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Abstract: Since the cross-linking of borates strengthens the structural 

connection between cells, mechanically superior structural material based on 

lignocellulose/borate is synthesized using a s mechanical pretreatment 

method and a binder free hot-pressing method. The results show that the pine 

lignocellulose formed a dense laminated structure after compressive force, 

shears, and friction forces and hot–pressing. And microfibrillated cellulose 

material retained the chemical composition of untreated lignocellulose and the 

mechanical milling processes of active hydroxyl groups formed by the 

condensation reaction of borate orthoester with furfural resin adhesive. The 

flexural strength, modulus elasticity and internal bonding strength of 

microfibrillated cellulose material are 5, 2.5 and 4.1higher than the untreated 

lignocellulose specimen, respectively. Furthermore, the thickness swelling 

rate was 5.66%, which are 298% lower than untreated lignocellulose 

specimen, indicating its excellent dimensional stability. This is mainly due to 

the layering and branching of pine lignocellulose during mechanical milling, 

which gives it more ester and hydrogen bonds, expanding the ratio to surface 

area and exposing more hydroxyl groups. And the formation of furfuryl alcohol 

occurred in the hot-pressing process, including the degradation of 

monosaccharides to furfural, the condensation reaction between lignin and 

furfural, the resinization of furfural, and the formation of hydrogen bonds. The 

resulting stable laminated covalent cross–linking structure and the 

cross–linking of nano–lignocellulose/borate ensure that the material has an 

excellent mechanical performance, which provides some unique strategies and 

theoretical guidance to design a superior mechanical–performance structural 

material from lignocellulose. 

Introduction  

Wood is one of complex organisms 1. It relies on a microscopically strong cell wall to 

develop into self-sustaining macroscopic organisms 2. And the cell wall consists 

primarily of microscopically large numbers of tiny cells of the lignin, cellulose, and 
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hemicellulose 3, 4, each with a precise structure, including tiny openings, membranes, 

and intricate laminar walls 1. Among them, lignin is what holds cellulose and 

hemicellulose cells together, while boronate connections are what form the reinforced 

intercellular network 5, 6. The wood contains very low concentrations of the boric acid 

cross-linked polysaccharide rhamnogalacturonan II 7, 8, enhancing the cell wall 7. It 

provides wood with the support strength to improve the material performance of the 

intercellular structure and the material surrounding its individual cell walls, allowing 

it to resist gravity and strong lateral force 9, 10. Because boric acid ion can form strong 

covalent bonds with oxygen-containing functional groups, which is an excellent 

cross-linker for higher plants 11, 12. Inspired by the cross-linking of borates in plants, 

self-bonding cross-linking between borates and graphene nanosheets has been studied 
13, 14, which has an important effect in enhancing the strength and survival functions of 

plants 15, 16. In addition, it is low-toxic, highly active, non-flammable and 

non-corrosive, while also exhibiting antibacterial and antifungal properties 17, and 

thus has been shown to be effective in the binderless lignocellulose composites have 

potential applications in the field. 

Microfibrillated cellulose are widely used and there is an inexhaustible 

high-performance nanolignocellulose in wood 18, 19. And the main sources of 

lignocellulose are agricultural waste, forestry waste, processing residues and domestic 

waste 14, 20, 21. Mainly includes crop residues and crop livestock 22; forestry waste 

mainly includes forestry "three residues" and waste woody materials 23; processing 

waste mainly includes agricultural processing waste and industrial processing waste 24; 

domestic waste mainly includes urban domestic waste resources 25. Due to its 

abundance of sustainable substances starting from the use of waste resources, it is 

gaining attention as an alternative to synthetic materials, so that waste resources 

become the main body of biomass resources 21, 26. The development and utilization of 

lignocellulose-based materials can alleviate resource stress, release environmental 

pressure, improve living standards and economic growth 19. Maintaining ecological 

balance; developing biomass energy and utilizing waste resources, not only solving 

the problem of environmental pollution, but also solving the problem of renewable 

energy from raw materials 27. Sustainability issues provide the basis for strategic 

research on the development of renewable energy to achieve fast and good sustainable 

development. 

