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ABSTRACT 

Carbon fiber, Kevlar fiber and Glass fiber are the most widely used polymer prepregs in 

the manufacturing of high-performance composites, used to manufacture vital parts of aviation, 

automobile, sporting goods, civil, marine and wind industries, for their incredible properties of 

being five times stronger than steel and yet less than half the weight. However, the afterlife of 

these prepregs is mostly landfills, once they cure and expire, as it is difficult to recycle these due 

to the difficulty in separation of the fibers from the prepreg because of cross linked polymer 

matrices.  High-performance composites being the most expensive material available, and also 

from an environmental perspective, the past decade has shown most interest in recycling them to 

obtain fiber. In this study, a solvent treatment method, acid digestion, using Sulfuric acid, Nitric 

acid, Acetone and DI water, under different decomposition conditions, was used to dissolve the 

matrix. Effects of time and temperature are studied to conclude optimum conditions to recycle. 

Scanning Electron Microscope (SEM) and Fourier Transformed Infrared Spectroscopy (FTIR) 

are used to characterize the recycled fibers to show that chemical digestion is an effective 

recycling process for Carbon Fiber Reinforced Polymer (CFRP), Kevlar Fiber Reinforced 

Polymer (KFRP) and Glass Fiber Reinforced Polymer (GFRP), with emphasis on CFRP.  

Keywords: 

Carbon fiber, composites, recycling, acid digestion, surface etching. 

 

 

 



vii 
 

TABLE OF CONTENTS 

Chapter                         Page 

1 INTRODUCTION .......................................................................................................... 1 

1.1.1 Carbon Fiber ........................................................................................ 1 
1.1.2 Kevlar Fiber ......................................................................................... 3 
1.1.3 Glass Fiber ........................................................................................... 4 

 CLASSIFICATION ............................................................................................... 5 1.2
 MANUFACTURING ............................................................................................ 8 1.3

1.3.1 Carbon Fiber ........................................................................................ 8 
1.3.2 Kevlar Fiber ......................................................................................... 9 
1.3.3 Glass fiber .......................................................................................... 10 

 PREPREG ......................................................................................................... 13 1.4
 MOTIVATION .................................................................................................. 14 1.5
 OUTLINE ......................................................................................................... 18 1.6

2 LITERATURE REVIEW ............................................................................................. 20 

 MECHANICAL RECYCLING .............................................................................. 24 2.1
 THERMAL RECYCLING .................................................................................... 26 2.2
 CHEMICAL RECYCLING .................................................................................. 31 2.3

3 EXPERIMENTAL METHODS ................................................................................... 40 

 CHARACTERIZATION ...................................................................................... 45 3.1
3.1.1 Scanning Electron Microscope .......................................................... 45 
3.1.2 Fourier Transformed Infrared Spectroscopy (FTIR) ......................... 46 

4 RESULTS AND DISCUSSION ................................................................................... 50 

 GLASS FIBER .................................................................................................. 50 4.1
4.1.1 SEM images of glass fiber ................................................................. 50 

 CARBON FIBER ............................................................................................... 54 4.2
4.2.1 SEM images of Carbon fiber ............................................................. 55 
4.2.2 FTIR analysis of carbon fiber ............................................................ 59 

 KEVLAR FIBER ............................................................................................... 61 4.3
4.3.1 SEM images of Kevlar fiber .............................................................. 61 
4.3.2 FTIR analysis of Kevlar fiber ............................................................ 64 

5 CONCLUSION AND FUTURE WORK ..................................................................... 66 



viii 
 

TABLE OF CONTENTS (contd.) 

Chapter                         Page 

REFERENCES ............................................................................................................................. 68 

APPENDICES .............................................................................................................................. 72 

APPENDIX A ............................................................................................................... 73 

APPENDIX B ............................................................................................................... 77 

 
  



ix 
 

LIST OF TABLES 

Table                                      Page 

1. MODULUS CLASSIFICATION OF CARBON FIBER. [7] ............................................ 5 

2. CLASSIFICATION OF KEVLAR FIBER. [8] .................................................................. 6 

3. CLASSIFICATION OF GLASS FIBER. [5] ..................................................................... 7 

4. SUMMARY OF LITERATURE REVIEW ...................................................................... 21 

5. TYPES OF PREPREGS USED FOR RECYCLING EXPERIMENTS. .......................... 40 

6. NUMBER OF EXPERIMENTS DONE ........................................................................... 41 

7. CHARACTERISTIC GROUP FREQUENCIES OF ORGANIC MOLECULES [35] .... 48 

8. CHARACTERISTIC IR ABSORPTION FREQUENCIES OF ORGANIC 

FUNCTIONAL GROUPS. ............................................................................................... 73 

9. IR SPECTROSCOPY BY FUNCTIONAL GROUP ....................................................... 77 

 

  

 

 

 
 



x 
 

LIST OF FIGURES 

Figure                                          Page 

1. 1Applications of Carbon Fiber in Various Industries. [1] .................................................... 2 

2. Carbon Fiber. [2] ................................................................................................................. 3 

3. Kevlar Fiber.  [4] ................................................................................................................. 4 

4. Glass Fiber. [6].................................................................................................................... 5 

5. Structure of Graphitic Crystals. [9] ..................................................................................... 9 

6. Base Monomer of Kevlar Fiber. [11] ................................................................................ 10 

7. Schematic Representation of Manufacturing of Glass Fiber. [12] ................................... 12 

8. Elastic Modulus (Gpa) of Widely Used Industrial Materials. [14] ................................... 14 

9. Estimated Global Carbon Fiber Consumption In Tons. [7]. ............................................. 15 

10. Carbon Fiber Manufacturing Capacity of Industries in Thousand Metric Tons as Per 
2017. [18]. ......................................................................................................................... 15 

11. Consumption of Carbon Fiber In Different Industries. [7] ............................................... 16 

12. Cost Comparison for Renown Manufacturing Materials. Partially Adapted from. [19]. . 18 

13. Recycling of Thermoset Composites Using Thermal, Chemical, and Mechanical 
Methods. [1] ...................................................................................................................... 20 

14. Zig-Zag Air Classifier. [21] .............................................................................................. 25 

15. Three Stage Classification of Ground SMC Recyclate. [21] ............................................ 25 

16. Fluidized Bed Process. [23] .............................................................................................. 27 

17. Schematic Pyrolysis Reactor and Condenser. [24] ........................................................... 27 

18. Vacuum Pyrolysis Unit Developed by Adherent Technologies. [25] ............................... 28 

19. SEM Image of Reclaimed Fibers at Reaction Time 120 Min. [26] .................................. 29 

 



xi 
 

LIST OF FIGURES (continued) 

Figure                                                 Page 

20. Photographs of Cured Composite Before Recycling (A) and Reclaimed Fibers (B). 
[26]…… ............................................................................................................................ 30 

21. Mechanical Properties of Recovered Carbon Fibers. [27] ................................................ 31 

22. Variation in Tensile Strength of Carbon Fiber. [29] ......................................................... 32 

23. Selective Cleavage of C-N Bonds in CF/EP Composites. [31] ........................................ 34 

24. SEM Images of A. Virgin Carbon Fiber, B. Recycled Carbon Fiber. [33] ...................... 36 

25. SEM Images of Carbon Fiber after Treating with A. 0.05m ZnCl2, B. 0.10m Zn Cl2      
and C. 0.10m Zn Cl2  Followed by Light Water Wash. [34] ............................................ 37 

26. Experimental Setup at Room Temperature. ...................................................................... 41 

27. Experimental Setup at 600c. .............................................................................................. 42 

28. 1*1-Inch A. Carbon Fiber, B. Glass Fiber And C. Kevlar Fiber Prepregs. ...................... 42 

29. Change in Color of Acids and Acetone after Treating Carbon Fiber Prepreg at          
Room Temperature. .......................................................................................................... 43 

30. A. Change in Color in Acids And B. Change in Color in Acetone after Treating      
Carbon Fiber Prepreg At 60c. ........................................................................................... 44 

31. Change in Color Of Acids and Acetone after Treating Kevlar Fiber at Room 
Temperature. ..................................................................................................................... 44 

32. Change in Color af A. Acids and B. Acetone after Treating Kevlar Fiber at 60c. ........... 45 

33. Scanning Electron Microscope ......................................................................................... 46 

34. FTIR Spectrometer ............................................................................................................ 47 

35.  SEM Image Comparison Between Virgin And Recycled Glass Fibers.                                
A. Virgin Glass Fiber, Recycled Glass Fiber For B. 60s, C. 120s, D. 240s,                       
E. 360s and F. 420s. at Room Temperature. 1000x Magnification. ................................. 51 
 



xii 

LIST OF FIGURES (continued) 

Figure Page 

36. SEM Image Comparison Between Virgin and Recycled Glass Fibers.
(A), Recycled Glass Fiber At B. 60s, C. 120s, D. 240s, E. 360s, F. 420s at
600c at 1000x Magnification. ........................................................................................... 52 

37. FTIR Analysis of Glass Fiber at Room Temperature for Varying Treatmen Times. ....... 53 

38. FTIR Analysis of Glass Fiber at 600C with Varying Treatment Times. ........................... 54 

39. SEM Image Comparison Between Virgin and Recycled Carbon Fibers.
(A), Recycled Carbon Fiber at B. 120s, C. 240s, D. 360s, E. 420s at
Room Temperature. ............................................................................................................55

40. SEM Image Comparison Between Virgin and Recycled Carbon Fibers.
A. Virgin Carbon Fiber, Recycled Carbon Fiber at B. 120s, C.240s, D. 360s,
E. 420s At 60c. .................................................................................................................. 57 

41. FTIR Analysis of Carbon Fiber at Room Temperature. ................................................... 59 

42. FTIR Analysis of Carbon Fiber at 60c. ............................................................................. 60 

