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Abstract  

High-value utilization of biomass has been driven by increasingly growing industrial demands. Herein, we offer a strategy 
composed of depolymerization and esterification reaction of lignin to transfer to bio-oil with high liquid yield 
(79.75~85.25%), which is demonstrated as a high performance lubricant. Overall, the bio-oil has the excellent lubrication 
properties, where a significant wear reduction of 97.6% was observed as compared with polyethylene glycol 200. 
Meanwhile, the more ether and less acid in bio-oil could improve the anti-wear properties. This work provides a new 
application of utilizing lignin in advanced lubrication systems. 
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1. Introduction 

The development of alternative liquid fuels (bio-oil) from 

lignin has become the focus of much research recently and a 

frontier fossil-free topic in the new global energy area with 

good recycling economics.[1] However, utilization of bio-oil 

in transportation fuel applications faces some difficult 

challenges when comparing to petroleum. Bio-oil is a poor 

fuel, which has high amounts of water (20~30 wt%) and 

many highly oxygenated (up to 40 wt%) products.[2-4] As 

such, bio-oil upgrading is required to improve its energy 

density, which will inevitably lead to high cost, making it a 

non-economically viable alternative of traditional fossil fuels. 

Another challenge is the complex nature of bio-oil containing 

a vast variety of compounds of different molecular weights.[5] 

Currently, there are no efficient methods to separate the 

compounds from bio-oil. In addition, it has been found that 

crude bio-oil has more unstable and corrosive properties as 

compared with traditional fossil oil, which leads to short 

machine service life and metal corrosion.[6] These economic 

and technical barriers make the transportation fuel 

application of bio-oil not feasible to industrialize within a 

relatively short space of time. 

Lubricant shows much better profit margins as the price 

of lubricant is about 10 times higher than that of 

transportation fuels (e.g. gasoline, diesel). The high water 

and oxygen content of bio-oil are not causing problems in 

many lubricants applications as oil-water emulsions are 

widely used as lubricants. Moreover, as the lubricants base 

fluids normally are mixtures of alkanes with different 

molecular weight, the complex nature of bio-oil will not pose 

a problem either. Hence, it is promising to use bio-oil as 

lubricants base oil after some easy molecular structure 

regulation to remove some harmful materials, e.g. easily 

evaporated components, corrosive compounds, etc.  

Lubricants have been widely used in the modern times 

with the purpose of “durability” and “energy efficiency”.[7] 

The lubrication performance of lubricant could be governed 

by the affinity and mechanical properties of the lubricant, 

which could be affected by several factors.[8,9] For example, 

the hydrogen bonding (H-bonding) among the functional 

group of lubricant seems to be an effective approach to 

improve the lubrication performance.[10] It is very important 

to tailor the molecular structure of the bio-oil based lubricant 

from lignin for the lubricant application. However, current 

research about the liquefaction for lignin is mainly towards 

the fuel application without the consideration of the structure 

required in the lubricant application. Hence, the molecular 

structure regulation of bio-oil from the lignocellulose 

towards excellent lubricants is necessary to be conducted via 

the depolymerization and upgrading methods. 

A first, auspicious and complementary valorization 

opportunity for the bio-oil is to depolymerize the lignin to 
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low molecular weight chemicals. For example, Prof. Sels’ 

group has developed an integrated biorefinery that converts 

78 wt% of birch wood into xylo-chemicals.[11] Lewis 

acids/choline cloride/glycerol deep eutectic solvents were 

used for the efficient pretreatment of hybrid Pennisetum 

energy grass to produce antioxidative lignin.[12] The reductive 

catalytic fractionation (RCF) method could be utilized to 

depolymerize  the biomass feedstocks into phenolic 

monomers with high yields (~40 wt% based on total 

lignin).[13] Lignin depolymerization faces great challenges 

due its highly complex polymeric structure. Lignin is a 

polymer with three basic phenylpropane monomers, which 

are linked together by ether and C-C bonds.[14, 15] The β-O-4 

ether bond in lignin is most easily cleaved, which are 

frequently used as the primary target of lignin 

depolymerization methods.[16] In addition, there is some 

volatile or corrosive fatty acid (such as acetic acid) 

production during the depolymerization processes, which 

leads to instability of bio-oil.[17] The acid-catalyzed 

esterification between fatty acid and alcohol could be an 

alternative upgrading strategy to enhance the stability of the 

bio-oil. Normally, the ester shows good lubrication properties 

due to its stability and adhesion on the metal surface. Acid 

catalyst could be used in hydrolytic cleavage of β-O-4 ether 

bond and esterification reaction between fatty acid.[18] 

Therefore, a depolymerization and esterification system 

needs to be designed for the bio-oil from lignin towards to 

high performance lubricant. 

