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Abstract: A new type of lubricating material (BTA-P4444-Lig) was synthesized by combining lignin with 

tetrabutylphosphorus and benzotriazole. The tribological properties, corrosion resistance, and anti-oxidation 

properties of BTA-P4444-Lig as a lubricant were investigated. The lubricating material exhibits excellent friction 

reduction and wear resistance, as well as good thermal stability and excellent oxidation resistance. Mechanistic 

analysis reveals that the active elements N and P in the lubricating material react with the metal substrate, 

and the reaction film effectively blocks direct contact between the friction pairs, affording excellent friction 

reduction and wear resistance. At the same time, the phenolic hydroxyl group in lignin reacts with oxygen free 

radicals to form a resonance-stable semi-quinone free radical, which interrupts the chain reaction and affords 

good anti-oxidant activity. 
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1  Introduction 

Since environmental pollution is difficult to control, 

the demand for green lubrication is increasing, which 

requires lubricants to have the characteristics of 

environmental protection and environment-friendliness. 

Therefore, lubricants are required to be non-polluting, 

non-corrosive, and non-toxic, and have excellent 

friction reduction and anti-wear properties. It has 

been proved that biomacromolecules can be used as 

lubricating additives. However, biomacromolecules 

often have molecular weights of tens of thousands 

to millions, along with complex molecular structures, 

making their practical applications difficult. Lignin 

is a renewable resource and is also the second- 

largest source of natural biopolymer [1–3]. Oxidative 

degradation of lignins affords aromatic aldehydes, 

such as vanillin and p-hydroxybenzaldehyde, which 

can be widely used in perfumes, medicine, and other 

fields [3–6]. However, lignin has a complex and 

diverse molecular structure, and it is difficult to 

dissolve lignin in a variety of organic solvents. In the 

field of production and processing, lignin is often 

treated as waste and is converted into energy by 

combustion or other means, resulting in low energy 

conversion efficiency and air pollution [7, 8]. Improving 

the utilization efficiency of lignin remains an urgent 

challenge. 

Ionic liquids, which are composed of cations and 

anions, have unique and excellent physic-chemical 

properties, such as low vapor pressure, nonvolatility, 

incombustibility, excellent thermal stability, and good  
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solubility [9–12]. At the same time, ionic liquids act 

as aprotic polar solvents, which have strong selective 

solubility for organic matter. To improve the utilization 

of lignin, the dissolution of lignin biomacromolecules 

can be realized by controlling the molecular structure 

design of ionic liquids [13, 14]. Cao et al. [15] reported 

that lignin as a lubricating additive significantly 

improved the lubricating performance of polyethylene 

glycol (PEG), and the wear volume (WV) decreased 

by 93.8%. Mu et al. [16] reported for the first time 

that a lignin dissolved in an ionic liquid and used it 

as a lubricant. It was found that the addition of lignin 

to the ionic liquid improved the thermal stability of 

the ionic liquid, as well as the anti-wear and anti- 

corrosion performances of the system [16]. Abbott  

et al. [17] dissolved corncob and rice straw in an ionic 

liquid and found that the lignin content was maximized 

when the pretreatment temperature reached 120 °C, 

at which lignin was effectively dissolved. Some studies 

have shown that lignin is a feasible lubricating additive. 

Meanwhile, through molecular design of ionic liquid, 

such as imidazolyl ionic liquid, the solubility of lignin 

in ionic liquid is improved by enhancing hydrogen 

bonding and π–π interactions, and the tribological 

properties of ionic liquid are improved by lignin 

addition. Benzotriazole is a green organic substance 

with excellent anti-corrosion performance [18]. Its 

imidazole functional groups can effectively improve 

the dissolution of lignin [19]. At the same time, this 

work is based on green chemistry, and considering the 

characteristics of low toxicity and good biocompatibility 

of the designed composites, benzotriazole ionic liquid 

was selected as lubricant. In this experiment, a 

BTA-type ionic liquid (hereinafter referred to as BTA) 