43. SEM Image Comparison Between Virgin and Recycled Kevlar Fibers.
A. Virgin Kevlar Fiber, Recycled Kevlar Fiber a t B. 120s, C.240s, D. 360s,
E. 420s at Room Temperature With 1000x Magnification. .............................................. 62 

44. SEM Image Comparison Between Virgin and Recycled Kevlar Fibers
A. Virgin Kevlar Fiber, Recycled Kevlar Fiber at B. 120s, C.240s, D. 360s,
E. 420s at 60c. ................................................................................................................... 63 

45. FTIR Analysis of Recycled Kevlar Fiber at Room Temperature. .................................... 64 

46. FTIR  Analysis of Recycled Kevlar Fiber at 60 C. ........................................................... 65 



xiii 
 

LIST OF ABBREVATIONS 

BES          Back Scatter Detector 

BMC        Bulk Molding Composite 

CFRC      Carbon Fiber Reinforced Composites 

CRCP       Carbon Reinforced Composite Plastic 

CF/EP      Carbon Fiber/Epoxy Resin 

DCM        Dichloromethane 

DGEBA     Diglycidyl Ether of Bisphenol A 

DMC        Dough Molding Compound 

DMF       Dimethylformamide 

FRC         Fiber Reinforced Composites 

FTIR      Fourier Transformed Infrared Spectroscopy 

KFRC     Kevlar Fiber Reinforced Composites 

GCV     Gross Calorific Value 

GFRC     Glass Fiber Reinforced Composites 

GRAS     Generally Recognized as Safe 

MTO     Methyltrioxorhenium 



xiv 
 

LIST OF ABBREVATIONS (Continued) 

NIAR     National Institute of Aviation Research 

OA     Ascorbic Acid 

OAT     Oxygen Atom Transfer  

PAN     Polyacrylonitrile 

REE     Resin Elimination Efficiency 

RTM     Resin Transfer Molding 

SEI     Secondary Electron Detector 

SEM     Scanning Electron Microscope 

SMC     Sheet Molding Compound 

USA     United States of America 

 

 

 

 

 

 



1 
 

CHAPTER 1 

1 INTRODUCTION 

A matrix and a reinforcement are combined to form an advanced engineering material 

known as composite. Walls with metal rods as reinforcement and cement as matrix, roads with 

gravel as reinforcement and asphalt as matrix are everyday examples of composites. Talking 

about advanced engineering materials, Fiber Reinforced Composites (FRC), especially Kevlar 

Fiber Reinforced Composites (KFRC), Carbon Fiber Reinforced Composites (CFRC) and Glass 

Fiber Reinforced Composites (GFRC) are becoming the new norm with their many applications 

in aviation, medicine, construction, electronics, game equipment, etc. [1]. Different composite 

fibers are briefly discussed in chapter 1. 

1.1.1 Carbon Fiber 

Carbon fiber is one of the composites whose fiber have at least 92% of carbon. As C-C is 

double bonded and have the strongest bonding. By taking advantage of strong C-C bond, 

materials with extraordinary properties such as high strength and light weight which can be used 

in many industries as shown in Figure 1. 
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Figure 1. Applications of Carbon Fiber in various industries. [1] 

 The very first idea of carbon fiber came from Thomas Alva Edison, in his attempts to 

make a filament for lamp. Although, the properties of his filament did not have strong 

similarities as compared to today’s carbon fiber composite, however, it did demonstrate an idea 

of transforming a generic material into a material with impressive properties like high strength 

and conductivity. The very first high strength carbon fibers were made in the year, 1970, by 

Union Carbide (now owned and operated by Cytec industries). Carbon fiber can be described as 

a string having thousands of parallel filaments, where multiple strings can be twisted into yarns 

or woven into fabrics or combined with resins to produce carbon fiber composite. The 

advantages of these modified Carbon fiber composites are that they have high strength, light 

weight, high electrical and thermal conductivity, to name a few. The major disadvantage with 

Carbon fibers are high cost of manufacturing due to being relatively new concept and used 

limitedly in the market. 
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Figure 2. Carbon fiber. [2] 

1.1.2 Kevlar Fiber 

Kevlar fiber can be described as a fiber composite belonging to aromatic polyamide 

family. this composite is a strong but comparatively light fiber than other existing natural fibers, 

which gets its strength from inter-molecular hydrogen bonds and aromatic stacking interactions 

between aromatic groups in neighboring strands. These interactions are much stronger than 

Vander Waal’s interactions found in other synthetic fibers. [3].  

Poly-paraphenylene-terepthalamide, commonly known as Kevlar, was invented by 

Polish-American chemist Stephanie Kwolek in the year 1964, while she was working for 

Dupont. Stephanie Kwolek and her team was searching for light-weight and strong fibers to 

replace steel in automobile tires in order to achieve efficiency in fuel consumption. She found a 

solvent that could dissolve long chain polymers into a solution which was later spun into fibers. 
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Figure 3. Kevlar fiber.  [4] 

1.1.3 Glass Fiber 

Fiber glass is another type of fiber composite that can be termed as the earliest 

reinforcement materials for high performance composites of today. It was first invented by Rene 

Ferchault de Raemur. Fiber glass was first commercially produced as Glass wool by Games 

Slayter while working at Owens-Illinois Glass Co. in 1935, as insulating material for houses. The 

first commercial production of glass fiber started as early as 1936. The widely known e-glass 

fiber is commonly referred to glass fiber. The rest are special types of fiber.   
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Figure 4. Glass fiber. [6]  

 Classification 1.2

Composite materials, based on their chemical and physical properties, are easy to be 

classified. Classifications always help to identify the specific type of carbon fiber required for 

specific type of utilization. Carbon fiber classifications are mainly based on its strength and 

workability. Also based on the precursors, which is the parent fiber from which the carbon fiber 

is developed; carbon fibers vary from type to type.  

TABLE 1. MODULUS CLASSIFICATION OF CARBON FIBER. [7] 

Type Modulus 
(Gpa) 

Strength 
(Gpa) Tow Size(K) Application 

Standard 
Modulus 230 3500 12-50 Automotive, Aerospace 

Intermediate 
Modulus 400 5000 3-24 Pressure Vessels, wind 

turbine blades, aerospace 
High 

Modulus 500 3500 1-12 Aerospace 

 

Carbon fibers can be classified into two types of fibers based on the precursor used; 

polymer precursor carbon fiber and pitch precursor carbon fiber. Polymer based carbon fibers 

consists of 93% to 95% of carbon in them whereas pitch-based carbon fibers contains a 98+% 
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carbon in them. Apart from the afore mentioned fiber composites, the elastic modulus of carbon 

fiber is the most universally classifying attribute of carbon fibers. TABLE 1 shows the 

classification of carbon fiber based on modulus. From TABLE 1, the Modulus of the Carbon 

fiber ranges between 230 Gpa to 500 Gpa. The higher modulus carbon fibers are used 

predominantly, in aerospace industry, and where maximum stiffness is the priority. 

When Carbon fibers are developed, the diameter of a single carbon fiber is a fraction of 

the size of a human hair. These microscopic fibers which are that small are not very useful, 

therefore, they are spun into groups called Tows. A carbon fiber tow is now a spun string made 

up of thousands of individual microscopic carbon fibers. Tow sizes are typically 1K, 3K, 12K, 

and 24K. The “K” refers to how many thousands of fibers are in a tow. 

According to a report published by Dupont (Kevlar Aramid fiber), Kevlar is classified 

mainly into two types, Kevlar 29 and Kevlar 49 based on their strengths. TABLE 2, shows the 

classification of Kevlar fibers. 

TABLE 2. CLASSIFICATION OF KEVLAR FIBER. [8]  

Fiber Modulus (10^6 Psi) Specific Tensile Strength (10^6 in) 
Kevlar 29 10.2 8.15 
Kevlar 48 16.3 8.37 

 

There are several types of glass fiber depending on the chemicals added for different 

properties as shown in  Table 3. 
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Table 3. CLASSIFICATION OF GLASS FIBER. [5] 

 

Glass fiber A Type C Type D Type E Type Advantex ECR glass AR type R Type S-2 Type 

Oxide % % % % % % % % % 

Silicon dioxide 63-72 64-68 72-75 52-56 59-62 54-62 55-75 56-60 64-66 

Alumina 0-6 3--5 0-1 12--16 12--15 9-15 0-5 23-26 24-26 

Boron trioxide 0-6 4--6 21-24 5--10 <0,2  - 0-8 0-0,3 <0,5 

Calcium oxide 6--10 11--15 0-1 16-25 20-24 17-25 1--10 8--15 0-0,2 

Magnesium oxide 0-4 2--4  - 0-5 1--4 0-4  - 04--07 9,5-10,3 

Zinc Oxide  -  -  -   -  - 2--5  -  -  - 

Barium Oxide  - 0-1  -  -  -  -  - 0-0,1  - 

Lithium Oxide  -  -  -  -  -  - 0-1,5  -  - 

Sodium Oxide+ Potassium Oxide 14-16 7--10 0-4 0-2  - 0-2 11-21 0-1 <0,3 

Titanium dioxides 0-0,6  -  - 0-0,8  - 0-4 0-12 0-0,25  - 

Zirconium dioxides  -  -  -   -  - 1--18  -  - 

Iron oxide 0-0,5 0,8 0-0,3 0-0,4  - 0-0,8 0-5 0-0,5 0-0,1 

Flor 0-0,4  -  - 0-1  -  -  - 0-0,1  - 
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 Manufacturing 1.3

For each and every different fiber, based on their properties, manufacturing methods 

vary. Carbon fiber, Glass fiber and Kevlar fiber have different unique manufacturing processes 

which are briefly discussed here.  

