 2023; 
Rashidi et al., 2018; Song et al., 2018; Y. Sun et al., 2018; Tällberg et al., 2019; Z. Wang et 
al., 2020; Yang et al., 2022). Glass windows and doors have positively impacted the quality 
of the indoor environment since they provide an outdoor view and benefit from daylight. 
However, these glazed elements suffered from high thermal and solar sunlight transmittance 
inside a building. Therefore, glazing systems are important for building thermal and visual 
comfort, resulting in improved energy efficiency. Modern buildings tend to have large 
glazing areas; thus, conventional glazing leads to significant heat exchanges between the 
indoor and outdoor environments that can cause discomfort glare. Research and 
development in the field of glazing systems have experienced a rapid evolution with several 
innovative breakthroughs, which fall into three main approaches: (i) reduce heat exchange 
between indoor and outdoor environments; (ii) reduce solar transmittance of sunlight to an 
inside building; and (iii) promoting effective sunlight harvesting and offering comfortable 
indoor lighting. Applying solar control film/coating can reduce heat exchange between 
inside and outside environments. However, this film/coating can block the outdoor view 
or/and negatively impact the thermal environment of urban spaces (Mariano-Hernández et 
al., 2021; Mohelnikova, 2011; Pereira et al., 2019, 2022). The smart windows, including 
electro-, thermos-, mechano-, and photochromics, can optimize solar transmittance inside 
space. However, these systems are expensive and short-lived (Eh et al., 2018). 
Electrochromic need an electric system for operation. The development of new light 
management materials that can promote effective sunlight harvesting and offer comfortable 
indoor lighting has recently attracted much attention (Abuelnuor et al., 2018; Jiang et al., 
2022; Xia, Chen, Li, et al., 2021). Previous studies reported a scalable, transparent wood for 
promoting effective sunlight harvesting and offering comfortable indoor lighting (Dong et 
al., 2022; Mi et al., 2020; J. Sun et al., 2022; K. Wang et al., 2023; K. Wang, Liu, et al., 
2022). However, this method is a limited kind of wood and wood pattern. Cellulose 
nanopaper (CNP), assembled from cellulose nanofibrils, has emerged as a newly-developed 
optical functional material due to its fascinating light management capabilities, which are 
high transparency and tunable built-in transmittance haze, high thermal and UV stability, 
intrinsic sustainability, and biodegradation (Jiang et al., 2022; Li et al., 2021; K. Wang, 
Zhang, et al., 2022; Zhao et al., 2021). Cellulose nanofibrils can be synthesized by hydrolysis 
delignified lignocellulosic resources using high concentration sulfuric acid (e.g., 60-65 
wt%). The wastewater from this process can cause serious problems to the environment. 
Lignin, a complex amorphous aromatic polymer, serves as the essential surrounding matrix 
of cellulose microfibrils in natural plants and provides mechanical support, water transport, 
and bacterial defense for the plant. With UV-absorbing, amphiphilic, thermoplastic, 
antioxidative, and antimicrobial, lignin can act as a functional cementing agent for cellulose 
nanofibrils to form densified nanopaper matrices with high UV-shielding, water and thermal 
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stability, and durable performance (Jiang et al., 2019; Lizundia et al., 2021; Xia, Chen, Yao, 
et al., 2021). For this reason, lignin-containing cellulose nanopaper, or lignocellulose 
nanopaper (LNP), has attracted much attention recently (Djafari Petroudy et al., 2019; Jiang 
et al., 2020; Oliaei et al., 2020; Zhang et al., 2020). Unfortunately, lignin's inherent light 
absorption property has still limited lignin-containing paper from being desirable light 
management material that can transfer and manage visible light for optical engineering 
applications. Chromophore groups include conjugated double bonds, carbonyl groups, 
quinone groups, and free radicals, and autochrome groups, such as phenolic hydroxyl 
groups, hydroxyl groups, and carboxyl groups, are the main contributors to the color and 
light absorption of lignin. Jiang et al have reported the removal of lignin chromophores in 
lignocellulose nanofibrils using an alkaline-H2O2 hydrothermal method without significantly 
affecting the bulk lignin structure and content (Jiang et al., 2020). The resulting lignin-
modified LNPs exhibited a comparable optical transmittance (~90%) but superior UV-
shielding and water-resistant performances compared with CNPs, which was attributed to 
the well-preserved lignin structures. Moreover, such a transparent LNP was demonstrated to 
be a suitable light-management material that can significantly improve the power conversion 
efficiency of a GaAs solar cell. However, the alkaline-H2O2 hydrothermal strategy for 
fabricating transparent LNPs still involves intensive chemical reactions and water and 
energy consumption. The high reactivity of the photoexcited chromophoric radicals can 
contribute to an efficient and fast photocatalytic degradation process for chromophores to 
obtain a whitened lignin. Several photocatalytic methods, such as H2O2/UV (Qiu et al., 
2018), TiO2/H2O2/UV (Gupta et al., 2012), and Fe2+/H2O2/UV (Lucas & Peres, 2006), have 
been reported for the discoloration of colored organic materials. Wang et al. achieved a fast 
decolorization rate for alkali lignin by using a combined THF/UV treatment, which can also 
be applied to the bleaching of raw paper (Wang et al., 2016). Xia et al. (2021) 
modified/decolorized lignin in wood in situ through a UV-assisted H2O2 oxidation strategy 
for the scalable and rapid manufacturing of transparent wood Click or tap here to enter text.. 
Park et al. (2020) have reported peracetic acid treatment to remove lignin chromophore with 
acetic acid, and hydrogen peroxide was directly mixed at a ratio of 4:1, 1:1, and 1:4 (v/v) 
and employed as reaction media at 80 oC. 

