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Although carbon quantum dot (CQDs) films exhibit excellent optical, 
mechanical, and water resistance properties, they have received less 
attention in terms of thermal stability. Attention to the thermal 
decomposition behavior is of significant importance to the heat treatment 
process. Different models were used to calculate the pyrolysis kinetic 
parameters of the films, including the Flynn-Wall-Ozawa method, the 
modified Coats-Redfern method, the Kissinger method, the Friedman 
method, and the Gaussian fitting method. The results showed that half of 
the mass loss of the film occurred at 300 °C, and 80% of the mass loss 
occurred in the next 200 °C. The apparent activation energy of the films 
ranged between 110 and 150 kJ/mol. The addition of CQDs and 
nanocellulose did not improve the apparent activation energy of the films, 
but it slowed down the rate of mass loss of the films. The thermal 
decomposition behavior is useful to understand the properties of the films 
during the blending, heat treatment and to guide the processes such as 
heat treatment. 
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INTRODUCTION 
 

Polyvinyl alcohol (PVOH), a linear polymer, has many excellent properties, such 

as being easily soluble in water and being manufactured into films (Yeum et al. 2004). Not 

only that, the mechanical properties of PVOH are also excellent (Lin et al. 2020). The 

excellent performance of PVOH makes it possible to have applications in many fields, such 

as the battery field (Shin et al. 2007), pharmaceutical field (dos Santos et al. 2020), and 

environmentally friendly materials (Zhang et al. 2016), etc. However, PVOH has certain 

disadvantages due to its own properties. PVOH molecular chain contains a large number 

of carbonyl groups; these will become unstable when encountering water, will become 

unstable (Limpan et al. 2012; Bersanetti et al. 2019). The thermal stability of PVOH is 

poor, and decomposition behavior will occur at 240 °C (Zhang et al. 2016). However, 

PVOH side groups contain a large number of hydrogen bonds between them, and these 

hydrogen bonds allow PVOH to react with other substances (Yeum et al. 2004), which 

changes its molecular structure.  

Carbon materials, as reinforcement materials, are popular functional composites 

(Stankovich et al. 2006). Nanofibrillated cellulose, as a carbon material, is widely available 

(Wang et al. 2019). NFC can be used to enhance the performance of PVOH films because 
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of its high strength, stiffness, recyclability, and large surface area (Klemm et al. 2010; 

Dufresne 2013; Patchiya et al. 2018). Pinus radiata is a fast-growing tree species (Garrett 

et al. 2021), mainly from New Zealand and Australia. With its medium density, 

homogeneous structure, and high stability, Pinus radiata is widely used in construction 

and other applications (Tian et al. 2016). However, P. radiata has many knots, high pine 

resin content, and large differences in heartwood and sapwood, which limit the efficient 

use of P. radiata.  

Carbon quantum dots (CQDs) are spherical carbon nanoparticles with diameters 

below 10 nm (Baker and Baker 2011). CQDs, a strongly fluorescent nanomaterial, was 

discovered in 2004 (Xu et al. 2004), but it was not prepared until 2006 (Sun et al. 2006). 

In addition to their excellent fluorescence characteristics (Chen and Fan, 2017), CQDs have 

additional advantages, such as low production costs (Wang et al. 2015), stable chemical 

properties (Guo et al. 2019), good photostability (Mehta et al. 2017), and low biological 

toxicity (Hao et al. 2021), etc. These excellent characteristics make CQDs an excellent 

alternative for many applications, such as analytical testing (Guo et al. 2015), bio-sensing 

(Li et al. 2010), and bioimaging (Kong et al. 2012).  

There are many methods for the synthesis of CQDs. The arc discharge method was 

the first method to prepare CQDs (Xu et al. 2004). However, Bottini, et al. (2006) 

suggested in a later study that this method produced low yields of CQDs and, worse, 

unstable fluorescence properties of CQDs. Laser etching is another method of preparing 

CQDs, which allowed the carbon nanoparticles to be exfoliated and the carbon targeted to 

be etched with a laser under low temperature and high pressure (Sun et al. 2006). The 

selected voltage was applied to a working electrode of conductive carbon material and the 

electrolyte helped to exfoliate the carbon nanoparticles on the anodic oxide electrode, a 

method known as an electrochemical method (Zhou et al. 2007). The hydrothermal 

synthesis method allowed different precursors to undergo hydrothermal reactions to obtain 

CQDs (Zhang et al. 2010; Pei et al. 2015; Ding et al. 2016). 

Xu et al. (2019) reported excellent performance of P. radiata derived polyvinyl 

alcohol/carbon quantum dot films in terms of optical, mechanical, water resistance and 

wetting properties. CQDs enhanced the UV-blocking properties of the films, which 

increased with the content of CQDs. In addition, CQDs and NFC together enhanced the 

mechanical properties of the films. El-Shamy (2019) similarly found an enhanced effect of 

CQDs on the mechanical properties of the films. The water absorption and surface contact 

angle of the composite films were evaluated to decrease with the increase in the content of 

CQDs. Some ideas are to enhance the performance of PVOH by adding specific substances 

to PVOH. Yang’s application to piezoelectric biomaterials, which had higher tensile 

strength than PVOH films, provided scalable and simple solution for creating high-

performance piezoelectric biomaterials for the development of transient implantable 

electromechanical devices (Yang et al. 2021). In addition, the laminated film exhibited 

antimicrobial and antioxidant properties that PVOH films did not. Although the research 

of Xu et al. (2019) provides a good foundation, many applications of thermoplastic 

polymers required them to withstand high temperatures during molding, often above 200 

°C. Co-mingling (Sarma et al. 2018), heat treatment (Liu et al. 2010), and other processes 

to further optimize the performance of PVOH, enhance the competitiveness of PVOH 

products, and broaden its application range. Pyrolysis kinetic analysis is an important tool 

to describe the influence of process parameters on the feedstock conversion process (Cai 

et al. 2018). More importantly, the study of their thermal decomposition behavior has 

significant implications for processes such as heat treatment. 
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 In this study, hydrothermal method pretreatment was applied to prepare CQDs from 

Pinus radiata wood flour in the first step. PVOH solution and NFC solution were added 

into CQDs and used different methods to prepare CQDs/PVOH films and 

CQDs/PVOH/NFC films. Thermodynamic analysis was performed by thermogravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). The theoretical approach in 

this work included consideration of the F-W-O, C-R, and Kissinger models. These were 

used to calculate the apparent activation energy. 