1.3.1 Carbon Fiber 

Carbon fiber is manufactured by chemically altering precursor fiber consisting thousands 

of filaments, usually Polyacrylonitrile (PAN) (due to its low cost and good properties), which are 

actually branched microfibrillar structures consisting of fibrils of width 10nm aligned parallel to 

fiber axis, to form a chain of carbon atoms. The process is then followed by oxidation. This is 

done by maintaining the temperature of the oven to 4800 F, which prompts the fibers to pick up 

oxygen molecules from the air, resulting in the rearrangement of atomic structure of the fibers, 

making them resistive to high heat. Oxidation is followed by carbonization. Carbonization is a 

process where the fibers are heated to temperatures ranging anywhere from 2000ºC to 3000o C in 

an inert atmosphere. In the heating process, the carbon fibers end up losing any non-carbon 

atoms that are present in them, for example, water H2O, Hydrogen (H), Nitrogen (N), Ammonia 

(NH3), etc. leaving behind only carbon fibers which form closely bonded structures along the 

axis of the fiber. The surface is slightly oxidized again to give the fibers extra bonding 

properties. Carbon and Graphene have the similar atomic structures, consisting carbon atom 

layers parallel to each other that are arranged in hexagonal pattern. The carbon atoms are held 

together by sp2 bonding whereas the layers in Carbon and Graphene are held together by weak 

Van der Waal’s forces. The spacing between two carbon layers is found to be 0.335 nm. Figure 5 

shows how the structure of graphitic crystals looks like. Carbon fiber can be turbostratic or 

graphitic, or hybrid, based on the precursor used. The carbon fiber is known to be turbostratic if 
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the precursor used is Polyacrylonitrile (PAN). However, the Carbon fiber is considered to be 

graphitic under the condition when the precursor being used  is mesophase pitch. (A viscoelastic 

material containing aromatic hydrocarbons). 

 

 

Figure 5. Structure of graphitic crystals. [9] 

 

1.3.2 Kevlar Fiber 

The manufacturing of the Kevlar fiber composite is similar to that of carbon fiber. i.e. 

they both are made out of polymers. The base polymer that is used to make Kevlar fiber is 

known as poly-para-phenylene terephthalamide. Figure 6 shows the monomer unit of Kevlar 

fiber. 
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Figure 6. Base monomer of Kevlar fiber. [11] 

The basic polymer is wet spun into strong fibers called Kevlar fibers. These fibers are 

then woven into mats for a super strong finish. 

1.3.3 Glass fiber 

The process of manufacturing of glass fiber involves five steps, as shown in Figure 7. 

1.3.3.1  Batching 

The basic ingredient in glass fiber is silica, SiO2. Other ingredients like boron oxide, 

B2O3 is added to prevent crystallization during fiberization. Glass fiber is mostly made up of 

SiO2- AL2O3—MgO formulation with silica SiO2 being higher in percentages to attain tensile 

strength. 

1.3.3.2 Melting 

The batch is heated to the temperature of 14400C / 25520F for melting. There are three 

main approaches for melting. The following are the approached; indirect melting, direct melting 

and direct melting using smaller scale furnace.  
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1.3.3.3 Fiberization 

The melted batch is then transformed into fibers by extrusion and attenuation. After 

which the molten glass is run through nozzles to form fibers. The diameter of nozzle determines 

the diameter of glass fiber. Attenuation is the process of mechanically drawing the molten glass 

into filaments with a diameter ranging from 4 µm-34 µm.  

1.3.3.4  Coating 

This entire process is followed by an application of a chemical coating like lubricant, 

binder and/or coupling agents. The lubricant helps in preventing the filament from abrading and 

breaking while they are collected and made into packages later. While the Coupling agents help 

the fiber in having an endowment for resin chemistry in order to strengthen the adhesive bond 

present at the fiber-matrix interface in the prepreg. 

1.3.3.5  Drying/Packaging 

The final step of manufacturing the Glass fiber involves drying of the fiber and weaving 

into mats with desired orientation and packaging. 
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Figure 7. Schematic representation of manufacturing of Glass fiber. [12] 
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 Prepreg 1.4

A prepreg is a layer of reinforcement pre-penetrated with resin. These different layers can 

be overlapped in order to form a composite. The reinforcement of these layers provides certain 

properties that are as follows; excellent strength, thermal resistance as well as weightlessness 

compared to metals, can be uni-directional, multi-directional or woven. The matrix supports the 

fibers by bonding them together as well as transferring the applied loads on fibers. The matrix 

contributes the most in determining the thermal resistance of prepreg. It can be epoxy, phenolic 

or bismaleimide. However, it is safe to say that epoxy is the most widely used matrix material 

due to its excellent mechanical performance.  

There are two main manufacturing processes of a prepreg. Solvent-dip process and Hot 

melt process. [13].  

Hot melt process involves two stages. During the first stage, the process involves coating 

a film of heated resin on a substrate. The reinforcement material then interacts with the resin in a 

machine upon application of heat and pressure, resulting in impregnation of resin onto fiber to 

form prepreg. 

Solvent dip process can only produce fabric prepreg.  This process involves dissolving 

the resin into a solvent and later soaking the fiber into the solution. The solvent is then 

evaporated by exposing it to heat. A prepreg can be easily processed into a composite, it has 

optimized weight/performance ratio in addition to having good mechanical performance. 
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Figure 8. Elastic modulus (Gpa) of widely used industrial materials. [14] 

 

 Motivation 1.5

The most extensive use of carbon fibers is manufacturing composites, prepregs and 

woven textiles. With each passing year the demand for carbon fibers seems to be  following a 

constantly increasing trend. The ever-increasing demand is generated by the manufacturing 

industries such as  aviation, military and sporting goods to name a few. Figure 11 shows the 

percentage share of different industries for consumption of carbon fiber. There is an 

increasing demand for carbon fiber with the expansion of these industries.  

Figure 9 shows an estimated increase in global carbon fiber consumption from the year 

2008-2020. Figure 10 shows estimated manufacturing capacities of fiber manufacturers in 

thousand metric tons as of 2017. It is estimated that the global Kevlar fiber market will grow to 

USD 6 billion during the period 2018-2022. [15]. The E-glass fiber market is estimated to grow 

from USD 7.5 billion to USD 12 billion by 2025. [16]. 
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Figure 9. Estimated global carbon fiber consumption in tons. [7]. 

 

 

Figure 10. Carbon fiber manufacturing capacity of industries in thousand metric tons as 
per 2017. [18]. 

Industry Tonnes
Toray + Zoltek 42.6
SGL 15
MCCFC 14.3
Toho/Teijin 12.6
Form plast cor. 8.8
Hexcel 7.3
Solvay(Cytec) 7
Zhongfu 4
DowAska 3.6
Hengshen 3
Hyosung 2.5
Kangde 1.7
Other 12.8
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          In all of these mentioned industries, carbon fiber, Kevlar fiber and Glass fiber are being 

used to manufacture Fiber Reinforced Composites (FRC), which is an extremely light weight and 

a strong composite; usually composing two parts. The two parts are, Reinforcement and Matrix. 

Carbon fiber is the reinforcement which contribute towards the strength of composite and resin 

(e.g. epoxy) is matrix. This factor contributes into binding the reinforcements together. Despite 

high strength, there is no defined fatigue endurance limit for carbon fiber composites making it 

important to design the composite with a safety margin for reliability.  

The strength of composite depends on properties of fiber. Unlike the other materials, 

carbon fiber is an anisotropic, meaning that its property is directionally dependent. Therefore, the 

strength of the composite is dependent on the orientation of carbon fiber. Type of resin and 

carbon fiber, orientation, bonding between the fiber and resin, uniformity, etc.  

CFRP’s are a boon to the manufacturing industry as they come with an advantage of 

customizing for any design, property and application with long life. This is actually a 

disadvantage as oppose to being an advantage as it will take way longer time to degrade.  

Figure 11. Consumption of carbon fiber in different industries. [7] 
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Wichita, a city that is renowned for being the air capital of USA, is the hub to many 

aviation research and manufacturing industries such as NIAR, Spirit, Airbus, Cessna and many 

more. Carbon fiber prepregs are the most widely used component for manufacturing in these 

industries. Prepreg is used as a common term for reinforced fabric that are pre-impregnated with 

resin. However, these prepregs are stored in a freezer and have a shelf life of anywhere between 

six months to an year. After reaching the shelf life, these prepregs are considered to be expired 

and are then disposed in a landfill, which often possesses a wide bracket of threat to the 

environment as the resin might become toxic with the passage of time. Also, with the 

manufacturing industries, these fibers are delivered in regular shaped sheets. When a joint less 

irregular shape is required to be manufactured from these fibers, the regular shaped fiber sheets 

are trimmed accordingly, and excess remaining fibers are useless and left for landfill. If we look 

at Figure 12 it is absolutely clear that the carbon fiber is the most costing manufacturing 

material. The statistics shown in  

Figure 9 leads us to believe that the increasing demand can be only tackled by increasing 

the manufacturing capacity of the fiber manufacturing industries. However, this is contradicted if 

we look at the  statistics that are shown in the Figure 10, which shows the manufacturing 

capacity of various carbon fiber manufacturing industry. Therefore, making it clear that the 

recycling of the disposed prepregs in order to recover the carbon fibers can prove to be an 

alternate method to manufacturing it. The environmental and economic factors have yet again 

lead us to believe that recycling is the optimal solution.  
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Figure 12. Cost comparison for renown manufacturing materials. Partially adapted from. 
[19]. 

 Outline 1.6

This thesis entails details regarding the effects of acid treatment on solvent based 

recovery with focus on the outdated prepregs. The aim of this research is primarily to recover 

fibers from the expired prepregs, and also to remain focused on recovering the carbon fiber. It 

also includes the recycling of Kevlar fiber and glass fiber for the purpose of comparison and 

analysis. The materials used in this research are prepregs that were manufactured in last ten 

years. The maximum shelf life of prepregs ranging from being six months to a year, there is a 

very evident indication that the prepregs are expired.  