Herein, we propose the strategy in which the lignin is 

transferred into the high performance lubricant via the solid 

acid catalyst. As an example, a route to produce the bio-oil 

based lubricant by the integrated depolymerization and 

esterification method of lignin in the glycerol/methanol 

solvent mixture was developed. The various liquid yields are 

obtained at the different temperatures and catalyst loading 

conditions. The functional groups and components of bio-oil 

and thus its effect on the lubricating properties were 

investigated.  

 

2. Experimental section 

2.1. Materials 

Titanium tetrachloride (TiCl4), ammonia (NH3·H2O, 

≥99.95%) were purchased from Shanghai Lingfeng Chemical 

Reagent Co., Ltd. Sodium lignosulfonate was purchased 

from TCI (shanghai). Methanol (≥99.5%), glycerol (≥99%, 

ethyl acetate (≥99.5%), anhydrous sodium sulphate (≥99%), 

sulfuric acid (H2SO4, 95.0~98.0%) and hydroquinone 

(≥99%) were purchased at Nanjing Chemical Reagent Co., 

Ltd. Poly(ethylene glycol) 200 was purchased from Sigma 

Aldrich. All materials were used as received without further 

treatment. 

 

2.2. Preparation of SO4
2-/TiO2 catalyst 

SO4
2-/TiO2 catalyst was prepared using two main steps, TiO2 

synthesis and acidification. Specifically, TiCl4 aqueous 

mixture was prepared by adding TiCl4 into 0 °C deionized 

water with stirring. The volume ratio of TiCl4 to deionized 

water was kept below 1/100. Then, diluted aqueous ammonia 

(ca. 5~8%) was added into the above mixture until a final pH 

= 9. Hydrous Ti(OH)4 was gradually precipitated from 

mixture and then washed with deionized water to require no 

Cl- ion in the last-patch water (detected by 0.1 M AgNO3 

aqueous solution). The resulting solid was dried at 120 °C for 

12 h and calcined in a muffle furnace at 500 °C for 2 h, 

which was transformed into mesoporous TiO2. Secondly, the 

acidification of TiO2 powders was carried out by 

impregnation of 1 M H2SO4 aqueous solution. The liquid to 

solid ratio was controlled at 0.31 mL/g to achieve about 3 

wt% of sulfate content in final catalyst. Then, the mixture 

was dried at 120 °C for 12 h and calcined at 500 °C for 2 h 

under air atmosphere to obtain the SO4
2-/TiO2 catalyst. 

 

2.3. Preparation of bio-oil 

The 4 g sodium lignosulfonate, 30 g methanol/glycerol 

mixture (4:1~1:1) and SO4
2-/TiO2 catalyst (2.5~10.0 wt% 

based sodium lignosulfonate) were added to the 

hydrothermal reactor. Then, the mixture was heated from 

room temperature to 160~180 °C in an oven and kept at 

160~180 °C for 1 hour. After that, the mixture was cooled 

down to room temperature in the air atmosphere and mixed 

with 0.03 g hydroquinone. The liquid solution was obtained 

after the filtration of the mixture. During the preparation 

process, the depolymerization reaction of the lignin via the 

hydrolytic cleavage of β-O-4 ether bond will produce some 

relatively low molecular lignin and some kinds of small 

molecules such as acetic acid. In addition, there is the 

esterification reaction between fatty acid produced via the 

depolymerization reaction such as acetic acid and polyols 

such as glycerol via the solid acid catalyst, which will lead to 

the better lubrication properties and improve the anti-

corrosive properties of the lubricant. These will be confirmed 

in some following characterization of the bio-oil. The 

methanol in liquid solution was removed using a rotary 

evaporator at 30 °C. The crude bio-oil without methanol was 

used to calculate the liquefaction yield based on Equation 

(1). Then, it was separated into organic bio-oil and aqueous 

fractions (glycerol/water) using ethyl acetate 

(DCM)/water(1:1 volume ratio) solution. Some anhydrous 

sodium sulfate was added in the DCM extracted oil fraction 

(bio-oil) to reduce the water and separated via the filtration 

method. The DCM in bio-oil was removed in a rotary 

evaporator at 45 °C. The bio-oil after the evaporation will be 

used as the lubricant. The lubricating oil yield was obtained 

from Equation (3). 