 

 

EXPERIMENTAL 
 

Material Preparation 
Jingjiang Guolin Forest Co., Ltd. (Jiangsu, China) provided processing residues of 

Pinus radiata wood. The wood flour was received and dried in an oven, where the 

temperature was set to 105 °C until the wood flour mass was constant. A pulverizer (400Y, 

Yongkang baao hardware products Co. Ltd., Zhejiang, China) was used to crush this wood 

powder. The wood flour was then screened by a 90-mesh sieve. Zhongshan Nan Fiber New 

Material Co., Ltd. (Guangdong, China) provided coniferous nanocellulose suspension. Its 

solid content, fiber diameter, and aspect ratio were 2.5±0.5 wt.%, 30 nm, and 220, 

respectively. Both PVOH (degree of polymerization, 750 t 50) and quinine sulfate (99.4%) 

were purchased from Aladdin Biochemical Co., Ltd. (Shanghai, China). All chemicals 

were used as received, without further purification. 

 

Composite Preparation 
CQDs were synthesized using a hydrothermal method. Purified water (70 mL) was 

stirred vigorously while Pinus radiata wood flour (1.3 g) was added. A high-pressure 

Teflon-lined stainless steel autoclave (100 mL, Taizhou, China) containing the mixed 

solution was heated for 8 h in an oil bath at 200 °C. The autoclave was then removed and 

cooled to room temperature. A microporous membrane (pore size of 0.22 μm) was used to 

filter the mixed solution from the autoclave. The mixture was dialyzed by a dialysis 

membrane (MWCO 500-1000 Da, Spectrum Labs, Los Angeles, CA, USA) for 48 h to 

obtain CQDs with a concentration of 0.1 wt.%. The formulation of P. radiata derived 

polyvinyl alcohol/carbon quantum dot composites is shown in Table 1.  

The 10 wt% PVOH solution was obtained by stirring 10 g of PVOH and 90 mL of 

purified water at 95 °C for 2 h. The 1 wt% NFC solution was obtained from purchased 

NFC solution (8 g, 2.5 wt.%) and deionized water (12 mL) by vigorous stirring for 1 h at 

room temperature. 10 ml of PVOH solution (10 wt%) was placed in a Petri dish and 

subsequently heated in an electric blast oven (101-2BS, Beijing Hanoi Lixing Technology 

Co., Ltd., China) at 40 °C for 24 h. PVOH films were prepared and labeled as No.1.  

First, 2.0 mL of CQDs solution (0.1 wt%) and 10 mL of PVOH solution (10 wt.%) 

were mixed and sonicated in an ice-water bath (XO-1200, Najing Xianquai Biotechnology 

Co., Ltd., China) at 20 to 25 kHz and 960 W output power for 30 min. The mixture was 

cast into a 90 mm diameter glass culture dish and heated in the oven (101-2BS, Beijing 

Hengnuolixing Technology Co., Ltd., China) at 60 °C until smooth delamination. The 

obtained CQDs/PVOH films were labeled as No.2.  

Next, 4.0 mL of CQDs solution (0.1 wt.%) and 10 mL of PVOH solution (10 wt.%) 

were mixed in the same way and the resulting films were labeled as No.3.  

PVOH solution (10 wt%) and NFC solution (1 wt%) were mixed and then sonicated 
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(XO-1200, Nanjing Xianke Biotechnology Co., Ltd., China) in an ice/water bath at 20 to 

25 kHz for 40 min. The PVOH/NFC mixture was treated for 40 min at 20-25 kHz with an 

output power of 960 W to obtain. 20 mL of PVOH/NFC mixture was cast into a 90 mm 

diameter glass Petri dish and heated in an oven (101-2BS, Beijing Hengnuolixing 

Technology Co., Ltd., China) at 60 °C until the films were smoothly peeled off. The 

obtained films were labeled as No.4. 

The films obtained after 2 mL CQDs solution (0.1 wt%) and 20 mL PVOH/NFC 

mixture were sonicated and heated in the same manner were labeled as No.5.  

A total of 4.0 mL CQDs solution (0.1 wt%) and 20 mL PVOH/NFC mixture were 

sonicated and heated in the same manner were labeled as No.6. 

 

Table 1. Formulation of Pinus radiata Derived Polyvinyl Alcohol/Carbon Quantum 
Dot Composites 

No Solution of PVOH 
and NFC/mL 

VPVOH:VNFC CQDs/ml 

1 10 10:0 0 

2 10 10:0 2 

3 10 10:0 4 

4 20 10:10 0 

5 20 10:10 2 

6 20 10:10 4 

 

Thermogravimetric Analysis (TGA)  
The thermogravimetric analyzer TG209F3 (Netzsch Group, Selb, Germany) was 

used to test the pyrolytic loss of mass loss processes. Thermogravimetric analysis of radiata 

pine derived polyvinyl alcohol/carbon quantum dot composites was performed to 

efficiently and accurately model the pyrolytic mass loss process. The temperature was set 

at 30 to 800 ℃ with a heating rate of 5, 10, 15, or 20 ℃/min. First the samples were dried 

in an oven for 24 h. The temperature of the oven was set to 70 °C. After drying, the samples 

were put into a thermogravimetric analyzer for testing. The protective gas in the 

thermogravimetric analyzer was nitrogen with a gas flow rate of 30 mL/min. Sampling 

segments were set every 0.5 seconds.  

 

Differential Scanning Calorimetry (DSC)  
The DSC test was used to compare the thermal behavior of the films. DSC tests 

were performed by a DSC 200 thermal analysis system (NETZSCH, Germany). All sample 

tests were performed under nitrogen protection. Prior to DSC testing, the samples were 

enclosed in aluminum sample trays with each sample weight strictly maintained between 

4-8 mg, and then heated to 250 °C at a heating rate of 10 °C/min. 

 

Theoretical Approach 
 Pyrolytic kinetic equations are based on the following basic equations, 

 
𝑑𝛼

𝑑𝑡
= 𝑘𝑓(𝛼)                                           (1) 

where 𝑘 is the rate constant and 𝑓(𝛼) is the reaction model, which was determined by the 

reaction mechanism. Equation 1 shows the conversion rate. 𝑑𝛼/𝑑𝑡 is the rate of loss of 

reactant concentration. The conversion rate α is defined as, 
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    𝛼 =（𝑊0 − 𝑊𝑡)/((𝑊0 − 𝑊𝑓)                  (2) 

where 𝑊0, 𝑊𝑡, and 𝑊𝑓 are the initial, time t, and final mass of samples, respectively. 