Chapter two in this thesis talks about various mechanical, thermal and chemical recycling 

processes of GFRC, CFRC and KFRC that were conducted in the past researches and 

experiments. Most relevant previous researches in this field are briefly explained to identify the 

scope of improvement in recycling of Carbon fibers.  
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Chapter three sheds light upon experimental study. A detail explanation of the step by 

step experimental processes conducted on each fiber is discussed. Further the material 

specifications as well as fiber characterization are discussed.  

In chapter four, all the results from the experiments are explained. The results are 

discussed Scanning Electron Microscope (SEM) microscopic images and Fourier Transformed 

Infrared Spectroscopy (FTIR) analysis graphs. 

Finally, Chapter 5, a brief comparison of the obtained results to different recycling 

processes are discussed. Further, chapter 5 discusses the future scope of development in 

recycling industry.  
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CHAPTER 2 

2 LITERATURE REVIEW 

As discussed earlier, composite fibers are engineered materials, to increase the physical 

properties such as strength. Manufacturing of new composite fibers is highly expensive process. 

In many industries, there are no specific applications for used carbon fiber. In the current market 

there is a larger scope for the growth of recycling the composites. Since the concept of composite 

is still relatively new, currently, there are not many recycling methods present. Fundamentally, 

there are three basic methods by which the recycling of the composites can take place. These 

methods are completely unique from each other and are briefly discussed below; Figure 13 

shows a flow diagram of various recycling methods. 

1. Mechanical 

2. Thermal 

3. Chemical  

 

Figure 13: Recycling of thermoset composites using thermal, chemical, and mechanical 
methods. [1] 
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TABLE 4. SUMMARY OF LITERATURE REVIEW 

 

Recycler Recycling material Recycling method Output 
Fiber or composite 
strength (compared 

to virgin fibers) 
Characterization 

[20]Jutte, et 
al. 1991 Bulk molding compound Shredding Granules used as 

fillers Unreported Unreported 

[21]Palmer, 
et al. 2009 

Glass fiber reinforced 
sheet molding compound Shredding 

Coarse fibrous 
material and fine 

powder 

Noticeable 
reduction in 

strength 

Optical analysis using 
SEM and material 
content analysis 

using burn off test 
and acid digestion 

[22]Benson, 
et al. 1991 Glass fiber composites Combustion Residue Unreported Unreported 

[23]Pickering, 
et al. 2000 

Sheet molding compound 
(e-glass fiber), filament 

wound pipe and sandwich 
panels 

Fluidized bed Fibers Strength was 
reduced by 50% 

Image analysis, 
tensile testing 

[24]Cunliffe, 
et al. 2003 

polyester, phenolic, 
epoxy, vinyl ester, 

polypropylene and PET 
resins (glass fibers) 

pyrolysis glass fibers strength was 
reduced by 50% 

gas chromatography, 
FTIR spectrometry, 

fiber tensile strength 

[25]Jan-
micheal 

gosau, et al. 
2006 

Carbon Fiber pyrolysis carbon fiber, liquid 
product 15G 

matrix digestion, 
single fiber tensile 

test, gas 
chromatography, 

mass spectroscopy, 
SEM 
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TABLE 4 (continued) 

Recycler Recycling material Recycling method Output 
Fiber or composite 
strength (compared 

to virgin fibers) 
Characterization 

[26]Knight, et 
al. 2012 Carbon Fiber Supercritical water carbon fiber, liquid 

product 
95% of confidence 

interval 

Resin Elimination 
Efficiency, tensile 

testing and surface 
morphology. 

[27]Onwudili, 
et al, 2016 Carbon Fiber Autoclave 

pyrolysis 
Solid residue, gas 

and liquid 
tensile strength 

decreased 

Thermogravimetric 
analysis, SEM, tensile 

testing 

[28]Oliveux, 
et al. 2012 Glass Fiber Hydrolysis Fibers, liquid 

product 

Considerable 
reduction in 

strength 

SEM, Time of flight 
secondary mass 

spectrometry, X-Ray 
photo electron 

spectroscopy, micro 
tensile testing, 

Analysis of organic 
fractions, Steric 

exclusion 
chromatography, gas 

chromatography 
with mass 

spectrometry, FTIR 
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TABLE 4 (continued) 

Recycler Recycling material Recycling method Output 
Fiber or composite 
strength (compared 

to virgin fibers) 
Characterization 

[29]Oliveux, 
et al. 2015 Resin, Carbon Fiber Solvolysis Liquid residue Unreported 

Gas chromatography, 
time of flight 

secondary mass 
spectroscopy, 

[30]Deng, et 
al. 2015 Carbon fiber Cleavage of C-N 

bonds Fibers 

Strength of 
recovered fibers 
was within 90% 

confidence interval 

IR spectra, SEM, 
tensile testing and 

XPS 

[31]Das, et 
al. 2016 Carbon Fiber Sonochemical 

recycling 
Fibers and liquid 

residue 
Comparable to 

virgin fibers 

SEM, XPS, 
Thermogravimetric 

analysis, tensile 
strength testing, 

molecular weight, 
UV-VIS 

[32]William, 
et al. 2018 Carbon Fiber Acid digestion Fibers Unreported SEM 

[33]Keith, et 
al. 2018 Carbon Fiber Solvent digestion Fibers, resin 

residue Increase in strength Tensile test,  SEM 
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 Mechanical Recycling 2.1

 Mechanical recycling involves reduction in the size by shredding and/or followed by 

pulverization by grinding or milling. [20] initiated mechanical recycling by reducing the size of 

Bulk Molding Composite (BMC) or Sheet molding Compound (SMC) from 15 to 20[ft. sup.2] to 

pieces smaller than 2 x 8 in. followed by granulation to appropriate size and incorporating the 

size reduced BMC or SMC as filler for the reinforcement of the thermoplastic compound.  

 [21] also happened to follow mechanical grinding (Shredding, milling) to recycle the 

glass fiber reinforced Sheet Molding Compounds (SMC). They cut the Sheet Molding 

Compounds (SMC) and fed it into a classifier with 8mm classifier screen. This procedure was 

then followed by separation of the resulting scrap using a zig-zag air classifier as shown in 

Figure 14. The outcome of using a zig-zag classifier results in fine fibrous material (rich in fiber) 

and fine powder material (rich in resin). The three- stage air classification using zig-zag classifier 

is shown in Figure 15. Furthermore , the recyclate was incorporated into Dough Molding 

Compound (DMC). However, from the research, it can be concluded that the strength of 

recyclate DMC panels has reduced noticeably as compared to the standard DMC panel. 

Mechanical recycling is the most environmentally friendly method of recycling with no 

use of chemicals and heat. The downside is the fiber length can’t be preserved whatsoever. 
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Figure 14.Zig-zag air classifier. [21] 

  

 

Figure 15. Three stage classification of ground SMC recyclate. [21] 
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 Thermal Recycling 2.2

[22] initially proposed combustion as a form of recycling to recover energy from glass 

fiber composites, however stating that the energy generated, or the calorific value is highly 

dependent on the type of resin used. They also proposed disposing the residue in landfills.  As of 

today, combustion is not a reliable method of recycling, keeping in mind the environmental 

aspects of it. [35]. 

 [23] proposed a comparative study of fluidized bed (Figure 16) process between SMC, 

filament wound pipe and sandwich panel. It involved size reduction of the composites and 

feeding into a silica fluidized bed fluidized with a hot air current at temperatures ranging from 

450-5000C, volatizing the polymer and freeing the fibers from the composite. This is followed by 

separation of fibers into a high temperature combustion chamber oxidizing the remained 

polymer. The experiments concluded that a temperature of 4500C and low fluidizing velocity of 

1.0 m/s gave the best results, as well as SMC yielded high fiber content. The tensile strength of 

fibers recovered through such process was found to be reduced by 50%. 

[24] compared pyrolyzing polyester, phenolic, epoxy, vinyl ester, polypropylene and PET 

resins reinforced with glass or carbon fiber in a fixed bed reactor (Figure 17) at temperature 350-

8000C in the presence of nitrogen, yielding oil, gas and solid residue. The solid part was found to 

have reinforcement (fibers). Pyrolysis of phenolic resin gave the best quality fibers of all. The 

gas had an average Gross Calorific Value (GCV) of 15MJ/m3. The liquid had a low viscosity 

brown oil, yellow wax and water. However, it was concluded that with an increase in pyrolysis 

temperature, it was harder to retain the length of reinforcement. Also, the fibers had a light 

coating of char after separation.  
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Figure 16. Fluidized bed process. [23] 

 

 

Figure 17. Schematic pyrolysis reactor and condenser. [24] 
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Adherent technologies [25] developed a vacuum pyrolysis unit (Figure 18), consisting a 

reactor fed by screw auger and four gas fired burners used to maintain the temperature of the 

unit, to recover carbon fiber from FRC. They proposed a low temperature of 1500C and pressure 

150 psi in the presence of a catalyst. The fiber quality was 99% pure. The tensile test showed 

average breaking load of 14.0G which is within 10% of theoretical breaking load of 15G for 

typical aircraft grade virgin fiber. The liquid by-product can be reused indefinitely. The matrix 

material is dissolved by hot sulfuric acid and hydrogen peroxide. The drawback of the low 

temperature process was its inability to process certain impurities. Also, precise knowledge is 

required to recycle different types of composites. 