was prepared by the acid–base neutralization reaction 

between benzotriazole and tetrabutylphosphorus 

hydroxide. The green lignin–ionic liquid composite 

lubricant (BTA-P4444-Lig) was prepared by dissolving 

lignin in the ionic liquid. The effects of different lignin 

contents on the tribological and anti-oxidant properties 

of BTA-P4444-Lig were investigated based on mechanistic 

analysis, and the lubrication mechanism of the 

compound lubricant was elucidated. Taking green 

chemistry as the starting point, this work designs a 

multifunctional composite lubricant with lubrication, 

anti-corrosion, and anti-oxidation by dissolving lignin 

with ionic liquid, so as to improve the utilization rate 

of lignin. Compared with traditional lubricants, the 

lubricant has less environmental pollution, which can 

be used as a reference for the future development of 

green lubricants. 

2 Materials and methods 

2.1 Experimental materials 

Benzotriazole (purity 98%), tetrabutylphosphorus 

hydroxide (40% soluble in water), and alkali lignin 

(98%) used in the experiment were purchased from 

Shanghai Sanen Chemical Technology Co., Ltd., 

(China). 

2.2 Synthesis and preparation of BTA-P4444-Lig 

composite lubricant 

BTA-P4444-Lig synthesis process is shown in Fig. 1. 

Benzotriazole and tetrabutylphosphorus hydroxide 

were mixed at room temperature at a molar ratio of 

1:1 and stirred for 8 h. After the reaction, chloroform  

 

Fig. 1 Synthesis process and molecular mechanism of BTA-P4444-Lig. 
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was added to extract the aqueous phase, the solvent 

was removed by vacuum distillation, anhydrous 

magnesium sulfate was added to dry the organic 

phase overnight, and the solid phase was filtered out 

to obtain BTA-P4444 ionic liquid. The BTA-P4444 ionic 

liquid was heated at 90 °C and mixed with different 

quantities of lignin to obtain the composite lubricants 

of 0% BTA-P4444-Lig, 1% BTA-P4444-Lig, 3% BTA-P4444-Lig, 

and 5% BTA-P4444-Lig. 

2.3 Physical and chemical properties of BTA-P4444-Lig 

composite lubricant 

According to the GB/T 265 Standard, the kinematic 

viscosities of BTA-P4444-Lig composite lubricating 

materials with different lignin contents were measured 

at 40 and 100 °C using a kinematic viscosity tester 

(SYP 1003-III) (temperature control accuracy ±0.1 °C), 

and the viscosity index of the BTA-P4444-Lig composite 

lubricating material was calculated. 

2.4 Solubility test 

A series of BTA-P4444-Lig composite lubricating 

materials with different lignin contents was prepared 

in Fig. 2. With increasing lignin contents, the composite 

materials exhibit good solubility in the BTA-P4444 

ionic liquid. When the lignin content reached 5%, the 

viscosity index decreased to 33, but the composite 

remained in a liquid state (Fig. 2(b)) (weight percentage 

is taken as the standard). 

2.5 Thermal stability and oxidation resistance 

The thermal stability of the BTA-P4444-Lig composite 

was analyzed using a thermogravimetric analysis– 

differential scanning calorimetry (TGA–DSC) 

synchronous thermal analyzer (STA 449 F3, NETZSCH, 

Germany). The experimental conditions were as 

follows: nitrogen atmosphere; heating rate = 10 °C/min; 

and temperature ranged from room temperature to 

800 °C. The oxidation resistance of the BTA-P4444-Lig 

composite lubricant was evaluated using a differential 

scanning calorimeter (DSC 204 HP, NETZSCH, 

Germany). According to ASTM D6186-08 (2013), 

about 3.0 mg of the sample was placed on an open 

aluminum plate and oxidized under a static oxygen 

pressure of 3.5±0.2 MPa by increasing the temperature 

from room temperature to 350 °C at a heating rate  

of 10 °C/min. The initial oxidation temperature (TP) 

was measured and calculated using a rotating oxygen 

bomb instrument (15200-5, Stanhope-Seta, UK). 

