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Carbon nanotubes (CNTs) and graphene oxide (GO) hybrid enhanced canola 
protein isolate (CPI) bioadhesive for interior wood applications

Michael Enemuoa,b, Ashiegbu Darlingtona, and Olumide Ogunmodimub 

aSchool of Chemical and Metallurgical Engineering, University of the Witwatersrand, Johannesburg, South Africa; bDepartment 
of Energy and Mineral Engineering (EME), The Pennsylvania State University, University Park, Pennsylvania, USA 

ABSTRACT 
Growing concerns over the use of carcinogenic formaldehyde-based wood adhesives drive the 
need for sustainable alternatives. This study explores a novel nanocomposite adhesive made 
from canola protein isolate (CPI), reinforced with carbon nanotubes (CNTs) and graphene oxide 
(GO), to enhance bio-based adhesive performance. CNTs contribute mechanical strength, elec
trical conductivity, and thermal stability, while GO provides a large surface area, good dispersibil
ity, and enhanced adhesion. The synergistic interaction between these nanomaterials significantly 
improves the adhesive properties of CPI. The study examined the impact of varying CNT-GO 
ratios on CPI’s adhesive strength under dry, wet, and soaked conditions. Results showed a posi
tive correlation between increasing CNT-GO concentrations and adhesive performance. The adhe
sive strength markedly increased at a 0.5/0.5 (CNT/GO) ratio, especially in dry conditions. The 
optimal shear strength, however, was observed at a 0.3/0.7 ratio across all conditions. The ther
mogravimetric analysis confirmed that higher CNT-GO ratios enhanced the thermal stability of 
the nanocomposite, as indicated by increased weight loss percentages. This reflects improved 
resistance of the CPI matrix to thermal degradation. These findings highlight the importance of 
optimizing CNT-GO ratios for superior performance under diverse conditions. Overall, this study 
demonstrates the potential of CPI-CNT-GO nanocomposites as more sustainable alternatives to 
traditional formaldehyde-based adhesives, offering a promising solution to reduce the environ
mental and health risks associated with conventional wood adhesives.
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Introduction

The urgency for sustainable and innovative solu
tions to confront multifaceted challenges has 
become increasingly evident in today’s dynamic 
global landscape. Within this context, nanomateri
als have emerged as a promising frontier for creat
ing advanced materials endowed with superior 
properties. Nanomaterials, such as CNT and GO, 
have garnered significant attention due to their 
remarkable mechanical, thermal, and electrical 
properties. Moreover, these nanomaterials also 
demonstrate a readiness to transfer these proper
ties into new materials (Kong 2013; Khan et al. 
2016; Kausar et al. 2017; Bakhtiari et al. 2020; Liu 
et al. 2020).

Conventional wood adhesives, predominantly 
formulated with formaldehyde, give rise to sig
nificant environmental and health concerns due 
to the carcinogenic classification of formaldehyde 
emissions associated with these adhesives (Solt 
et al. 2019; Gonçalves et al. 2021; Chrobak et al. 
2022). Formaldehyde, known for its potential to 
induce eye, nose, and throat irritation, manifests 
symptoms including coughing, wheezing, and 
shortness of breath. Moreover, prolonged expos
ure to formaldehyde raises concerns about its 
potential contribution to the development of 
chronic respiratory diseases, affecting lung func
tion over an extended period (Dan et al. 2020; 
Dugheri et al. 2021; J. Lam et al. 2021; Wartew 
1983). Numerous countries and regions have 
instituted emission standards targeting formalde
hyde emanating from wood products and adhe
sives to address these risks (Salem and B€ohm 
2013; I_stek et al. 2018; Zhang et al. 2018; 
Salthammer 2019). These regulatory standards 
curtail formaldehyde emissions, mitigating the 
associated health risks.

In response to these challenges, this research 
embarks on synthesizing novel nanocomposite bio
adhesives, including a strategic blend of CNT, GO, 
and CPI. Recently, CPI has emerged as a promising 
bio-based adhesive for wood applications due to its 
biodegradability and renewable origin. Its prepar
ation typically involves defatting canola meal 
followed by protein extraction through alkali solu
bilization and isoelectric precipitation, as demon
strated by several studies (Li et al. 2017; Bandara 

et al. 2018). These articles highlight that although 
CPI exhibits good adhesion properties, it still faces 
challenges such as high viscosity and limited water 
resistance. Researchers have explored modifications 
and nanomaterial reinforcement strategies to 
address these drawbacks, thus broadening CPI’s 
application scope as a viable alternative to tradi
tional formaldehyde-based adhesives While CPI 
exhibits commendable wood bonding performance, 
it also faces drawbacks such as high viscosity and 
relatively low water resistance (Li et al. 2017; 
Bandara et al. 2018). The integration of CNT and 
GO addresses these issues and introduces CPI as a 
biodegradable resource (Li et al. 2017). This aligns 
seamlessly with the growing demand for eco- 
friendly alternatives across various sectors, such as 
the wood industry (Antov et al. 2020). Integrating 
small ratios of CNT and GO into protein-based 
adhesives offers a more sustainable alternative to 
formaldehyde-based adhesives (Zhou et al. 2010; 
Tasis 2015; Bandara et al. 2017b). This approach 
utilizes biodegradable resources like soy protein, 
enhancing performance and durability. These nano
materials significantly improve bio-based adhesives’ 
mechanical strength and resilience, rivaling conven
tional performance options (Bandara et al. 2017a; 
Bandara and Wu 2018). This shift represents a 
move toward environmentally friendly practices in 
the adhesive industry by reducing reliance on pet
roleum-based adhesives (Eisen et al. 2020).

