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Abstract 
This study reanalyzes the time-dependent swelling data of NaOH-saponified chitosan-graft-poly(acrylic acid) 
(Cs-g-PAA) superabsorbent hydrogels using complementary empirical, diffusional, and relaxation-based 
models. Five formulations differed in the degree of acrylic acid neutralization and nominal N,N′-
methylenebisacrylamide (MBA) loading. The Schott, Peleg, Weibull, and Voigt models described the complete 
swelling-ratio profiles, whereas the Ritger–Peppas model was restricted to the initial fractional-uptake region, 
and the mixed diffusion–relaxation model provided a phenomenological partitioning of two kinetic 
contributions. Cs-g-PAA-4, prepared at 50% neutralization and with 0.015 g MBA, showed the highest swelling 
capacity. This result is associated with the lower nominal crosslinker loading but does not independently 
establish the crosslink density. Statistical indicators were interpreted only within comparable response-variable 
and data-range frameworks. The mixed model provided high fitting accuracy for most formulations, whereas 
the Weibull model adequately described the nonlinear swelling profile of Cs-g-PAA-4. These fits support, but 
do not directly prove, contributions from water transport and time-dependent network rearrangement. The 
conclusions are limited to the investigated Cs-g-PAA system in distilled water at 27 ± 1 °C. 
 
Keywords: Chitosan-graft-poly(acrylic acid), Model discrimination, Phenomenological modeling, Swelling 
kinetics, Water transport 
 
1 Introduction 
 
Superabsorbent polymers (SAPs) are three-dimensional 
hydrophilic networks capable of absorbing and retaining 
large amounts of water or aqueous fluids without 
dissolving. Due to their high swelling capacity, water 
retention ability, and tunable physicochemical 
properties, SAPs are widely used in agriculture, hygiene 
products, biomedical materials, controlled-release 
systems, wastewater treatment, and environmental 
engineering [1-3]. However, many conventional 
synthetic SAPs are petroleum-based and poorly 
biodegradable, encouraging the development of bio-
based superabsorbent hydrogels with high water uptake, 
controllable swelling kinetics, and predictable transport 
behavior. 

Chitosan is a promising natural polymer for 
sustainable hydrogel development because its amino and 
hydroxyl groups support hydrogen bonding, grafting 
reactions, ionic interactions, and water–polymer 
interactions. Although chitosan-based hydrogels are 
biodegradable, biocompatible, non-toxic, and 
structurally versatile [4], native chitosan generally has 
lower swelling capacity than polyacrylate-based 
superabsorbents. Grafting acrylic acid onto chitosan is 
therefore an effective strategy to combine the 
environmental advantages of chitosan with the high 
water absorption ability of poly(acrylic acid). Previous 
work showed that chitosan-graft-poly(acrylic acid) 
superabsorbents improved water holding and retention in 
sandy soil, indicating their potential for agricultural 
moisture regulation [5]. 
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For acrylic acid-based superabsorbents, alkaline 
saponification promotes sodium carboxylate formation 
and thereby increases water affinity, osmotic pressure, 
and electrostatic repulsion. Previous work on the same 
NaOH-saponified Cs-g-PAA formulations showed that 
saponification, acrylic acid neutralization, and nominal 
N,N′-methylenebisacrylamide (MBA) loading affected 
swelling, structural characteristics, and water retention. 
However, equilibrium capacity alone does not resolve 
the time-dependent contributions of water uptake and 
network rearrangement [6].  

Kinetic modeling can quantify characteristic rates 
and provide model-dependent interpretations of 
swelling. Empirical models describe the overall profile, 
Ritger-Peppas is commonly used for an initial fractional-
uptake region, and relaxation-based equations can 
indicate time-dependent network response. Such 
interpretations remain phenomenological unless 
supported by independent structural or rheological 
measurements. Machine-learning approaches have 
recently been explored for predicting hydrogel swelling 
behavior; however, their predictive performance 
depends on sufficiently rich datasets [7].  