 The Arrhenius equation usually defines the rate constant 𝑘 like this, 

 𝑘 = 𝐴 exp(−𝐸𝑎/𝑅𝑇)                     (3) 

where 𝐸𝑎 is the apparent activation energy (kJ/mol), 𝑅 is the gas constant (8.314 J/K mol), 

𝐴 is the pre-exponential factor (min -1), and 𝑇 is the absolute temperature (K). Bringing 

Eqs. 2 and 3 into Eq. 1 yields: 

 𝑑𝛼/𝑑𝑡 = 𝐴 exp(−𝐸𝑎/𝑅𝑇)𝑓(𝛼)                   (4) 

 Introducing the heating rate 𝛽 = 𝑑𝑇/𝑑𝑡 into the dynamic TGA calculation method 

yields: 

𝑑𝛼/𝑑𝑡 = (𝐴/𝛽) exp(−𝐸𝑎/𝑅𝑇)𝑓(𝛼)                 (5) 

Under conditions of linear warming: 

𝑇 = 𝑇0 + 𝛽𝑡                         (6) 

Therefore 

𝑑𝛼/𝑑𝑇 = (𝐴/𝛽) 𝑒𝑥𝑝(−𝐸𝑎/𝑅𝑇)𝑓(𝛼)                (7) 

Separating the variables yields: 

𝑑𝛼/𝑓(𝛼) = (𝐴/𝛽) exp(−𝐸𝑎/𝑅𝑇)𝑑𝑇                 (8) 

The simultaneous integration of both sides in equation (8) yields: 

∫
𝑑𝛼

𝑓(𝛼)
=

𝐴

𝛽

𝛼

0
∫ exp [−

𝐸𝑎

𝑅𝑇

𝑇

𝑇0
]𝑑𝑇                    (9) 

Model fitting (Caballero et al. 1995) is the most widely used method, but it requires 

the assumption of a reaction model and trial calculations, which is computationally 

intensive. Compared with the traditional model fitting method, the “model free” method 

can be used to calculate the kinetic parameters without assuming a reaction model, and the 

computational effort is small.  

The most common “model-free” methods used in this study are summarized in 

Table 2. The Friedman’s method (Conesa et al. 1995) is an equal-transformation-rate 

differential method. By taking the logarithm of both sides of Eq. 7, one obtains: 

ln (
𝑑𝛼

𝑑𝑡
) = 𝑙𝑛𝐴 + ln[𝑓(𝛼)] −

𝐸𝑎

𝑅𝑇
               (10) 

When the conversion ratio is constant, the value of the mechanism function 𝑓(𝛼) 

must be constant, so that ln (𝑑𝛼 𝑑𝑡⁄ ) is proportional to 1 𝑇⁄ . 

The Flynn-Wall-Ozawa method (Ozawa and Takeo 1965; Flynn and Wall 1966) is 

an isoconversion integration method. Taking the logarithm of both sides of Eq. 9, 

𝑙𝑔 ∫
𝑑𝛼

𝑓(𝛼)
= 𝑙𝑔

𝐴𝐸𝑎

𝑅

𝛼

0
− 𝑙𝑔𝛽 + 𝑙𝑔

𝐸𝑎

𝑅𝑇
                  (11) 

Make 

 𝑢 =
𝐸𝑎

𝑅𝑇
                        (12) 

𝐴

𝛽
∫ exp (

𝐸𝑎

𝑅𝑇

𝑇

𝑇0
)𝑑𝑇 =

𝐴𝐸𝑎

𝛽𝑅
𝑝(𝑢)                  (13) 
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𝑝(𝑢) =
exp(−𝑢)

𝑢2 (1 −
2!

𝑢
+

3!

𝑢2 −
4!

𝑢3 + ⋯）             (14) 

Substituting the approximate value of Eq. 14 into Eq. 9 produces Eq. 15. 

𝑙𝑔𝛽 = lg [
𝐴𝐸𝑎

𝑅 ∫
𝑑𝛼

𝑓(𝛼)

𝛼
0

] − 2.315 − 0.4567
𝐸𝑎

𝑅𝑇
             (15) 

As shown in Eq. 9, when the conversion rate α is assumed to be a constant, the 

mechanism function 𝑓(𝛼) must also be a constant, so 𝑙𝑔𝛽 is proportional to 1 𝑇⁄ . 

 

Table 2. Summarizing the Kinetic Methods Used for the Activation Energy 
Assessment 

Method Expression Plots References 

Flynn-Wall-
Ozawa 

lg 𝛽 =
lg(𝐴𝐸𝑎)

𝑅𝑓(𝑎)
− 2.315 −

0.4567𝐸𝑎

𝑅𝑇
 lg 𝛽 vs. 

1

𝑇
 Ozawa and Takeo 

(1965); Flynn and 
Wall (1966)  

Coats-
Redfern 
(modified) 

ln [
𝛽

𝑇2 (1 − 2
𝑅𝑇
𝐸𝑎

)
] = ln [

𝐴𝑅 (1 −
2𝑅𝑇
𝐸𝑎 )

𝛽𝐸𝑎
] −

𝐸𝑎

𝑅𝑇
 

ln (
𝛽

𝑇2) vs. 
1

𝑇
 

Brown et al. (2000) 

Friedman ln (
𝑑𝛼

𝑑𝑡
) = ln[𝐴𝑓(𝛼)] −

𝐸𝑎

𝑅𝑇
 

ln (
𝑑𝛼

𝑑𝑡
) vs. 

1

𝑇
 Friedman (1964) 

Kissinger ln (
β

𝑇𝑃
2) = ln (

𝐴𝑅

𝐸𝑎
) + (

1

𝑇𝑃
) (−

𝐸𝑎

𝑅
) 

ln (
𝛽

𝑇𝑃
2) vs. 

1

𝑇𝑃
 

Kissinger (1956) 

 

The modified Coats-Redfern method (Marini et.al. 1979) is a multi-heating rate 

application of the Coats-Redfern equation. Plotting the left-hand side for each heating rate 

versus 1 𝑇⁄  at that heating rate gives a family of straight lines of slope −𝐸𝑎 𝑅⁄ . The full 

solution is to be done iteratively by first assuming a value of Ea and then recalculating the 

left-hand side until convergence occurs. Here, a quick solution, however, is also available 

by moving (1 − 2𝑅𝑇/𝐸𝑎) into the intercept and assuming that it is a constant.  