However, while CNTs and GO present notable 
benefits, addressing their potential toxicological 
impacts is crucial. Studies have indicated that 
inhalation or prolonged exposure to CNTs may 
lead to respiratory issues and other health con
cerns due to their fibrous nature, which shares 
similarities with asbestos (Aschberger et al. 2010; 
Castranova et al. 2013; Fatkhutdinova et al. 2015; 
Fukushima et al. 2018; C. W. Lam et al. 2006). 
Similarly, GO’s potential to induce oxidative 
stress raises toxicological concerns (Seabra et al. 
2014; Rhazouani et al. 2021; Yuan et al. 2021; 
Yadav et al. 2022). It is important to emphasize 
that, in the context of adhesives, these nanomate
rials are encapsulated within a matrix, signifi
cantly reducing the risk of direct exposure (Liu 
2005; Prakash et al. 2011). Furthermore, ongoing 
research and development efforts (Bussy et al. 
2013; Saito et al. 2014; Amenta and Aschberger 
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2015; Kim et al. 2023), which are actively focused 
on enhancing the safety profiles of CNTs and 
GO, should provide reassurance about the pro
gress in the field. Additionally, CNTs and GO are 
not inherently biodegradable, posing challenges 
to their environmental degradation (Bianco et al. 
2011; Bellanthudawa et al. 2023). However, incor
porating them in a small amount into biodegrad
able matrices, such as CPI, offers a potential 
solution. The biodegradable nature of proteins 
like CPI can help mitigate the persistence of these 
nanomaterials in the environment (Ong et al. 
2010).

Despite these challenges, using CNTs and GO 
in adhesives contributes to eco-friendliness in 
several ways. Firstly, by enhancing the perform
ance and longevity of the materials they bond 
(Guadagno et al. 2014; Bandara et al. 2017b), 
these nanocomposites reduce the need for fre
quent replacements, ultimately conserving resour
ces. In addition, their ability to improve adhesive 
properties without relying on harmful formalde
hyde-based alternatives translates to safer indoor 
air quality and healthier living environments 
(I_stek et al. 2018; Zhang et al. 2018).

Studies demonstrate that incorporating CNTs 
and GO into protein adhesives significantly 
enhances their tensile strength, shear strength, 
and toughness (Guadagno et al. 2014). These 
nanomaterials act as reinforcing agents by effect
ively transferring stress within the adhesive 
matrix. For instance, Bandara et al. (2017a) found 
that the integration of GO remarkedly increased 
the adhesive’s bonding strength. Consequently, 
even minor additions (up to 1% by weight) of 
graphene to epoxy adhesives have been shown to 
enhance joint strength significantly (Guadagno 
et al. 2014), indicating that high surface area and 
unique interfacial interactions of nanomaterials 
can contribute to stronger adhesion between the 
adhesive and wood substrates. Further enhancing 
their performance, CNTs and GO can also 
exhibit hydrophobic properties, improving water 
resistance (a critical factor for wood adhesives) in 
the final adhesive, where moisture can severely 
compromise bond integrity. Notably, GO has 
been shown to improve the water resistance of a 
canola protein-based adhesive (Bandara et al. 
2017b).

This research underscores the potential of 
CNT and GO nanocomposites as sustainable 
alternatives to conventional formaldehyde-based 
wood adhesives. By leveraging the unique proper
ties of these nanomaterials and incorporating 
them into a biodegradable CPI matrix, this study 
paves the way for environmentally friendly adhe
sives with enhanced performance properties. 
While toxicological and biodegradability concerns 
warrant further investigation, the potential bene
fits of these nanocomposite bioadhesives, includ
ing reduced formaldehyde emissions, improved 
bonding strength, and water resistance, position 
them as a promising solution for a more sustain
able future in the wood industry. Further 
research should focus on optimizing synthesis 
parameters, properly dispersion of nanomaterials 
into protein matrix, and conducting comprehen
sive life cycle assessments of these adhesives.

Experimental section

Materials and chemicals

The discarded cold screwed-pressed canola meal 
(CM), containing 38% protein and 10% moisture 
content, was obtained from Southern Oil (Pty) Ltd 
in Swellendam, South Africa. Chemicals, such as 
analytically graded hexane, NaOH (�98%), HCl, 
H2SO4, and 55% HNO3 with approximately 99% 
purity, were procured from Rochelle Chemicals in 
Johannesburg, South Africa. N2 and C2H2 gases 
were purchased from Afrox in Booysens, South 
Africa. Additionally, maple wood was acquired 
from H & S Timber Company in Benoni, South 
Africa, and veneer samples were crafted with 
dimensions of 55� 130 � 6 mm (width � length �
thickness).

Methods

Extraction of CPI from the CM
The extraction method employed for extracting CPI 
from CM (the residue remaining after oil extraction 
from canola seeds) was slightly modified from the 
process outlined by Bandara and Wu (2018). In 
summary, the CM was oven-dried at 49 �C for 24 h 
to remove moisture. Subsequently, it was crushed 
into a powder using a pulverizer to achieve a finely 
particulate size using a 0.50 mm mesh sieve. The 
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defatting (involving fat removal) was done at room 
temperature by washing the crushed CM with hex
ane at 1:10 (w/v). This defatting process was per
formed four times until a minimal fat was observed 
through the texture and appearance of the sample. 
To further eliminate excessive hexane, the defatted 
CM oven-dried at 40 �C for 10 h.

For CPI extraction, the defatted CM was 
mixed with milli-Q water at a 1:10 (w/v) ratio 
and stirred for 40 min using a magnetic stirrer to 
form a well-dispersed mixture. The pH of the 
mixture was raised from 6.7 to 12.0 using 3 M 
NaOH, followed by another 2 h of stirring to 
solubilize the proteins, facilitating their segrega
tion from other components. Centrifugation at 
6000 RPM for 15 min separated the solid and 
liquid components of the CM mixture and the 
supernatant collected. To precipitate proteins, the 
pH of the supernatant was adjusted from 12.0 to 
4.0 with 3 M HCl, then stirred for 20 min with a 
magnetic stirrer to isolate the protein and centri
fuged at 6000 RPM for 15 min to extract the CPI. 
The precipitate (CPI) was collected and subjected 
to four washes with milli-Q water to eliminate 
impurities. The extracted CPI, constituting 
approximately 37% w/w of the CM, was used as 
an adhesive, with some freeze-dried for later use.