The present dataset contains only five formulations 
with ten time points per formulation, which is inadequate 
for robust model training and independent validation and 
would create a high risk of overfitting. Therefore, 
machine-learning or hybrid predictive modeling was not 
attempted in this study and is reserved for future work 
using larger, replicated, and independently validated 
datasets. The experimental swelling dataset analyzed 
here was previously reported by Jayanudin et al., [6]; no 
new hydrogel synthesis or swelling measurements are 
claimed in the present manuscript. The additional 
contribution is a focused secondary kinetic analysis that 
applies several model classes to the same chitosan-graft-
poly(acrylic acid) (Cs-g-PAA) formulations, clarifies the 
valid comparison domains of their statistics, and 
examines how the fitted parameters vary with 
neutralization degree and nominal MBA loading. The 
study therefore aims to provide a cautious, model-based 
interpretation of water uptake and possible network-
relaxation effects while explicitly defining the limits of 
statistical discrimination and mechanistic inference. 

 
2 Materials and methods 
 
2.1 Materials 
 
Acrylic acid (99%, CAS No. 79-10-7) and N,N′-
methylenebisacrylamide (MBA, CAS No. 110-26-9) 

were purchased from Sigma-Aldrich, USA. Chitosan 
with a degree of deacetylation of 87.2% was supplied 
by PT. Biotech Surindo, Indonesia. Potassium 
hydroxide pellets (EMSURE®, CAS No. 1310-58-3) 
and ammonium persulfate (APS, CAS No. 7727-54-
0) were obtained from Merck KGaA, Germany. 
Acetic acid, sodium hydroxide, and ethanol were 
obtained from Merck.  

 
2.2 Preparation of NaOH-saponified chitosan-graft-
poly(acrylic acid) hydrogels 
 
The preparation procedure for the NaOH-saponified 
chitosan-graft-poly(acrylic acid) (Cs-g-PAA) 
superabsorbent hydrogels analyzed in the present 
study was previously reported by Jayanudin et al., [6]. 
The synthesis procedure is summarized here only to 
provide the formulation and processing context 
required for interpretation of the secondary kinetic 
analysis; no new hydrogel synthesis was performed in 
the present study. The chitosan concentration was 
fixed at 4% (w/v) (Table 1). Acrylic acid was partially 
neutralized by dissolving 3.36, 4.48, and 5.60 g KOH 
in 100 mL distilled water to obtain 30%, 40%, and 
50% neutralization degrees, respectively. Each KOH 
solution was added to 15 mL of acrylic acid and 
stirred for 15 min.  
 
Table 1: Formulation variables and sample codes of 
NaOH-saponified Cs-g-PAA superabsorbent 
hydrogels. 

Sample 
code 

Chitosan  
Concentration 

(% w/v) 

Acrylic acid  
neutralization 

degree (%) 

MBA 
content 

(g) 
Cs-g-PAA-1 4 30 0.050 
Cs-g-PAA-2 4 40 0.050 
Cs-g-PAA-3 4 50 0.050 
Cs-g-PAA-4 4 50 0.015 
Cs-g-PAA-5 4 50 0.100 

 
A chitosan solution was prepared by dissolving 

0.80 g chitosan in 20 mL of 2% (v/v) acetic acid, 
followed by the addition of 0.05 g APS dissolved in 5 
mL of distilled water. The chitosan–APS solution was 
mixed with the partially neutralized acrylic acid 
solution and stirred for 30 min to initiate graft 
copolymerization. MBA was then added according to 
the formulation design: 0.050 g MBA for 
neutralization-degree variation at 30%, 40%, and 50%, 
and 0.015, 0.050, or 0.100 g MBA for crosslinker-
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content variation at a fixed 50% neutralization degree. 
The mixture was stirred until gel formation occurred. 

The formed hydrogel was saponified in 1 N 
NaOH at approximately 90 °C for 1 h to increase 
sodium carboxylate formation and hydrogel ionic 
character. The hydrogel was then filtered, washed with 
distilled water until neutral pH, dehydrated with 
ethanol, dried at 65 °C, and ground into powder to 
obtain NaOH-saponified Cs-g-PAA superabsorbent 
hydrogel. 
 