Here, to overcome the problem of insufficient adhesion of microfibrillated cellulose 

binderless laminates, the cross–linking between borate ions and polysaccharide 

rhamnogalacturonan II molecules was utilized, inspired by higher plants. A 

mechanical pretreatment method and binderless hot–press method was developed to 

prepare superior mechanical–performance structural material based on 

lignocellulose/borate cross–linking. Use of furfuryl alcohol formation, including 

degradation of monosaccharides to furfural, condensation reactions of lignin and 

furfural, resinization of furfural, and hydrogen bond formation, which can increase the 

crosslinking of the microfibrillated cellulose material and ensure the toughness of 

stable laminar covalent cross–linking structure after binderless hot–pressing. The 

as–prepared microfibrillated cellulose material exhibited excellent mechanical 

performance, which is due to the enhancement effect caused by format borate, and 

borate–diol ester, ensuring that the adhesive possessed bond strength. 

Results and discussion 
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The preparation process of microfibrillated cellulose material by binderless hot 

pressing is shown in Fig. 1, Including swelling, colloid milling, and binderless 

hot–pressing. The nanolignocellulose/borate cross–linked network is formed between 

two polysaccharides. 

Lignin
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Cellulose nanofibril

Hydrogen bond

Microfibrillated cellulose materialMicrofibrillated cellulose compositeMicrofibrillated cellulose bulk

Borete ions

Cellulsoe
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Fig. 1 Illustration of the synthesis of microfibrillated cellulose material. a, Digital 

picture of Pinus Yunnanensis Franch, Electron microscopy image of a 10 m thick 

cross section of Pinus Yunnanensis Franch. Schematic illustration of the cellulose 

nanofibrils pulping of wood blocks that degrade the lignin rapidly. b, schematic of 

stable covalent crosslinking structure and nanolignocellulose/borate cross–linking 

interconnected cell wall in Pine lignocellulose. 

The micro–morphology of the untreated lignocellulose is shown in Fig. 2a. The 

untreated lignocellulose was slender and smooth, and the pits are clearly visible at 

high magnification (Fig. 2a inset). The cross–section macroscopic and 

microscopic–morphology of untreated lignocellulose specimen are shown in Fig. 2b. 

The pine-lignocellulose interlaces in a long, thin, and disorderly manner. Fig. 2c 

displays micro–morphology of microfibrillated cellulose by mechanical hot rubber 

milling, which a clear stratification can be observed. At high magnification (Fig. 2c 

insert), microfibrillated cellulose was effectively combined. This may be that boric 

acid forms a covalent bond with polysaccharide by hot–pressing, so that the 

microfibrillated cellulose molecular chains are crosslinked. The compressive force, 

shears and friction forces generated by the mechanical milling processes of untreated 



4 

 

lignocellulose with a colloid mill result in a laminar structure of pine lignocellulose. 

Fig. 2d shows the cross–section macroscopic and microscopic–morphology of the 

microfibrillated cellulose material, which obviously dense stratification structure 

could be observed.  

a b

c d

50μm

50μm

50μm

50μm
 

Fig. 2 (a) SEM of pine lignocellulose, (b) SEM of the cross section of untreated 

lignocellulose, (c) SEM of microfibrillated cellulose, (d) SEM image of the cross 

section of microfibrillated cellulose material. 

The XRD spectrum of the untreated lignocellulose specimen and microfibrillated 

cellulose material are displayed in Fig. 3a-c, there are no distinctive characteristic 

peak could be observed except those of the characteristic peaks of cellulose at 16 and 

22 degrees, which are characteristic peaks of the typical reflective surfaces (110) and 

(002) of pine lignocellulose. And the microfibrillated cellulose material, there is no 

obvious change between the XRD spectrum of the characteristic peaks of untreated 

lignocellulose specimen and microfibrillated cellulose material, but its relative 

crystallinity increases. Compared with the XRD peaks of the untreated lignocellulose 

specimen, except for relative crystallinity increases of the characteristic peaks, the 

XRD peaks here are in consistent of the relative crystallinity increases peaks. The 

results show that the microfibrillated cellulose material has high phase purity, 

consisting only of the products of the pine nanolignocellulose as well as the products 

after hydroxymethylation. 
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Fig. 3 (a-c) XRD patterns of untreated lignocellulose and microfibrillated cellulose 

material. (b) FTIR patterns of untreated lignocellulose and microfibrillated cellulose 

material, respectively. 

