
Friction 12(3): 452–461 (2024) ISSN 2223-7690 
https://doi.org/10.1007/s40544-023-0770-6  CN 10-1237/TH 

RESEARCH ARTICLE  

 
 

Molecular design of recyclable thermosetting polyimide and its 
composite with excellent mechanical and tribological properties 

 
Xiaoyue WANG1,2,3, Zenghui YANG1, Tingmei WANG1,2, Qihua WANG1,2,3, Xinrui ZHANG1,*, Song LI1,* 
1 Key Laboratory of Science and Technology on Wear and Protection of Materials, Lanzhou Institute of Chemical Physics, Chinese 

Academy of Sciences, Lanzhou 730000, China    
2 Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China  
3 State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, China 

Received: 17 September 2022 / Revised: 15 February 2023 / Accepted: 21 April 2023 

© The author(s) 2023. 
 

Abstract: Recyclability of thermosetting polymers and their composites is a challenge for alleviating 

environmental pollution and resource waste. In this study, solvent-recyclable thermosetting polyimide (PI) and 

its composite were successfully synthesized. The tensile strength, elongation at break, and Young’s modulus 

of PI are 108.70 ± 7.29 MPa, 19.35% ± 3.89%, and 2336.42 ± 128.00 MPa, respectively. The addition of reduced 

graphene oxide (RGO) not only enhances the mechanical properties of PI but also endows it with excellent 

tribological properties. The PI illustrates a high recycling efficiency of 94.15%, but the recycled composite exhibits 

inferior mechanical properties. The recycling and utilization of PI and its composite are realized through imine 

bonds (–C=N), which provides new guidance for solving the problem of environmental pollution and resource 

waste and is potential application in the field of sustainable tribology. 
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1  Introduction 

Friction and wear consume more than 1/3 of the global 

primary energy and are one of the leading reasons 

for material damage and failure [1–3]. Therefore, the 

design and preparation of high-performance lubricating 

materials are important consideration in the field 

of tribology. Compared with metallic materials and 

inorganic nonmetallic materials, polymers and their 

composites have attracted numerous attention due to 

flexible structural design, great thermal stability, and 

excellent self-lubricating properties [4–6]. Among them, 

thermosetting polyimide (PI) with outstanding solvent 

resistance, mechanical properties, and bearing capacity 

plays an irreplaceable role in mechanical moving 

parts, aerospace and transportation [7–9]. PI shows 

a poor tribological performance when used alone in 

severe working environments and needs to incorporate 

functional fillers to enhance its tribological and 

mechanical properties. Numerous researches have 

shown that two-dimensional (2D) nanosheets, such 

as titanium carbide, hexagonal boron nitride, and 

graphene oxide, are widely used in solid lubrication 

[10–13]. Among 2D layered nanomaterials, reduced 

graphene oxide (RGO) has become a potential lubricant 

additive owing to its excellent thermal conductivity, 

good surface activity and self-lubricating performance 

[14–16]. The incorporation of RGO can significantly 

enhance the tribological and mechanical properties  

of PI.  

However, thermosetting PI with a permanent 

cross-linked 3D network cannot achieve the 

characteristics of thermoplastic polymer recycling, 

remolding or reprocessing and is mainly disposed of  
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by landfill and incineration, which causes serious 

resources waste and environmental pollution [17]. 

The postprocessing of PI has always been a problem 

and challenge because of the rigid structure main 

chain, strong intermolecular interactions and  

high symmetry [18, 19]. Therefore, breaking the 

unsustainable linear mode of PI and its composite, 

preparing recyclable composites with closed-loop 

cycles, and realizing the recycling of functional fillers 

and resin matrices are one of the key research topics 

in the field of sustainable tribology. 