Catalyst preparation for CNT synthesis
A catalyst comprising iron and cobalt (Fe-Co) 
was synthesized through the wet impregnation 
method on a substrate composed of calcium car
bonate, following the procedure outlined by 
Mhlanga and Coville (2008) with some minor 
adjustments. In summary, 3.62 g of iron nitrate 
and 2.47 g of cobalt nitrate were finely ground, 
combined with 30 mL of distilled water, and sub
jected to magnetic stirring for 20 min to create 
the Fe-Co nitrate solution. Separately, 10 g of 
CaCO3 was placed in a beaker, and 30 mL of the 
previously prepared Fe-Co nitrate solution was 
gradually added, followed by stirring for 45 min. 
The resulting solution was filtered, dried for 12 h 
at 120 �C in an air oven, and cooled to room 
temperature. The dried material was pulverized 
and sifted through a 0.15 mm sieve, then calci
nated for 16 h at 400 �C.

Synthesis of CNT using the chemical vapor depos
ition (CVD) method
The CNT was produced by decomposing acetyl
ene gas on a Fe-Co catalyst within a high-tem
perature furnace in a CVD reactor, following the 
method outlined by Mhlanga et al. (2009) with 
minor adjustments. A ceramic boat (120 mm �
15 mm) containing 1 g of the Fe-Co catalyst was 
placed inside the CVD furnace in a horizontal 
quartz tube (51 cm � 1.9 cm). The furnace was 
heated at a rate of 10 �C/min. Nitrogen purging 
commenced immediately after heating, with a 
30 ml/min flow rate through the quartz tube and 
the catalyst. Upon reaching 700 �C, the nitrogen 
flow rate was increased to 230 ml/min, and 
acetylene gas was introduced at 190 ml/min. The 
reaction proceeded for 60 min at a constant tem
perature of 700 �C. Subsequently, the acetylene 
supply was halted, and the furnace was allowed 
to cool to room temperature under a continuous 
nitrogen flow. The resulting CNTs were collected, 
and their yield was determined by weighing the 
product with a weighing balance.

Synthesis of graphene oxide
With slight adjustments, GO was synthesized fol
lowing the Hummers and Offeman method 
(Chen et al. 2013). Briefly, 5 g of graphite and 5 g 
of NaNO3 were combined in a glass beaker. 
Subsequently, 120 mL of concentrated H2SO4 was 
gradually introduced while stirring in an ice bath 
at 200 RPM for 2 h. Then, 15 g of KMnO4 was 
progressively introduced into the reaction mix
ture, maintaining the temperature at 35 ± 3 �C 
with stirring for an additional 1 h. To terminate 
the reaction, 92 mL of deionized water was added 
and stirred for 15 min. Any unreacted KMnO4 
and residual chemicals were neutralized by intro
ducing 80 mL of hot (60 �C) deionized water con
taining 3% H2O2. After cooling to room 
temperature, the mixture underwent centrifuga
tion (10000�g, 15 m, 4 �C) and subsequent wash
ing with deionized water to eliminate any 
remaining chemicals. The collected GO samples 
underwent sonication for 5 m (at 50% power out
put), followed by freeze-drying, additional drying 
in a vacuum desiccator with P2O5, and stored in 
air-tight containers for further use.
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Fabrication of nanocomposite bio-adhesives 
through the incorporation of nanomaterials
Incorporating CNTs in the CPI was carried out 
following the method by Bandara and Wu (2018) 
with some modifications. In summary, 20% w/v 
(CPI/H20) dispersions were prepared by combin
ing 2 g of CPI with 10 ml of milli-Q water in five 
separate beakers. To ensure an even distribution 
of the CPI, the solutions were agitated for 3 h at 
300 rpm and room temperature, after which 1 M 
HCl solution was used to adjust the pH to 5. 
Then, various concentrations (0.5/0.5%, 0.7/0.3, 
0.3/0.7%, 0.9/0.1%, 0.1/0.9 w/w) of CNT/GO, 
respectively, were added. The mixture was agi
tated for 2 h at 300 rpm, maintaining the tem
perature at 27 ± 2 �C, followed by an additional 
1 h at 45 ± 1 �C using a temperature-controlled 
stir plate and a thermometer to monitor the tem
perature change. A high-intensity ultrasonicator 
(UCP − 10 model, Apex scientific) was used to 
sonicate the CPI nanomaterials at 50% power 
output for 3 min. A high shear homogenizer 
(FJ200-SH model, Masiye labs) was employed to 
homogenize the resulting mixtures for 2 min at 
20,000 rpm. After the dispersion to form nano
composite adhesives, the pH was readjusted to 12 
with 6 M NaOH, followed by further sonication 
and homogenization with the same conditions 
above.

The final product of the adhesive was brown
ish in color, with a final solid content of approxi
mately 28% w/v. The viscosity was approximately 
988 ± 12 cps. The shelf life could not be deter
mined but recommended for future study.

Wood surface treatment and adhesive sample 
application
Maple hardwood (density of 0.042 g/cm3) with a 
moisture content of approximately 11% was used as 
the wood substrate. Ensuring proper adhesion 
between the adhesive and the wood involves meticu
lous surface treatment using 80-grit sandpaper to 
achieve a fine and smooth texture. Any residual oil 
or dirt on the wood surfaces was removed by wiping 
with a cloth dampened in acetone.

The prepared adhesive samples were precisely 
applied using a micropipette at an amount of 40 mL 
per veneer strand over a contact area of 40 mm �
100 mm (width� length). Three bonded replicate 

samples were prepared. Another piece of wood was 
then firmly bonded to the adhesive-applied end, 
ensuring an application area of 30 mm � 25 mm. 
The assembly was pressed in a hydraulic press 
(Model 3890 Auto M hot press) under conditions of 
1.4 MPa and 180 �C for 10 min.

After the adhesive process, the assembled 
wood samples, each weighing 10 g, underwent a 
curing period of 3 days in a climatic chamber 
maintained at 25 �C and 50% relative humidity 
(RH) (Balmori et al. 2021).

Assessment of adhesive strength and water 
resistance
A tensile shear test was used for the evaluation of 
adhesive (bond) strength. The tensile testing 
machine (AG-IC 20/50 kN Shimadzu, 346-54411- 
51) with a 20 kN load cell, operated at a crosshead 
speed of 1.0 mm/min, was utilized. The shear 
strength at the maximum load point, corresponding 
to the maximum force applied to break the bonded 
wood samples, was determined using Equation 1. 
These values were calculated based on the average 
measurements obtained from three specimens of 
the same adhesive sample. The shear strength 
assessments included three distinct tests: dry, wet, 
and soak shear strengths, conducted under the 
European standard for adhesive testing.