 

Figure 18. Vacuum pyrolysis unit developed by Adherent technologies. [25] 

  

[26] proposed reclaiming carbon fiber from prepreg of 6 cm *6.5 cm. using supercritical 

water with 0.05M KOH as catalyst at 4100C and pressure 28.23 to 28.75 Mpa, investigating the 
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effect of reaction time. They concluded a reaction time of 120 min for 99.2% Resin Elimination 

Efficiency (REE). The process involved curing a single layer epoxy prepreg for recycling. The 

ratio of mass of the sample before recovery and mass of the resin recovered was determined for 

REE. The reclaimed fibers as shown in Figure 20 were tested for tensile strength and surface 

morphology. The fibers dint show any surface etching, as shown in Figure 19.  SEM image of 

reclaimed fibers at reaction time 120 min. [26] 

 [26] and tensile strength was within 95% of confidence interval.  

 

Figure 19.  SEM image of reclaimed fibers at reaction time 120 min. [26] 
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Figure 20.  Photographs of cured composite before recycling (a) and reclaimed fibers (b). 
[26] 

 [27] proposed autoclave pyrolysis to recover carbon fiber and chemicals from three 

samples of Carbon Reinforced Composite Plastic (CRCP), under nitrogen atmosphere between 

temperatures of 350-5000C and 60 min reaction time. The CRCP samples were shredded and 

introduced into pyrolysis reactor.   The end products were 72-77% solid residue, 2-4% gas and 

22-25% liquid. The solid residue had mostly carbon fiber, recovering 98% of carbon fiber. The 

gas was combustible with a calorific value 35 KJ/m3. The liquid was 15-20% water and the rest 

were brown oil soluble in dichloromethane. However, the mechanical properties of carbon fiber 

were reduced compared to virgin carbon fiber (Figure 21).  
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Figure 21. Mechanical properties of recovered carbon fibers. [27]  

 Chemical Recycling 2.3

 [28] evaluated the potential of hydrolysis to recycle glass fibers from Glass Fiber 

Reinforced Composites (GFRC). Hydrolysis is a chemical recycling method where water at 

certain temperature is used as solvent in the presence of catalyst, cutting the ester bonds from 

polyester resin if no other reaction occurs. The team of researchers studied the effect of 

temperature (200-3740C), reaction time, pressure (221 bars) and the influence of washing 

methods on the recyclate. They worked on GFRC samples from an infused plate containing 

37.5% resin (Synolite-8488-G-2). They concluded that temperature is the most influential 

parameter followed by reaction time and washing solvent. It was found that the fibers had a 

coating of a gluing substance after hydrolysis and washing them with a solvent was essential in 

eliminating the coating. In this case, they found Dichloromethane (DCM) to be the most efficient 
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washing solvent compared to Benzyl Alcohol (AB). Characterizations showed treating the 

composite at 2750C for 120 min produced the lowest reduction of 35% among all the trials.  

[40] did comparative experiments using supercritical water and alcohol to recycle carbon 

fiber. They used amine cured epoxy resin CFRP and treated it with super critical water and 

alcohol and compared the results. The CFRP was treated with super critical water at 4000C and 

20 MPa for 45 min in the presence of potassium carbonate catalyst and super critical methanol at 

2850C and 8 MPa for 80 min.  While experimenting with super critical water, they stated that 

carbonate catalyst showed higher activity than hydroxide catalyst and potassium catalyst had 

better activity than sodium catalyst. (They used Potassium carbonate, Potassium hydroxide, 

Sodium carbonate and sodium hydroxide). Further comparison of characterizations between 

water and alcohol solvents showed the surface of fiber in both cases was clean. For super critical 

water, the tensile strength decreased by 15% whereas for super critical methanol, the tensile 

strength decreased by 9% compared to virgin carbon fiber. (Figure 22) 

 

Figure 22. Variation in tensile strength of carbon fiber. [40] 
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 [29] proposed degradation of resin from FRC’s via solvolysis. Solvolysis is a process 

where a solvent medium is used to break the resin (Polymer) into low molecular weight particles 

(Monomer), initially used to manufacture resin. He used the epoxy resin based on Diglycidyl 

Ether of Bisphenol A (DGEBA) prepolymer, Dow D.E.R cured with diamine 4,4’- 

diamonodiphenyl sulfone. They manufactured a composite using the resin and carbon fiber 

fabrics.  The experiments were carried out in batch reactor and comparison was made between 

pure hydrolysis and solvolysis with H2O-Generally Recognized as Safe (GRAS) solvents. Their 

study showed that addition of solvent like Ethanol or 2-Propanol at 3500C and CO2 expanded 

water led to higher solvolysis rate and enhanced resin degradation. They also concluded that the 

best mixture was water and acetone at 80% vol had a degradation rate of 93% after 30 min at 

3500C. However, this research was focused on resin degradation and nothing was mentioned 

about the reclaimed carbon fiber properties. 

 [30] reported a selective cleavage of C-N bonds in Carbon Fiber/Epoxy Resin (CF/EP) 

composites (Figure 23) using concentrated ZnCl2 aqueous solution. They proposed using small 

sized Lewis acid centers to deal with the N in C-N bonds as large sized metal complexes and 

solid catalysts cannot diffuse into thermoset EP to cleave the nitrogen bond. The incompletely 

coordinated Zn+2 ions can cleave the secondary Carbon-Nitrogen bonds without breaking the 

primary Carbon-Nitrogen bond (-R2CH-N), C-C bond and C-O bond in the aromatic ether group 

in EP, favoring the recovery of carbon fiber. They also state in the research that the aqueous 

ZnCl2 solution can be reused. They used DGEBA EP cured with 4,4-methylene dimethyl 

cyclohexylamine by C-N bonds. The solid decomposed EP was floating on the solution and the 

curing dissolved in the solution when composite was treated with 60% wt. conc. ZnCl2 at 2500C. 

Upon characterizing the structural properties of carbon fibers by Raman spectroscopy, it showed 
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that the graphite crystal structure of recycled carbon fibers was preserved. SEM results showed 

smooth and clean surface of carbon fibers. More than 90% of tensile strength was preserved. 

 

Figure 23. Selective cleavage of C-N bonds in CF/EP composites. [30] 

   

 [31] sonochemically recycled CFRP by pre-treating it in a mixture of 70% nitric acid and 

30% hydrogen peroxide followed by passing ultrasound of frequency 40 KHz and 470 KHz for 8 

hours. Passing ultrasound waves into aqueous solution lead to cavitation, i.e. localized release of 

high pressure and temperature which lead to formation of radicals like H+, OH-, HOO-, OH- 

being a very strong oxidizer. Hydrogen peroxide is used secondarily to degrade the resin initially 

dissolved by OH-. The following reactions occurred through the process: 

 

H2O → H∗ + OH∗ 

H2O2 → 2HO∗ 
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2HO∗ → H2O2 

O2 → 2O∗ 

O∗ + H2O → 2OH∗ 

H∗ + H2O → OH∗ + H2 

H∗ + O2 → O ∗ OH 

2 O ∗ OH → H2O2 + O2 

H2O2 + OH ∗ → H2O+ HO2∗ 

HO2∗ + H2O2 → H2O+ OH ∗ + O2 

The carbon fiber obtained after was washed with distilled water and acetone followed by 

drying it at 1000C in the oven for 4 hours. Scanning Electron Microscope (SEM) analysis 

showed very little resin on the surface. The Thermo Gravimetric Analysis showed 7-8% weight 

loss of the recycled fibers compared to virgin fibers. Tensile strength of recovered fibers was 

comparable to virgin fibers.  

 [32]investigated digestion of cured epoxy resin in acetic acid and 30% hydrogen 

peroxide for 6 hours. They proposed depolymerization of amine cured epoxy by Oxygen Atom 

Transfer (OAT) followed by imine formation and imine hydrolysis. They used 

Methyltrioxorhenium (MTO) and ascorbic acid (OA) as OAT catalyst. In another set of 

experiments, by testing sulfuric acid, gadolinium (III) triflate, yttrium (III) triflate, gallium (III) 

triflate, scandium (III) chloride, triphenyl borane, and trifluoro borane, they demonstrated that 

reaction time can be decreased by adding scandium III chloride, functioning as an elimination 

catalyst. Their SEM characterization (Figure 24) showed that the fibers remained in pristine 

condition, however, they were recovered in disordered orientation limiting their further usability 

in fiber mat application.   
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Figure 24. SEM images of A. Virgin carbon fiber, B. Recycled carbon fiber. [32]  

 

 [33] recycled carbon fiber with acetone/ water solvent and zinc chloride catalyst. They 

experimented on CFRP samples of 20 plies of woven Toray T700 6k carbon fiber and RTM6 

epoxy resin. They treated the composite in a batch reactor with varying time, temperature and 

concentration of zinc catalyst in the presence of acetone/water solvent. Study showed that 0.05M 

ZnCl2enhanced the degradation process. Treating the composite at 2950C for 90 min or 3000C 

for 45 min recovered strong, clean fibers with resin recovery rate of 94%. Single fiber tensile 

strength test showed recycled fiber at 2900C for 90 min had higher tensile strength than virgin 

fiber. This might be due to resin deposition on the fiber. SEM images (Figure 25) showed little 

deposits of resin which could be reduced after light wash with water as shown in figure. 

A. 

 

B. 
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A. 

 

B. 

 

C. 