The bio-oil was obtained from the lignin using the 

methanol-glycerol mixture and SO4
2-/TiO2 catalyst at 

160~180 °C, which is lower than that in the traditional 

liquefaction method. We select three samples to investigate 

the chemical structure and lubrication properties of bio-oil. 

The differences among the three kinds of bio-oil are the 
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reaction temperature and catalyst ratio. Specially, Bio-1 is 

obtained at 160 °C and 2.5% catalyst (based lignin); Bio-2 is 

synthesized at 160 °C and 5% catalyst; Bio-3 is obtained at 

180 °C and 5%  

catalyst. 

Liquefaction yield=(
𝐿𝑖𝑞𝑢𝑖𝑑 𝑎𝑚𝑜𝑢𝑛𝑡−𝑔𝑙𝑦𝑐𝑒𝑟𝑜𝑙 𝑎𝑚𝑜𝑢𝑛𝑡

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑙𝑖𝑔𝑛𝑜𝑠𝑢𝑙𝑓𝑜𝑛𝑎𝑡𝑒
) 

× 100%     (1) 

Char yield=(
𝑅𝑒𝑠𝑖𝑑𝑢𝑒 𝑎𝑚𝑜𝑢𝑛𝑡

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑙𝑖𝑔𝑛𝑜𝑠𝑢𝑙𝑓𝑜𝑛𝑎𝑡𝑒
) 

× 100%     (2) 

Lubricating oil yield=(
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑏𝑖𝑜−𝑜𝑖𝑙

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑑𝑖𝑢𝑚 𝑙𝑖𝑔𝑛𝑜𝑠𝑢𝑙𝑓𝑜𝑛𝑎𝑡𝑒
) 

× 100%     (3) 

2.4. Characterization 

X-ray diffraction (XRD) of the SO4
2-/TiO2 was analyzed on a 

Bruker D8 diffractometer equipped with a Cu Kα radiation (λ 

= 1.5406 Å). The 2θ value of diffractogram was recorded 

from 5° to 60° at a rate of 0.2 s/step. Fourier transform 

infrared spectroscopy (FT-IR) was performed on the Nicolet-

6700 spectrometer (KBr pellets) in the wavenumber range of 

2000 cm-1 ~ 400 cm-1 with a resolution of 4 cm-1. Nitrogen 

adsorption/desorption at -196 °C was carried out using a 

Micromeritics ASAP2020. Surface area and pore volume of 

sample were calculated by Brunauer-Emmett-Teller (BET) 

method and by nitrogen adsorption at a relative pressure of 

0.99, respectively. Pore size distribution was obtained from 

adsorption branch by Barrett-Joyner-Halenda (BJH) method. 

The morphology of SO4
2-/TiO2 was studied by a JEM-7600F 

Scanning electron microscopy (SEM). The acidic 

characteristic of SO4
2-/TiO2 was determined by pyridine 

absorption infrared (Py-IR) and NH3 temperature 

programmed desorption (NH3-TPD). The Py-IR 

measurement were also performed on the Nicolet 6700 

spectrometer device equipped with a diffuse reflectance 

attachment and an MCT detector. The SO4
2-/TiO2 powders 

were placed into an in-situ chamber and smoothed, which 

were preliminarily pretreated with He (30 mL/min) at 300 °C 

for 1 h and then cooled down to room temperature. 

Subsequently, gaseous pyridine was adsorbed on powders 

until the adsorption saturation. The physical absorption of 

pyridine was removed by He purge for 1 h. Finally, the 

infrared spectrum in the region from 1650 cm-1 to 1400 cm-1 

was recorded. Moreover, NH3-TPD experiment was 

conducted on a TP-5000 equipment (Tianjin Xianquan Co., 

Ltd., China). Similarly, the SO4
2-/TiO2 powders were in-situ 

pretreated in He atmosphere at 300 °C for 1 h before test. 

