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Abstract 

Glass fiber-reinforced polymer (GFRP) composites and carbon fiber-reinforced 

polymer (CFRP) composites were recycled using superheated steam. Recycled glass 

fibers (R-GFs) and recycled carbon fibers (R-CFs) were surface treated for reuse as 

fiber-reinforced polymer (FRP) composites. Treated R-GFs (TR-GFs) and treated 

R-CFs (TR-CFs) were characterized by scanning electron microscopy (SEM) and 

remanufactured by vacuum-assisted resin transfer molding (VARTM). Most residual 

resin impurities were removed by surface treatment. Analysis indicated no adverse 

effect of surface treatment on bending strength. The mechanical properties of the 

TR-GF reinforced polymer (TR-GFRP) and TR-CF reinforced polymer (TR-CFRP) 

composites were determined and compared with those of R-GF reinforced polymer 

(R-GFRP) and R-CF reinforced polymer (R-CFRP). The bending strengths of R-GFRP 

(26%) and R-CFRP (49%) were very low, compared to that of virgin glass 

fiber-reinforced polymer (V-GFRP) and that of virgin carbon fiber-reinforced polymer 

(V-CFRP). The bending strength of TR-GFRP composites was improved to about 90% 

of that of V-GFRP, and the bending strength of TR-CFRP composites was improved to 

about 80% of that of V-CFRP.  
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1. Introduction 

The use of fiber-reinforced polymer (FRP) composites as high-performance 

materials is increasing in the aerospace, military, automobile, and sports industries. 

However, FRP is one of the most difficult materials to separate into elemental 

components (e.g., fiber, filler, and polymers). As a result, for many years FRP materials 

have been incinerated or used for landfill without any recyclings [1, 2]. Although 

researchers have developed new technologies [3-8] to recycle FRP, fibers obtained 

through these technologies are either short or fluffy, and they are not treated after 

recycling by those technologies. Orderly longer recycled fibers are more valuable. 

Thus, we developed a new recycling technology using a steam system. Our previous 

studies [9, 10] indicated that recycling FRP by superheated steam is optimal, making it 

possible to obtain long fibers with little decline in tensile strength. 

The performance of FRP depends on fiber and resin characteristics. In particular, 

the interfacial adhesion between fibers and resin plays an important role in improving 

the mechanical behavior of FRP. Good interfacial adhesion between fiber and resin is 

necessary to ensure effective load transfer from one fiber to another through the resin. 

Generally, the methods of enhancing interfacial bonding strength can be classified into 

two fundamental categories: modifying the fibers and applying a toughened resin 

[11-13]. The interfacial characteristics between fiber and resin depend mainly on the 

fiber surface.  

High-value recycled reinforced fiber with high performance can be 

remanufactured into FRP for reuse. In this study, the resin impurities that remained on 

the fibers would affect the performance of recycled fiber-reinforced polymer (R-FRP). 

Therefore, it was necessary to treat the surface of recycled fibers to enhance the 

interfacial bond between fibers and resin in a composite. We removed the residual resin 

impurities by soaking the recycled fiber in solution. Treated recycled glass fibers 

(TR-GFs) and recycled carbon fibers (TR-CFs) were remanufactured by 

vacuum-assisted resin transfer molding (VARTM), and the bending properties of the 
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R-FRP composites were determined and compared.  

 

2. Materials and methods 

2.1 Manufacturing of virgin fiber-reinforced polymer (V-FRP) 

Commercially available unidirectional glass fibers, purchased from Unitika Ltd., 

were used as the reinforcement fiber of GFRP. Unsaturated polyester resin, obtained 

from Showa Highpolymer Co., Ltd., was used as the matrix in the present work. 

Pamekku N was chosen as the hardener and was purchased from Nof Corporation. 

Unsaturated polyester resin and hardener were 100 and 0.8 parts by weight. PAN-based 

T300 carbon-fiber fabrics used in the present study were produced by Toray Industries 

Inc. Epoxy resin obtained from Nagase ChemteX Corporation was used as the matrix 

of carbon fiber reinforced polymer (CFRP). Hardener was also purchased from Nagase 

ChemteX Corporation. Epoxy resin and hardener were 100 and 27 parts by weight. 

These materials are listed in Table I. The prepregs were fabricated by VARTM, cut into 

scrap (50 × 200mm2), and recycled by superheated steam.  