Herein, a semi-transparent composite film from rice straw-based microfibrillated 
cellulose and chitosan (MFC/CS) was prepared successfully for light management 
application. The lignin-containing MFC was synthesized via a green and scalable method, 
which used dilute NaOH solution at 60 oC, 5000 rpm on a homogenizer, and neutralized with 
dilute HCl solution. The lignin on MFC was followed by peracetic acid treatment with H2O2 
and acetic acid (ratio 4: 1 v/v) at 80o C. The wastewater from this method is dilute NaCl 
solution (1.4 wt%), which minimizes the environmental impact. The MFC/CS composite 
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films were prepared by a simple blending method. The composite film exhibits an acceptable 
transparent and strong diffusing effect, making it suitable for light management applications. 
2. Experiment 
2.1. Materials  

Rice straws were collected from local sources. The collected rice straws were chopped 
into pieces 2 mm in length, followed by prewashing and drying before further treatment. 
Chitosan (medium molecular weight, 75-85% deacetylated), vanillin (99%), hydroperoxide 
(H2O2, 30%), acetic acid (CH3COOH, 99%), hydrochloric acid (HCl, 35%), and sodium 
hydroxide (NaOH, 97%) were purchased from Sigma Aldrich. All chemicals have been used 
as received without any further purification. Deionized water (DIW) was used in all 
experiments. 
2.2. Preparation of microfibrillated cellulose (MFC) and modification of lignin 
 Two grams of chopped rice straw was added into 100 mL aqueous NaOH solution 0.5 
wt%. The mixture was stood for 15 minutes and then stirred at 5000 rpm using a high flex 
homogenizer (HF91, SMT) at 60 oC for one hour. Afterward, the reaction mixture was 
cooled to room temperature and neutralized with an aqueous HCl solution of 1 wt%. The 
mixture was then added with 12 mL of H2O2 30% and 3 mL of glacial acetic acid (the volume 
ratio of H2O2/acetic acid is 4:1). The mixture was heated to 60 oC for 12 h and stood at room 
temperature for another 12 h. The mixture was then filtered and washed thoroughly with 
DIW. The wet MFC was calculated solid content and stored in the fridge at 4o C for further 
use. A schematic illustration of the preparation of modified lignin on microfibrillated 
cellulose is shown in Figure 1. 