After being cooled down to room temperature, the in-situ 

chamber was injected by 5% NH3/He gas till saturation of 

adsorption capacity. Followed by He purge for 1 h, the NH3-

TPD signal of SO4
2-/TiO2 was recorded as a function of 

temperature from 40 °C to 580 °C at a heating rate of 5 °C 

min-1. 

The Lewis acid sites and Br∅nsted acid sites ratio are 

calculated in the following equations.[19, 20] 

𝑋𝐵𝑟∅𝑛𝑠𝑡𝑒𝑑 =
𝐼𝐵

𝐼𝐵+0.752𝐼𝐿
× 100%                   (4)

 

𝑋𝐿𝑒𝑤𝑖𝑠 =
𝐼𝐿

1.329𝐼𝐵+𝐼𝐿
× 100%                      (5) 

where  𝐼𝐵 and 𝐼𝐿 are the integrated area of peaks at 1540 

cm-1 and 1445 cm-1, respectively. 𝑋𝐵𝑟∅𝑛𝑠𝑡𝑒𝑑 and 𝑋𝐿𝑒𝑤𝑖𝑠  are 

the molar percentage of Lewis acid sites and 𝐵𝑟∅𝑛𝑠𝑡𝑒𝑑 acid 

sites, respectively. 

The thermal stability of bio-oil was determined by 

thermogravimetric analysis (TGA, TGA8000, PerkinElmer, 

Waltham, MA, USA) in a N2 atmosphere from 20 to 600 °C 

with a heating rate of 10 °C/min. The molecular structures of 

Bio-oil were analysed by 13C nuclear magnetic resonance 

(13C NMR, Bruker AVANCE II 400M) in DMSO. The 

elemental analysis (C, H, N, S) of bio-oil was carried out at a 

vario EL cube elemental analyzer (Elementar). The O and 

inorganics elements were obtained by the subtraction of the 

sum of C, H, N and S. Pyrolysis-gas chromatography/mass 

spectrometry (Py-GC/MS) system was employed to separate 

and identify the pyrolysis volatiles. For this purpose, a 

CDS5200-type pyrolyser was directly attached to a gas 

chromatography/mass spectrometry (Clarus SQ8, 

PerkinElmer). The analytical pyrolysis experiments were 

performed in trap mode and the pyrolysis vapors from the 

reactor were absorbed on an adsorbent cartridge at 45 °C, 

then was followed by desorption of the pyrolysis vapors from 

the cartridge at a heating rate of 100 °C/min to 400 °C. And 

the pyrolysis vapors were directly sent to GC/MS for analysis 

and an Elite-5MS capillary column (30 m×0.25 mm×0.25 μm 

film thickness) was used for GC separation. Helium 

(99.999%) was used as the carrier gas with a constant flow of 

1.0 mL/min. Before the chromatographic separation, the 

temperature of the chromatographic column was 

progressively increased as follows: (i) 40 °C for 2 min; (ii) 

from 40 to 295 °C at a rate of 8 °C/min; (iii) the capillary 

column was maintained at 295 °C for about 40 min. The GC 

inlet was 300 °C and a split ration of 50:1 was used. Mass 

spectra were recorded under electron ionization (70 eV) with 

the m/z range: 35-550 au. Peak identification was carried out 

with the NIST mass spectral library and literatures. 

An Optimol SRV-III oscillating friction and wear tester 

was used to evaluate tribological properties of the lubricants 

under lubrication conditions based on ASTM D 6425 

protocol. The detailed test process refers to our previous 

publications.[9, 21] During the test, the upper steel ball (52100 

bearing steel, diameter 10 mm, surface roughness (Ra) 20 

nm) slides under reciprocating motion against a stationary 

steel disc (100CR6 ESU hardened, Ø24 mm×7.9 mm, and 

surface roughness (Ra) 120 nm). All tests were conducted 

under the load of 150 N (2.5 GPa Maxium Hertzian pressure) 

at room temperature (25 °C), a sliding frequency of 50 Hz, 

and an amplitude of 1 mm. After the tests the wear volumes 

of the lower discs and wear diameter of the balls were 

determined using an optical profiling system (Zygo 7300). 