𝑑𝛼

𝑑𝑡
= 𝛽

𝑑𝛼

𝑑𝑇
= (1 − 𝛼)𝑛𝐴𝑒

−𝐸𝑎
𝑅𝑇                  (16) 

According to the Kissinger method (Kissinger 1956), when the thermal analysis 

curve has an extreme value, 𝑇 =  𝑇𝑝, 𝑑(𝑑𝛼/𝑑𝑡) /𝑑𝑡 =  0, one derives the derivative of 

Eq. 16 on both sides and brings the boundary conditions to obtain: 

ln (
𝛽𝑖

𝑇𝑝𝑖
2 ) = ln (

𝐴𝑅

𝐸𝑎
) + (

1

𝑇𝑝𝑖
)(−

𝐸𝑎

𝑅
)                (17) 

 

Data processing 

The data obtained from the experiment were processed and analyzed using EXCEL 

2016, ORIGIN 2018, PHOTOSHOP 2019, and GRAPHPAD PRISIN 5 software. The 

experimental design was considered to be reasonable if the mass loss curves obtained from 

two separate experiments on the same sample under the same experimental conditions were 

approximated (Brown et al. 2000). 
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RESULTS AND DISCUSSION 
 
Overall Decomposition Process 

The TGA curves and DTG curves obtained by testing the films are collated in Fig. 

1. The TGA and DTG curves at 5, 10, 15 and 20 °C/min were very similar. However, the 

TGA and DTG curves at the heating rate of 5°C/min contained more details because the 

smaller heating rate allowed for more time for mass changes to occur.  

The mass loss curves of the pure PVOH films followed the same trend as those of 

the films with CQDs and NFC added. The curves of each sample overlapped after 230 °C. 

However, from 30 to 230 °C, the mass loss of pure PVOH film was greater than that of the 

other samples. This phenomenon is demonstrated in Fig. 1(a), i.e., the TG curve of pure 

PVOH film was lower than that of the other samples. A small change in mass loss rate 

occurred at 102 °C, and this phenomenon is shown in Fig. 1(b) and marked with arrows. 

In fact, 30 to 230 °C was considered to be the first stage of PVOH pyrolysis (Tang and 

Alavi 2011; Voronova et al. 2015).  

The mass loss in this process was mainly caused by the evaporation of the adsorbed 

water. The mass loss of the pure PVOH film reached 10%. However, the other samples 

only lost 5% of their mass at a temperature of 102 °C. This phenomenon can explain why 

the addition of CQD and NFC can improve the thermal stability of PVOH films from 30 

to 230 °C. In other words, films with more hydrogen bonds are more likely to bind to NFCs 

or CQDs, and breaking these bonds requires additional energy. The second stage occurred 

at 230 to 390 °C, which was also the most important stage of PVOH mass loss (Lu et al. 

2008).  

In this study, PVOH reached its maximum mass loss rate at 276 °C, at which point 

it lost 39% of its mass. The film lost 83% of its mass when the temperature came to the 

end of the second stage, i.e. 390 °C. The degradation of PVOH starts in the second region, 

mainly involving hydroxyl dehydration and the formation of volatile organic compounds 

and conjugated, unsaturated polyenes (Sin et al. 2011). The third stage was defined as the 

temperature exceeding 390 °C. In this study, the third stage temperature range was defined 

as 390 to 800 °C. It is noteworthy that the maximum stage III mass loss rate occurred at 

420 °C, which is caused by the degradation of polyene residues to olefins and alkanes as 

well as aromatics through intramolecular cyclization (Sin et al. 2011). 

PVOH/CQDs films and PVOH/CQDs/NFC films underwent a mass loss process 

similar to that of pure PVOH films, and the mass loss process was divided into three stages. 

In the first stage, in particular, the mass loss curves of the films largely overlapped, except 

for the pure PVOH film. The composite films started thermal decomposition at the same 

temperature as the pure PVOH films and exhibited the maximum mass loss rate at the same 

temperature, and there was no consistent trend with increasing content of NFC and CQDs. 

This phenomenon showed that NFC and CQDs did not significantly improve the thermal 

stability of PVOH. Although the mass loss curves of different films had the same trend, 

there was still a phenomenon worth noting. PVOH films without the addition of NFC and 

CQDs degraded at 30 to 230 °C with a maximum mass loss of 11.5%. However, PVOH 

films with the addition of NFC and CQDs had a mass loss of 6.3 to 7.1% at 30 to 230 °C. 

PVOH-based polymeric films are sometimes used for melt processing, so the addition of 

NFC and CQDs can expand their melt processing window (Zhang et al. 2014).  
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Fig. 1. Thermal analysis of the film (a) TGA and (b) DTG 
 

The addition of NFC accelerates the rate of mass loss, as more mass remains in the 

pure PVOH film at the same temperature in the range of 290 to 375 °C. The residual mass 

of the pure PVOH film reached 48% at 290 °C, while the residual mass of sample No.5 at 

this temperature was only 42%. NFC failed to produce a film with much higher thermal 

stability than pure PVOH, which was confusing because NFC was much more thermally 

stable than PVOH (Takahashi et al. 2014;  Wang et al. 2020). NFC left traces in the DTG 

curve during thermal decomposition; the peaks appearing at 235 °C correspond to the 

degradation of carboxylated surface chains, and the peaks appearing at 283 °C correspond 

to the degradation of unmodified crystalline nuclei (Jiang and Hsieh 2016). In the present 

study, no traces of NFC were found in these two feature temperatures. Two possible 

explanations are: (1) NFC and PVOH were not combined, but the amount of NFC was so 

small that it could not be detected by the thermogravimetric analyzer. (2) The solution 

binded NFC and PVOH together, which may allow NFC to react with PVOH, a slow 

reaction process. Both of these possible behaviors might prevent the appearance of a 

significant NFC peak. This phenomenon was also reported in previous studies (Voronova 

et al. 2015). These authors pointed out that NFC can improve the thermal stability of PVOH 

but the NFC concentration must reach a certain value. This is because the higher 
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concentration of NFC forms a strong network by self- entanglement through hydrogen 

bonding, and in addition to that, the polymer enters the cellulose structure and surrounds 

the cellulose filler (Lu et al. 2008). This behavior undoubtedly enhanced the mechanical 

properties and thermal stability of the composites. However, it has also been pointed out 

that NFC does not improve the thermal stability of the composites (Qua et al. 2009; Li et 

al. 2012; Silverio et al. 2013). The film fabrication process is considered to be the main 

influencing factor. Film casting on an uneven surface, as in the present study fabrication 

process, may amplify the difference in thermal stability of the film because of the 

demanding horizontal surface requirements for particle alignment (Mashkour et al. 2014). 