Pressure Pað Þ ¼
ForceðNÞ
Areaðm2Þ

(1) 

Assessment of shear strength under dry, wet, and 
soak conditions
The bonded wood samples underwent a seven- 
day drying period in a climate chamber set at 
25 �C and 50% RH. Subsequently, bond strength 
was evaluated following the European standard 
(EN-204) for interior durability class D1. For the 
wet shear strength test, aligning with EN-204 
durability class D2, the adhesive wood samples 
were immersed in tap water for 3 h before testing. 
To determine soak shear strength, the adhesive 
wood samples were soaked in tap water for two 
days and then conditioned for an additional 
seven days in a climate chamber at 25 �C and 
50% RH under EN-204 durability class D2 guide
lines (�Sljivo et al. 2023). Refer to Table 1 for 
detailed procedures.
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Evaluation of morphological properties using SEM
Scanning Electron Microscopy (SEM) was 
employed to examine the morphological proper
ties (the structure and interactions within the 
sample matrices) of the nanomaterials and the 
nanocomposite adhesive samples. To mitigate 
charging during the analysis, a coating of 60% 
palladium and 40% gold (Pd/Au) was applied to 
the samples.

Fractured wood adhesive samples were achieved 
by bonding two wooden pieces with the adhesive. 
After allowing the sample to dry based on the test
ing condition, mechanical testing resulted in sam
ple fracture. A cross-sectional view of the fracture 
was then obtained for SEM analysis.

Evaluation of thermal properties using TGA
To assess the thermal stability, a TA SDT Q600 
thermogravimetric analyzer (DRYCAL TA) with 
nitrogen gas set at 10 mL/min was used. Freeze- 
dried adhesive samples, each weighing approxi
mately 5.0 mg, were individually placed in alumina 
pans. The temperature ramped from room tem
perature to 800 �C, and data were automatically 
generated and plotted.

Evaluation of crystalline structure using X-ray 
diffraction
A Rigaku Ultima IV powder diffractometer per
formed X-ray diffraction (XRD) on the samples. 
Data for glancing angles (2h) between 5 and 50�
were obtained using Cu-K radiation at 0.154 nm. 
Bragg’s equation was applied to determine the 
interlayer spacing (d) of the samples. The XRD 
data were analyzed using an Origin plot.

Evaluation of functional groups using FTIR
Fourier Transform Infrared (FTIR) Spectroscopy 
was employed to assess the attachment and types 
of functional groups on the samples’ surfaces. 
Briefly, approximately 2 mg of dried powder sam
ples were measured into the infrared analyzer 
(Bruker Tensor 27). Spectra were obtained in the 
range of 500–5000 cm−1.

Statistical analysis

The effects of the nanomaterials on dry, wet, and 
soak adhesive strengths were assessed using 
Fisher’s analysis of variance and Duncan’s mul
tiple-range test. Data were collected at a 95% 
confidence level (Sagala et al. 2023).

Results and discussion

Evaluation of the protein content

Protein Content Assessment: The protein content 
within the CM was assessed using a PerkinElmer 
Model 2400 Series II CHNS/O Analyzer. The 
nitrogen percentage obtained was converted into 
protein percentage by applying a factor of 6.25, 
assuming that proteins contain approximately 16% 
nitrogen (Mariotti et al. 2008). The analysis 
focused on the extracted CPI sample, which exhib
ited a nitrogen content of 5.95%. Multiplying this 
figure by the conversion factor yielded a protein 
percentage of 37.2%. In contrast, Barzegar et al. 
(2020) reported a 35% protein recovery from CM 
(Table 2), suggesting an enhancement in the cur
rent study. Other constituents of CM were not 
examined or disclosed in this research.

Table 2. Composition of defatted canola meal (Barzegar et al. 2020).
Components Percentage (%)

Protein (N� 6.25) 35
Carbohydrates 35
Remaining Fat 2
Ash 6
Other materials (Glucosinolates, erucic acid, phytic acid, phenolics, etc., in canola flour., the fiber in soy flour) 22

Table 1. The durability classes follow the European interior wood standard (EN-204).
Conditioning procedure Shear strength (MPa) Durability classes

7 days in a standard atmosphere �10 D1
Seven days in standard atmosphere, 3 h in water at (20 ± 3 �C), and 7 days in standard atmosphere. �8 D2
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Raman spectra of graphene oxide and carbon 
nanotube

The Raman spectra of the pristine GO, as shown in 
Figure 1a, exhibited the D and G bands at 
1351 cm−1 and 1598 cm−1, respectively. The D band 
is attributed to structural defects and disorder, while 
the G band arises from the in-plane stretching 
motion of sp2 carbon atoms. The smaller peak at 
2949 cm−1 is associated with the presence of func
tional groups in the GO, such as carboxyl groups 
(Aregahegn Dubale et al. 2014). L�opez-D�ıaz et al. 
(2020) reported similar peaks of GO and reduced 
graphene oxide (rGO) at 1350 and 1585 cm−1 for 
the D and G bands respectively. studies have shown 
that the Raman spectra of GO’s characteristic peaks 
can provide insights into their structural and chem
ical properties. The intensities of the D and G 
bands, as well as additional peaks, can vary depend
ing on the degree of oxidation, the presence of func
tional groups, and the method of synthesis (Johra 
et al. 2014; Muzyka et al. 2018).

Figure 1b shows the Raman spectra of the CNT, 
the absence of the radial breathing mode (RBM) 
designates the presence of Multi-Walled Carbon 
Nanotubes (MWCNT), also the peaks align with 
the ones observed in a previous study on MWCNT 
by Bai et al. (2016). The D-band at 1359 cm−1 sig
nified the existence of sp3 hybridized carbon 
atoms, along with structural defects or disorder in 
the carbon system of the MWCNTs. Additionally, 
the G-band at 1359.44 cm−1 and G’-band at 
1590.36 cm−1 originated from the in-plane vibra
tion and out-of-plane symmetry modes of the 
graphitic lattice of the MWCNTs, respectively. 