According to ASTM D 2272-09, 50±0.5 g of sample 

was added to the sample bottle, and 5 mL of deionized 

water and catalytic copper coil were added successively. 

The container was ventilated after filled with oxygen, 

and this was repeated three times until the air inside 

the bomb was completely replaced. The oxygen bomb 

was then fixed in an oil bath at 150 °C, and the time 

taken to record the pressure drop at 175 kPa was 

determined as the oxidation induction period. 

2.6 Rheological properties 

The rheological properties of BTA-P4444-Lig composite 

lubricants with different lignin contents were studied 

using a rheometer (RS 6000, Haake, Germany). The 

rheometer test conditions were as follows: the plate 

P35TiL diameter was 35 mm, the parallel plate spacing 

was 1 mm, and the shear stress was in the range from 

0.01 to 700 Pa. 

 

Fig. 2 (a) Optical photos of BTA-P4444, 1% BTA-P4444-Lig, 3% BTA-P4444-Lig, and 5% BTA-P4444-Lig; (b) determination of viscosity 
index. 
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2.7 Tribology experiment 

The tribological properties of BTA-P4444-Lig composite 

lubricants with different lignin contents were 

evaluated using a micro-vibration friction and wear 

tester (SRV-V, Optimol Oil, Germany). Among them, 

the contact mode of the friction pair of the SRV-V 

micro-vibration friction and wear tester was ball–disk 

point contact, and the test sample was ø10 mm, while 

the hardness of the steel ball was 59–61 HRC AISI 

52100; on the other hand, the lower sample was   

ø24 mm, while the hardness of the AISI 52100 steel 

block with a thickness of 7.9 mm was 59–61 HRC.     

A scanning electron microscope (SEM; FEG-250, FEI, 

USA) was used to observe the wear scar after the SRV 

friction and wear tests. A non-contact three-dimensional 

profilometer (NPFLEX, Bruker, Germany) was used 

to measure the WV of the wear scar. The chemical 

elements on the surface of the wear scar were 

determined using an X-ray photoelectron spectroscope 

(XPS; PHI-5702). 

2.8 Corrosion test 

The anti-corrosion performance of the BTA-P4444-Lig 

composite lubricant was determined by a foam 

corrosion test. Two identical iron blocks were placed 

in air and immersed in a BTA-P4444-Lig composite 

lubricant with a lignin content of 1 wt% for 2 months. 

Corrosion was observed, and simultaneously, the 

elemental contents on the surface of the iron block 

were determined by the energy dispersive X-ray 

spectrometry (EDS). 

2.9 Quartz crystal microbalance (QCM) test 

A QCM with dissipation (QCM-D) microbalance 

(QCM-D, Biolin Scientific, Sweden) was employed for 

the QCM tests. Gold-coated quartz crystal sensors 

(QSX-301, Q-sense AB, Sweden) were applied. The 

adsorption behavior of ionic liquids was detected by 

flow injection at 25±0.02 °C. Dissolve the 1% BTA-P4444- 

Lig in ethanol at 1 wt%, and pass the diluted liquid 

through a Teflon tube (inner diameter = 0.75 mm) 

with a flow rate of 100 μL/s. Frequency shifts and 

dissipation factors were recorded at the 3rd (15 MHz), 

5th (25 MHz), 7th (35 MHz), 9th (45 MHz), and 11th 

(55 MHz) overtones using the Q-soft 401 software. 