Three duplicate friction and wear tests were carried out to 

minimize the experimental error. 
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3. Results and discussion 

Compared with traditional liquid acid catalyst, sulfated solid 

superacid (SO4
2-/TiO2) has obivious advantages of high 

catalytic-activity, rapid separation and easy recycling.[22, 23] 

We synthesized the SO4
2-/TiO2 catalyst for the bio-oil 

production from lignin. The physicochemical properties of 

the catalyst are compiled in Fig. 1. SO4
2-/TiO2 catalyst has 

the five distinct characteristic peaks at 2θ=25.36°, 37.84°, 

48.10°, 53.94°, 55.15° in the X-ray diffraction (XRD) pattern 

of Fig. 1(a), which are consistent with the characteristic 

peaks of anatase TiO2. The bidentate coordination of sulfate 

groups to Ti cations of the support was demonstrated via the 

several peaks in the region of 1300-900 cm-1 in Fig. 1(b).[20] 

Some typical peaks were also observed at 1135, 1092 and 

1047 cm-1 corresponding to the vibration of S=O and S-O 

bond, due to the existence of sulfate group.  

 
Fig. 1 Characterization of SO4

2-/TiO2 (a) XRD, (b) FT-IR, (c) 

NH3 TPD, (d) Pyridine IR, (e) and (f) SEM image. 

 

The NH3-TPD curve in Fig. 1(c) can be divided into three 

temperature regions of below 200 °C, 200~450 °C and above 

450 °C, which are ascribed to the adsorption of NH3 onto 

weak acid sites, medium acid sites and strong acid sites, 

respectively.[20] Three NH3 desorption peaks at 185, 369 and 

526 °C can be observed in SO4
2-/TiO2 catalyst. The strong 

acid is relatively more than weak and medium acid. 

Moreover, the pyridine IR spectrum was used to study the 

acid type of SO4
2-/TiO2 in Fig.1 (d). The obvious peaks at 

1540 and 1438 cm-1 are ascribed to the adsorption of pyridine 

onto Brønsted acid sites and Lewis acid sites. The ratio of 

Brønsted acid sites is 58.3%, which is higher than that of 

Lewis acid sites (41.7%). The calculated equations are 

provided in Equation (4) & (5).[19] Nitrogen adsorption-

desorption isotherms of SO4
2-/TiO2 exhibits a type IV 

isotherm characteristic, indicating the presence of 

mesoporous structure, as shown in ESI Fig. S1. The surface 

area and pore volume of SO4
2-/TiO2 are 65.6 m2/g and 0.33 

cm3/g respectively in ESI Table S1. Scanning electron 

microscopy of SO4
2-/TiO2 shows small spherical particles 

with a diameter of about 30 nm in Fig. 1(e)-(f). The surface 

of the catalyst becomes rough, which may provide more acid 

and thereby improve the catalytic activity of SO4
2-/TiO2. 

Table 1 Mass yield of element of bio-oil. 

Parameter Bio-1 Bio-2 Bio-3 

Mass Yield 

(%) 

Liquid 81.50 79.75 85.25 

Lubricating oil  12.50 11.85 13.50 

Char 9.50 11.75 11.15 

Gas 9.00 8.50 3.60 

Element 

(wt%) 

C 40.61 46.2 45.99 

H 6.96 6.37 6.24 

N 0.92 0.69 0.80 

S 0.10 0.07 0.32 

O and Inorganics 51.41 46.67 46.65 

 

 
Fig. 2 Comparison of liquid yield between this work and 

literature results (1# Alcell lignin; [24] 2# Kraft lignin;[25] 3# Soda 

lignin;[26] 4# Kraft lignin;[27] 5# Alkali lignin;[28] 6# Organosolv 

lignin;[29] 7# Organosolv lignin;[30] 8# Pine lignin;[31] 9# Alkali 

lignin;[32] 10# Organosolv lignin;[33] 11# Wheat straw soda 

lignin;[34] 12# Allcell lignin;[35] 13# Alcell and Pyrolytic 

lignin;[36] 14# Organosolv lignin;[37] 15# Organosolv lignin;[38] 

16# Kraft lignin;[39] 17# Organosolv Lignin;[40] 18# Kraft 

Lignin;[41] 19# Alcell lignin;[42] 20# Asian lignin;[42] 21# Lignin 

(byproduct of fermenting);[43] 22# Alcell lignin;[44] 23# Pyrolytic 

lignin from water;[45] 24# Alkali lignin;[46] 25#, 26#, 27# This 

work). 