 

2.2 Recycling of V-FRP 

Samples were fed into the chamber of a superheated steam recycling instrument 

and heated in the absence of oxygen. Glass fiber reinforced (GFRP) samples were 

heated at 370°C for 30min [9]. CFRP samples were heated at 340°C for 30min [10]. 

After the experiment, samples were cooled to room temperature.  

 

2.3 Treatment of recycled fibers 

Recycled fibers were fixed by wire netting and soaked in solution to keep them in 

order. R-GFs were soaked in acetone for 4h and in detergent for 24h at room 

temperature respectively. They were then cleaned by an ultrasonic washing machine 

for 1h. R-CFs were soaked in acetone for five days at room temperature and in 

N-Methyl-2-pyrrolidinone (NMP) for three days at 200°C respectively. They were then 

cleaned by an ultrasonic washing machine for 1h. These conditions are listed in Table 

II. Treatment time mentioned in Table II was selected according to our preliminary 

testing experiments. TR-GFs and TR-CFs were remanufactured by VARTM after 
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drying. Figure 1 presents a schematic view of the experiment. 

 

2.4 SEM 

Samples of R-GFs, R-CFs, virgin glass fibers (V-GFs), and virgin carbon fibers 

(V-CFs) were analyzed using scanning electron microscopy (SEM) (Hitachi S-3000N) 

to determine the morphology and diameter of the fibers, as well as visual signs of 

residual resin impurities. The microscope was operated in high-vacuum mode, and 

images were obtained through a secondary electron detector. 

 

2.5 Mechanical Testing 

The mechanical properties of V-FRP, R-FRP, and TR-FRP composites were 

evaluated on an AUTO GRAPH (Shimadzu AG-20KND). The bending strength of the 

composites was measured by applying a three-point bending test according to the JIS 

K7017 standard procedure. The bending strength was taken as the average value of 

five tests. 

 

3. Results and discussion 

3.1 Recycling of V-GFRP and treatment of R-GFs 

3.1.1 Surface morphology 

The surface morphologies of R-GFs (Fig. 2 (a)) and V-GFs (Fig. 2 (b)) were 

examined by SEM at a magnification of 1000×. Considerable quantities of nubbles 

were clearly clinging to the surfaces of R-GFs (Fig. 2 (a)), whereas V-GFs exhibited a 

cleaner, smoother surface (Fig. 2 (b)). Unsaturated polyester resin impurities remaining 

on the fiber's surface would spoil the interfacial adhesion between fibers and new resin 

when they were remanufactured into recycled GFRP (R-GFRP). High-performance 

R-GFRP requires good interfacial adhesion. Therefore, surface treatment of R-GFs 

should be performed to improve interfacial adhesion between fibers and new resin. 

Figure 3 (a) depicts the surface morphology of TR-GFs soaked in detergent for 

24h and cleaned by an ultrasonic washing machine for 1h after soaking. Figure 3 (b) 

depicts that of TR-GFs soaked in acetone for 4h and cleaned by an ultrasonic washing 

machine for 1h after soaking. All were analyzed at a magnification of 1000×. The 
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nubbles that could be observed clinging to the surfaces of TR-GFs were fewer and 

smaller than those depicted in Fig. 2 (a). Figure 3 (b) reveals a cleaner, smoother 

surface than Fig. 3 (a). It was nearly the same as that of V-GFs. The results indicated 

that both detergent and acetone effectively removed unsaturated polyester resin 

impurities from the fiber's surface, although acetone was more effective than detergent. 

It was possible to improve interfacial adhesion between fibers and new resin when they 

were remanufactured into TR-GF reinforced polymer (TR-GFRP). 

 

3.1.2 Mechanical properties 

Detergent and especially acetone effectively removed the remaining unsaturated 

polyester resin impurities. However, whether the solutions would affect the fiber 

soaked in them was not determined. Therefore, V-GFs were soaked in two different 

solutions and then fabricated to treated virgin glass fiber-reinforced polymer 

(TV-GFRP). The bending strength of TV-GFRP was measured and compared with that 

of V-GFRP. 

Figure 4 compares the bending strengths of V-GFRP (circle), TV-GFRP 

reinforced by virgin glass fiber treated with detergent (triangle), and TV-GFRP 

reinforced by virgin glass fiber treated with acetone (square). The bending strengths of 

the three types were nearly the same. Thus, neither detergent nor acetone affected the 

bending strength of TV-GFRP. These solutions may be considered for unsaturated 

polyester resin impurity removal in the future.  