Furthermore, the peak at 2699 cm−1 corresponds 
to the G’-band, resulting from a second-order scat
tering process involving two phonons. This peak is 
sensitive to the stacking order of the graphene 
layers in the CNT structure, providing insights 
into the number of graphene layers present. In sin
gle-walled carbon nanotubes (SWCNT), this peak 
is typically absent or very weak.

The effect of the concentration of CNT and GO 
hybrid on the adhesive strength of the 
nanocomposite adhesives

Figure 2 presents the adhesive strengths of the 
nanocomposite adhesive under different percen
tages of CNT/GO (C/G) concentrations at w/w 
CPI in three states: dry, wet, and soaked. 
Generally, adhesive strength increases with the 
concentration of CNT and GO up to a certain 
threshold. For instance, comparing the adhesive 
strength of the pristine CPI to 0.5/0.5% reveals a 
notable increase in all states. However, the trend 
is not strictly linear; for example, at 0.7/0.3%, the 
adhesive strength in the dry state is lower than at 
0.5/0.5% despite a higher CNT concentration.

Wet and soaked states consistently show 
higher adhesive strengths than the dry state, sug
gesting improved performance under moist con
ditions. The highest adhesive strength was 
observed at concentrations of 0.5/0.5% in the dry 
state and 0.3/0.7% in the wet/soaked states, corre
lating with the wood failure rates. These results 
suggest that an optimal CNT GO ratio maximizes 
adhesive performance, and exceeding this ratio 
can lead to diminished bonding effectiveness.

Figure 1. Raman spectra showing different peaks of pristine: (a) graphene oxide and (b) carbon nanotube.
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Similarly, the wood failure rate, as shown in the 
Table below, reflects this trend. The wood failure 
rate (%) increases from 45.7% for the pristine CPI 
(0% C/G) to a maximum of 70.2% at 0.5/0.5% C/G 
concentration, indicating enhanced bonding per
formance with the addition of CNT and GO. 
However, the wood failure rate decreases beyond 
this optimal ratio. For example, at 0.7/0.3% C/G, 
the wood failure rate slightly drops to 68.1%, and 
further decreases are observed at 0.9/0.1% (51.6%) 
and 0.3/0.7% (59.4%).

A recent study by Sun et al. (2021) demon
strated that incorporating a blend of CNT and 
GO can improve the mechanical properties of 
polymers. In this approach, three-dimensional 
(3D) GO aerogels serve as effective carriers for 
CNT, ensuring their uniform dispersion and sub
sequent incorporation into the polymer matrix. 
This addresses the challenge of poor dispersion 
commonly encountered when integrating CNT 
into polymers. Another study by Tripathi et al. 
(2020) highlighted the potential of free-standing 
GO and CNT hybrid papers to improve mechan
ical and electrical performance when used in con
junction with polymer laminates. Nevertheless, 
despite these promising results, a comprehensive 
understanding of the effect of the concentration 
of the CNT and GO hybrid on polymer perform
ance requires further research.

Effect of CNT and GO hybrid on the structural 
changes of the CPI

Figure 3 showcases the FTIR spectra of the CPI 
enhanced with varying ratios of CNT and GO, 

providing profound insights into the nanocompo
site’s functional groups and the protein’s second
ary structures. The observed peaks at different 
wavenumbers are significant, as they offer a deep 
understanding of the intricate interactions between 
the nanomaterials and CPI. This elucidates how 
the incorporation of CNT and GO influences the 
composite’s molecular characteristics. In Figure 3a, 
CPI exhibits distinct peaks at 2850–2920 cm−1, 
corresponding to the C–H stretching vibrations of 
aliphatic groups, and at 1650 cm−1 and 1550 cm−1, 
which are associated with the amide I and II 
bands, respectively. These peaks signify the preser
vation of the protein’s backbone and secondary 
structure, indicating that the fundamental protein 
conformation remains intact (Gbassi et al. 2012).

Moving on to spectrum (b), CNT displays a 
broad peak around 1600 cm−1 attributed to the 
C¼C stretching of sp2-hybridized carbon net
works. This confirms the intact conjugated structure 
of the CNTs within the composite, implying that 
the CNTs maintain their structural integrity and 
electronic properties when incorporated with the 
protein (Azri et al. 2017). Similarly, spectrum (c) for 
GO shows characteristic peaks at 3200–3600 cm−1 

due to O–H stretching vibrations, 1720 cm−1 corre
sponding to C¼O stretching, and 1000–1300 cm−1 

associated with C–O stretching vibrations. These 
indicate the successful oxidation of graphene, also 
confirming and enhancing its bonding capability 
with CPI, as these oxygen-containing functional 
groups on GO facilitate stronger interactions with 
the protein matrix (Manoratne et al. 2017).

Moreover, in Figure 3d, the spectral regions from 
4000 to 3200 cm−1 and from 2700 to 1800 cm−1 

Figure 2. The adhesive strengths of the adhesive samples at different states and concentrations, including a table (on the right) 
presenting the wood failure rate at different adhesive concentrations.
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were omitted as they contain no significant infor
mation and enable visibility of the relevant peaks. 
Notably, the peak at 724 cm−1 does not provide 
detailed information about the samples’ functional 
groups or secondary structures; instead, it indicates 
the presence of CNT or related carbon-based mate
rials within the samples.

Further peaks at 2852 cm−1 and 2924 cm−1 cor
respond to the stretching vibrations of the C–H 
bonds in the protein, likely arising from aliphatic 
groups. Additionally, the peaks at 1451 cm−1 and 
1723 cm−1 are attributed to the asymmetric and 
symmetric stretching vibrations of the C¼O bonds 
in the CPI, suggesting the existence of carboxylic 
acid groups. Furthermore, the peaks at 1266 cm−1 

and 1108 cm−1 are associated with the stretching 
vibrations of the C–N and C–O bonds, respectively, 
indicating the presence of amide groups within the 
protein structure. The peak at 968 cm−1 corresponds 
to the bending vibration of the C–H bond, further 
linking to the presence of aliphatic groups (Bandara 
et al. 2017a, 2017b; Bandara and Wu 2018).