 

Figure 25. SEM images of carbon fiber after treating with A. 0.05M ZnCl2, B. 0.10M Zn Cl2   and 
C. 0.10M Zn Cl2  followed by light water wash. [33] 

 

As we have discussed several recycling processes, Mechanical recycling, as proposed by 

[21] is the easiest recycling process where the prepreg/composite is shredded to 2-10 mm and the 

shortest shred is used as filler material whereas the longest shred is used in matrices of 

composites. One of the downsides of this process might be difference in adhesion of virgin fibers 

used in the composite and the filler/ reincorporated material for obvious reasons of difference in 

chemical composition of the resin of recyclate and the resin used for binding purposes. Another 

bottleneck would be the ratio between width and height (aspect ratio) of the shredded 

composites. The lower the aspect ratio, lower the load transfer capability.  Supercritical fluids 

and solvent based recycling techniques have become more popular because of its ability of 

strength and length retention. The hydrolysis process proposed by [28], where water at elevated 

temperatures is used as a solvent, the researchers did not speak about sizing of the material to be 

recycled. Assuming the material was not sized down, it would be hard to maintain such high 

temperatures of water over a vast area. Also, the thickness of material would be a contributing 

factor for deciding the time of treatment. Supercritical fluids and solvent based processes, 

proposed by [26], [40] and [26] can often handle a large variety of composites and materials 
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without much difficulty.   However, these processes are executed in batches making it time 

consuming. Maintaining high temperatures and pressure throughout the process consumes a lot 

of energy. Another difficulty in the process can be uniformity of the heat and pressure applied. 

The outcome of these processes is usually tangled fibers which makes separation very difficult, 

adding an additional process to the recyclers which is undesired. 

Pyrolysis, as proposed by [24] is another most commonly used processes where the resin 

is decomposed at elevated temperatures in the absence of oxygen. Usually a Nitrogen rich 

environment or vacuum is used to enable the absence of oxygen. Although there is an easy 

availability of equipment for pyrolysis in the market, it is difficult to maintain high temperature 

and inert environment as there is a possibility of little amounts of oxygen being released into the 

inert environment by the decomposition of polymer matrix. There are also chances of over-

oxidizing or under oxidizing of fibers not giving uniform results. Thickness of the recyclate can 

also be an obstruction for uniform heating.  

Fluidized bed process proposed by [23] is similar to pyrolysis but results in more uniform 

distribution of heat throughout the recyclate. Again, the recycled fiber comes out as a tangled 

mess like solvent and supercritical recycling processes, which is unwanted.  

 [31] proposed a sono-chemical process where the prepreg is treated with nitric acid and 

hydrogen peroxide followed by ultrasonic waves. This again is a two-stage process which could 

be time consuming. The chemical solution can be constantly saturated with the decomposed resin 

which would slow down the process of resin decomposition. Continuous removal of decomposed 

resin is required to speed up the process. Thickness of the recyclate can be an important factor 

for uniform recycling and time consumed.  
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The aim of this research is to recycle carbon fiber from expired CFRP and retain the 

surface properties and tensile strength of the fiber. This research addresses the following 

challenges: 

• Retaining the surface properties and diameter (Prevent etching). 

• Minimize the cost of recycling. 

• Minimize the application of heat energy. 

• Recycle at room temperature. 

• Recycle at atmospheric pressure. 

• Minimize the time of recycling. 
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CHAPTER 3 

3 EXPERIMENTAL METHODS 

Acid digestion was approached for recycling three types of prepregs. The prepregs used 

are listed in TABLE 5.  

Mechanical recycling method, as discussed in literature review, is not effective in 

retaining the fiber length and physical properties of fiber. Thermal recycling method involves a 

lot of heat energy and pressure application. Chemical recycling method stands out of the three 

methods discussed, in terms of retaining the fiber length and physical properties of fiber, which 

is the reason we chose chemical recycling in this investigation. 
The chemicals (Nitric acid (HN03) and Sulfuric acid (H2SO4)) were chosen because of 

their really good resin etching properties. Acetone was chosen because it is cheaper than DMF, 

which is being presently used for most fiber recycling purposes, and also it is easy to recover at 

lower temperatures through solvent evaporation technique. 

TABLE 5. TYPES OF PREPREGS USED FOR RECYCLING EXPERIMENTS. 

Fiber 
code 

Type of 
fiber Resin used Source Age(years) 

NB 321-
7781 Glass fiber Epoxy/280F 

cure 
Newport adhesive  

composites 10 

CMAC008 Carbon 
fiber 

Epoxy/350F 
cure Cytec 10 

HCS2403-
015 

Kevlar 
fiber 

Epoxy/250F 
cure Hexcel 10 

 

The research was carried out in two phases. In total  26 experiments were conducted for 

three different composite fibers, the summary of all the experiments is listed in the . 
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TABLE 6. NUMBER OF EXPERIMENTS DONE 

Exp. No. Prepreg Temp. (C) Time (sec) 
1-4 Carbon fiber RT 120,240,360,420 
5-8 Kevlar fiber RT 120,240,360,420 
9-13 Glass fiber RT 60,120,240,360,420 
14-18 Carbon fiber 60C 60,120,240,360,420 
19-22 Kevlar fiber 60C 120,240,360,420 
23-26 Glass fiber 60C 120,240,360,420 

 

Phase 1. Recycling at room temperature. (Figure 26) 

While conducting the experiments at room temperature of 75o F, the hot plate is not 

required, therefore, in Figure 26, the beakers with different acids are placed on hard platform. 

Prepregs were added to these acids, with a timer the time prepregs submerged in acids was 

closely observed. For each experiment new set of acids were used. These experiments were 

repeated for different time sets.  

 

Figure 26. Experimental setup at room temperature. 
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Phase 2. Recycling at 60O C. (Figure 27) 

 

Figure 27. Experimental setup at 600C. 

The experiments were done on 1*1-inch square pieces cut from prepreg as shown in 

Figure 28. The chemicals used were 50 ml. Concentrated Sulfuric acid, 50 ml. Concentrated 

Nitric acid, mixture of concentrated sulfuric and nitric acid (25 ml.+25 ml.), acetone (50 ml.) and 

DI water.   

A. 

 

B. 

 

C. 

 

Figure 28. 1*1-inch A. Carbon fiber, B. Glass fiber and C. Kevlar fiber prepregs. 
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The step-by-step procedure followed is: 

1. Dip the prepreg in 50 ml concentrated Nitric acid for 60 sec, 

2. Followed by dipping in 50 ml concentrated sulfuric acid for 60 sec,  

3. Followed by dipping in mixture of conc. nitric acid and sulfuric acid (25 ml+25 ml) for 

60 sec,  

4. Followed by dipping in acetone for 60 sec and  

5. Followed by washing in DI water to get rid of any remaining residue. The same 

procedure was followed with varied time of 60, 120,240, 360 and 420 seconds. . 

A change in color was observed in the acids and acetone when the prepregs were dipped 

in carbon fiber (Figure 29, Figure 30), Kevlar fiber and glass fiber prepregs at room temperature 

and 600 C. With carbon fiber, the resultant acids and acetone were orange-brown in color at room 

temperature and at 600 C.  

 

Figure 29. Change in color of acids and acetone after treating carbon fiber prepreg at 
room temperature. 
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A. 

 

B. 

 

Figure 30. A. Change in color in acids and B. Change in color in acetone after treating 
carbon fiber prepreg at 60C. 

 

Figure 31. Change in color of acids and acetone after treating Kevlar fiber at room 
temperature. 
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A. 

 

B. 

 

Figure 32.Change in color of A. acids and B. Acetone after treating Kevlar fiber at 60C. 

 Characterization 3.1

3.1.1 Scanning Electron Microscope 

Scanning electron microscope (SEM) of make JEOL JSM-6460LV (Figure 33) was used 

to obtain the SEM images to see any etching and residue on the surface. An electron gun shoots 

highly concentrated electron beam towards the specimen in a vacuum chamber to avoid any 

obstructions. The specimen emits X- rays and three kinds of electrons: primary backscattered 

electrons, secondary electrons and Auger electrons. Rebounding primary backscatter electrons 

and secondary electrons are picked up by electron recorder and translated onto a screen in three 

dimensions, after hit by electron beam. Secondary electron detector (SEI) was used to detect 

carbon fiber with high vacuum, whereas Back Scatter Detector (BES) was used to scan Kevlar 

and glass fiber with low vacuum. The images were compared with virgin fiber images. 
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Figure 33. Scanning electron microscope 

3.1.2 Fourier Transformed Infrared Spectroscopy (FTIR) 

Thermo Scientific’s Nicolet iS50 FTIR spectrometer (Figure 34) was used to analyze the 

percentage transmittance of virgin fiber and recycled fiber. FTIR is a technology where the 

testing material is exposed to an infrared light source, to measure absorption or transmittance. 

The computer takes the absorption or transmittance data and performs Fourier Transformation to 

generate a readable spectrum (Absorption or Transmittance) which can be compared to the 
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database to find a match.  In this case the characterization was aimed to determine the wave 

number to confirm the presence of C≡N for carbon fiber, Si-O for glass fiber and N-H for Kevlar 

fiber.  

TABLE 7 shows the wave number frequencies of different organic functional groups to 

analyze the FTIR spectra. 

.  