FTIT spectra of untreated lignocellulose specimen and microfibrillated cellulose 

material are shown in Fig. 3d. The FTIR spectra of the microfibrillated cellulose 

material had little change compared with that of the untreated lignocellulose specimen, 

but the absorption bands of microfibrillated cellulose material at 1100–1230 cm–1, 

1700–1725 cm–1 and 3650–3200 cm–1 have changed significantly. The FTIT spectra 

of the microfibrillated cellulose material was similar to the rubber milled 

lignocellulose, indicating that the chemical structure of lignocellulose after 

mechanical and thermal rubber milling is not destroyed in microfibrillated cellulose 

material, and characteristics of lignocellulose maintained well. Comparing the FTIT 

spectra of t untreated lignocellulose specimen and microfibrillated cellulose material, 

the broad peak at 3440 cm–1 corresponds to the –OH, indicating that the –OH occurs 

during rubber milling; the C–H stretching vibration peak at 2908 cm–1 is characteristic 

peak of cellulose. The peak at 1430 cm–1 is the bending vibration of CH2 in lignin and 

polysaccharides. The peak at 1385 cm–1 corresponds to the bending vibration of C–H 

in cellulose and hemicellulose. The peak at 1747 cm–1 The C=C characteristic peak of 

the aromatic ring stretches and vibrates, indicating the presence of lignin. The 

enhancement of the absorption peak at 1230 cm–1 is due to the lignin is a phenolic 

substance formed during the mechanical rubber grinding process. The results show 

that the microfibrillated cellulose material retained the chemical composition and 

active hydroxyl groups formed by condensation reaction of borate orthoester 
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formation and furfural resin adhesive. The analytical results correspond to the reaction 

mechanism in the Fig. 1, below: Formation of hydrogen bonds and covalent bonds. 

Hot press
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Fig. 4 Survey XPS untreated lignocellulose specimen and microfibrillated cellulose 

material (a); C 1s(b) and O 1s (c) of untreated lignocellulose specimen and 

microfibrillated cellulose material, respectively. d, Schematic illustration of the 

formation of the borate crosslinked network. 

The XPS spectrogram of untreated lignocellulose specimen and microfibrillated 

cellulose material are shown in Fig.4. The survey spectrum of samples is shown in 

Fig. 4a. For comparison, the main chemical composition of the pre–treated wood 
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surface remained unchanged and consisted mainly of C, H and O elements in the 

energy of 285.69 eV and 532.67 eV. Fig. 4b Spectral peaks of C1s for the untreated 

lignocellulose specimen and microfibrillated cellulose material, respectively. The 

three small peaks under the outer contour were obtained by the peak decomposition 

technique, and the outer contour largely overlaps with the synthetic curves of the three 

small peaks, indicating that the fitting The absence of C4 in the peak of the C 1s 

spectrum may be due to the fact that the sample was colloid to contain very few 

carboxylic acid groups, while the relatively low resolution of the surface 

photoelectron spectrometer used is also one of the reasons. The three small peaks 

represent carbon atoms in different chemical structures, namely C1, C2 and C3. After 

milling, the C–C bond content decreased significantly, while the C3 content increased 

significantly, indicating that a large number of oxygen–containing functional groups 

were produced on the wood surface. The content of O2 in the untreated lignocellulose 

specimen is less and O1 content is more, indicating that the untreated lignocellulose 

specimen surface oxygen and carbon cross–linked mainly for the C–O single bond, 

and through the double bond is linked to carbon with less oxygen, while the O2 

content of the microfibrillated cellulose material is increased and the O1 content is 

decreased. At the same time, the C/O values of elements and the percentages of C and 

O in different chemical states are shown in Table 1. The O2/O1 is increased, which 

indicates an increase in the oxidation state of carbon in the pretreated wood. The 

increase of peak O2 is due to the oxidative condensation of lignin to produce many 

carbonyl groups. The decrease of O1 peak area is due to the dehydration of the 

cellulose and the degradation of hemicellulose resulting in the oxidation of the sample. 

Moreover, it can also be seen from the table that the milling pretreatment have the 

largest nO2/nO1, indicating that the untreated lignocellulose specimen produces C=O 

content highest. The XPS spectra shown that boric acid formed covalent bond with 

the –OH group of the polysaccharide. The resulting stable covalent crosslinking 

structure and nanolignocellulose/borate cross–linking guarantee outstanding bond 

strength, as shown in Fig. 4d. The resulting stable covalent crosslinked structure with 

synergistic hydrogen bonding ensures that the adhesive of microfibrillated cellulose 

exhibits dramatic bond strength and water tolerance. 