The particle distribution on the film is determined by the joint distribution of PVOH and 

NFC. If the nanoparticles are not uniformly distributed in the film, then this inhomogeneity 

is found in the actual filler and eventually affects the thermal stability of the film. 

Table 3 summarizes the decomposition properties of the selected films. A simple 

approach was that the temperature at a 5% mass loss can be considered as the initial 

decomposition temperature (Yao et al. 2008). The parameter To indicated that the initial 

decomposition temperature of all films ranged from 120 to 210 °C. The parameter Tp 

indicated that the maximum decomposition rate of the films occurred in the range of 282 

to 304 °C. Compared to the maximum temperature difference of 90 °C for the initial 

decomposition temperature, the maximum temperature difference of 22 °C for Tp had a 

smaller difference. Because PVOH was the main component of the film, the addition of 

NFC and CQDs improved the initial decomposition temperature, but it did not determine 

the temperature at the maximum decomposition rate. 

The TG, DTG curve of the film during thermal decomposition determined the 

thermal decomposition parameters. The mass loss of pure PVOH films reaching the 

maximum decomposition rate was the smallest at 31.9%, which was ahead of the films 

incorporating other elements. Considering that the temperature corresponding to the 

maximum decomposition rate of all the remaining films was greater than that of the pure 

PVOH films, it was reasonable that their mass loss is greater. Most films had almost 

completed a 40% quality loss at 300±5°C, or even higher. The difference in mass loss 

between the offset temperature and the offset temperature indicated that for most films, 

40% of the mass loss occurred in the range of approximately 100 °C. In particular, the pure 

PVOH film had the smallest quality loss in a larger excursion temperature range. CQDs 

had the capacity for improving the initial decomposition temperature and offset 

temperature, as can NFCs. This is because CQDs and NFC have better thermal stability. 

Considering that CQDs and NFCs will be used in more materials in the future, it is 

necessary and meaningful to examine the activation energy of the films enhanced by them. 

 

Table 3. Decomposition Characteristics of Selected Films, Including Initial 
Decomposition Temperature, and Displacement Temperature, Mass Loss and 
Displacement Mass Loss 

Sample To
a (°C) WLo (%) Tp (°C) WLp (%) To-Tp (°C) Wlo-WLp (%) 

No.1 120.02b 5 282.42 31.88 162.40 26.88 

No.2 192.65 5 296.53 37.13 103.88 32.13 

No.3 194.74 5 299.35 45.40 104.60 40.40 

No.4 205.70 5 300.51 41.14 94.81 36.14 

No.5 210.30 5 295.43 40.98 85.13 35.98 

No.6 186.58 5 304.45 44.97 117.87 39.97 

 a Capital: T = temperature, WL = mass loss; subscript: o = onset, p = DTG peak 
 b Values from four heating rates with mean value  
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Influence of the Heating Rate on the Thermal Decomposition Process 
The TG curves of films 1, 3, and 6 at different heating rates were compiled in Fig. 

2 in order to investigate the effect of heating rate on thermal decomposition. 10 °C/min 

was a special heating rate. Pure PVOH film, at 310 °C, at 5°C/min always remained inferior 

because the film treated at 5°C/min had the smallest remaining mass at the same 

temperature.  

 

 
 

Fig. 2. TG curves of films at different heating rates, (a) film No.1. (b) film No.3. (c) film No. 6 

 

As previously described, 230 to 390 °C was the main thermal decomposition stage 

of PVOH films. The mass loss of pure PVOH film reached 70% in the range of 230 to 

390 °C. Thomas et al. (2001) reported that the strength of both carbonyl and hydrocarbon 

stretching modes decreases sharply starting at 220 °C, reaching a maximum rate at about 

240 °C. In the range of 230 to 240 °C, the average mass loss of pure PVOH films at 
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different heating rates reached 1.1%. However, the average mass loss of No.2 to No.6 films 

at different heating rates in the range of 230 to 240 °C was 0.9%, 0.8%, 0.8%, 0.7% and 

0.7%, respectively. The study of the pyrolysis mechanism of PVOH by Koverzanova et al. 

(2019) may help to explain this phenomenon. The main pyrolysis products obtained from 

the thermal decomposition of PVOH were used to speculate on the mechanism of PVOH 

pyrolysis, i.e., the formation of polyene structures, cyclization, and cleavage of C-C, C-H, 

C-O bonds and other reactions occurring simultaneously. The blending of CQDs and NFC 

slowed down these reactions because NFC and CQDs had hydrogen-containing groups that 

bind to PVOH and slowly resist thermal decomposition. 

 The heating rate of 10 °C/min was a special feature because of the different 

properties in the films with different ratios. The turning point occurred around 320 °C. By 

comparing the TG curves in Fig. 2 (a) and (b), the blending of CQDs made the film 

pyrolysis properties more similar to those of pure PVOH films. However, the blending of 

NFC changed this trend. Figure 2(c) showed the pyrolysis curves of PVOH/NFC/CQDs 

films at different heating rates. Until 320 °C, film No. 6 treated at 10 °C/min maintained a 

large mass loss rate, at which point the residual mass was 42%. At 320 °C, 5, 15 and 

20 °C/min corresponded to a residual mass of 57%, 49% and 52%, respectively. But this 

phenomenon changed when the temperature range came to 320 to 520 °C. Film No. 6 

treated at 10 °C/min maintained a low mass loss rate. Film No. 6 treated at 10 °C/min lost 

a total of 32.5% of mass at 320 to 520 °C, while 15 °C/min and 20 °C/min corresponded 

to a mass loss of 36.2% and 45.1%, respectively. In other words, 320 to 520 °C, and treating 

the films at 10 °C/min ensured maximum film integrity. A possible explanation is that a 

slower heating rate (<10 °C/min) and a faster heating rate (>10 °C/min) hardly accelerate 

the dehydration process. The elimination of water molecules is considered to be stochastic 

and this process can occur in any part of the molecule and is accompanied by the formation 

of double bonds. Not only that, it has also been suggested that the melting of PVOH 

microcrystals inhibits the degradation process because the heat-absorbing nature of melting 

may reduce the temperature of the polymer and thus the degradation rate (Thomas et al. 