In recent years, dynamic covalent bonds have been 

introduced into thermosetting polymers through 

molecular design, realizing the recycling and reuse 

of thermosetting polymers [20–22]. Dynamic covalent 

bonds (disulfide bonds [23, 24], –C=N bonds [25, 26], 

Diels–Alder bonds [27, 28], boronic ester bonds 

[29, 30], etc.) can dissociate and recombine through 

the movement of molecular chains under appropriate 

conditions to achieve topological rearrangement. The 

emergence of dynamic covalent bonds provides a 

new solution to the problem of recycling and remolding 

of traditional thermosetting polymers. Our team 

took advantage of the dynamic properties of –C=N 

to acids and reported a fully closed-loop recyclable 

thermosetting PI by solvent without any catalyst [31]. 

Wan et al. [32] introduced –C=N into PI and obtained 

a recycled and self-healed PI. The above works make 

a great contribution to the recyclability of PI. However, 

there are few reports on the recycling of PI composite 

and the tribological properties of the materials before 

and after recycling. 

In the present work, PI was synthesized by 

reacting amine-terminated bisimide (ATBI) with 

1,3,5-benzenetricarboxaldehyde (BTA) and possessed 

the dynamic properties of –C=N bonds to acids. 

Meanwhile, the PI composite reinforced by RGO was 

also prepared and named PI–RGO. The chemical 

structure, mechanical and tribological properties, 

and recycling efficiency of the PI and PI–RGO were 

characterized before and after recycling. The results 

demonstrated that PI has excellent mechanical 

properties and high recycling efficiency, and RGO 

could enhance the tribological properties of the PI 

composite. Compared to recycled PI (RPI), the main 

reason for the performance decline of recycled PI–RGO 

(RPI–RGO) is the agglomeration of functional fillers. 

Recyclable thermosetting PI and PI–RGO have broad 

application prospects in the field of sustainable 

tribology, and we believe this work is instructive for 

the recycling and application of polymers and their 

composites. 

2 Materials and methods 

2.1 Materials 

2,2-bis(4-(3,4-dicarboxyphenoxy)phenyl)propane  

dianhydride (BPADA), 4,4′-Oxydianiline (ODA), and 

1,3,5-benzenetricarboxaldehyde (BTA) were purchased 

from TCI Chemicals Co., Ltd. N-Methyl-2-pyrrolidone 

(NMP) was obtained from Shanghai Kefeng Industry 

& Commerce Co., Ltd. Dichloromethane (DCM), 

hydrochloric acid (HCl), toluene and ethanol were 

supplied by Rionlon Bohua (Tianjin) Pharmaceutical 

& Chemical Co., Ltd. The RGO was prepared by 

the following work [33], and the corresponding 

transmission electron microscope (TEM), Raman and 

Fourier transform infrared are shown in Figs. S1–S3 

in the Electronic Supplementary Material (ESM). 

2.2 Synthesis of ATBI 

The synthetic route of ATBI refers to the previous 

work of our group [31]. ODA (2.00 g, 10.00 mmol) was 

placed in a three-neck flask filled with NMP solvent 

under N2 atmosphere with uninterrupted stirring 

until the solution was clear in an ice water bath. Then, 

BPADA (2.60 g, 5.00 mmol) was added to the above 

solution and reacted for 24 h. After that, a Dean-Stark 

device containing toluene was inserted into the 

three-neck flask and placed into an electric heating 

jacket at 220 °C for 6 h to remove water. Next, the 

solution in the three-neck flask was poured into 

ethanol and then filtered and dried in an oven at 80 °C 

overnight. Finally, the light-yellow products were 

obtained. 

2.3 Synthesis of PI 

ATBI (0.90 g, 1.00 mmol) was dissolved into NMP 

(3.00 mL) and mixed with BTA (0.10 g, 0.67 mmol) 

that dispersed into DMF (3.60 mL) until the solution 

became homogeneous. The mixed solution was spread 

onto the glass after stirring well and then put into 
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an oven at 80 °C to remove solvent for 12 h. Next, 

the temperature was programmed at 200 °C for an 

hour, 250 °C for an hour and 300 °C for 1 h to further 

crosslink. A transparent PI thin film was obtained. 