Table 1 Element content and O/C ratios of untreated lignocellulose specimen and 

microfibrillated cellulose material 

Specimen 
Peak position(eV) Peak area (%) 

C1 C2 C3 C1 C2 C3 

Untreated lignocellulose specimen 285.21 286.76 287.52 37.98 23.58 38.45 

Microfibrillated cellulose material 285.18 286.80 287.69 35.32 26.08 38.60 

Specimen 
Peak position(eV) Peak area(%) 

nO2/nO1 
O1 O2 O1 O2 

Untreated lignocellulose specimen 533.25 531.27 99.91 0.09 0.0009 

Microfibrillated cellulose material 533.31 531.01 99.62 0.38 0.0038 
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Fig. 5 Furfuryl alcohol formation processes. 

The processes of furfuryl alcohol formation and condensation reaction and 

resinification, including 1) monosaccharides degradation to furfural, 2) condensation 

reactions between furfural, 3) furfural resinization, hydrogen bond formation process 

and borate and polysaccharide rhamnogalacturonan II molecules covalently 

crosslinked, as shown in Fig. 5. Binderless hot–pressing produces formic acid and 

acetic acid due to the degradation of microfibrillated cellulose, which promotes the 

densification of pine lignocellulose. This is because the low molecular weight 

monosaccharides of degraded pine lignocellulose can be further degraded to furfural. 

In addition to the above–mentioned binding modes, the resin between furfural 

cross-linked during hot-pressing process. Meanwhile, the oxygen atom on the 
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hydroxyl group in lignocellulose can be covalently cross-linked or hydrogen bonded 

to the hydrogen atom on the same hydroxyl group. As the moisture in the plate 

embryo evaporates by hot pressing, the surface tension brings the cellulose close to 

each other and covalently bonds. Meanwhile, boracic acid in the microfibrillated 

cellulose effectively forms covalent bonds with the cellulose and hemicellulose in the 

degradation of microfibrillated cellulose by hot-pressing, forming –OH groups of 

polysaccharides such as glucose, xylose, glucomannan, arabinose and other 

monosaccharides, resulting in a stable covalent crosslinking structure. This 

non–adhesive microfibrillated cellulose material is guaranteed to exhibit excellent 

bond strength due to the stable borate and polysaccharide rhamnogalacturonan II 

molecules covalently crosslinked structure. 

Fig. 6a shows the flexural strength and modulus of untreated lignocellulose specimen 

and microfibrillated cellulose material, which are 80.27 N and 6498MPa that are 5 

and 2.5 times as much as the untreated lignocellulose specimen, and 2.5 and 2.7 times 

as much as the Chinese national standard No. GB/T11718–2009, respectively. This is 

due to the enhancement caused by the formation of furfuryl alcohol and borate-diol 

ester. The stress–displacement curves of three kinds of untreated lignocellulose 

specimen and microfibrillated cellulose material are shown in Fig.6b. Average 

maximum loads of two specimens are 21.44N and 115.27N, respectively. The flexural 

strength of microfibrillated cellulose material is the highest. The mechanical 

performance of microfibrillated cellulose material is better than those of untreated 

lignocellulose specimen and relevant indicators of standard GB/T11718–2009. The IB 

value of microfibrillated cellulose material was 0.880 MPa, which was 4.1 times as 

much as the untreated lignocellulose specimen and 1.8 times as much as the relevant 

indicators of standard GB/T11718–2009 (Fig.6d), while TS was only 5.66%, which 

was 298% lower than that of untreated lignocellulose specimen (Fig.6c). This is 

mainly due to the layering and branching of pine lignocellulose during the mechanical 

milling processes, which gives it more ester and hydrogen bonds, enlarges the specific 

surface area, exposing more hydroxyl groups, and increases the cross–linking degree 

between borate and polysaccharide rhamnogalacturonan II molecules with a 

condensation reaction among furfurals, lignin, and furfurals during hot–pressing. The 

results indicated that excellent mechanical performance of microfibrillated cellulose 

material is superior to those of untreated lignocellulose specimen and relevant 

indicators of standard GB/T11718–2009 and other biomass materials. 
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Fig. 6 The mechanical strength histogram (a), the stress–deformation curves(b), the 

TS (c) and the IB (d) of untreated lignocellulose specimen and microfibrillated 

cellulose material 

The simplified structural schematics of quasi-static three-point bending test is shown 

in Fig.7a, showing the alternating arrangement of nanolignocellulose building blocks. 

And under the action of three-point bending, microfibrillated cellulose material began 

to slide and deflect cracks, activating the potential sliding of nanolignocellulose 

building blocks of microfibrillated cellulose material. Finally, microfibrillated 

cellulose material fails under the building blocks fracture mode of nanolignocellulose. 