However, the exceptional peak at 1581 cm−1 

observed exclusively in the CPI-C/G (0.9/0.1) sam
ple may indicate a specific molecular vibration 
arising from the interaction between the protein 
and the nanomaterials at this ratio. This unique 
spectral feature could signify a stronger interaction 
between CPI and CNT/GO at this composition, 
potentially enhancing the nanocomposite’s mech
anical properties or adhesive strength.

Effect of the nanomaterials on the viscosity of the 
CPI adhesive

The viscosity of the adhesive nanocomposite was 
observed to steadily increased with the increase 
in the ratios of the nanomaterials. This phenom
enon stems from the increased interfacial interac
tions due to the high surface area of these 
nanomaterials, which enhances resistance to flow 
(Zheng et al. 2008; Xiao et al. 2015; Ashraf et al. 
2018). Furthermore, CNTs and GO can form 
interconnected networks within the adhesive at 
certain concentrations, further hindering flow 
and contributing to a more viscous solution 
(Meeuw et al. 2018). This increase in viscosity is 
critical as it affects the adhesive’s application and 
performance, ensuring better spreadability and 
stronger bonding properties.

The effect of the nanomaterials on the thermal 
stability of the nanocomposite adhesives

The thermogravimetric analysis (TGA) data pre
sented in Figure 4 provides valuable insights into 
enhancing thermal stability in CPI adhesives by 
incorporating CNT and GO. By examining the 
degradation patterns of the samples, we can better 
understand the mechanisms underlying the com
posite material’s improved thermal properties. 
Notably, an intriguing observation in the CNT 
data is the apparent weight gain between 30 �C and 
250 �C, which warrants further investigation 

Figure 3. FTIR spectra of the (a) CPI, (b) CNT, (c) GO, and (d) CPI adhesive samples with varying ratios of CNT and GO showing 
some uniform and distinct peaks.
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(Figure 4b). This weight gain can be attributed to 
several factors, such as moisture adsorption. Due 
to their high surface area and porous structure, 
CNTs are prone to adsorbing water molecules 
from the environment (Gangupomu et al. 2016).

The pristine CPI exhibits significant and rapid 
weight loss as the temperature increases, indica
tive of its limited thermal stability (Figure 4a). 
This rapid degradation is characteristic of pro
tein-based materials, which tend to decompose at 
relatively low temperatures due to the breakdown 
of peptide bonds and side-chain functionalities 
(Bandara and Wu 2018). In contrast, the CPI 
composites enhanced with CNT and GO display 
a slower rate of weight loss, signaling increased 
resistance to thermal degradation. This improve
ment suggests that CNT and GO play critical 
roles in reinforcing the CPI matrix, thereby 
delaying the decomposition of the protein and 
other organic components.

The phase-wise thermal degradation analysis 
further supports the role of CNT and GO in 
enhancing CPI’s thermal stability. In the first 
phase, between 22 �C and 160 �C, all samples, 
including the nanocomposites, exhibit minimal 
weight loss, primarily due to the evaporation of 
moisture and low-boiling-point volatiles.

In the second phase (160 �C to 470 �C), the 
rate of weight loss for the nanocomposite adhe
sives is significantly slower compared to pristine 
CPI. This decelerated degradation can be attribu
ted to the barrier effect provided by CNT and 

GO, which stabilizes the protein matrix by shield
ing it from heat and mass transfer processes that 
facilitate decomposition. The strong interfacial 
bonding between the protein chains and the nano
materials enhances the structural rigidity of the 
composite, thereby delaying thermal degradation. 
Moreover, the improved thermal conductivity of 
CNTs aids in distributing heat more uniformly 
throughout the material, reducing thermal gra
dients that can cause localized degradation.

As the temperature rises to the final decompos
ition phase, from 470 �C to 800 �C, the degradation 
of residual carbonaceous material becomes prom
inent. Here, the nanocomposite composites retain 
more weight compared to pure CPI, underscoring 
the stabilizing effect of CNT and GO.

The morphological analysis of the nanomaterials 
and adhesive samples

Figure 5 presents SEM images describing the CNT 
and GO at various magnifications. The CNT dis
plays an average outer diameter of 98.8 ± 2 nm 
(Figure 5a), corresponding to the range reported by 
Mhlanga and Coville (2008). Notably, the CNT 
exhibits a significant number of clusters, amorphous 
carbon, and other impurities, likely originating 
from the partial or incomplete nucleation of carbon 
atoms during the synthesis process (Little 2003). 
These clusters imply potential interactions and 
agglomeration among the CNTs. Such conditions 

Figure 4. Thermogravimetric analysis (TGA) of; (a) CPI and nanocomposite adhesive samples, (b) CNT and GO.
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can alter the materials’ properties, offering avenues 
for tailored applications. The identification of 
amorphous carbon regions also points to the need 
for refining the synthesis parameters to minimize 
impurities and enhance the overall structural integ
rity of the CNTs. Moreover, the GO sheets (Figure 
5b) exhibit a complex and layered arrangement, 
showcasing a crumpled morphology indicating the 
presence of oxygen-containing functional groups on 
the graphene surface. This crumpled structure is a 
result of the oxidation process during the synthesis 
of GO, leading to the introduction of various oxy
gen-based functionalities such as epoxide, hydroxyl, 
and carboxyl groups. Additionally, oxygen function
alities on the GO sheets impart unique properties 
and enhance the compatibility and interaction 
between GO and CNT within the nanocomposites.

Furthermore, the SEM images reveal that all 
CPI-C/G adhesive samples exhibit rough and 
porous surface morphologies due to incorporat
ing varying ratios of CNTs and GO (Figure 6). 
This structural roughness and porosity are intro
duced by the homogeneous distribution of the 
nanomaterials, which create structural layering 
and uneven textures across all samples. Samples 
with higher GO content, such as CPI-C/G(0.1/ 
0.9) and CPI-C/G(0.3/0.7) shown in Figures 6b 
and 6d, display more fragmented and highly por
ous surfaces due to GO’s high surface area and 
abundant functional groups, which improve 
bonding at the microstructural level but may risk 
mechanical integrity if not uniformly dispersed 
(Bandara et al. 2017b). Conversely, samples with 

higher CNT content, like CPI-C/G(0.7/0.3) and 
CPI-C/G(0.9/0.1) illustrated in Figures 6c and 6e, 
present smoother and more compact surfaces 
with reduced porosity, reflecting the reinforcing 
nature of CNTs that enhance tensile strength and 
structural integrity (Ejaz et al. 2022). The consist
ent presence of roughness and porosity across all 
samples underscores the significant impact of 
CNT and GO incorporation on the adhesive’s 
microstructure. Adjusting their ratios to balance 
flexibility, toughness, and strength as required for 
specific applications allows for tailored mechan
ical properties.