 
Figure 1. Schematic illustration of a green method for preparation of lignin-modified MFC 
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2.3. Preparation of CS/MFC solution and composite films 
 1g of CS was dissolved in 100 mL aqueous acetic solution 5 wt%. The calculated 
amounts of MFC were added to the CS solution to obtain a mixture with MFC/CS weight 
ratios of 1:3, 1:1, and 3:1, which are named MFC1/CS3, MFC1/CS1, and MFC3/CS1, 
respectively. The mixtures were then stirred at 5000 rpm using a high flex homogenizer 
(HF91, SMT) at room temperature for 30 min to obtain a well-dispersed solution. The CS, 
MFC, and composite films were prepared from the dispersion using a heating bar coating 
machine at 60o C. 
2.4. Characterizations 

The morphology of the samples was observed using a scanning electron microscope 
(SEM) (JSM-6010PLUS, JEOL) operated at 11 kV accelerating voltage. The samples were 
coated with platinum for 30 s at 15 mA. The tensile strength of the films was investigated 
using a benchtop tensile strength tester (AI-1000-U, GOTECH) with 100N loadcell and 
strain rate of 10 mm/min. All tensile samples were cut into 8 mm x 60 mm rectangle shapes 
with thicknesses of 40-80 μm. The viscosities of all mixtures were determined using a digital 
viscometer (DV1, Brookfield) with LV-03 spindle at a speed of 100 rpm for CS solution and 
CS/MFC dispersion and LV-01 spindle at a speed of 20 rpm for MFC dispersion. The 
transmittance and absorbance of the films were evaluated on a UV-Vis spectrometer 
(USB2000+, OCEAN OPTICS) equipped with a UV-Vis light source (CHEM2000-UV-Vis, 
190-850 nm). The light intensity was investigated using a digital lux meter (ST9620, 
SMART SENSOR). 
3. Results and discussion  

The chitosan concentration was fixed at 0.01 g/mL, and MFC was added to the 
chitosan solutions with weight ratios of MFC to chitosan 1:3, 1:1, and 3:1 to investigate the 
stability of MFC in the chitosan solution. The intense interaction between chitosan and MFC 
through hydrogen bonding was expected to give high stability of MFC dispersion, enabling 
the processing of uniform composite film (Wang et al., 2017; Zhang et al., 2022). The 
photographs of MFC and MFC/CS suspensions were prepared after 24 h and 48 h shown in 
Figure 2. After 24 h, MFC precipitation was found in MFC suspension, but no phase 
separation was found in three MFC/CS suspensions. The excellent stability implies that the 
presence of CS can enhance the dispersion of MFC suspension. However, after 48 h, the 
phase separation can be observed in MFC1/CS3 and MFC3/CS1. In MFC1/CS3, the 
dispersion viscosity is low, leading to weak interaction of MFC to CS solution phase. Thus, 
the precipitation of MFC can be observed. In MFC3/CS1, the amount of CS is insufficient 
to encapsulate the MFC surface to prevent aggregation of MFCs resulting in phase 
separation. The sample MFC/CS 1:1 showed excellent dispersion behavior; thus, this 
composition is expected to give uniform dispersion of MFC in the dried composite film. 
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Figure 2. Dispersion stabilities as-prepared after 24 h and 48 h 

The rheology of the MFC/CS suspensions was further investigated using a viscometer. 
The viscosities of CS and MFC/CS as a function of times are shown in Figure 3a. The 
viscosity value in the 30 s is shown in Figure 3b as a function of MFC/CS weight ratios. The 
viscosity of three MFC/CS dispersions is stable for up to 60 s, implying that well dispersion 
of MFC in the mixture. The fungal-like adhesive materials between CS and MFC have been 
reported (Sanandiya et al., 2018) thanks to strong hydrogen bonding between amino groups 
on CS and hydroxy groups on MFCs. A significant decrease of viscosity from 403 cP in CS 
solution 0.01 g/mL to 269 cPs with adding MFC of 0.0033 g/mL in MFC1/CS3 was found. 
This decrease with adding MFC can be attributed to the extraction of CS to MFC surfaces 
leading to a reduction of free CS in the solution. At higher MFC concentrations in 
MFC1/CS1 and MFC3/CS1, the concentrations of MFC are high enough to form floc 
structure leading to an increase of viscosity to 370 cPs and 379 cPs, respectively. 