 

The mass yield and elements of bio-oil are summarized in 

Table 1. The liquid and char yield were calculated as its 
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liquid and mass divided by the mass of dry lignin loaded into 

the reactor in Equation (1) & (2), respectively. The gas yield 

was calculated by the mass difference between dry lignin and 

char/liquid. The high liquid yield (79.75~85.25%) is obtained 

at the mild conditions as compared with the reported 

maximum liquid yield at the different temperature testing 

conditions, as shown in Fig. 2. For more details refer to Table 

S1 in the ESI. The higher temperature and less catalyst can 

lead to the high liquid mass yield and less char production. 

To investigate the possibility of bio-oil without glycerol 

solvent as the lubricant, we mixed the liquid from lignin with 

ethyl acetate/water (1:1 volume ratio) solution and get the 

bio-oil organic liquid from the ethyl acetate phase after the 

evaporation of solvent via a rotary evaporator at 45 °C. The 

lubricating oil yield extracted from ethyl acetate is from 

11.85 to 13.50% from Equation (3). The organic liquid from 

ethyl acetate will be used as the base oil to investigate 

lubrication properties and the structure characterization.  

The carbon, hydrogen, nitrogen and sulfur elements of 

their bio-oil don’t change a lot at the different temperature 

and catalyst ratio. Nitrogen and sulfur hetero-elements are 

beneficial for the robust protective surface film formation 

and thereby enhancing the lubrication properties.[47,48] We 

characterized the structure of bio-oil as depicted in ESI Fig. 

S2~8. Different functional group ratio and major component 

ratio of bio-oil are summarized in Fig. 3. On the basis of the 

chemical shift map of current compounds in bio-oil,[49] the 

most aromatic C-O bonds, aromatic C-H bonds and aliphatic 

C-O bonds are located in the chemical shift change of 142.0-

166.5 ppm, 95.8-125.0 ppm and 60.8-95.8 ppm, respectively. 

The oxygen content in bio-oil is very important to determine 

the properties of bio-oil for the application. We calculated the 

ratio of the two kinds of C-O functional groups in bio-oil in 

Fig. 3(a). The aliphatic C-O group in bio-oil is in following 

order: Bio-1> Bio-3> Bio-2. However, there is the opposite 

order for the aromatic C-O group in bio-oil (Bio-2 >Bio-

3 >Bio-1). We calculated the sum of the major acid, alcohol, 

ester and ether components in Fig.3 (b), which are larger than 

1% in GC-MS analysis. The total acid in bio-oil is in 

following order: Bio-1>Bio-3> Bio-2. The alcohol 

relationship among the three kinds of bio-oil is Bio-3> Bio-

2> Bo-1. There is the opposite order for the ester/ether 

components among the bio-oil, which may be attributed to 

the ester reaction among the acid/alcohol and alcohol/alcohol 

component. 

Thermal property of bio-oils has been investigated, which 

is one of the most important properties for lubricant. Three 

bio-oils show no melting and crystallization behavior during 

the heating and cooling process, in ESI Fig. S9, which means 

that the bio-oil has the possibility to be used the liquid 

lubricant from -50 to 150 °C. Bio-oil is thermally stable 

within the low temperature range and shows a single 

degradation peak centered at 245~250 °C in the derivative 

thermogravimetric (DTG) curves (in ESI Fig. S10).  

The lubricating properties of bio-oil were evaluated using 

an optimol SRV-III oscillation friction and wear tester at 

room temperature. The results are summarized in Fig. 4. The 

friction coefficient (COF), disc wear volume and ball wear 

diameter are the key performance index to value the 

lubrication properties. The friction coefficient refers to the 

ratio of the friction force between two relative motive 

surfaces and the vertical force acting on one of the surfaces. 