2001). 

To understand the heat absorption of the films during the thermal decomposition 

behavior, the films were subjected to DSC tests. The DSC curves were collapsed in Fig. 3. 

From 30 to 150 °C, a heat absorption peak was observed for films No. 1, No. 3, and No. 6. 

This was a heat absorption peak due to the evaporation of water. Film No.1 absorbed more 

heat than films No. 3 and No. 6.  
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Fig. 3. DSC curves of films 

 

No. 1, No. 3, and No. 6 films showed a clear peak of heat absorption near 220 °C. 

However, the peak position of No. 3 film was slightly shifted. One possible reason for this 

phenomenon is that the addition of NFC changes the crystal molecular weight and size 

distribution of PVOH. In general, the main pyrolytic behavior of cellulose in the range of 

150 to 300 °C included the reduction of polymerization, formation of free radicals, inter- 

or intra-molecular dehydration, formation of CO2 and CO, etc. After a series of reactions, 

the cellulose undergoes cross-linking reactions and then forms coke. In this temperature 

range, cellulose was converted into active fibers and the length of cellulose microcrystals 

is changed (Shafizadeh 1982, 1985; Evans and Milne 1987). Morán et al. (2008) pointed 

that the shift of the peak position was related to the active fiber content and the change of 

the fiber microcrystal length. 

The addition of CQDs, as in the case of the No. 6 film curve, reduced the peak 

position. no additional heat absorption peaks were observed for the No. 3 and No. 6 films. 

However, the heat absorbed by films 3 and 6 was less than that of the pure PVOH film. 

 

Pyrolysis Kinetic Analysis of Different Materials 
Considering the introduction of NFCs and CQDs into PVOH to enhance PVOH 

properties, more materials may be applied in the future to enhance PVOH properties and 

the need to quantify the film decomposition activation energy. The F-W-O method, 

modified Coats-Redfern method, Friedman method, and Kissinger method were used to 

calculate the apparent activation energy of the films. Film No.4 was used as an example, 

and the process of calculating the apparent activation energy by different methods is in Fig. 

4. 
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Fig. 4. Typical iso-conversional plot of (a) F-W-O method, (b) modified Coats-Redfern method 

 

Figures 4 (a) and (b) showed that the fitted lines were almost parallel, which 

demonstrated the approximate apparent activation energy at different conversion rates. In 

fact, the parallel fitted lines can also be considered as a unification of the reaction 

mechanism (Yao et al. 2008). However, the fit was disappointing when the conversion rate 

reached 0.8. A possible speculation is that the response mechanism may change at higher 

conversion rates (usually 0.7 or higher), a condition that often occurs (Antal et al. 1998). 

In fact, a temperature range of 200 to 320 °C and a major thermal decomposition fraction 

of 60% are more relevant for polymer composites. Considering that the pyrolysis 

mechanism changes at high conversions, it would be more reasonable to focus the study 

on the conversion range of 0.1 to 0.7 rather than the whole process. This may provide a 

simplified and more meaningful method for simulating the thermal decomposition 

behavior of composite films. 

Table 4 summarizes the average apparent activation energies of all selected films 

calculated by the F-W-O method, modified Coats-Redfern method, and Friedman method 

for conversions ranging from 0.1 to 0.7. The apparent activation energies calculated by the 

Kissinger method are also collated in Table 4. 
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Table 4. Average Apparent Activation Energy of Select Film Calculated by Three 
Model-Free Methods in a Period of Α=0.1-0.7 

No. F-W-O modified C-R Friedman Kissinger 

 Ea R2 Ea R2 Ea R2 Ea R2 

1 149.3(7.3)a 0.9778 147.7(7.6) 0.9812 39.6 0.6399 243.5(2.8) 0.9195 

2 110.8(1.3) 0.9932 107.1(1.4) 0.9922 14.6 0.5498 110.4(9.4) 0.9262 

3 119.3(2.9) 0.9866 104.4(3.1) 0.9878 34.3 0.3615 116.7(1.5) 0.9883 

4 108.2(4.2) 0.9994 104.4(4.7) 0.9993 23.9 0.8823 116.7(12.1 0.9975 

5 119.1(12.7) 0.9941 115.9(13.6) 0.9933 24.6 0.1783 119.9(6.1) 0.9065 

6 122.4(2.7) 0.9787 119.4(2.5) 0.9764 33.3 0.7317 123.4(9.7) 0.9998 

a: Values from 18 conversion fractions with mean value and standard deviation 

 

In the conversion range, the apparent activation energy calculated by the F-W-O 

method was in the range of 108 to 149 kJ/mol, and the calculated results were close to 

those reported by others (Cui et al. 2019). This observation was supported by similar results 

from the Modified C-R method and Kissinger, where the apparent activation energies of 

these films range from 104 to 147 kJ/mol and 110 to 243 kJ/mol, respectively. However, 

the apparent activation energies calculated by the Friedman method differed significantly 

from those calculated by the other three methods, which means that the Friedman method 

is not applicable to calculate the apparent activation energies of thin films. What is 

consistent is that the higher the content of CQDs, the higher the apparent activation energy 

and the higher the content of NFC, the higher the apparent activation energy. Unfortunately, 

the apparent activation energy of pure PVOH films always remained maximum. This 

conclusion was confirmed by the apparent activation energy calculated by the Kissinger 

method. Unlike the other three methods, the Kissinger method only used data from specific 

conversions to calculate the apparent activation energy, and the fit was greater than 0.91. 

In addition, the difference between the apparent activation energy calculated by the 

Kissinger method and the F-W-O and modified C-R methods was not significant. It follows 

that the Kissinger method is useful for determining the apparent activation energy in this 

case. The Kissinger method is therefore meaningful for determining the apparent activation 

energy in this case. 

Figure 5 shows a plot of apparent activation energy versus 0.1 to 0.7 conversion 

rate for all films based on conversion rate methods such as F-W-O and modified C-R. The 

calculated apparent activation energy distribution was also clearly shown in Fig. 5.  
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Fig. 5. A comparison of apparent activation energy as a function of decomposition conversion rate 
for all selected films calculated by (a) F-W-O, (b) modified C-R  

 

As the thermal decomposition process proceeded in the films, the apparent 

activation energy distribution was more dispersed in the initial stage (α = 0.1), and then the 

apparent activation energy distributions of different films started to aggregate until α = 0.6. 

