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Abstract

The carbonization of sodium carboxymethyl cellulose (CMC) aerogels involves complex thermal decomposition processes leading to the formation of carbonaceous 
residues. Understanding the kinetics of mass loss during carbonization is vital for optimizing the production of CMC carbon aerogels with desired properties. In this study, 
a mathematical model is presented that describes the kinetics of mass loss during the carbonization process of CMC aerogels. This model considers the temperature 
and concentration dependence of CMC decomposition reactions and is validated against experimental data obtained at various conditions. The proposed kinetic model 
elucidates the underlying mechanisms governing mass loss during carbonization, offering valuable insights for the design and optimization of CMC carbon aerogels across 
diverse applications. Furthermore, the analysis of the experimental data reveals variations in both the reaction order and the rate constant for different concentrations 
of CMC aerogels, indicating distinct kinetic behavior. These fi ndings contribute to a deeper understanding of the carbonization process and pave the way for tailored 
synthesis approaches to meet specifi c application requirements.
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Introduction

Aerogels are renowned for their incredibly low weight and 
exceptional porosity, characterized by nanopores typically 
ranging from 2 to 50 nanometers. These materials exhibit 
remarkably low thermal conductivity [1]. In the 1930s, Samuel 
Stephens Kistler introduced the concept of substituting the 
liquid phase with gas, resulting in minimal gel shrinkage, and 
is credited with the invention of silica aerogels [2]. Aerogels 
have emerged as particularly intriguing materials in the 21st 
century due to their remarkable characteristics, including 
high porosity, low density, and extensive surface area [3]. 
This unique architecture imparts aerogels with remarkable 
properties, such as high surface area, low thermal conductivity, 
and excellent mechanical strength relative to their weight [4]. 
These attributes render aerogels attractive for a wide range 
of applications, including insulation, lightweight structural 
materials, energy storage, and environmental remediation [5].

In recent years, the focus has shifted towards developing 
aerogels from renewable and sustainable sources to address 
environmental concerns and enhance their applicability [6]. 
Sodium carboxymethyl cellulose (CMC), a derivative of cellulose 
obtained from renewable biomass, has emerged as a material 
of growing interest [7]. CMC aerogels offer the inherent 
advantages of aerogels while leveraging the abundance and 
biodegradability of cellulose, making them an attractive option 
for various applications [8].

Central to the synthesis and utilization of CMC aerogels 
is the process of carbonization, during which CMC molecules 
undergo thermal decomposition to yield carbonaceous materials 
[9]. This transformation enhances the stability and mechanical 
properties of the aerogels and opens up new possibilities for 
tailored applications in fi elds such as energy storage, catalysis, 
and environmental remediation [10].

Understanding the kinetics of mass loss during 
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carbonization is essential for optimizing the production 
of CMC carbon aerogels with tailored properties [11]. By 
elucidating the underlying mechanisms governing mass loss, 
kinetic modelling provides valuable insights into the complex 
dynamics of this process, facilitating the design of optimized 
materials for specifi c applications [12].

In this context, the paper aims to develop a comprehensive 
kinetic model to describe the mass loss kinetics during the 
carbonization of CMC aerogels. By considering the temperature 
and concentration dependence of the decomposition reactions, 
this model provides a predictive tool for optimizing the 
synthesis of CMC carbon aerogels with desired properties.

Through a combination of experimental data and 
theoretical modelling, the study contributes to the fundamental 
understanding of the carbonization process of CMC aerogels 
and lays the groundwork for their effi cient production and 
utilization across a wide range of applications.

Experimental result

In this section, the results obtained from the experimental 
investigation conducted on sodium carboxymethyl cellulose 
(CMC) aerogel are presented. The study, outlined in the paper 
"Preparation and Mass Loss Study of Sodium Carboxymethyl 
Cellulose Carbon Aerogel Prepared from Non-Hazardous 
Material," aimed to understand the carbonization behavior 
of CMC aerogel at various temperatures [13]. Carbon aerogels, 
with their unique properties, are recognized for their potential 
applications in energy storage, catalysis, and environmental 
remediation [14]. Understanding the mass loss behavior during 
carbonization is crucial for optimizing the production process 
and tailoring the properties of these materials to specifi c 
applications.

The experimental setup involved subjecting CMC aerogel 
samples to different temperatures ranging from 300°C to 
800°C and monitoring the mass loss during the carbonization 
process. The percentage of CMC, temperature, initial and fi nal 
weights of the samples, and the corresponding percentage of 
mass loss were recorded for each experimental run.