Figure 3c shows the tensile strength of CS and composite films. The CS film exhibits 
high ductile behavior with maximum stress and elongation at a break of 24.1 MPa and 
18.8%, respectively. Adding a low concentration of MFC in MFC1/CS3 means the 
maximum stress and elongation at break are 11.7 MPa and 7.1%. The MFC1/CS3 exhibits 
the highest stiffness with a maximum stress of 56.6% and elongation at a break of 4.4%. The 
MFC1/CS3 shows the lowest stress and elongation at break, which is 8.1 MPa and 4.7%, 
respectively. Figure 3d-f shows SEM images of CS film, MFC on a silicon wafer, MFC film, 
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and composite films. The insets show their cross-sectional SEM images. The SEM image of 
CS shows a smooth surface with a high uniform thickness of the film. Figure 3e-f show that 
the MFC has variation in diameter in the range of 2-5 μm and length up to 200 μm. Figure 
3g-i clearly shows CS coverage on MFC, which causes an increase in MFC diameter to the 
range of 5-10 μm. The SEM images of all composite films show excellent adhesion between 
the CS matrix and MFC, with no clear interface found in all samples. The inserted cross-
sectional images of MFC1/CS3 and MFC1/CS1 films exhibit uniform MFC in the film, 
whereas MFC3/CS1 shows MFC's phase separation and precipitation at the film's bottom. 
This phase separation explains the reason for the worst mechanical properties of the 
MFC3/CS1 film, as discussed in Figure 3c. 

 
Figure 3. (a) viscosity of dispersions; (b) viscosity as a function of MFC/CS ratios; (c) 

stress-strength curves of CS and composite films; (d-i) SEM images: (d) CS, (e) MFC on a 
silicon wafer, (f) MFC film, (g) MFC1/CS3 film, (h) MFC1/CS1 film, (i) MFC3/CS1 film. 

The insets are cross-sectional views 
Figure 4a presents the transparency of CS and composite films with thickness in a 

range of 51.8 to 58.4 μm. The MFC1/CS3 and MFC1/CS1 films exhibit quite good clarity 
compared to neat CS films. The MFC3/CS1 and MFC are opaque films. Figure 4b shows 
the transmittance and absorbance of CS, MFC1/CS3, and MFC1/CS1 films. Interestingly, 
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although MFC1/CS3 and MFC1/CS1 exhibit comparable visual transparency to CS film, 
they have much lower transmittance than neat CS film, which are 58.5%, 2.4%, and 0.8% 
for CS, MFC1/CS3, and MFC1/CS1, respectively. While CS film shows an absorbance peak 
in a range of 230 to 400 nm and transmitted the rest range of wavelength, the MFC1/CS3 
and MFC1/CS1 exhibit high absorbance full range of investigated wavelength from 230 to 
850 nm. This improvement implies that composite film with MFC can provide diffusing 
effects, as reported for nanocellulose fiber (NFC) (Jiang et al., 2022) and transparent wood 
(K. Wang, Zhang, et al., 2022; Xia, Chen, Li, et al., 2021) for light management applications. 
To visualize diffusing phenomenon of MFC1/CS3 and MFC1/CS1 composite films. In the 
system in Figure 4c, the green laser beam illuminates the CS and composite film at 5 cm, 
and all passing lights are collected using a black screen at a distance of 5 cm from the film. 
Figure 4d show a focused laser beam on the screen. With inserted CS film, the collected 
passing lights show scattering by crystalline domains of CS (Figure 4e). With MFC1/CS3, 
the diffused and broadening light beam was observed. However, it is clear to see two regions, 
including strong light density at the center and diffused light outer (Figure 4f). With 
MFC1/CS1, the focused light beam is disappeared, and the lights become more uniform 
(Figure 4g). 