Interestingly, in microfibrillar cellulose materials, the hydrogen bonding between 

nanolignocellulose building blocks and the laminated structure induced synergistic 

effect (Fig. 7a). Fig. 7b shows the mechanical properties of microfibrillated cellulose 

materials compared with those of lignocellulose matrix composites. Apparently, the 

microfibrillated cellulose materials thus present a combination of better ultimate 

flexural strength and elastic modulus that offers considerable advantage for high 

specific strength engineering material, such as lignocellulose-based composites, wood 

fiber-based composites, plexiglass, inorganic composite material, and nacre, show 

poor mechanical stabilities. It can be seen that the mechanical performance of 

microfibrillated cellulose materials is superior to many natural and wood 

fiber/lignocellulose-based composite materials.  
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Fig. 7 (a) Proposed synergistic mechanism of microfibrillated cellulose material. (b) 

Ashby diagram of ultimate flexural strength and elastic modulus for the 

microfibrillated cellulose material and various natural and artificial composites.  

Conclusions 

Microfibrillated cellulose material with superior mechanical–performance was 

successfully developed by a mechanical pretreatment method and hot-pressing 

method. The result showed that the core layer of microfibrillated cellulose material 

has good compactness, which effectively enhances the flexural strength and elastic 

modulus of microfibrillated cellulose material. Compared with untreated 

lignocellulose, MOR, MOE, IB value increased by 5, 2.5 and 4.1times, TS value 

decreased by 298%. And excellent mechanical properties of microfibrillated cellulose 

material are superior to those of untreated lignocellulose specimen and relevant 

indicators of standard GB/T11718-2009 and other biomass materials. This is due to 

the enhancement caused by the formation of furfuryl alcohol and borate-diol ester. 

The nano-lignocellulose/borate cross-linking ensures bonding strength. With the 

development of borate cross–linking networks, lignocellulose–based superior 

mechanical–performance structural material can be applied in more fields, broaden 

the development space of lignocellulose–based superior mechanical–performance 

structural material industry, and at the same time, it is expected that 

microfibrillated–cellulose/nanolignocellulose will become an advanced 

structural–functional integrated new material. 

Materials and Methods 

Plant materials. Lignocellulose (Pinus Yunnanensis Franch, Water content: 15%) was 

purchased from Southwest Timber Market in Kunming, Yunnan Province, China. 

Sodium tetraborate decahydrate was purchased from Yunnan Husen Trading Co., Ltd. 

Preparation of the Microfibrillated Cellulose Material 
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Dry lignocellulose was mixed with deionized water of the ratio of 39:1 (wt. 2.5%). 

After then, swelling for 1 hour at 60 ℃, then the pine lignocellulose was placed into a 

colloid grinder and the colloid mill with rotation speed set 2880 rpm for 6 hours. After 

grinding, homogeneous microfibrillated cellulose glue was processed to about 100% 

water content, and then the microfibrillated cellulose material was developed through 

the binderless hot–pressing for 30 minutes (hot pressing temperature 200 ℃, pressure 

2.5 MPa, thickness 10mm). 

Characterization 

The micro–morphologies of untreated lignocellulose specimen and microfibrillated 

cellulose material were measured by scanning electron microscopy (SEM, Quanta 200, 

FEI) and the 10–20 m thick section of Yunnan–pine were observed under a, in Nikon 

biological microscope image analyzer (CELIPSE 80i, Nikon, Japan), cutting with a 

Leica slicer (SM2000R, Leica, Buffalo Grove). The crystal structure of the untreated 

lignocellulose specimen and microfibrillated cellulose material were determined by 

X–ray diffraction spectroscopy (XRD, Rigaku, D8 Advance, Bruker): nickel–filtered 

copper Ka–ray (λ = 1.5418 Å), 2° min –1, current 40 mA, voltage 40 kV, characterized 

5° –60°. Chemical Groups on the Surface of the untreated lignocellulose specimen 

and microfibrillated cellulose material were detected by FT–IR (FTIR, Nicolet iN10 

MX, USA) and XPS (XPS, Thermo ESCALAB 250XI, USA). The physical and 

mechanical properties of the untreated lignocellulose specimen and microfibrillated 

cellulose material were measured according to the GB11718–2009 by Shenzhen New 

Sansi 50kN universal mechanical testing machine. 

Data Availability 

Te datasets generated during the current study are available from the corresponding 

author on reasonable request. 
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