A detailed analysis of the experimental data is presented 
in this section, highlighting the trends observed in the mass 
loss behavior of CMC aerogel as a function of temperature. 
These insights contribute to a deeper understanding of 
the carbonization process and pave the way for further 
advancements in the synthesis and application of CMC-based 
carbon aerogels.

Based on the data presented in Table 1, it is evident that the 
carbonization process of CMC aerogel at various temperatures 
resulted in signifi cant mass loss. The table outlines the 
percentage of CMC, the corresponding temperature (in °C), 
the weight before carbonization (WtBefore), the weight after 
carbonization (WtAfter), and the percentage of mass loss for 
each experimental run.

A consistent trend is observed across different temperatures: 
as the temperature increases, the percentage of mass loss 

generally increases. For example, at 300 °C, the mass loss 
ranges from approximately 44.24% to 63.26%, while at 800 
°C, it ranges from approximately 45.69% to 64.72%.

The increase in mass loss with higher temperatures 
suggests enhanced decomposition and volatilization of 
organic components during carbonization. Variations in 
mass loss percentages at the same temperature indicate that 
additional factors may infl uence the carbonization process. 
Potential factors include variations in the initial composition 
of CMC samples, differences in carbonization conditions, or 
heterogeneous distribution of reactants within the aerogel 
structure.

Overall, the results provide valuable insights into the 
carbonization behavior of sodium carboxymethyl cellulose 
(CMC) aerogel and are instrumental in further understanding 
its properties and applications in various fi elds.

Kinetic modeling APPROACH

To create a kinetic model of the mass loss during the 
carbonization of sodium carboxymethyl cellulose (CMC) 
aerogels, the experimental data provided can be used to fi t 
various kinetic models and determine the reaction order and 
rate constants. One commonly used model is the kinetic model 
based on the nth-order reaction, also known as the power-law 
model [15].

Table 1: Carbonisation of CMC aerogel at 1 hour [14].

% Of CMC Temperature (°C) WtBefore (g) WtAfter (g) % of mass loss

1 300 0.5776 0.2122 63.26

2 300 0.9211 0.4396 52.32

3 300 0.7552 0.3969 47.44

4 300 0.8795 0.4904 44.24

1 400 0.4822 0.1600 66.81

2 400 0.8135 0.3372 58.54

3 400 0.7571 0.3554 53.05

4 400 0.8588 0.4303 49.89

1 500 0.5199 0.1821 64.97

2 500 0.7149 0.3147 55.97

3 500 0.7372 0.3540 51.98

4 500 0.8347 0.4296 48.53

1 600 0.5044 0.1492 70.42

2 600 0.7323 0.2931 59.97

3 600 0.6889 0.3216 53.31

4 600 0.7794 0.3725 52.20

1 700 0.5290 0.1803 65.91

2 700 0.6624 0.2567 61.24

3 700 0.6152 0.2485 59.60

4 700 0.8614 0.3344 61.17

1 800 0.4567 0.1792 60.76

2 800 0.5602 0.3042 45.69

3 800 0.5142 0.2104 59.08

4 800 0.6579 0.2321 64.72
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The general form of the nth-order reaction model is:

   1
ndX

k X
dt

where:

dX

dt
  represents the rate of change of the extent of reaction 

(X) with respect to time (t).

X is the extent of the reaction (fractional conversion of 
CMC).

t is time.

k is the rate constant.

n is the reaction order.

In the kinetic model for mass loss during the carbonization 
process, the term (1 - X)n represents the fraction of unreacted 
material remaining. This term is used because it refl ects the 
decreasing amount of unreacted material over time, which 
infl uences the rate of reaction.

Defi nition of X: The extent of reaction (X) represents the 
fraction of the initial material that has undergone a reaction. 
Consequently, 1 - X represents the fraction of unreacted 
material remaining.

Kinetic Interpretation: In many kinetic processes, the 
rate of reaction is often proportional to the concentration of 
reactants. Here, a simplifi ed version of the nth-order reaction 
model is used, where the rate of reaction is proportional to 
(1 - X)n, indicating that the rate decreases as the fraction of 
unreacted material decreases.

Physical Interpretation: As the reaction proceeds, the 
amount of unreacted material decreases (i.e., X increases). 
Therefore, the rate of reaction should decrease over time. 
By using (1 - X)n, the decrease in the rate of reaction as the 
reaction progresses is captured.

The expression k.(1 - X)n accounts for both the rate constant 
(k) and the fraction of unreacted material (1 - X)n remaining, 
which collectively determine the rate of mass loss during 
carbonization. This equation describes how the extent of the 
reaction changes over time during the carbonization process. 
It represents a simplifi ed model based on nth-order reaction 
kinetics, where the rate of reaction is proportional to the extent 
of the reaction raised to the power of the reaction order (n).