2.3 Swelling kinetic modeling 
 
The swelling data reanalyzed in the present study were 
obtained from the previously reported gravimetric 
measurements of Jayanudin et al., [6]. In the original 
experiments, the swelling behavior of NaOH-
saponified Cs-g-PAA superabsorbent hydrogels was 
evaluated in distilled water at 27 ± 1 °C using the tea-
bag method. A known mass of dried hydrogel powder 
(𝑊𝑊𝑑𝑑) was immersed in distilled water, and the swollen 
hydrogel mass (𝑊𝑊𝑡𝑡) was recorded at 0, 5, 10, 20, 30, 
60, 120, 240, 720, and 1440 min. No new swelling 
measurements were performed for the present 
secondary kinetic analysis. The swelling ratio at time 𝑡𝑡, 
𝑆𝑆𝑡𝑡, was calculated using Eq. (1). 
 

Swelling ratio (𝑆𝑆𝑡𝑡) �
𝑔𝑔
𝑔𝑔
� = 𝑊𝑊𝑡𝑡−𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
 (1) 

 
where 𝑆𝑆𝑡𝑡 is the swelling ratio at time 𝑡𝑡 (g/g), 𝑊𝑊𝑡𝑡 is the 
mass of the swollen superabsorbent at time 𝑡𝑡, and 𝑊𝑊𝑑𝑑 
is the initial dry mass of the hydrogel. The equilibrium 
swelling ratio, 𝑆𝑆𝑒𝑒, was determined when no significant 
change in swollen mass was observed with increasing 
swelling time.  
 
2.4 Fractional water uptake 
 
To compare water-transport profiles independently of 
equilibrium capacity, fractional uptake was calculated 
as 𝐹𝐹𝑡𝑡 = 𝑆𝑆𝑡𝑡

𝑆𝑆𝑒𝑒� , where 𝑆𝑆𝑒𝑒 was the experimentally 
observed plateau swelling ratio for each formulation. 
The same fixed 𝑆𝑆𝑒𝑒 was used for normalization in the 
Ritger-Peppas analysis and as the scale linking 
fractional uptake to the swelling-ratio representation of 
the mixed model: 
 

𝐹𝐹𝑡𝑡 = 𝑆𝑆𝑡𝑡
𝑆𝑆𝑒𝑒

    (2) 

where (𝐹𝐹𝑡𝑡) is the fractional water uptake at time (𝑡𝑡), 
(𝑆𝑆𝑡𝑡) is the swelling ratio at time (𝑡𝑡), and (𝑆𝑆𝑒𝑒) is the 
equilibrium swelling ratio. This normalized parameter 
was used to compare the time-dependent water uptake 
behavior among formulations and to support the 
application of diffusional and mixed diffusion–
relaxation models. 
 

2.5 Kinetic models for swelling and water transport 
 
The models were used for different analytical 
purposes. Schott, Peleg, Weibull, and Voigt described 
the complete swelling-ratio profile, 𝑆𝑆𝑡𝑡. Ritger-Peppas 
was used only for the initial fractional-uptake region 
(𝐹𝐹𝑡𝑡 ≤ 0.6). The mixed diffusion-relaxation equation 
was used as a phenomenological two-component 
representation of the complete uptake curve; its fitted 
components were not interpreted as uniquely 
identifiable physical mechanisms. 
 

2.5.1 Schott model 
 
The Schott model was used to describe overall 
swelling behavior and estimate the theoretical 
equilibrium swelling capacity. Its nonlinear form is 
given in Eq. (3): 
 

(𝑆𝑆𝑡𝑡) = 𝑘𝑘𝑆𝑆𝑆𝑆𝑒𝑒2𝑡𝑡
1+𝑘𝑘𝑆𝑆𝑆𝑆𝑒𝑒𝑡𝑡

  (3)  
 
where 𝑆𝑆𝑡𝑡 is the swelling ratio at time 𝑡𝑡, 𝑆𝑆𝑒𝑒 is the 
equilibrium swelling ratio, and 𝑘𝑘𝑆𝑆 is the Schott 
swelling rate constant. 
 