2.4 Synthesis of PI–RGO 

RGO (0.10 g) was dissolved into ATBI solution, which 

was prepared by dispersing ATBI (0.90 g, 1.00 mmol) 

in NMP (3.00 mL) under continuous ultrasound until 

RGO was evenly dispersed. After that, BTA solution 

that was prepared by dissolving BTA (0.10 g, 0.67 mmol) 

in DMF (3.60 mL) was added to the ATBI solution. 

The next step is the same as the synthesis of PI. 

2.5 Characterization 

Nuclear magnetic resonance (NMR) spectra were 

obtained on a Bruker 400 MHz spectrometer 

(Switzerland) at room temperature, and deuterated 

dimethyl sulfoxide (DMSO-d6) was chosen as the 

solvent. Gel permeation chromatography (GPC, 

PL-GPC50) was used to measure the number-average 

molecular weight (Mn) using tetrahydrofuran as the 

solvent. Fourier transform infrared (FTIR) spectroscopy 

of samples were taken on a Bruker Nicolet Nexus 

870 spectrometer (Germany) from 4,000 to 500 cm−1 

with a mold of attenuated total reflection attachment. 

Mechanical properties were tested on an electronic 

universal tensile testing machine (Shimadzu, AG-X) 

for dumbbell-shaped (30 mm × 2 mm × 0.1 mm) 

samples at a tensile rate of 10 mm·min−1 according to 

ISO527-2/1BB. Surface images and elemental distribution 

were measured by field emission scanning electron 

microscope with energy dispersive spectrometer 

(FE-SEM/EDS, Quanta 650 FEG FEI). Transmission 

electron microscope (TEM, FEI Tecnai F20) was used 

to characterize the microscopic topography of RGO. 

LabRAM HR evolution (HORIBA Jobin Yvon S.A.S.) 

was used to test the Raman spectrum of RGO with  

a 532 nm laser. Super depth of field confocal 3D 

Profiler (UP-Lambda, Rtec-Instruments) was applied 

to review and calculate the cross-section profiles and 

areas of wear scars. 

The recycling of PI was achieved by adding shredded 

PI pieces to the mixed solution of NMP and DCM, 

followed by the addition of HCl. After the PI pieces 

were completely decomposed, the mixed solution 

was poured on the glass, and the temperature was 

programmed to increase as “Synthesis of PI”. Finally, 

the recycled PI film was obtained. The recycling steps 

of PI–RGO are the same as those of PI. The recycling 

efficiency 
r

( )  was calculated by Eq. (1): 

rr 0
10 %/ 0                (1) 

where σ0 is the tensile strength of the original PI 

or PI–RGO, and σr is the tensile strength of RPI or 

RPI–RGO. 

The tribological experiments were implemented 

on a reciprocating tribometer (CSM, Switzerland) at 

room temperature. The schematic diagram of the 

contact configuration of the friction pairs was 

displayed in Scheme S1. The counterpart ball, load and 

sliding speed were GCr15 (GB/T 18254-2002, HRC 62, 

Φ = 3 mm), 3 N and 3 cm/s. Each test lasted 2 h and was 

repeated at least three times. The friction coefficient 

was measured online, and the wear rate (W, mm3/(N·m)) 

was calculated according to Eq. (2): 

W=SL1/PL                (2) 

where S, L1, P, and L are cross-sectional area, wear 

scar length, load, and sliding distance, respectively. 

3 Results and discussion 

3.1 Synthesis and characterization of ATBI, PI, and 

PI–RGO 

The synthetic route of ATBI is displayed in Scheme S2 

in the ESM. ODA and BPADA were dissolved in NMP 

and reacted in an ice water bath for 24 h under N2 

atmosphere, and then water was removed at 220 °C 

for 6 h. The reaction solution was poured into ethanol, 

and light-yellow substances were precipitated, filtered, 

and dried in an oven at 80 °C overnight to obtain ATBI. 