Finally, the pristine CPI adhesive exhibits a rela
tively smooth surface devoid of the fractures 
and porosity observed in the composite samples 
(Figure 6f). This indicates that incorporating CNTs 
and GO significantly alters the adhesive’s micro
structure. The absence of these nanomaterials 
means the pure CPI adhesive lacks the enhanced 
mechanical properties conferred by the nanocom
posite adhesives.

The correlation between surface morphology 
and adhesive strength emphasizes the significance 
of achieving optimal nanomaterial dispersion and 
interfacial interactions for improved adhesive 
performance. Furthermore, the choice of the 
CNT/GO ratio is crucial, as a disparity may lead 
to cluster formations and rough surfaces. 
Attaining the right proportion ensures a harmo
nious integration of the nanoparticles, optimizing 
surface morphology and enhancing the overall 
performance of the protein-based nanocomposite.

Figure 5. The SEM image of: (a) CNT and (GO) at different magnifications.
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Changes in the crystallinity of the nanomaterials 
and their effect on dispersion in the CPI matrix

The integration of GO and CNT into CPI has 
significantly enhanced the protein’s original 
structure, as evidenced by changes observed in 
the XRD patterns. By combining the initial XRD 
data of CPI, GO, and CNT with the analysis of 
the enhanced samples (Figure 7), we can 

understand how these nanomaterials influence 
the protein’s structural properties.

Initially, CPI exhibited XRD peaks at 9.2�, 
18.8�, 31.7�, and 40.2�, indicative of its semi-crys
talline nature (Figure 7a). These peaks are associ
ated with the periodic arrangements in the 
protein’s secondary and tertiary structures, such 
as a-helices and b-sheets, reflecting the inherent 

Figure 7. XRD spectra of (a) the CPI, GO, and CNT, (b) the nanocomposite adhesives, showing various peaks and glancing angles 
(2h). [notes: the interlayer spacing was determined using Bragg’s equation: Sin¼ n/2d].

Figure 6. The SEM images of: (a) CPI-C/G(0.5/0.5), (b) CPI-C/G(0.1/0.9), (c) CPI-C/G(0.7/0.3), (d) CPI-C/G(0.3/0.7), (e) CPI-C/G(0.9/0.1), 
and (f) CPI adhesives.
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folding patterns within the protein matrix 
(Bandara and Wu 2018; F. Sun et al. 2022).

Upon incorporating GO into the CPI matrix, 
the XRD patterns show consistent peaks at 9.21�, 
11.50�, 20�, and 31.77� across all enhanced sam
ples (Figure 7b). The peak at 9.21�, correspond
ing to the (001) plane of the hexagonal graphite 
structure of GO, indicates successful intercalation 
of GO layers within the protein matrix. This 
intercalation can improve barrier properties and 
increase mechanical strength due to GO sheets’ 
high aspect ratio and stiffness. Moreover, the 
peak at 11.50�, attributed to the (100) plane of 
GO, suggests an ordered arrangement and align
ment of GO sheets within the CPI, enhancing 
load transfer efficiency between the CPI and GO 
and contributing to the overall mechanical 
reinforcement of the composite material.

The presence of the peak at 31.77�, linked to 
the (002) plane of GO, implies that GO main
tains its crystalline structure after integration. 
This retention is crucial as it ensures that the 
beneficial properties of GO, such as high thermal 
stability and electrical conductivity, are imparted 
to the CPI. The consistent appearance of GO- 
related peaks indicates strong interactions 
between the GO sheets and the protein mole
cules, potentially leading to improved structural 
stability and enhanced functional properties of 
the nanocomposite.

Furthermore, the successful addition of CNTs 
is evidenced by the appearance of a peak at 29�, 
corresponding to the (002) plane of the hex
agonal graphitic structure of CNTs. This peak 
confirms that CNTs are successfully incorporated 
into the CPI matrix, potentially enhancing the 
composite’s mechanical properties due to the 
exceptional strength and flexibility of CNTs. 
However, the absence of this peak in certain sam
ples, such as CPI-C/G(0.3/0.7) and CPI-C/G(0.7/ 
0.3), suggests variability in the crystalline phase 
associated with CNTs, likely due to differences in 
the CNT to GO ratio. Variations in CNT content 
can affect the dispersion and alignment of CNTs 
within the composite, influencing the nanocom
posite’s overall crystalline structure and proper
ties (Sun et al. 2013; Gupta et al. 2016).

These observations align with findings by Sa 
et al. (2018), who reported that the ratio of CNT 

to GO significantly impacts the crystalline struc
ture of nanocomposites. The interplay between 
GO and CNT within the CPI matrix appears to 
be crucial in determining the material’s final 
properties. A higher ratio of GO may lead to bet
ter dispersion of CNTs or even masking of CNT 
peaks in the XRD patterns. Therefore, controlling 
the ratios of GO and CNT is essential to maxi
mize the synergistic effects of both nanomaterials 
on the protein structure.

The morphological structures of the fractured 
surfaces of the bonded wood samples

Understanding the tendency of these polymers to 
undergo cohesive failure underscores the impor
tance of reinforcing cohesive interactions for 
improving the mechanical properties, adhesion, 
and water resistance of protein-based adhesives. 
Both GO and CNT exhibit enhanced cohesion 
after exfoliation into the CPI matrix, indicating 
that integrating these nanomaterials into the 
adhesive system contributes to improved bonding 
and intermolecular interactions. The investigation 
of the wood-fractured surfaces through SEM, as 
depicted in Figure 8, provides crucial insights 
into the nature of adhesive failure. Furthermore, 
they reveal some distinctions between the wood 
surfaces bonded with a pristine CPI and those of 
CPI-C/G adhesives at the same magnifications. 
The CPI integrated with CNT and GO hybrid 
show evidence of wood failure due to fiber pull
ing and breaking, in contrast to the smooth sur
face observed on the wood surface bonded with 
the pristine CPI. Analysis suggests that CP-C/G 
adhesives experience adhesive failure, while the 
CPI adhesive demonstrates cohesive failure.