3 Results and discussion 

3.1 Rheology experiment 

The rheological properties of the BTA-P4444-Lig 

composite lubricant were investigated. By changing 

the shear stress, the curves of the storage modulus 

(G') and loss modulus (G") with the shear stress were 

obtained, as shown in Figs. 3(a) and 3(b). It is generally 

believed that G' and G" affect the viscoelasticity of 

materials, i.e., the greater the G', the greater the 

elasticity will be; and the greater the G", the greater 

the viscosity will be. Figure 3(a) shows that the G' 

values of ionic liquids with different lignin contents 

are similar, and the G' values increase with increasing 

the shear stress. As shown in Fig. 3(b), with the increase 

in lignin content, the G" value increased, which is 

consistent with the variation in viscosity. With increasing 

the shear stress, the G" value of ionic liquids with the 

same concentration decreases, and shear thinning 

occurs. We speculate that the stabilities of the cation 

and anion of the ionic liquid depend on electrostatic 

interactions. With increasing the shear stress, the  

 

Fig. 3 Curves of storage modulus (G') and loss modulus (G'') of lubricating materials with shear stress. 
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electrostatic interaction is not sufficient to maintain 

the combination of cations and anions, leading to 

shear thinning. The low viscosity brought by shear 

thinning reduces the friction resistance and friction 

energy consumption in the friction process of the 

machine, which is conducive to improving the 

economic benefits. 

3.2 Friction and wear test 

The tribological properties of the BTA-P4444-Lig 

composite lubricant were investigated. The coefficients 

of friction (COFs) and WVs of BTA-P4444-Lig composite 

lubricants with different lignin contents were measured 

by the SRV under optimal conditions (Fig. 4). The 

results showed that when the lignin content was 0%, 

there were many instances of bites, and the COF and 

WV were larger. With increasing the lignin content, 

the COF and WV are decreased, the number of bites 

is reduced, the occurrence time of bite is delayed,  

and the degree of bite is reduced, resulting in better 

tribological properties. When the lignin content was 

increased to 5 wt%, compared with BTA-P4444, the 

COF decreased by 12%, and the WV decreased by 

43%, which indicated that lignin addition effectively 

improved the anti-friction performance of ionic liquids 

and greatly enhanced the anti-wear performance of 

ionic liquids. It is speculated that the polar elements 

N and P in ionic liquids are released during friction, 

and the metal substrate is subjected to a friction 

chemical reaction, forming a boundary lubrication 

protective film [20]. At the same time, the phenolic 

hydroxyl group of lignin interacts with the metal on 

the friction pair surface, breaks down the molecular 

fragments during the friction process, and fills the  

friction and wear area [21, 22]. Excellent friction and 

wear resistance performance were obtained by the 

synergistic lubrication of the ionic liquid and lignin. 

The surface wear of wear spots can be observed 

directly from the three-dimensional pictures and SEM 

images of steel block wear marks obtained using a 

three-dimensional profilometer and a field-emission 

scanning electron microscope, respectively, under the 

lubrication condition of BTA-P4444-Lig compound 

lubricants with different lignin contents (Fig. 5). When 

the lignin content was 0%, the wear spots were wide 

and deep. Parallel furrows were observed under the 

SEM, along with severe metal spalling, abrasive wear, 

and adhesive wear [23, 24]. With increasing lignin 

contents, the size and quantity of metal spalling 

decreased. When the lignin content reached 5%, no 

metal spalling was observed, and the main reason was 

abrasive wear, which indicated that the addition of 

lignin limited the damage depth of the friction pair 

and improved the ability of the metal to resist 

adhesive wear. Combined with the above-mentioned 

experiments, lignin adsorbed on the metal surface 

during the friction process increased the thickness  

of the surface film, and broke into small molecular 

fragments when rubbing, filling on the surface of 

the abrasive spot, which hindered the direct contact 

between the friction pairs, resulting in good reduce- 

friction and anti-wear properties [25, 26]. 