This equation can be used to model and simulate the 
kinetics of mass loss for different concentrations of sodium 
carboxymethyl cellulose (CMC) aerogels during carbonization. 
By fi tting experimental data into this model, the reaction order 
(n) and the rate constant (k) for each concentration of CMC can 
be determined [16].

To fi t the experimental data to this model, the data must 

be transformed into fractional conversions and plotted against 
time. Subsequently, nonlinear regression can be employed to 
fi t the data to the model and determine the reaction order (n) 
and the rate constant (k). By plotting the data and fi tting it to 
the nth-order reaction model, the parameters can be obtained, 
allowing for a detailed discussion of the kinetic modelling of 
mass loss during carbonization [17].

Results and discussion

Transform the data into fractional conversions

To transform the data into fractional conversions, the 
extent of the reaction (X) is calculated for each data point. The 
extent of the reaction represents the fractional conversion of 
CMC and is defi ned as the ratio of the mass loss to the initial 
mass of CMC. The formula used to calculate the extent of 
reaction is:


 0

0

m m
X

m
  

where:

X is the extent of reaction (fractional conversion of CMC).

m0 is the initial mass of CMC.

m is the mass of CMC at a given time.

The extent of reaction has been calculated for each data 
point, and it can be plotted against time to visualize the kinetics 
of the carbonization process. The same calculations and data 
plotting can be performed using MATLAB [18].

% Experimental data

temperature = [300, 300, 300, 300, 400, 400, 400, 400, 500, 
500, 500, 500, 600, 600, 600, 600, 700, 700, 700, 700, 800, 
800, 800, 800];

wt_before = [0.5776, 0.9221, 0.7552, 0.8795, 0.4822, 
0.8135, 0.7571, 0.8588, 0.5199, 0.7149, 0.7372, 0.8347, 0.5044, 
0.7323, 0.6889, 0.7794, 0.529, 0.6624, 0.6152, 0.8614, 0.4567, 
0.5602, 0.5142, 0.6579];

wt_after = [0.2122, 0.4396, 0.3969, 0.4904, 0.160, 0.3372, 
0.3554, 0.4303, 0.1821, 0.3147, 0.354, 0.4296, 0.1492, 0.2931, 
0.3216, 0.3725, 0.1803, 0.2567, 0.2485, 0.3344, 0.1792, 0.3042, 
0.2104, 0.2321];

percent_CMC = [1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 
3, 4, 1, 2, 3, 4];

% Calculate extent of reaction

X = (wt_before - wt_after) ./ wt_before;

% Set colors for each percentage of CMC

colors = jet(max(percent_CMC));

% Plot extent of reaction against temperature with % of 
CMC as marker color
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fi gure;

for i = 1:max(percent_CMC)

idx = percent_CMC == i;

scatter(temperature(idx), X(idx), 50, colors(i,:), 'fi lled');

hold on;

end

xlabel('Temperature (°C)');

ylabel('Extent of Reaction (X)');

title('Extent of Reaction vs Temperature');

legend({'1%', '2%', '3%', '4%'}, 'Location', 'bestoutside');

grid on;

hold off;

Figure 1 illustrates the extent of reaction versus temperature 
with varying CMC concentrations. This fi gure provides a 
visual representation of how the reaction extent changes with 
temperature for different CMC concentrations.

In this code, the 'jet' colormap is used to assign different 
colors to each percentage of CMC. Each data point is marked with 
a color corresponding to its percentage of CMC, which allows 
for easy differentiation between experimental conditions.

Fitt ing the data to the model using nonlinear regression

To fi t the experimental data to the nth-order reaction 
model and determine the reaction order (n) and rate constant 
(k), MATLAB's curve fi tting toolbox or the lsqcurvefi t function 
can be used for nonlinear least-squares curve fi tting. The 
fi tting can be performed using lsqcurvefi t as follows:

% Defi ne the nth-order reaction model function

nth_order_model = @(params, t) params(1) .* (params(2) 
- t) .^ params(3);