The results presented in section 3.1.1 indicate that both detergent and acetone 

effectively removed unsaturated polyester resin impurities. Although the surface was 

cleaner than that of R-GFs, whether the bending strength would be improved by 

detergent and acetone, and how much it would be improved had not been determined. 

Thus, the bending strengths of V-GFRP, R-GFRP, and TR-GFRP were measured and 

plotted in Fig. 5.  

Figure 5 compares the bending strengths of V-GFRP (circle), R-GFRP reinforced 

by R-GFs (diamond), TR-GFRP reinforced by R-GFs treated with detergent (triangle), 

and TR-GFRP reinforced by R-GFs treated with acetone (square). The bending 

strength of R-GFRP was 26% that of V-GFRP (Fig. 5). The bending strength of 
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TR-GFRP treated with detergent was slightly higher than that of R-GFRP, at 29% that 

of V-GFRP. The bending strength of TR-GFRP treated with acetone was nearly the 

same (94%) as that of V-GFRP. Although the quantity and volume of nubble clinging 

to the surfaces of TR-GFs decreased, the bending strength of TR-GFRP treated with 

detergent improved only slightly. In contrast, that of TR-GFRP treated with acetone 

greatly improved. Acetone very effectively removed the unsaturated polyester resin 

impurities, although it cost more than detergent. To sum up, it was possible to obtain 

high-performance TR-GFRP by treating R-GFs with acetone.  

 

3.2 Recycling CFRP and treating R-CFs 

3.2.1 Surface morphology 

The surface morphologies of R-CFs (Fig. 6 (a)) and V-CFs (Fig. 6 (b)) were 

examined by SEM (Fig. 6) at a magnification of 1000×. Many epoxy resin impurities 

could be observed on the surfaces of R-CFs, whereas V-CFs had cleaner, purer, and 

smoother surfaces. Epoxy resin impurities would spoil the interfacial adhesion between 

fibers and new resin when remanufactured into recycled CFRP (R-CFRP). As with 

R-GF, in order to obtain high-performance R-CFRP, surface treatment of R-CFs should 

be performed to improve interfacial adhesion. 

Figure 7 (a) depicts the surface morphology of TR-CFs that were soaked in 

acetone for five days and cleaned by an ultrasonic washing machine for 1h after 

soaking. Figure 7 (b) illustrates the surface morphology of TR-CFs that were soaked in 

NMP at 200°C for three days and cleaned by an ultrasonic washing machine for 1h 

after soaking. All were analyzed at a magnification of 1000×. Many impurities were 

observed on the surfaces of the TR-CFs depicted in Fig. 7 (a). In contrast, fibers 

depicted in Fig. 7 (b) had clean, smooth surfaces. Although some nubbles were 

clinging to the surfaces of TR-CFs, their surfaces were nearly the same as those of 

V-CFs. The results of surface treatment indicated that acetone very effectively removed 

unsaturated polyester resin impurities but not epoxy resin impurities. However, NMP 

was very effective and possibly improved interfacial adhesion between fibers and new 

resin. 
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3.2.2 Mechanical properties 

Although the solutions effectively removed remaining epoxy resin impurities, 

whether the solutions would affect the fiber soaked in them was undetermined. 

Therefore, V-CFs were soaked in two different solutions and then fabricated to form 

treated virgin carbon fiber-reinforced polymer (TV-CFRP). The bending strength of 

TV-CFRP was measured and compared with that of V-CFRP. 

Figure 8 compares the bending strengths of V-CFRP (circle), TV-CFRP reinforced 

by virgin carbon fiber treated with acetone (triangle), and TV-CFRP reinforced by 

virgin carbon fiber treated with NMP at 200°C (square). The bending strengths of these 

three types of CFRP were nearly the same. Therefore, neither acetone nor NMP 

affected the bending strength of TV-CFRP. Based on the results presented in section 

3.2.1, NMP could be considered as a solution for removing epoxy resin impurities in 

the future.  

The results presented in section 3.2.1 indicated that NMP effectively removed 

epoxy resin impurities. Although it was determined that acetone did not effectively 

remove epoxy resin impurities, it was not determined whether bending strength would 

be improved by acetone or NMP, and how much it would be improved. Therefore, the 

bending strengths of V-CFRP, R-CFRP, and TR-CF reinforced polymer (TR-CFRP) 

were measured (Fig. 9).  