The tribological properties of the BTA-P4444-Lig 

composite lubricant at high temperatures were 

investigated. Figure 6 shows the COFs and WVs of 

the BTA-P4444-Lig composite lubricants with different 

lignin contents at 150 °C. We found that BTA-P4444 

and 1% BTA-P4444-Lig had a long running period,  

 

Fig. 4 COF evolution and WVs of BTA-P4444-Lig as a lubricant for steel/steel friction pairs (test conditions: 300 N, 50 Hz, 1 mm, 50 °C,
and 120 min). 
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there were many instances of bites during the test,  

and the WV was too large. With increasing the lignin 

content, the phenomenon of clasp disappears, the COF 

curve is stable, and the WV decreases. Compared 

with the experimental data at 50 °C, when the lignin 

content was 0%, the WV increased by an order of 

magnitude, and the thermal stability was poor. With 

increasing the lignin content, the difference between 

the WVs at 150 and 50 °C decreases gradually. When 

the lignin content reached 5 wt%, the WV only 

increased by 2.13×10−3 mm3. It still has excellent 

friction and wear resistance at high temperatures, 

which indicates that the addition of lignin improves 

the thermal stability of the ionic liquid. 

Figure 7 shows the three-dimensional profiles and 

SEM images of BTA-P4444-Lig compound lubricants 

with different lignin contents at high temperature. 

When the lignin content is 0%, the wear spot is wide 

and deep, and there is serious metal spalling on the 

surface. With increasing lignin contents, the wear 

spot and the metal spalling phenomenon decrease 

gradually, though the decrease is not obvious. 

Compared with 50 °C, the wear spot of ionic liquid 

without lignin is larger, and the wear is more serious. 

When the lignin content was increased by 5%, the 

change in the wear spot size was not obvious, which 

 

 

Fig. 5 Three-dimensional contours of the lubricating materials: (a) BTA-P4444, (b) 1% BTA-P4444-Lig, (c) 3% BTA-P4444-Lig, and (d) 5% 
BTA-P4444-Lig lubricating materials; (a1–d1) full views of the wear spots under the SEM at 100-time magnification; and (a2–d2) surface 
morphologies of the wear spots observed under the SEM at 3,000-time magnification. 

 

Fig. 6 COF evolution and WVs of BTA-P4444-Lig as a lubricant for steel/steel friction pairs (test conditions: 300 N, 50 Hz, 1 mm, 150 °C,
and 120 min). 
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implied good thermal stability. Combined with the 

experimental results in Fig. 5, we speculate that when 

the lignin content is 0%, the polar elements N and   

P in the BTA-P4444 are released during the friction 

process and react with the metal substrate to form a 

chemical reaction protective film, which effectively 

blocks the direct contact between the friction pairs, so 

it has certain anti-wear performance. When lignin 

exists in BTA-P4444-Lig, in addition to the role of ionic 

liquid in the friction process, the benzene ring of 

benzotriazole and the benzene ring of lignin interact 

with each other by π bond, and the synergistic 

lubrication effect improves the anti-friction and 

anti-wear performance of the lubricant. At the same 

time, lignin breaks into molecular fragments during 

the friction process and fills the friction and wear 

area, which effectively improves the wear resistance 

of the composites. 

The performance changes after adding lignin  

were further evaluated by variable-temperature and 

frequency conversion friction experiments. Figure 8(a) 

shows the results of a variable-temperature experiment. 

The temperature increased with a gradient of 50 °C 

from 27 to 277 °C, and the test time was 2 min at each 

temperature. It also shows that the COF of the ionic 

liquid with 5% lignin is smaller, and the number of  

 

Fig. 8 (a) Effect of changing temperature on the COFs of 
BTA-P4444 and 5% BTA-P4444-Lig lubricating materials and 
(b) influence of changing frequency on the COFs of BTA-P4444 
and 5% BTA-P4444-Lig lubricating materials. 

bites is lower. The occurrence time of the bite is 

delayed, indicating that lignin addition improves 

the thermal stability of the ionic liquid. Figure 8(b) 

 

 

Fig. 7 Three-dimensional profiles of (a) BTA-P4444, (b) 1% BTA-P4444-Lig, (c) 3% BTA-P4444-Lig, and (d) 5% BTA-P4444-Lig lubricating
materials at high temperatures; (a1–d1) overall appearances of wear spots photographed by the SEM at 100-time magnificaiton; and 
(a2–d2) surface morphologies of wear spots photographed by the SEM at 3,000-time magnificaiton. 
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shows the results of a frequency-varying experiment, 

with frequencies ranging from 10 to 100 Hz, 

increasing with a gradient of 10 Hz, and the test time 

of each frequency was 2 min. Figure 8(b) shows that 

biting appeared in the BTA-P4444 at the early stage 

of the experiment. With increasing frequency, this 

phenomenon disappeared, and no biting appeared in 

5 wt% BTA-P4444-Lig, implying the good anti-frequency 

performance. 