 
Figure 4. (a) visual transparency of CS and composite films; (b) transmittance and 

absorbance of CS, MFC1/CS3, MFC1/CS1 films; (c) apparatus to visualize diffusing of the 
laser beam by applying composite films; (d-f) diffusing of laser beam: (d) without film,  

(e) CS film, (f) MFC1/CS3 film, (g) MFC1/CS1 film 
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To evaluate the capability of composite film to control light intensity for light 
management applications. As shown in Figure 5a, an apparatus was set up in which the green 
laser pointer was set at a fixed distance to a digital Lux meter at 11 cm. The composite films 
were put between a laser pointer and a digital Lux meter, changing lengths from the film to 
the digital Lux meter from 1 to 10 cm. The percentage decrease of light intensity as a function 
of the distance between film to digital Lux meter was plotted in Figure 5b. The light intensity 
decreases with increasing distance between film to Lux sensor in CS, MFC1/CS3, and 
MFC1/CS1 films. While the CS exhibits a decrease of light intensity from 90.6% to 78.9% 
for distance change from 1 to 10 cm, the values for MFC1/CS3 and MFC1/CS1 are 78.3% 
to 15.1% and 67.9% to 7.9%, respectively. The MFC1/CS1 provides a more diffusing effect 
than MFC1/CS1, with a lower value in light intensity at the exact distances. The results 
proved that MFC1/CS3 and MFC1/CS1 prevent sufficient direct sunlight and diffuse the 
light more uniformly in indoor spaces in the light management application. 

 
Figure 5. (a) Apparatus set up for light intensity measurement; (b) Plot of light intensity 

change with changing distance between films and Lux detector 
The demonstration used composite film for light management applications. A 6 cm x 

8 cm of MFC1/CS1 was fabricated with a frame as a model of a window (Figure 6a). A 
commercial flashlight was set at 1 m to the floor. By applying the composite film at a 
distance of 0.5 m to the flashlight, the diffusing light can be magnified up to more than four 
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times the diameter of the original light (Figure 6b-c). Figure 6d illustrates that focusing 
sunlight through a window causes high light intensity on a small floor region. By applying 
composite film to a window, as in Figure 6e, the sunlight can be diffused uniformly 
everywhere in the room. 

 
Figure 6. (a) photograph of 6 cm x 8 cm MFC1/CS1 composite film; (b-c) diffusing 

flashlight without and with composite film; (d-e) illustration of a glass ceiling  
and composite film ceiling in promoting effective sunlight harvesting  

and offering comfortable indoor lighting 
4. Conclusion 
 This work demonstrates a simple and green strategy to fabricate MFC/CS composite 
film for light management applications. Lignin-modified MFC was synthesized successfully 
via a scalable method using a combination of hydroperoxide and acetic acid. The composite 
film showed good transparency and excellent diffusing effects, which can be large-scale in 
roll-to-roll technology. Thus, the composite is a promising candidate for light management 
to increase the energy efficiency of buildings.  
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TÓM TẮT 
 Màng composite bán trong suốt từ cellulose và chitosan (MFC/CS) được nghiền nhỏ dựa trên 
rơm rạ đã được chứng minh là một vật liệu kiểm soát sự truyền qua của ánh sáng mở ra hướng ứng 
dụng đầy hứa hẹn trong các kĩ thuật quang học thế hệ tiếp theo. Trong bài báo này, một phương 
pháp xanh tổng hợp MFC được bao phủ bởi lignin đã được phát triển thành công, trong đó MFC 
lần đầu tiên được chiết xuất bằng cách sử dụng dung dịch natri hydroxit loãng trên thiết bị đồng hóa 
ở tốc độ 5000 vòng/phút. Lignin hòa tan sau đó được lắng đọng trên bề mặt MFC sau khi trung hòa 
natri hydroxit bằng dung dịch axit clohydric loãng. MFCs thu được có đường kính từ 2-5 μm và 
chiều dài lên đến 200 μm. Lignin được khử màu bằng cách loại bỏ các nhóm mang màu của nó 
(chromophore groups) bằng axit peracetic với hỗn hợp hydro peroxit và axit axetic ở tỉ lệ thể tích 4: 
1. Màng MFC cho thấy độ trong suốt cao và hiệu ứng phân tán ánh sáng tuyệt vời với tỉ lệ trọng 
lượng MFC/CS là 1: 3 và 1: 1. 

Từ khóa: phương pháp xanh; kiểm soát ánh sáng; vi sợi cellulose, rơm rạ 