Figure 9 compares the bending strengths of V-CFRP (circle), R-CFRP reinforced 

by R-CFs (diamond), TR-CFRP reinforced by R-CFs treated with acetone (triangle), 

and TR-CFRP reinforced by R-CFs treated with NMP at 200°C (square). The bending 

strength of R-CFRP was 49% that of V-CFRP (Fig. 9). The bending strength of 

TR-CFRP treated with acetone was 51% that of V-CFRP. The bending strength of 

TR-CFRP treated with NMP at 200°C was 78% that of V-CFRP. Bending strength was 

thus significantly improved by treatment with NMP. NMP very effectively removed 

epoxy resin impurities, and it was possible to obtain high-performance TR-CFRP by 

treating R-CFs with NMP. Although NMP costs more than acetone, if the R-CFs can be 

reused in high-value TR-CFRP, it is still a significant solution for treating R-CFs. 

Compared to TR-GFRP, amount of improved bending strength distinctly fall in the 

case of TR-CFRP could be ascribed to not only poor adhesion between epoxy resin 
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impurities on CF and resin but also poor adhesion between CF and resin. This 

explanation was supported by observations made under the SEM and shown in Fig. 10, 

where the features on the fracture surface of failed samples shown was demonstrated. 

The V-CFRP showed good river patterns in the resin-rich regions and considerable 

resin adherence to the CF (Fig. 10(a)). TR-CFRP, on the other hand, didn’t show a 

bundle of fibers with considerable resin adherence (Fig. 10(b)). Some regions showed 

rough CF stained with epoxy resin impurities, meanwhile, some regions showed hardly 

any smearing of resinous material and smooth CF. Furthermore, if the bending strength 

needed to be improved, other methods could be considered, such as plasma treatment, 

coupling agents and so on. 

4. Conclusions 

R-GFs were treated with detergent and acetone, and R-CFs were treated with 

acetone and NMP. The bending strengths of FRP reinforced with treated recycled 

fibers were evaluated, and the effect of solutions on surface treatment and bending 

strength was determined. The following conclusions can be drawn from the present 

investigations.  

(1) It is possible to recycle reinforced fibers from FRP, and to remanufacture them 

into high-value R-FRP for reuse. 

(2) Acetone effectively removes unsaturated polyester resin impurities, with no 

adverse effect on the bending strength of TV-GFRP. The bending strength of R-GFRP 

could be dramatically improved (from 26% to 94%) through treatment with acetone. 

NMP effectively removes epoxy resin impurities, with no adverse effect on the bending 

strength of TV-CFRP. The bending strength of R-CFRP could be significantly 

improved (from 49% to 78%) through treatment with NMP.  

The price of reinforced fiber, especially CFs, is very high. If reinforced fiber can 

be recycled and remanufactured into TR-FRP with as high a performance as possible, 

the value of TR-FRP will be greater than the recycling cost, and the recycling of FRP 

can be carried out continuously without assistance from government. These results 

increase the probability that this method will be widely used in the future.  

 



9 

Acknowledgments 

This work was supported by a Grant-in-Aid for the Global COE Program by the 

Ministry of Education, Culture, Sports, Science, and Technology. We also gratefully 

acknowledge the financial support of the Cluster of the Ministry of Environment, as 

well as the technical support of Shinshu University, Japan. 

 

References 

[1] Broekel J, Scharr G. The specialities of fibre-reinforced plastics in terms of product 

lifecycle management. J Mater Process Technol 2005;162–163:725-9. 

[2] Cunliffe AM, Williams PT. Characterisation of products from the recycling of glass 

fibre reinforced polyester waste by pyrolysis. Fuel 2003;82(18):2223-30. 

[3] Palmer J, Ghita OR, Savage L, Evans KE. Successful closed-loop recycling of 

thermoset composites. Composites Part A 2009;40(4):490-8. 

[4] Pickering SJ, Kelly RM, Kennerley JR, Rudd CD, Fenwick NJ. A fluidised-bed 

process for the recovery of glass fibres from scrap thermoset composites. Compos Sci 

Technol 2000;60(4):509-23. 

[5] Negami M, Sano K, Yoshimura M, Tasaka S. Dissolution method of unsaturated 

polyester in bean oil. JSAE Rev 2003;24(2):221-5. 

[6] Horide A. Recycling technique of FRP using mixed acid: Evaluation of mechanical 

properties of recycled fiber reinforced plastic. Proceeding of symposium on 

Environmental Engineering 2005;15:141-4. 

[7] Iwaya T, Tokuno S, Sasaki M, Goto M, Shibata K. Recycling of fiber reinforced 

plastics using depolymerization by solvothermal reaction with catalyst. J Mater Sci 

2008;43(7):2452-6. 