Moreover, adhesive failure implies that the 
bond between the wood substrate adhesive is 
weaker than the internal strength of the adhesive 
itself. In contrast, cohesive failure occurs when 
the adhesive remains intact, but the failure arises 
within the adhesive material. The observed 
improvements in cohesive interactions, as evi
denced by the adhesive failure in CP-C/G adhe
sives, are identified as major factors contributing 
to significantly improved adhesion and water 
resistance.
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Conclusion

This study demonstrates the potential of develop
ing high-performance bio-based wood adhesives 
by strategically integrating CNTs and GO into a 
CPI matrix. Tailoring the CNT-GO hybrid ratio 
enabled the optimization of the adhesive proper
ties under different adhesive states. Notably, a 
ratio of 0.5/0.5 (CNT/GO) yielded the maximum 
dry shear strength (11.59 ± 0.36 MPa), while 0.3/ 
0.7 provided the highest wet (8.17 ± 0.13 MPa) 
and soaked (9.83 ± 0.3 MPa) shear strengths.

Based on our findings, we recommend the adhe
sive formulation with a CNT/GO ratio of 0.3/0.7 for 
optimal overall performance. This formulation dem
onstrated consistently high adhesive strength across 
dry (9.83 ± 0.30 MPa), wet (8.17 ± 0.13 MPa), and 
soaked (9.83 ± 0.30 MPa) conditions as per EN-204. 
While other ratios exhibited peak performance in 
specific moisture levels, the 0.3/0.7 ratio provides a 
balanced solution for diverse applications.

Incorporating a CNT/GO hybrid significantly 
enhances the adhesive strength of nanocomposite 
adhesives. Notably, the optimal shear strength 
achieved surpasses that of conventional formalde
hyde-based adhesives, specifically phenol–resor
cinol–formaldehyde (PRF) and melamine–urea– 
formaldehyde (MUF), as demonstrated in a study 

by Liu et al. (2020). While PRF and MUF adhe
sives exhibit high shear strength at room tem
perature, their performance deteriorates at 
elevated temperatures. In contrast, the CPI-CNT/ 
GO hybrid displays better thermal stability, posi
tioning it as a promising alternative to traditional 
formaldehyde-based adhesives.

The differing performance of CNTs and GO in 
dry and wet conditions can be attributed to their 
distinct properties. CNTs are hydrophobic and 
provide mechanical reinforcement, making them 
more effective in dry environments where they 
resist moisture and maintain structural integrity 
(Xie et al. 2021). Their rigid structure also enhan
ces the adhesive’s strength under dry conditions. 
In contrast, GO is hydrophilic due to its oxygen
ated functional groups, which allows it to interact 
with water molecules and maintain adhesive per
formance in wet or soaked conditions (Hu et al. 
2013; Tian et al. 2019). This water interaction 
enhances GO’s dispersion within the adhesive 
matrix, improving bonding in moist environ
ments. Additionally, the combination of CNTs 
and GO in a hybrid adhesive leverages the 
strengths of both materials, with CNTs contribu
ting to mechanical reinforcement in dry condi
tions, while GO enhances bonding and flexibility 

Figure 8. The SEM images of (a) pristine CPI, (b) CPI-C/G(0.5/0.5), (c) CPI-C/G(0.1/0.9), (d) CPI-C/G(0.7/0.3), (e) CPI-C/G(0.3/0.7), 
(f) CPI-C/G(0.9/0.1) at the same magnification.
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in wet conditions. These synergistic effects 
explain the optimal CNT/GO ratios observed for 
different testing conditions.

Limitations of the study

Despite these promising results, this study has 
certain limitations. Firstly, the study does not 
address the CPI-CNT-GO adhesive’s shelf life or 
long-term stability. Secondly, while the adhesive 
is bio-based, the environmental impact of pro
ducing CNTs and GO was not covered. Thirdly, 
the study mentions high viscosity as a drawback 
of CPI but does not extensively explore how the 
CNT-GO incorporation affects the adhesive’s vis
cosity and application process. Furthermore, 
although water resistance is mentioned, further 
research is necessary to comprehensively under
stand the adhesive’s performance in varying 
humidity levels and moisture conditions over 
time. Lastly, a thorough toxicological assessment 
of the CPI-CNT-GO adhesive is missing.

Future directions

Future research should address these limita
tions by:

� Investigating the long-term performance and 
durability of the CPI-CNT-GO adhesive, includ
ing accelerated aging tests and real-world appli
cation scenarios.

� Conducting a life cycle assessment to evaluate 
the overall sustainability of the materials used.

� Providing a more detailed analysis of the adhe
sive’s viscosity and application process, consider
ing the influence of CNT-GO incorporation.

� Conducting more extensive testing to assess the 
consistency and reproducibility of the enhanced 
mechanical properties across different batches 
and conditions.

� Performing a comprehensive toxicological assess
ment to understand any potential health risks 
associated with the production and use of the 
CPI-CNT-GO adhesive.

� Exploring other sustainable nanomaterials that 
could be combined with CPI to enhance adhe
sive properties while minimizing environmental 
and health impacts.

� Investigating methods to further enhance the 
water resistance of the adhesive, potentially 
through the addition of other hydrophobic 
nanomaterials or surface treatments.

This research provides a foundation for the 
development of a sustainable bio-based adhesive 
by harnessing the synergy between proteins and 
nanomaterials. Replacing conventional formalde
hyde-based adhesives with eco-friendly alterna
tives will significantly advance sustainability 
across wood product industries while mitigating 
health hazards. The framework developed here 
can be applied to incorporate nanomaterials into 
other biopolymers to create high-performance 
green materials for a wide range of engineering 
applications.
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