The dispersed behavior of the apparent activation energy at α = 0.1 indicates that the main 

component may undergo an accelerated decomposition process, approaching equilibrium 

in the initial stage. It is important to note that this dispersion behavior is different from that 

of α = 0.7 because the variation at high conversion rates suggests a multi-step reaction 

mechanism. In addition, the dispersion of pure PVOH films at different conversion rates at 

the apparent activation energy was the largest, which is due to different decomposition 

mechanisms throughout the PVOH pyrolysis process (Cui et al. 2019). Unlike the 

dispersed distribution of apparent activation energy of pure PVOH films, the apparent 

activation energy distribution of films incorporating NFC and CQDs was more aggregated, 

suggesting that the degradation mechanism (or unification of multiple reaction mechanisms) 

of these films is consistent across the selected conversion rate range and can be attributed 

to the lower temperature. In contrast, the distribution trend of the apparent activation 

energy of the modified C-R method, although showing a trend consistent with that of the 

F-W-O method, is not always accurate when calculating the apparent activation energy of 

the films. Some apparent activation energies were calculated as negative numbers. These 

apparent activation energies are not labeled in Fig. 5(b) because negative values of apparent 
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activation energy are not possible. The particular computational scenario that emerges 

implies that the thermal decomposition process of the film does not follow the modified C-

R method at a certain conversion rate. In other words, the apparent activation energy 

calculated by the Modified C-R method may not be accurate, but it still confirms the 

apparent activation energy values calculated by the F-W-O method and is therefore relevant. 

The different kinetic methods cooperate, not compete, with each other. The “model-

free” approach does not take into account the specific reaction mechanism of the sample, 

which is an unavoidable error. In fact, even though the thermal decomposition behavior of 

the main components of the film may follow certain rules of thermal decomposition 

reactions with certain apparent activation energies, the complexity of the polymer leads to 

differences in the content. These can include, for instance, crystal structure or chemical 

composition of the different components. These variations are continuously changing 

during the thermal decomposition process. The apparent activation energies obtained in 

this study help to understand the range of apparent activation energies of 

PVOH/CQDs/NFC composite films. The apparent activation energy has the ability to 

imply the critical energy required to initiate the reaction. 

 

Gaussian Model Analysis 
To overcome the shortcomings of the “model-free” method, which cannot take into 

account the mechanism of the thermal decomposition reaction of thin films, the Gaussian 

multi-peak fitting method was used to calculate the apparent activation energy of thin films, 

referring to the prefactor A and the number of reaction steps n. The Gaussian multi-peak 

fitting approach assumes that the thermal decomposition mechanism employs a large 

number of independent, parallel, one- or multi-stage reactions that have different apparent 

activation energies and can respond to changes in bond strength of the substance. Apparent 

activation energies calculated by Gaussian multi-peak fitting methods have the ability to 

better understand the specific steps of the film during the thermal decomposition reaction. 

Preliminary kinetic parameters of the decomposition process were estimated and the 

process was based on experimental parameters attached to the rate profile.  
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Fig. 6. Gaussian multi-peak fit. (a) film No. 1. (b) film No. 2. (c) film No. 3. (d) film No. 4. (e) film 
No. 5. (f) film No. 6. 
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Gaussian multi-peak fitting methods have been shown to be successful in separating 

and analyzing overlapping peaks, which typically appear on the derivative 

thermogravimetric (DTG) curves of sample pyrolysis. The procedure presented in this 

work may provide a reference for similar kinetic problems. 

The DTG curves at a heating rate of 10 °C/min were simulated were shown in Fig. 

6. The Gaussian peak fitting method was used for films. The Gaussian multi-peak fitting 

method can fit the DTG curves corresponding to different peaks. From this, the main two 

peaks were selected for fitting. The results calculated using the Gaussian function were in 

better agreement with the peak curve of film No.4, where R² reached 0.99. 

The reaction kinetic parameters were calculated using the Arrhenius formula: 

𝑑𝛼𝑖

𝑑𝑇2 =
𝐴

𝛽
exp (−

𝐸

𝑅𝑇
)(1 − 𝛼𝑖)2                 (18) 

where 𝑑𝛼𝑖 𝑑𝑇⁄  is the reaction rate of phase I (%/℃), A is the prefactor (min-1), β is heating 

rate (℃/min), E is the activation energy (kJ/mol), R is the gas constant (kJ/(mol·℃)), T is 

the absolute temperature (K), and n is the number of reaction stages. 

 Differentiation of both sides of Eq. 18 simultaneously against T yields: 

𝑑2𝛼𝑖

𝑑𝑇2 =
𝐴

𝛽
exp (−

𝐸

𝑅𝑇
) [

𝐸

𝑅𝑇2
(1 − 𝛼𝑖)𝑛 − 𝑛(1 − 𝛼𝑖)𝑛−1 𝑑𝛼𝑖

𝑑𝑇
       (19) 

Setting T = Tc yields: 

𝐸 =
𝑛𝐻𝑐𝑅𝑇2

1−𝛼𝑖
                      (20) 

According to the semi-peak definition： 

1

2
𝐻𝑐 = 𝐻𝑐                                         (21) 

Bringing equation 19 into equation 21: 

1

2
𝐻𝑐 =

𝐴

β
exp (−

𝐸

𝑅𝑇𝑤
)(1 − 𝛼𝑖𝑤)𝑛                (22) 

where: 

exp (−
𝐸

𝑅𝑇𝑤
) = exp [−

𝐸

𝑅(𝑇𝑐+𝛿𝑇)
] = exp (−

𝐸

𝑅𝑇𝐶

1

1+𝛿𝑇 𝑇𝑤⁄
)         (23) 

exp (−
𝐸

𝑅𝑇𝑤
) = exp [−

𝐸

𝑅𝑇𝐶
(1 −

𝛿𝑇

𝑇𝐶
)]             (24) 

Bringing Eq. 18 and Eq. 24 into Eq. 23 gives: 

[(1 − 𝛼𝑖𝑤) (1 − 𝛼𝑖𝑐)⁄ ]𝑛 exp(𝐸𝛿𝑇 𝑅𝑇𝐶
2⁄ ) = 1/2        (25) 

Therefore, the number of reaction levels n can be expressed as: 

𝑛 =
ln (1 2⁄ )

𝛿𝑇𝐻𝐶 (1−𝛼𝑖𝑐)⁄ +ln [(1−𝛼𝑖𝑤) (1−𝛼𝑖𝑐)]⁄
             (26) 

Bringing Eqs. 20 and 26 into Eq. 1 yields the finger front factor: 

𝐴 = 𝛽𝐻𝑐exp (𝐸 𝑅𝑇)(1 − 𝛼𝑖𝑐)−𝑛⁄              (27) 

After several iterations of calculation, the Gaussian multi-peak fitting formula is obtained: 

𝑦 = 𝑦0 +
𝑆

𝑤√𝜋 2⁄
exp [−2 (

𝑥−𝑥𝑐

𝑤
)

2
]           (28) 
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In Eq. 28, y0 represents the baseline, S is the peak area, w is the half-height width of the 

peak, and xc is the peak position. 