Figure 34. FTIR Spectrometer 
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TABLE 7: CHARACTERISTIC GROUP FREQUENCIES OF ORGANIC 
MOLECULES [35] 

Class Group Wavenumber/cm 
Hydrocarbons   

Alkane C-H 2850-3000 

 C-C 800-1000 
Aromatic C-H 3000-3100 

 C=C 1450-1600 
Alkene C-H 3080-3140 

 C=C 1630-1670 
Alkyne C-H 3300-3320 

 C-C 2100-2140 
Oxygen Compounds   

Alcohol O-H 3300-3600 

 C-O 1050-1200 
Ether C-O 1070-1150 

Aldehyde C=O 1720-1740 

 C-H 2700-2900 
Carboxylic Acids C=O 1700-1725 

 O-H 2500-3300 

 C-O 1100-1300 
Ester C=O 1735-1750 

 C-O 1000-1300 
Ketone C=O 1700-1725 

Acyl halides C=O 1785-1815 
Anhydrides C=O 1750;1820 

 O-C 1040-1100 
Amides C=O 1630-1695 

 N-H 1500-1560 
Isocyanates,Isothiocyanates, Diimides, Azides, Ketenes  -N=C=O,  

 -N=C=S 2100-2270  
 -N=C=N-  

 -N3, 
C=C=O  
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TABLE 7 (continued) 

Nitrogen compounds   
Amines  N-H  3300-3500  

 C-N  1000-1250  

  NH2  1550-1650  

 
NH2 & N-

H  
 660-900  

Nitriles  C≡N  2240-2260 
 Oxidized Nitrogen Functions   

Oxime (=NOH)  O-H 3550-3600 

 C=N 1665± 15 

 N-O 945± 15 
Amine oxide (N-O) aliphatic  960± 20  

 aromatic 1250± 50 
N=O  nitroso 1550± 50  

  nitro  1530± 20;1350± 30 
Alkyl bromide   C-H 667 

Sulfur compounds   
Thiols S-H   2550-2600 
Esters  S-OR 700-900 

Disulfide S-S 500-540 
Thiocarbonyl  C=S 1050-1200 

Sulfoxide S=O 1030-1060 
Sulfone S=O 1325± 25; 1140± 20 

Sulfonic acid S=O 1345 
Sulfonyl chloride  S=O 1365± 5;1180± 10 

Sulfate S=O 1350-1450 
Phosphorous compounds   

Phosphine P-H  2280-2440;950-1250 
Phosphonic acid (O=)PO-H 2550-2700 

 Esters  P-OR 900-1050 
Phosphine oxide  P=O 1100-1200 

Phosphonate  P=O 1230-1260 
Phosphate  P=O 1100-1200 

Phosphoramide P=O 1200-1275 
Silicon compounds   

Silane Si-H 2100-2360 
 Si-OR 1000-1110 
 Si-CH3 1250± 10 
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CHAPTER 4 

4  RESULTS AND DISCUSSION 

This chapter discusses the various characterizations conducted in order to validate the 

recycled fibers collected from different experiments. 

 Glass Fiber 4.1

A total of 9 experiments were conducted on glass fibers at different temperature levels. 

The recyclate glass fibers were analyzed using Scanning Electron Microscopy and Fourier 

Transformed Infrared Spectroscopy. The results from these two analyses are discussed below. 

4.1.1 SEM images of glass fiber 

SEM results for two different temperature levels are discussed with microscopic images 

collected from SEM. 

4.1.1.1 Glass fiber SEM images at room temperature  

Low vacuum mode, with BES detector was used to scan these fibers as they are not coated with a 

conductive material. Figure 35 A. Shows SEM image of base glass fiber. In Figure 35 B, the 

treatment time was 60 secs. Large chunks of resin can be seen on the surface of fibers. In Figure 

35 C, the treatment time was 120 secs, the chunks of resin have broken down to little residue on 

the surface of fibers. Figure 35 D-F show very little to no traces of resin on fiber surface making 

240, 360 and 420 secs optimum time for treatment of glass fiber prepreg at room temperature. 

No surface etching was observed whatsoever. 
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Figure 35. SEM image comparison between virgin and recycled glass fibers. Virgin glass 
fiber(A) Recycled glass fiber for B. 60s, C. 120s, D. 240s, E. 360s and F. 420s. at room 

temperature. 1000x magnification. 

4.1.1.2  SEM images at 60oC 

Low vacuum mode was used to scan the glass fibers with BES detector, treated at 60oC. 

Figure 36 B (treatment time 60s) shows very little residue on the surface. Figure 36 C-F look 

very similar to the base fiber concluding any time from 120s- 420s can be used as optimum 

treatment time. No surface etching was observed whatsoever. 

A. 

 

B 

.  

C. 

 

D. 

 

E. 

 

F. 
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A.

 

B.

 

C. 

 

D.

 

E.

 

F.

 

Figure 36. SEM image comparison between virgin and recycled glass fibers; virgin glass 
fiber (A), Recycled glass fiber at B. 60s, C. 120s, D. 240s, E. 360s, F. 420s at 600C at 1000x 

magnification. 

The figure 35F shows residue on the fiber surface similar to the SEM image of recycled 

glass fiber in Palmer, et al. 2009’s research. Figures 35 and 36 can be compared to [28]’s 

research on recycling Glass Fibers using hydrolysis. As the team of researchers showed the SEM 

images of recycled glass fibers in their results, there can be seen a lot of resin residue on the 

surface of their fibers which was again gotten rid of by performing a second hydrolysis and 

rigorous washes with water. However, some breakage can be seen in their cleanest form of 

fibers. On the other hand, figures 35 and 36 show no breakage, but a little resin residue can be 

seen on figure 35F. 
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4.1.1.3 FTIR analysis of glass fiber 

4.1.1.4 FTIR analysis at room temperature  

 TABLE 9 shows comparison of % transmittance of virgin glass fiber and recycled GF 

treated at different times at room temperature. As seen in  , the peak curve of virgin glass fiber is 

at 889.35/cm. The band between 800-1200 cm-1 is assigned to oxygen-silicon bond in Si-O-Si 

group of glass fiber. Significant peaks can be seen at treatment times of 60s, 120s, 360s and 420s 

between wavelength 816-909 cm -1,   indicating presence of Si-O-Si functional group, according 

to APPENDICES B, TABLE 9.  

 

Figure 37. FTIR analysis of glass fiber at room temperature for varying treatment times. 

 

4.1.1.5 FTIR analysis at 60 0 C 

Figure 39 shows comparison of % transmittance of virgin glass fiber and recycled GF 

treated at different times at 600 C. It is seen in Figure 39 that the peak curve of virgin glass fiber 



54 
 

is 868.86/cm. The band between 800-1200/cm is assigned to oxygen-silicon bond in Si-O-Si 

group of glass fiber. Significant peaks can be seen at treatment times of 60s, 120s, 240s, 360s 

and 420s between wavelength 868-918 cm -1, indicating presence of Si-O-Si functional group, 

according to APPENDICES B, TABLE 9 . 

 

Figure 38. FTIR analysis of glass fiber at 600C with varying treatment times. 

 Carbon Fiber 4.2

Similarly, to glass fiber, experiments were conducted on glass fibers at different 

temperature levels. The recyclate Carbon fibers were analyzed using Scanning Electron 

Microscopy and Fourier Transformed Infrared Spectroscopy. The results from these two analyses 

are discussed below.  
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4.2.1 SEM images of Carbon fiber 

SEM results for two different temperature levels are discussed with microscopic images 

collected from SEM. 

4.2.1.1 SEM images at Room temperature  

High Vacuum mode with SEI detector was used to scan Carbon fiber. Sample from 60s 

treatment time was eliminated from the images as 120s showed significant amount of residue on 

fiber surface. Little traces of residue can be seen on all the fiber surfaces with all the treatment 

times see Figure 39. 

A.

 

B.

 

 

Figure 39. SEM image comparison between virgin and 
recycled carbon fibers. SEM Image Comparison Between Virgin 
And Recycled Carbon Fibers. Virgin carbon fiber (A), recycled 

carbon fiber at B. 120s, C. 240s, D. 360s, E. 420s at room 
temperature. 
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C. 

 

 

D.

 

E.

 

Figure 40. (continued)  

4.2.1.2 60o C  SEM images at 

High vacuum mode with SEI detector was used to scan carbon fiber at 60oC. A 

substantial amount of resin can be observed on fiber surfaces in Figure 41 B and C. However, 

Figure 41 D shows a lesser amount of resin on the surface. Figure 41 E. Shows very clean fiber. 

No surface etching was observed. 
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A. 

 

B. 

 

C. 

 

 

D.

 

E.

 

Figure 41. SEM image comparison between virgin and recycled carbon fibers. Virgin 
carbon fiber (A), recycled carbon fiber at B. 120s, C. 240s, D. 360s, E. 420s at 60C. 
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Figure 39 is similar to the SEM images produced by Keith, et al. 2018. Small resin 

residue particles can be seen on those images produced after treating with acetone and water 

solvent. However, after washing the fibers with water, a comparatively clean surface can be 

observed. As seen in figure 39, the resin residue particles might be completely removed by 

washing it with water for longer times implying Keith, et al. 2018’s conclusion. Figure 40E can 

be compared to [33], [27] and [40]. Figures 40 B-D have resin particles on them which maybe 

further cleaned by washing them for longer times. However, figure 40E looks very clean with no 

resin residue.  
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4.2.2 FTIR analysis of carbon fiber 

4.2.2.1 FTIR analysis at room temperature 

Figure 41 shows FTIR analysis of % transmittance curves of virgin carbon fiber and 

recycled carbon fiber at room temperature. Typical line for carbon fiber behavior which is C≡N 

group, which lies in the wave number range of 2240-2260. In Figure 41, peaks can be seen at 

treatment times 60s, 120s, 240s and 420s, between wave numbers 2100-2300, indicating 

presence of C≡N according to TABLE 7.   

 

Figure 42. FTIR analysis of carbon fiber at room temperature. 
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4.2.2.2 FTIR analysis at 60 0 C  

Figure 42 shows FTIR analysis of % transmittance of virgin carbon fiber and carbon fiber 

recycled at 60 0C. Typical line for carbon fiber behavior which is C≡N functional group, which 

lies in the wave number range of 2240-2260/cm.   In Figure 42, peaks can be seen at treatment 

times 60s, 120s and 360s, between wave numbers 2100-2300/cm, indicating presence of C≡N 

according to TABLE 7.   

 

 

Figure 43. FTIR analysis of carbon fiber at 60C. 



61 
 

 Kevlar Fiber 4.3

Similarly, to glass fiber and Carbon fiber, experiments were conducted on glass fibers at 

different temperature levels. The recyclate Kevlar fibers were analyzed using Scanning Electron 

Microscopy and Fourier Transformed Infrared Spectroscopy. The results from these two analyses 

are discussed below.  