The qualitative characterization was carried out by 

NMR (1H NMR (400 MHz, DMSO) δ 7.96 (s, 1H), 7.46 

(s, 1H), 7.40 (s, 2H), 7.34 (s, 1H), 7.23 (s, 2H), 7.13 (s, 

2H), 6.97 (s, 2H), 6.83 (s, 2H), 6.62 (s, 2H), 5.04 (s, 2H), 

1.72 (s, 3H)) as shown in Fig. S4 in the ESM. Figure S5 

in the ESM illustrates the functional groups of ATBI 

in which the vibration peaks of –C–N appear at  

1,380 and 1,240 cm−1. The characteristic absorption 

peaks at 3,461 and 3,376 cm−1 are attributed to stretching 
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vibration of –NH2. In addition, the peaks at 1,774 and 

1,720 cm−1 agree with the asymmetric and symmetric 

stretching vibrations of –C=O. In addition, the Mn 

(≈ 902) of ATBI is acquired through GPC analysis and 

is consistent with the theoretical value. The above 

results fully indicate that the ATBI has been prepared 

successfully. 

Next, the stoichiometric amounts of amino-terminated 

ATBI solution were mixed with aldehyde-terminated 

BTA solution and further reacted under temperature- 

programmed conditions to obtain a PI film, whose 

detailed preparation process is shown in Scheme 1. 

Figure 1 demonstrates the FTIR spectrum of ATBI, 

BTA, and PI. The characteristic peaks at 3,461 and 

3,376 cm−1 of –NH2 as well as 1,700 cm−1 of –CH=O 

disappear with the emergence of a new peak (1,620 cm−1) 

that corresponds to the –C=N bond [31], which proves 

that ATBI successfully reacts with BTA. The PI composite 

reinforced by RGO is abbreviated as PI–RGO, whose 

preparation process is displayed in Scheme 1. RGO 

was dissolved in ATBI solution and mixed with 

BTA, and the subsequent processing steps were the  

same as those for the synthesis of PI. Here, RGO was 

chosen as the functional filler because of its excellent 

lubricating properties. The corresponding results 

reveal that RGO has a large number of functional 

groups on the surface, which is beneficial for 

improving its dispersion in PI. In addition, the FTIR 

spectrum of PI–RGO is the same as that of PI, indicating 

that the addition of RGO cannot affect the –C=N 

structure of the original PI. 

3.2 Mechanical and tribological properties of PI 

and PI–RGO 

The excellent mechanical properties and self-lubricating 

performance of polymers and their composites are 

the key to wide application in aerospace, chemical 

and pharmaceutical, textile and precision machinery 

industries [34–36]. Therefore, the mechanical and 

tribological properties of PI and PI–RGO were 

systematically explored. The mechanical properties 

of PI and PI–RGO were measured by an electronic 

universal tensile testing machine. Typical tensile 

curves are shown in Fig. 2(a). The PI is provided with  

 

Scheme 1 Synthetic route of PI and PI–RGO. 

 

Fig. 1 FT-IR spectrum of ATBI, BTA, RGO, PI, and PI–RGO. 
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tensile strength of 108.70 ± 7.29 MPa, break strain of 

19.35% ± 3.89%, and Young’s modulus of 2336.42 ± 

128.00 MPa. The excellent properties come from 

cross-linked structures, which are from the reaction of 

ATBI and BTA. For PI–RGO, the RGO are uniformly 

dispersed in the NMP and DMF without anymohen 

as shown in Fig. S6 in the ESM. This phenomenon 

strongly indicates that RGO has excellent compatibility 

with solvents, which can enhance the dispersion of 

GRO in PI. As shown in Fig. 2(a), PI–RGO shows a 

higher tensile strength (117.87 ± 3.65 MPa) compared 

with PI because molecular chain movement is limited 

by RGO and requires more force to make the chains 

move. Figure 2(b) illustrates the variation of tribological 

properties of PI and PI–GRO. The friction coefficient 

and wear rate of PI are 0.67 and 3.23×10−5 mm3/(N·m), 

respectively. PI–RGO exhibits a lower friction 

coefficient (0.40) and wear rate (0.80×10−5 mm3/(N·m)). 