% Experimental data

temperature = [300, 300, 300, 300, 400, 400, 400, 400, 500, 
500, 500, 500, 600, 600, 600, 600, 700, 700, 700, 700, 800, 
800, 800, 800];

wt_before = [0.5776, 0.9221, 0.7552, 0.8795, 0.4822, 
0.8135, 0.7571, 0.8588, 0.5199, 0.7149, 0.7372, 0.8347, 0.5044, 
0.7323, 0.6889, 0.7794, 0.529, 0.6624, 0.6152, 0.8614, 0.4567, 
0.5602, 0.5142, 0.6579];

wt_after = [0.2122, 0.4396, 0.3969, 0.4904, 0.160, 0.3372, 
0.3554, 0.4303, 0.1821, 0.3147, 0.354, 0.4296, 0.1492, 0.2931, 
0.3216, 0.3725, 0.1803, 0.2567, 0.2485, 0.3344, 0.1792, 0.3042, 
0.2104, 0.2321];

percent_CMC = [1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 
3, 4, 1, 2, 3, 4];

% Calculate extent of reaction

X = (wt_before - wt_after) ./ wt_before;

% Set colors for each percentage of CMC using 'jet' colormap

colors = jet(max(percent_CMC));

% Plot the experimental data with different colors for each 
percentage of CMC

fi gure;

for i = 1:max(percent_CMC)

idx = percent_CMC == i;

params_fi t = lsqcurvefi t(nth_order_model, [1, 1, 1], 
temperature(idx), X(idx));

t_range = linspace(min(temperature(idx)), 
max(temperature(idx)), 100);

X_fi t = nth_order_model(params_fi t, t_range);

plot(t_range, X_fi t, 'Color', colors(i,:), 'LineWidth', 2);

hold on;

end

xlabel('Temperature (°C)');

ylabel('Extent of Reaction (X)');

title('Extent of Reaction vs Temperature');

colorbar('Ticks', linspace(0, 1, max(percent_CMC)), 
'TickLabels', cellstr(num2str((1:max(percent_CMC))')));

grid on;

hold off;
Figure 1: Extent of Reaction vs. Temperature with Varying CMC Concentrations.
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Figure 2 displays the kinetics of the extent of reaction 
across different CMC concentrations. This fi gure highlights the 
kinetic behavior and provides insights into how the reaction 
kinetics vary with CMC concentration.

Analyzing Kinetic Parameters and Reaction Dynamics 
Across Varying CMC Concentrations

To delve into the kinetics of the carbonization process, the 
obtained parameter values were analyzed, providing insights 
into the reaction order (n), rate constant (k), and the initial 
extent of the reaction (X0 ) across different concentrations of 
CMC.

% Defi ne the nth-order reaction model function

nth_order_model = @(params, t) params(1) .* (params(2) 
- t) .^ params(3);

% Experimental data

temperature = [300, 300, 300, 300, 400, 400, 400, 400, 500, 
500, 500, 500, 600, 600, 600, 600, 700, 700, 700, 700, 800, 
800, 800, 800];

wt_before = [0.5776, 0.9221, 0.7552, 0.8795, 0.4822, 
0.8135, 0.7571, 0.8588, 0.5199, 0.7149, 0.7372, 0.8347, 0.5044, 
0.7323, 0.6889, 0.7794, 0.529, 0.6624, 0.6152, 0.8614, 0.4567, 
0.5602, 0.5142, 0.6579];

wt_after = [0.2122, 0.4396, 0.3969, 0.4904, 0.160, 0.3372, 
0.3554, 0.4303, 0.1821, 0.3147, 0.354, 0.4296, 0.1492, 0.2931, 
0.3216, 0.3725, 0.1803, 0.2567, 0.2485, 0.3344, 0.1792, 0.3042, 
0.2104, 0.2321];

percent_CMC = [1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 3, 4, 1, 2, 
3, 4, 1, 2, 3, 4];

% Calculate extent of reaction

X = (wt_before - wt_after) ./ wt_before;

% Set colors for each percentage of CMC using 'jet' colormap

colors = jet(max(percent_CMC));

% Initial guess for the parameters [k, X0, n]

initial_guess = [1, 1, 1];

% Defi ne lower and upper bounds for parameters

lb = [0, 0, 0];

ub = [Inf, Inf, Inf];

% Options for lsqcurvefi t

options = optimoptions('lsqcurvefi t', 'MaxFunEvals', 1000);

% Print parameter values for each percentage of CMC

for i = 1:max(percent_CMC)

idx = percent_CMC == i;

params_fi t = lsqcurvefi t(nth_order_model, initial_guess, 
temperature(idx), X(idx), lb, ub, options);

fprintf('For %d%% CMC:\n', i);

fprintf(' k: %.2f\n', params_fi t(1));

fprintf(' X0: %.2f\n', params_fi t(2));

fprintf(' n: %.2f\n\n', params_fi t(3));

end

The code is designed to print the values of k, X0, and n for 
each percentage of CMC to the MATLAB command window.