 Equations were used to obtain the reaction kinetic parameters for each pyrolysis 

stage. The kinetic parameters of pyrolysis for all films were collated in Table 5. 

 

Table 5. Gaussian Multi-Peak Fitting Haircut to Determine the Fitting Parameters 
for Each Stage 

Sample Peak Xc w S Hc n E R2 

No.1 
1  290.90  40.77  0.70  0.01  6.90  118.16  

0.933  
2  433.60  24.74  0.07  0.00  4.79  178.86  

No.2 
1  300.71  67.92  0.69  0.01  14.69  149.97  

0.978  
2  430.92  59.49  0.13  0.00  32.24  581.32  

No.3 
1  292.14  43.86  0.78  0.01  3.20  59.07  

0.995  
2  431.98  45.33  0.09  0.00  6.83  180.69  

No.4 
1  299.21  50.64  0.73  0.01  3.32  51.28  

0.990  
2  426.44  46.51  0.12  0.00  5.62  150.32  

No.5 
1  300.13  53.77  0.72  0.01  2.88  38.61  

0.990  
2  433.68  56.81  0.10  0.00  8.09  137.76  

No.6 
1  300.70  55.37  0.64  0.01  13.53  156.82  

0.991  
2  429.48  53.74  0.12  0.00  13.32  1402.72  

 

The Gaussian fit was considered effective, since the coefficients of determination 

were all greater than 0.95, except for the first film. However, the results of the apparent 

activation energies that were calculated were not satisfactory. The values of apparent 

activation energy of films in the range of 100 to 150 kJ/mol are considered normal, as 

suggested by the F-W-O and modified C-R methods. The appearance of 581 and 1402 

kJ/mol in Table 5 was abnormal. Matching anomalous E values to n values, the n values 

showed a different change, i.e., the E values deviated significantly when the n values 

became larger until they exceed 10. This deviation is unavoidable because, based on the 

exponential formula, the deviation is eventually reacted in terms of E-value. In other words, 

the abrupt change in n value implies a change in the thermal decomposition mechanism of 

the film. This change in mechanism affects the distribution of apparent activation energy. 

Comparing the analysis of the pyrolysis parameters of films No. 3, No. 4, and No. 5, a 

pattern was found. Although peak No.1 represents a greater rate of mass loss, it requires 

less energy. This phenomenon suggested that before 300 °C, about 50% of the mass loss 

requires only a small amount of energy, while more energy was used to support the 

remaining 35% mass loss (300 to 450 °C). The difference in energy required for the two 

peaks of the pure PVOH film was not significant, as suggested in Table 5. Although the 

content of NFCs and CQDs was small, it changed the thermal decomposition properties of 

the copolymer, which cannot be demonstrated by the "model-free" method. 
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To verify the accuracy of the results of fitting the reaction kinetic equations for each 

pyrolysis stage, the total conversions obtained by weighted superposition are presented. 

Total conversion rate is defined as follows, 

𝛼 = (𝑆1 ∑ 𝑆𝑖
2
𝑖=1⁄ )𝛼1 + (𝑆2 ∑ 𝑆𝑖

2
𝑖=1⁄ )𝛼2               (29) 

where S represents the integrated area of the single-step fitted peak curve. Each film fitting 

curve was collapsed in Fig. 7. 

 

 

Fig. 7. Comparison of the fitted curve with the true curve. (a) film No. 1. (b) film No. 2. (c) film No. 
3. (d) film No. 4. (e) film No. 5. (f) film No. 6 
 

A noteworthy phenomenon emerged, where the curves in the range of 0 to 300 °C 

were considered as valid simulations. Above 300 °C, the simulated curves differ from the 

actual conversion curves. One possible explanation for the difference is that the 

degradation mechanism may change above 300 °C and the existing models do not simulate 

the whole process of pyrolysis. Different models of pyrolysis cooperate in order to 

investigate a more accurate process of pyrolysis. 

 
Combination of PVOH and NFC 

Considering the method of film preparation, it can be expected that the PVOH 

forms lamellar interlayers with NFC. These lamellar structures were plate-like. Further 
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structural predictions are collated in Fig. 8. Considering that the addition of NFC reduced 

the apparent activation energy of pure PVOH film, a possible explanation is that the 

hydrogen bonding of PVOH to the oxygen atoms of NFC limits the mobility of PVOH 

chains, which may lead to a reduction in the crystalline region of PVOH (Mansur et al. 

2008). In other words, less initiation energy is required to support the decomposition of 

PVOH. 

 

 

Fig. 8. Schematic diagram of the combination of PVOH and NFC 

 

 

CONCLUSIONS 
 

1. The mixture of nanofibrillated cellulose and carbon quantum dots (CQD) did not 

improve the apparent activation energy of the PVOH film, and even reduced it. The 

differential scanning calorimetry (DSC) tests supported this conclusion. The apparent 

activation energy of the pure poly(vinyl alcohol) PVOH film calculated with the F-W-

O model was 149 kJ/mol, and the apparent activation energy of the film was improved 

by the addition of NFC and CQDs, ranging from 108 to 122 kJ/mol. The Gaussian 

fitting method confirms that the films change continuously and differently during 

thermal decomposition. The maximum activation energy was in the temperature range 

of 350-500 °C. 

2. The results calculated by the modified C-R and Kissinger models were similar to those 

of the F-W-O model. The fit coefficient of the F-W-O model was the largest with the 

modified C-R model, which was 98.83 ± 0.80%. 

3. The addition of NFC and CQD did not create a new chemical bond with PVOH. The 

PVOH was bound to NFC and CQD through hydrogen bonding. 
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