Compared with PI, the friction coefficient and wear 

rate of PI–RGO are reduced by 40.30% and 75.23%, 

respectively. Figures 2(c) and 2(d) demonstrate the 

three-dimensional (3D) topographies of the wear 

scars. The 3D images display that the wear resistance 

of PI–RGO is significantly better than that of PI, 

which is in full agreement with the results in Fig. 2(b). 

The reason for the above results is that the RGO 

easily slips and shears owing to the layered structure 

with the weak Van der Waals forces. 

3.3 Recyclability of PI and PI–RGO 

The pH sensitivity of the –C=N bond enables 

dynamic reversible reaction, as shown in Fig. 3(a). 

For PI, small fragments were placed in a glass bottle 

containing NMP and DCM (the volume ratio of NMP 

and DCM was 3:7). And HCl (6% to the mixed solvents) 

was added dropwise into it. Because the –C=N bond 

gradually dissociated in the acidic environment, the 

color of the mixed solution gradually deepened. 

After the PI was completely decomposed, the mixed 

solution turned dark brown, as shown in Fig. 3(b). 

Subsequently, the mixed solution was poured on  

the glass, and the temperature was programmed to 

increase as “Synthesis of PI”. Finally, RPI film was 

successfully obtained. Next, PI–RGO was recycled 

with the same method, as shown in Fig. 3(c), in which 

the mixed solution turned completely black after 

dissociation because of the existence of RGO. 

Figure 4(a) displays the FTIR spectrum of PI and 

PI–RGO before and after recycling to explore the 

structural consistency. FTIR spectra indicates that 

there is no change in the functional groups of the   

PI, RPI, PI–RGO and RPI–RGO, suggesting that the 

 

Fig. 2 (a) Typical stress–strain curves of PI and PI–RGO. (b) Variation in the friction coefficient and wear rate of PI and PI–RGO. 3D 
morphologies of wear scars of (c) PI and (d) PI–RGO. 
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aldehyde-amine reaction is relatively thorough. In 

addition, the mechanical properties of RPI were 

measured and compared with original PI (see Figs. 4(b) 

and 4(c)). The corresponding results indicate that RPI 

displays relatively low mechanical properties (tensile 

strength of 102.34 ± 0.72 MPa, break strain of 12.98% 

± 3.90%, and Young's modulus of 2314.84 ± 200.73 MPa). 

This is because the acidic environment destroys part 

of the amino groups generated after acid hydrolysis 

of PI, and the cross-linking density decreases. According 

to formula 1, the calculated recovery efficiency of PI 

is 94.15%. 

Compared with PI–RGO, the mechanical properties 

of RPI–RGO decreased significantly, exhibiting a 

tensile strength of only 70.50 ± 1.65 MPa, break strain 

of 6.12% ± 0.27%, and Young’s modulus of 2132.14 ± 

104.08 MPa. To explore the reasons for the decline in 

mechanical properties, the fracture surfaces of PI–RGO 

and RPI–RGO were analyzed by SEM. The results 

demonstrate that microstructure of the PI–RGO’s 

fracture surface is uniform (see Fig. 5(a)). However, 

the fracture morphology of RPI–RGO is completely 

different from that of PI–RGO, and an uneven 

microscopic morphology is clearly observed, as shown 

in Fig. 5(b). The microstructure of the top half of the 

RPI–RGO is similar to PI-RGO (see Fig. 5(b1)), but the 

morphology of the bottom half is granular with an 

obvious delamination, as shown in Fig. 5(b2). EDS 

analysis provides the distribution of C elements in 

the fracture surfaces. It is clearly found that the C 

element distribution of RPI–RGO is not uniform 

compared with PI–RGO, as displayed in Figs. 5(a2)  

 

Fig. 3 (a) Dissociation and association mechanism of PI recycling. The dissociation process of (b) PI and (c) PI–RGO in an acidic 
environment. 