[8] Hernanz RP, Serna JG, Dodds C, Hyde J, Poliakoff M, Cocero MJ, Kingman S, 

Pickering SJ, Lester E. Chemical recycling of carbon fibre composites using alcohols 

under subcritical and supercritical conditions. J Supercrit Fluids 2008;46(1):83-92. 

[9] Shi J, Bao LM. Optimum decomposition conditions for glass fiber reinforced 

plastic recycling by superheated steam. Jpn J Appl Phys 2011;50:01AJ01. 

[10] Shi J, Kemmochi K, Bao LM. Research in recycling technology of fiber 

reinforced polymers for reduction of environmental load: Optimum decomposition 



10 

conditions of carbon fiber reinforced polymers in the purpose of fiber reuse. Adv Mater 

Res 2012;343-344:142-9. 

[11] Lee JS, Kang TJ. Changes in physico-chemical and morphological properties of 

carbon fiber by surface treatment. Carbon 1997;35(2):209-16. 

[12] Zhang FH, Wang RG, He XD, Wang C, Ren LN. Interfacial shearing strength and 

reinforcing mechanisms of an epoxy composite reinforced using a carbon 

nanotube/carbon fiber hybrid. J Mater Sci 2009(13);44:3574-7. 

[13] Zhou YX, Pervin F, Lewis L, Jeelani S. Fabrication and characterization of 

carbon/epoxy composites mixed with multi-walled carbon nanotubes. Mater Sci Eng A 

2008;475(1-2):157-65. 

 



11 

Figure captions 

 

Fig. 1. Schematic view of the experiment. 

Fig. 2. SEM micrographs of fibers at 1000× magnification (a) R-GFs, (b) V-GFs. 

Fig. 3. SEM micrographs of TR-GFs at 1000× magnification (a) detergent, (b) acetone. 

Fig. 4. Bending strength of V-GFRP and TV-GFRP (1) reinforced by V-GFs, (2) 

reinforced by V-GFs treated with detergent, and (3) reinforced by V-GFs treated with 

acetone 

Fig. 5. Bending strengths of V-GFRP, R-GFRP and TR-GFRP (1) reinforced by V-GFs, 

(2) reinforced by R-GFs, (3) reinforced by R-GFs treated with detergent, and (4) 

reinforced by R-GFs treated with acetone 

Fig. 6. SEM micrographs of fibers at 1000× magnification, (a) R-CFs, (b) V-CFs. 

Fig. 7. SEM micrographs of TR-CFs at 1000× magnifications (a) acetone, (b) NMP. 

Fig. 8. Bending strength of V-CFRP and TV-CFRP (1) reinforced by V-CFs, (2) 

reinforced by V-CFs treated with acetone, and (3) reinforced by V-CFs treated with 

NMP 

Fig. 9. Bending strength of V-CFRP, R-CFRP and TR-CFRP (1) reinforced by V-CFs, 

(2) reinforced by R-CFs, (3) reinforced by R-CFs treated with acetone, and (4) 

reinforced by R-CFs treated with NMP 

Fig. 10. SEM micrographs of fracture surface of samples at 1000× magnification (a) 

V-CFRP, (b) TR-CFRP 

Table 1  

Materials for specimens 

Type Resin Hardener Fiber 

GFRP Unsaturated polyester resin  

(Showa High polymer, Japan) 

Pamekku N  

(Nof, Japan) 

Unidirectional glass fiber

(Unitika, Japan) 

CFRP Epoxy resin XNR6815 

(Nagase Chemtex, Japan) 

XNH6815 

(Nagase Chemtex, Japan)

Cloth carbon fiber fabrics

(Toray, Japan) 
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Table 2  

Solutions for surface treatment 

Recycled fibers 
Surface treatment conditions 

Solution Temperature Time 

R-GFs Acetone 

(Junsei Chemical, Japan) 

Room temperature 4h 

 Detergent 

(Kao, Japan) 

Room temperature 24h 

R-CFs Acetone 

(Junsei Chemical, Japan) 

Room temperature 5 days 

 NMP 

(Kanto Chemical, Japan) 

200°C 3 days 

 

 

Soaked in solution 
 

Cleaned by ultrasonic
washing machine 

 
Dried naturally 

Surface 
treatment 

VARTM 
GFs, CFs 

Superheated steam 
V-GFRP, V-CFRP R-GFs, R-CFs

TR-GFs, TR-CFsTR-GFRP, TR-CFRP VARTM

Fig.1 
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