3.3 Lubrication mechanism analysis 

3.3.1 XPS analysis 

The XPS was used to analyze the chemical changes 

that occur during the friction process, which helps 

understand the chemical reactions during the friction 

process. Combining the O 1s peak with the Fe 2p peak, 

we speculate that FeO, FeO2, Fe2O3, FeOH, Fe2OH, 

and Fe3O4 may be generated during the friction 

process [26], and combining the O 1s peak with the N 

1s and P 2p peaks, we speculate that CN, CNO, NO3, 

and PO3 may be generated (Fig. 9) [27]. These results 

indicate that a complex tribochemical reaction occurs 

during the friction process. The active elements N 

and P in the ionic liquid were released during the 

friction process and participated in the tribochemical 

reaction. They reacted with the metal iron on the 

surface of the friction pair. The metal inorganic salts 

formed blocked the direct contact between the friction 

pairs and showed good tribological properties [28]. 

3.3.2 TOF-SIMS analysis 

The results of the XPS analysis were supplemented 

by those of the time-of-flight secondary ion mass 

spectrometry (TOF-SIMS). Figures 10(a) and 10(b) 

show the TOF-SIMS mass spectra of positive and 

negative ions, respectively, and Figs. 10(a1) and 10(b1) 

show the two-dimensional TOF-SIMS images of the 

corresponding ions. 

From the mass spectra of positive and negative 

ions for tribofilm, different mass–charge ratios imply 

different ion fragments. Most hydrocarbon ion 

fragments (CxH
+
y) can be found in the cation spectrum, 

indicating that lignin and cation parts can be 

decomposed into short chains with different chain 

lengths during friction, which is a response to 

tribochemical reactions. For the anion part, many 

characteristic peaks containing nitrogen, oxygen, and 

phosphorus were detected, e.g., CN−, C3N
−, CNO−, 

NO–
2, PO–

2, and PO–
3 plasma fragments, indicating that 

the ionic liquid participated in the tribochemical 

reaction on the metal surface. The combination of 

typical iron ions (Fe+, Fe2OH+, and FeO–
2) measured 

on the friction surface with phosphorus (PO–
2)    

and nitrogen (CN−, C3N
−, CNO−, and NO–

2) is closely 

related to the friction stress and the protection 

provided by the boundary layer, which proves that 

there is a tribochemical reaction between ionic liquid 

and steel oxide. The active elements N and P form a 

complex friction film on the metal substrate during 

 
Fig. 9 XPS analysis: (a) C 1s; (b) O 1s; (c) N 1s; (d) P 2p; and (e) Fe 2p (RT and HT represent 50 and 150 °C, respectively). 
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Fig. 10  (a and b) TOF-SIMS mass spectrometry and (a1 and b1) 
two-dimensional TOF-SIMS imaging of positive and negative 
ions generated by friction films on steel wear surfaces under water 
lubrication containing 1 wt% BTA-P4444-Lig at 50 °C 

the friction process, thereby blocking direct contact 

between the friction pairs, which is consistent with 

the XPS analysis results [29–31]. 

3.4 Corrosion resistance 

The optical and SEM images of the iron sheet placed 

in air and immersed in the BTA-P4444-Lig compound 

lubricant for 2 months (Fig. 11) shows that the change 

in the iron sheet immersed in the BTA-P4444-Lig 

composite lubricant was not obvious compared with 

the foam sheet, and a large number of N and P 

elements were observed on the surface of the EDS. It 

is speculated that the π electrons of the benzene ring 

of ionic liquids and the off-domain electrons on the 

imidazole base are complexed with the space d orbital 

of iron, and a stable chemical adsorption protective film 

is formed on the surface of the sheet metal, which 

hinders the further corrosion of the sheet metal and 

shows good corrosion resistance [32–34]. 