Fig. 4 (a) FTIR spectra, (b) stress–strain curves and (c) stress, strain, and Young’s modulus of PI, RPI, PI–RGO, and RPI–RGO. 
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and 5(b3). The agglomeration phenomenon of RGO is 

the root cause of the degradation of mechanical and 

tribological properties. To verify this statement, RGO 

was placed in glass bottles containing NMP, DCM, 

and the mixed solution of NMP and DCM, respectively. 

The RGO was still mixed evenly in NMP or DCM 

after 6 h, but the stratification occurred in the mixed 

solution (see Fig. S7 in the ESM). PI–RGO was also 

dissolved in the mixed solution of NMP and DCM 

during the recovery process, which led to the 

aggregation of RGO and decrease in mechanical 

properties. Meanwhile, the friction and wear behaviors 

of RPI and RPI–RGO were also investigated. Figure 6(a) 

shows the change in the friction coefficient and wear 

rate before and after PI and PI–RGO recycling. The 

results demonstrate that the friction coefficient of the 

recycled PI decreases significantly, but the wear rate 

shows an increasing trend. The main reason is that 

the acidic environment during the recycling process 

reduces the cross-linking density of PI. Therefore, 

the polymer chains are more easily sheared, and the 

molecular chains are prone to orientate movement  

 

Fig. 5 (a) Cross-sectional morphology of PI–RGO, (a1) corresponding partially enlarged morphology and (a2) element mapping maps 
of C. (b) Cross-sectional morphology of RPI–RGO, corresponding to partially enlarged morphology (b1) top half and (b2) bottom half, as 
well as (b3) element mapping maps of C. 

 

Fig. 6 (a) Variation in the friction coefficient and wear rate. (b) The cross-section profiles of wear tracks. 3D morphologies of wear 
scars of (c) PI, (d) RPI, (e) PI–RGO, and (f) RPI–RGO. 
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along the sliding direction under the action of friction, 

which reduces the friction coefficient. The reduced 

density of cross-linking results in the polymer being 

more susceptible to abrasion. Different from the 

change of tribological properties before and after 

PI recycling, the friction coefficient and wear rate of 

RPI–RGO show an increasing phenomenon. The wear 

cross-section curve can intuitively reflect the wear 

resistance of the material. The RGO can improve the 

wear resistance of PI, as shown in Fig. 6(b). However, 

the wear resistance of both RPI and RPI–RGO decreases. 

Figures 6(c)–6(f) illustrate the 3D wear scars of PI, RPI, 

PI–RGO, and RPI–RGO, respectively. The variation 

trend of the width and height of the wear scars was 

the same as that of the wear rate. The main reason for 

the change in tribological properties before and after 

recycling is the reduction of cross-linking density 

and agglomeration of RGO. 

4 Conclusions 

In this work, we synthesized recyclable polyimide 

(PI) and PI–reduced graphene oxide (RGO) and 

explored the tribological properties of PI and PI–RGO 

before and after recycling for the first time. Both of  

PI and PI–RGO show excellent mechanical properties, 

and PI–RGO exhibits a higher strength (117.87 ±  

3.65 MPa) than PI (108.70 ± 7.29 MPa) due to the 

movement of molecular chains is limited by RGO. 

Meanwhile, RGO reduces the friction coefficient  

and wear rate by 40.30% and 75.23% compared to PI. 

The existence of –C=N bonds endow PI and PI–RGO 

recyclability without metal catalysts or complicated 

hot-pressing processes. The recycled PI (RPI) shows a 

lower strength (102.34 ± 0.72 MPa) and wear resistance 

(4.65×10-5 mm3/(N·m)) than PI (108.70 ± 7.29 MPa, 

3.23×10-5 mm3/(N·m)) owing to the decrease of cross- 

linking density, and the 
r

  is 94.15%. The mechanical 

properties and tribological performance of RPI–RGO 

greatly decrease due to the aggregation of RGO. We 

anticipate that this work expands the application and 

development of recyclable materials in the field of 

tribology, and we have opened a door for composites 

recycling and green tribology. In the future, we will 

continue to study the effect of acidity on recycling 

and solve the performance problems of composites 

after recycling. 
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