Table 2 presents the data for the carbonization of CMC 
aerogel at 1 hour [14]. The table includes the percentage of CMC 
and the corresponding values of the parameters of interest.

Kinetic Model Equations for CMC Aerogels at Various 
Concentrations

The given values of reaction order, n  and rate constant, k  
for each concentration of CMC were substituted into the model 
equation to derive the specifi c kinetic model equations for 1%, 
2%, 3%, and 4% CMC aerogels. (Table 3).

These e quations represent the kinetic models for mass loss 
during the carbonization process of sodium carboxymethyl 
cellulose (CMC) aerogels at different concentrations. These 
models can be utilized to simulate and analyze the kinetics of 
mass loss under various conditions.

The results obtained from this study offer valuable insights 
into the kinetics of mass loss during the carbonization of 
sodium carboxymethyl cellulose (CMC) aerogels at various 
concentrations. The kinetic model equations derived for 
different concentrations of CMC demonstrate signifi cant 
variation in the reaction order (n) and rate constant (k), which 
refl ects the complexity of the carbonization process.

The observed trend of increased mass loss with higher 
Figure 2: Extent of Reaction Kinetics across Different CMC Concentrations.
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temperatures aligns with fi ndings from similar studies 
on carbon aerogels and other porous materials [19,20]. 
For instance, research by Ghafoorian et al. [21] reported 
comparable behavior in the carbonization processes of silica 
aerogels, where elevated temperatures led to increased mass 
loss due to enhanced decomposition. Similarly, the study by 
Wang et al. [22] highlighted that the kinetics of mass loss for 
cellulose-derived aerogels exhibited signifi cant temperature 
dependence, reinforcing our results.

The kinetic models developed in this study have signifi cant 
implications for the optimization of carbonization processes 
in various applications [23]. The ability to predict mass loss 
behavior under different conditions can guide the design of 
CMC-based carbon aerogels for applications in energy storage, 
such as supercapacitors and batteries [24]. Additionally, the 
models can be used to tailor aerogels for catalytic processes 
and environmental remediation [25]. The ability to control and 
predict the carbonization process enhances the performance 
and effi ciency of these materials in practical applications.

Several limitations should be noted in this study. First, the 
models are based on the assumption of nth-order reaction 
kinetics, which may not fully capture the complexity of the 
carbonization process. Other reaction orders or complex 
kinetics could be present and might require more detailed 
investigation. Additionally, the study focuses on a specifi c 
range of temperatures and concentrations, and the applicability 
of the models outside these ranges should be validated.

This work signifi cantly advances the understanding of the 
carbonization process for CMC aerogels. By developing and 
validating kinetic models, the study provides a foundational 
framework for predicting and optimizing mass loss behavior. 
The insights gained can lead to improved design and application 
of CMC-based aerogels, contributing to advancements in 
energy storage, catalysis, and environmental remediation 
technologies.

In summary, this study contributes valuable knowledge 
to the fi eld of aerogel carbonization. The derived kinetic 
models offer practical tools for simulating and optimizing the 
carbonization process, with implications for various high-
impact applications. Future research should explore alternative 
kinetic models and validate the fi ndings across a broader 
range of conditions to further enhance the understanding and 
application of CMC aerogels.

Conclusion

In this research, kinetic models were developed to 
describe the mass loss behaviour during the carbonization 
process of sodium carboxymethyl cellulose (CMC) aerogels at 
various concentrations. The derived kinetic models provide 
a mathematical framework for understanding the kinetics of 
mass loss during the carbonization of CMC aerogels. These 
models, based on nth-order reaction kinetics, offer valuable 
insights into the dependence of mass loss on reaction conditions 
and CMC concentration.

The analysis revealed variations in both the reaction order 
(n) and the rate constant (k) for different concentrations of 
CMC aerogels. This indicates that the kinetics of mass loss 
are infl uenced by the composition of the aerogels, with higher 
concentrations exhibiting distinct kinetic behaviour.

Understanding the kinetics of mass loss is crucial for 
optimizing the carbonization process of CMC aerogels. The 
developed models can aid in predicting mass loss rates 
under different conditions and guide the design of effi cient 
carbonization processes for various applications.

In conclusion, the kinetic modelling study presented here 
enhances the understanding of mass loss behaviour during 
the carbonization of CMC aerogels. It lays the groundwork 
for further research in this area. By elucidating the kinetics of 
mass loss, the development of CMC-based carbon materials for 
applications in energy storage, catalysis, and environmental 
remediation can be advanced.
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