4.3.1 SEM images of Kevlar fiber 

4.3.1.1 SEM images of Kevlar fiber at room temperature  

Low vacuum mode with BES detector was used to scan Kevlar fiber at room temperature. 

As the Figure 44 B-D suggest, there was substantial amount of resin observed on fiber surfaces. 

However, the fibers in Figure 44 E appear to be comparatively clean. No surface etching was 

observed. 

A.

 

B. 

 

Figure 44. SEM image comparison between virgin and 
recycled kevlar fibers; Virgin Kevlar fiber (A), recycled Kevlar fiber 

at B. 120s, C. 240s, D. 360s, E. 420s at room temperature with 
1000x magnification. 
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C. 

 

 
D.

 

E. 

 

Figure 45. (continued) 

4.3.1.2 SEM images at 60o C:  

Low vacuum mode was used to scan Kevlar fiber at 60oC. A lot of residue can be 

observed on fiber surface in Figure 44 B-C. Fiber surface in Figure 44 D and Figure 44 E 

appears to be comparatively clean but treating the prepreg for 420s (Figure 44 E) lead to 

breakage in the fibers.  

Although there is not much recycling research done on KFRP, going by the SEM images 

a general understanding can conclude that with lesser treatment times, there is a lot of resin 
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deposit on fiber surfaces both at room temperature and 600C. Increased treatment time or 

washing time may give better results. 

A.

 

B.

 

C. 

 

D.

 

E.

 

Figure 46. SEM image comparison between virgin and recycled kevlar fibers; Virgin 
Kevlar fiber (A), recycled Kevlar fiber at B. 120s, C. 240s, D. 360s, E. 420s at 60C. 
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4.3.2 FTIR analysis of Kevlar fiber 

4.3.2.1 FTIR analysis at room temperature  

Figure 45 shows FTIR analysis of % transmittance of virgin Kevlar and recycled Kevlar 

fibers at room temperature. Typical line for Kevlar fiber behavior which is N-H and C-H 

functional groups lying in the wave number range 3300-3500/cm. and 3000-3100/cm. In Figure 

45, peaks can be seen at treatment times 60s, 120s, 240s, 360s, 420s and virgin fiber between the 

wave numbers 2919 to 3289/cm indicating presence of N-H functional group according to 

TABLE 7. 

 

Figure 47. FTIR analysis of recycled Kevlar fiber at room temperature. 
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4.3.2.2 FTIR analysis at 600C 

Figure 46 shows FTIR analysis of % transmittance of virgin Kevlar and recycled Kevlar 

fibers at room temperature. Typical line for Kevlar fiber behavior which is N-H and C-H 

functional groups lying in the wave number range 3300-3500/cm. and 3000-3100/cm. In Figure 

46, peaks can be seen between wave numbers 2291 to 3245/cm indicating presence of N-H 

functional group according to TABLE 7. 

 

Figure 48. FTIR analysis of recycled Kevlar fiber at 60 C. 
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CHAPTER 5 

5 CONCLUSION AND FUTURE WORK 

An investigation was conducted to recycle the CFRP, KFRP and GFRP from expired 

prepregs. For recycling, specimens of expired prepregs were exposed to concentrated Nitric acid, 

Sulfuric acid, solution of Sulfuric acid+ Nitric acid (50-50), Acetone for different time and 

temperatures and then washed with DI water. 

The surface of the recovered fibers was analyzed for any etching using SEM. From SEM 

results, it was concluded that there was no surface etching on fibers. However, with lesser 

treatment times, a resin residue was found on the surface of recycled fibers. It is safe to say 

higher the treatment time, lesser the amount of residue found on the surface of recycled fiber. 

Therefore, R α 1/T, where R- Resin, T- Treatment time. 

 Recycled fibers were chemically characterized using FTIR to detect presence of 

functional groups of Glass, Carbon and Kevlar fibers recycled at room temperature and 600C. 

In conclusion, after intensive study and various experiments, it is safe to say chemical 

recycling process is the most sustainable, energy and cost-efficient process compared to all other 

available recycling processes. Also, it is possible to recover much cleaner fibers with the weave 

intact, extensively minimizing the time and cost of recycling using my proposed approach of 

acid treatment and solvent based recovery. Furthermore, this process can also be validated by 

conducting tensile testing on recovered fibers and compare it to tensile strength of virgin fiber. 

Analysis of leftover liquid residue can be done, and efforts can be made to recover polymer. A 
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variety of alternative acids and solvents can be investigated to replace Sulfuric acid, Nitric acid 

and Acetone which could make the job much easier. 

 There are many bottlenecks with the whole recycling market, one of it being finding a 

use for the recyclate. Although a lot of recycling can be done, at the end of the day, if it is not 

used for any manufacturing, it’s a waste. The recycling market these days is dominated by Iron, 

steel and paper because of low cost of investment for recycling them. Further research for 

optimizing fiber recycling process to reduce the cost of investment to recycle and Regulations, if 

implemented by the Environmental Protection Agency (EPA), for reusing and recycling fibers 

can contribute towards the growth of composite recycling industries.  

Working towards making the process large-scale industry friendly would be a significant 

improvement in this investigation. 
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APPENDIX A 

TABLE 8 CHARACTERISTIC IR ABSORPTION FREQUENCIES OF ORGANIC 

FUNCTIONAL GROUPS. 

 

Functional 

Group 

Type of Vibration Characteristic 

Absorptions 

Intensity 

  (cm-1)  

Alcohol    

O-H (stretch,H-bonded) 3200-3600 strong, broad 

    
    
O-H (stretch,free) 3500-3700 strong, sharp 

C-O (stretch) 1050-1150 strong 

Alkane    

C-H stretch 2850-3000 strong 

-C-H bending 1350-1480 variable 

Alkene    

=C-H stretch 3010-3100 medium 

=C-H bending 675-1000 strong 

C=C stretch 1620-1680 variable 

Alkyl Halide   

C-F stretch 1000-1400 strong 

C-Cl stretch 600-800 strong 
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C-Br stretch 500-600 strong 

C-I stretch 500 strong 

Alkyne    

C-H stretch 3300 strong,sharp 

`-CaC- stretch 2100-2260 variable, not present in 

symmetrical alkynes 

Amine    

N-H stretch 3300-3500 medium (primary amines have 

two bands; secondary have one 

band, often very weak) 

C-N stretch 1080-1360 medium-weak 

N-H bending 1600 medium 

Aromatic    

C-H stretch 3000-3100 medium 

C=C stretch 1400-1600 medium-weak, multiple bands 

Carbonyl    

C=O Stretch 1670-1820 Strong 

Ether    

C-O Stretch 1000-1300 Strong 

Nitrile    

CN stretch 2210-2260 Medium 

Nitro    

N-O Stretch 1515-1560& Strong, two bands 
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1345-1385 

IR Absorption frequencies of functional groups containing a Carbonyl (C=O) 

Functional 

group 

Type of vibration Characteristic 

absorptions(/cm) 

Intensity 

Carbonyl    

C=O stretch 1670-1820 Strong 

Acid    

C=O stretch 1700-1725 Strong 

O-H Stretch 2500-3300 Strong, very broad 

C-O stretch 1210-1320 Strong 

Aldehyde    

C=O stretch 1740-1720 Strong 

=C-H stretch 2820-

2850&2720-2750 

Medium, two peaks 

Amide    

C=O stretch 1640-1690 Strong 

N-H Stretch 3100-3500 Unsubstituted have two bands 

N-H bending 1550-1640  

Anhydride    

C=O stretch 1800-1830& 

1740-1775 

Two bands 

Ester    

C=O stretch 1735-1750 Strong 
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C-O stretch 1000-1300 two bands or more 

Ketone    

Acyclic stretch 1705-1725 Strong 

Cyclic Stretch 3-membered-

1850 4-

membered-1780 

5-membered-

1745 6-

membered-1715 

7-membered-

1705 

Strong 

a, b 

unsaturated 

stretch 1665-1685 Strong 

aryl ketone stretch 1680-1700 Strong 
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APPENDIX B 

TABLE 9. IR SPECTROSCOPY BY FUNCTIONAL GROUP 

Identification of absorbance Wavenumbers, /cm 

Alkanes 
 

Sp3 C-H stretch 2960-2850(<3000) 

Alkenes 
 

sp2 C-H Stretch 3100-3020 (>3000) 

C=C stretch 1680-1620(often weak) 

Alkynes 
 

sp C-H stretch  3333-3267 

C-C triple bond stretch 2260-2100 (often weak) 

Nitriles 
 

C-N triple bond stretch 2260-2240 (aliphatic) 

 
2240-2222(Conjugated) 

Alcohols 
 

O-H stretch 3600-3200 (Strong and broad) 

C-O stretch 1150-1050 

Aromatic compounds 
 

sp2 C-H Stretch 3100-3020 (>3000) 

C=C stretch ~1585 

Aromatic overtones of ring bends 2000-1667 

Aromatic out-of-plane ring bends ~900-700 
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Amines 
 

N-H stretch 3500-3350 

C-N stretch(Often weak and hard to 

find) 
1250-1020(aliphatic) 

 
1342-1266(aromatic) 

Aldehydes 
 

C-H stretch of -CHO 2830-2695 

C=O stretch 1740-1720 

Ketones 
 

C=O stretch 
1750-1710(1715 is typical for aliphatic 

ketones) 

 
1685-1665(Conjugated) 

Carboxylic acids 
 

O-H of CO2H 3600-2500 (centred at ~3000 

C=O stretch 
1720-1710 (aliphatic), 1700-1680 

(conjugated) 

Esters 
 

C=O stretch 
1750-1735, (aliphatic), 1720-

1715(Conjugated) 

C-O stretch 1300-1000 
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