3.5 QCM test 

Through the EDS analysis, we preliminarily speculate 

that ionic liquids form a stable chemical adsorption 

protective film on the metal surface and show good 

corrosion resistance. In order to further explore the 

adsorption capacity of additive molecules on metal 

surface, the QCM test is carried out by changes in 

frequency of a quartz chip (Fig. 12). The frequency 

value change (Δf) recorded by the experimental 

instrument is positively correlated with the quality 

(Δm) of the adsorption film on the gold-coated quartz 

wafer [13]. The larger the Δf, the stronger the 

adsorption on the gold-plated quartz wafer is, which 

is more conducive to the formation of a stable adsorption   

 

Fig. 11 Optical photos before and after the corrosion test and EDS analysis of the iron surface after two months of immersion. 
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Fig. 12 Changes in frequency and corresponding dissipation of 
QCM chip gold (the solvent of ethanol is the baseline). 

film to ensure corrosion resistance. As shown in   

Fig. 12, with the addition of BTA-P4444-Lig, the frequency 

value changed rapidly and reached 18 Hz. This indicates 

the existence of adsorption behavior between the 

BTA-P4444-Lig and the metal substrate. Meanwhile, 

with the addition of ethanol, the frequency value 

finally stayed at 8 Hz, indicating the existence of 

reversible physisorption and strong chemisorption 

throughout the adsorption process. The combined 

effect of physical adsorption and chemical adsorption 

improves the corrosion resistance of BTA-P4444-Lig. 

Combined with the friction experiment, this strong 

adsorption helps the BTA-P4444-Lig to form a stable 

and effective tribofilm during the friction process  

and improves the lubricating performance of the 

BTA-P4444-Lig. 

3.6 Thermal stability and oxidation resistance test 

The high-temperature tribological experiments show 

that the addition of lignin can effectively improve 

the thermal stability of ionic liquids. In response to 

this situation, TGA, pressure differential scanning 

calorimetry (PDSC), and rotating pressure vessel 

oxidation test (RPVOT) were used to evaluate    

the oxidation resistance and thermal stability of 

BTA-P4444-Lig composite lubricants. The experimental 

results are presented in Fig. 13. The initial oxidation 

temperature refers to the temperature at the intersection 

of the two tangents on the heat flow vs. temperature  

curve (Fig. 13(a)). The higher the initial oxidation 

temperature, the stronger the oxidation resistance of 

the ionic liquid is. When the lignin was not added, 

the initial oxidation temperature of the ionic liquid 

was 219.8 °C. With the addition of lignin, the initial 

oxidation temperature shifted to the right. When the 

lignin content increased to 5%, the initial oxidation 

temperature reached 257.4 °C. This shows that the 

addition of lignin effectively improved the oxidation 

resistance of the composite lubricant. In Fig. 13(b), 

the oxidation induction period refers to the time 

required for the pressure to drop to the specified 

pressure. The longer the oxidation induction period, 

the better the oxidation resistance of the ionic liquid 

is. From the figure, we find that the oxidation 

induction period of the ionic liquid without lignin 

is shorter, only 15.1 min. With increasing lignin 

contents, the oxidation induction period gradually 

increased. When the lignin content increased to 5%, 

the oxidation induction period reached 75.1 min, 

which was four times longer than that of the ionic 

liquid without lignin. TGA revealed that with increasing 

lignin contents, the thermal stability improved.  