The larger COF will imply the high friction forces generated 

during the relative motion, which will lead to the high energy 

consumption or failure in the system.[50] The ball wear 

diameter and disc wear volume refer to the circular diameter 

change of the steel ball and steel disc wear loss after the 

friction test, respectively. Both of them reflect the anti-wear 

properties of lubricants. The lower ball wear diameter and 

disc wear volume indicate the better anti-wear properties, and 

vice versa.[51] To value the possibility of the bio-oil as the 

commercial lubricant base oil, polyethylene glycol 200 (PEG 

200) was tested as the control sample. PEG has been 

successfully used in various applications, such as lubricants 

 
Fig. 3 (a) Different functional group ratio of bio-oil; (b) major component ratio of bio-oil.
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and cosmetics. Apparently, the sharp jump of friction 

coefficient of Bio-1 indicates unstable friction coefficient, 

Fig. 4(a). Bio-2, Bio-3 and PEG200 have the stable COF in 

Fig. 4(b)-(d). The average COF of bio-oil is noticeably lower 

than that of PEG200. Specifically, the COF of Bio-2 is 61.8% 

of that of PEG200. The anti-wear properties lubricated by 

bio-oil and PEG200 of Fig. 4 (e)-(f) is in following order: 

WPEG200>WBio-1>WBio-3>WBio-2.  

 
Fig. 4 (a-d) Friction coefficient, (e) disc wear volume and (f) 

ball wear diameter lubricated by bio-oil and PEG200. Load: 2.5 

GPa, testing duration: 1 h, room temperature.(a): Bio-1, (b): 

Bio-2, (c): Bio-3, (d): PEG200. 

The steel balls and steel disc wear three-dimensional 

microscopic are provided in Fig. 5 (a)-(d) & (a’)-(d’). All of 

the bio-oil samples showed a marked decrease in wear 

volume, in Fig. 4(e). Specifically, the wear volume of the 

steel disc lubricated by Bio-2 is only 2.4% of the one 

lubricated by PEG200. Overall, the bio-oil has the better 

lubrication properties than the commercial base oil PEG200. 

Recall the structure of bio-oil results that the more ether/ester 

and less acid at the Bio-2 as compared with other bio-oil, the 

anti-wear properties of bio-oil is closely correlated and could  

be attributed to the positive effect of the more ether/ester and 

less acid in the system. From the GC-MS result, we can see 

there is much acetic acid in the bio-oil, which is volatile acid 

and lead to the instability of the bio-oil during the friction 

process. It is difficult to separate the chemicals in bio-oil 

even though we have used extraction method to get the bio-

oil organic liquid. The acetic acid content in bio-oil is in 

following order: Bio-1>Bio-3> Bio-2, in ESI Fig. S6~8. The  

more acetic acid will lead to worse lubrication properties. 

The esterification between glycerol and acetic acid would 

occur in the presence of the sulfated solid superacid catalyst 

in Fig. 6. The more glycerol 1-acetate content in Bio-2 

indicates that the esterification reaction could consume more 

acetic acid, which is beneficial for the stability of the bio-oil 

and lubrication properties. In this system, it is shown that 

glycerol could be used as the solvent in the depolymerization 

reaction and reactant in the upgrading reaction. 

 

4. Conclusions 

To sum up, we have proposed the strategy to produce a bio-

oil using lignin as the feedback under glycerol/methanol 

based catalytic system via sulfated solid superacid catalyst. It 

is demonstrated that bio-oil are a promising class of the high-

performance lubricant. Significant reductions in both COF 

(38.2%) and wear (97.6%) were observed with bio-oil as 

compared with commercial lubricant oil (polyethylene glycol 

200). The more aromatic C-O group, ether/ester, and less 

acetic acid in bio-oil have the positive contribution to the 

lubrication properties. This work will open up a new 

application of using lignin as advanced lubricants. 

Meanwhile, the diversity of lignin from the varied plants and 

different fractionation processes will lead to the different 

molecular structure of bio-oil, which will result in a plenty of 

work to design the bio-oil from lignin towards excellent 

lubrication properties. The utilization of machine learning 

methods will speed up the screen process of the bio-oil from 

lignin for industrial application in future. 

 
Fig. 5 3D surface profile of the wear tracks on disc (a-d) and ball (a’-d’) by using bio-oil and PEG200. Load: 2.5 GPa, testing 

duration: 1 h, room temperature. (a & a’): Bio-1, (b & b’): Bio-2, (c & c’): Bio-3, (d & d’): PEG200.
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Fig. 6 Schematic strategy for the bio-oil form lignin. 
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