When the lignin content increased to 5%, the thermal 

decomposition temperature reached 353.33 °C, showing 

good thermal stability. These experimental results 

show that the addition of lignin effectively improves 

the thermal stability of the ionic liquid and greatly 

improves the oxidation resistance of the composite 

 

Fig. 13 Evaluation of oxidation resistance of Lig lubricating materials. Results of (a) TGA, (b) PDSC, and (c) rotating oxygen bomb
method for BTA-P4444, 1% BTA-P4444-Lig, 3% BTA-P4444-Lig, and 5% BTA-P4444-Lig. 
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lubricant. We speculate that intramolecular hydrogen 

bonds are easily formed between the phenolic hydroxyl 

groups in lignin, which is conducive to the stability 

of phenolic oxygen radicals. At the same time, the 

phenolic hydroxyl group reacts with oxygen free 

radicals to form a resonance-stable semiquinone free 

radical to interrupt the chain reaction, thus having 

excellent anti-oxidant properties [35, 36]. 

3.7 Possible lubrication mechanism 

According to the results of tribological experiment, 

corrosion experiment, and oxidation resistance 

experiment, we speculate the possible lubrication 

mechanism in the friction process (Fig. 14). Firstly, 

ionic liquids combine with metal substrates through 

chemical adsorption, which makes tribochemical 

reactions take place effectively in the process of 

friction. The polar elements N and P in the ionic 

liquid are released during the friction process, and 

tribochemical reaction occurs with the metal substrate 

to form a chemical reaction protective film, which 

effectively blocks the direct contact between the 

friction pairs. On the one hand, lignin and long-chain 

cations break during friction and fill in the wear 

area, which improves the tribological properties of the 

composites. On the other hand, the benzene ring of 

benzotriazole and the benzene ring of lignin interact 

with each other by π bond, and the synergistic 

lubrication effect improves the anti-friction and wear 

resistance of the lubricant. In terms of anti-corrosion, 

ionic liquids can effectively improve the anti-corrosion  

performance of metals through firm chemical 

adsorption. At the same time, lignin is coordinated 

and adsorbed with metal substrate through phenolic 

hydroxyl functional group, and phenolic hydroxyl 

reacts with oxygen radical to form resonance stable 

semiquinone radical, which interrupts the chain reaction 

and shows excellent anti-corrosion performance. 

4 Conclusions 

In this study, a functional anti-corrosive ionic liquid 

lubricant was synthesized, and lignin was dissolved 

to prepare a BTA-P4444-Lig composite lubricating 

material. Consistent with the expected results, the 

synthesized BTA-P4444-Lig composite lubricating 

additive exhibited better anti-friction and anti-wear 

performance with increasing amount of lignin. When 

the lignin content was increased to 5%, the coefficient 

of friction decreased by 12%, and the wear volume 

decreased by 43%. It exhibits good anti-friction   

and anti-wear performance at high temperatures.  

The corrosion test showed that the ionic liquid has 

good anti-corrosion properties. We speculate that the 

π electrons of the benzene ring and the electrons 

delocalized on the imidazole group in the ionic liquid 

are coordinated with the empty d orbital of iron to 

form an adsorption protective film on the surface of 

the iron sheet. The stable adsorption protective film 

prevents further corrosion of the iron sheet. The 

experimental results of TGA, PDSC, and RPVOT 

show that intramolecular hydrogen bonds are easily  

 

Fig. 14 Lubrication mechanism. 
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formed between the phenolic hydroxyl groups in 

lignin, which is beneficial to the stability of phenolic 

oxygen radicals. At the same time, the phenolic 

hydroxyl group also reacts with oxygen free radicals 

to form a resonance-stable semiquinone free radical 

that interrupts the chain reaction, thus affording 

excellent anti-oxidant properties. The results of the 

XPS and TOF-SIMS analyses show that the ionic 

liquid undergoes a tribochemical reaction during the 

friction process and the formed chemical reaction 

film blocks direct contact between the friction pairs, 

leading to good lubrication performance. The above 

experiments show that BTA-P4444-Lig has the potential 

to become a lubricating material. At the same time, 

it improves the utilization rate of lignin, which has 

considerable significance in terms of green chemistry 

and the development of new materials. 
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