2.5.2 Peleg model 
 
The Peleg model was used to describe water 
absorption behavior, particularly rapid initial swelling 
followed by gradual equilibrium. Its equation is given 
in Eq. (4): 
 

(𝑆𝑆𝑡𝑡) = 𝑡𝑡
𝐾𝐾1+𝐾𝐾2𝑡𝑡

  (4)  
 
where 𝑆𝑆𝑡𝑡 is the swelling ratio at time 𝑡𝑡, 𝐾𝐾1 is the Peleg 
rate constant, and 𝐾𝐾2 is the Peleg capacity constant. 
The reciprocal of 𝐾𝐾1 represents the initial swelling 
rate, while the reciprocal of 𝐾𝐾2 is related to the 
theoretical equilibrium swelling capacity. 
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2.5.3 Weibull model 
 
The Weibull model was employed to describe nonlinear 
swelling behavior over a broad swelling period and 
differences in apparent swelling-time distributions. The 
Weibull model is expressed as Eq. (5): 
 

(𝑆𝑆𝑡𝑡) = 𝑆𝑆𝑒𝑒 �1 − exp �− �𝑡𝑡
𝛼𝛼
�
𝛽𝛽
�� (5) 

 
where 𝑆𝑆𝑒𝑒 is the equilibrium swelling ratio, 𝛼𝛼 is the scale 
parameter associated with characteristic swelling time, 
and 𝛽𝛽 is the shape parameter describing the swelling 
curve profile. A lower 𝛼𝛼 value indicates faster 
characteristic swelling, whereas 𝛽𝛽 reflects the deviation 
of swelling behavior from a simple first-order process. 
 
2.5.4 Ritger–Peppas model 
 
The Ritger–Peppas model was used to characterize the 
scaling of initial fractional water uptake without 
assigning a geometry-specific transport mechanism. The 
model is expressed as Eq. (6): 
 

(𝐹𝐹𝑡𝑡) = 𝑘𝑘𝑅𝑅−𝑃𝑃𝑡𝑡𝑛𝑛   (6) 
 
where 𝐹𝐹𝑡𝑡 is the fractional water uptake, 𝑘𝑘𝑅𝑅−𝑃𝑃 is a 
kinetic constant, and n is the empirical uptake 
exponent. Fitting was restricted to observations 
satisfying 𝐹𝐹𝑡𝑡 ≤ 0.6. Because the samples were 
powdered hydrogels with a particle-size distribution 
rather than an ideal slab, cylinder, or sphere, n was not 
assigned a strict geometry-specific Fickian 
classification ; it is reported only as a comparative 
initial-uptake exponent. 
 
2.5.5 Voigt model 
 
The Voigt model was used as a phenomenological 
relaxation-type representation of time-dependent 
swelling. In this framework, the fitted parameter τ is 
treated as an apparent response time rather than direct 
evidence of a viscoelastic relaxation constant. The 
model is expressed as Eq. (7): 
 

(𝑆𝑆𝑡𝑡) = 𝑆𝑆𝑒𝑒�1 − 𝑒𝑒−𝑡𝑡 𝜏𝜏� �  (7) 
 
where 𝑆𝑆𝑡𝑡 is the swelling ratio at time 𝑡𝑡, 𝑆𝑆𝑒𝑒 is the 
equilibrium swelling ratio, and 𝜏𝜏 is an apparent 
response time. A lower 𝜏𝜏 value indicates a faster 
modeled approach to equilibrium, whereas a higher 𝜏𝜏 

value indicates a slower modeled response. Without 
independent rheological measurements, this 
parameter is not assigned a unique viscoelastic 
mechanism. 
 
2.5.6 Mixed diffusion–relaxation model 
 
The mixed diffusion-relaxation equation was used as 
a two-component phenomenological model of the 
complete uptake curve. The fast and slow terms are 
denoted diffusion-like and relaxation-like for 
convenience, but their mathematical separation is not 
unique and does not constitute direct evidence of 
distinct physical processes. Fitted parameters are 
summarized in Table 2 [8]. 

The total fractional water uptake was expressed 
as the sum of diffusion and relaxation contributions : 

 
𝐹𝐹𝑡𝑡 = 𝐹𝐹𝐹𝐹 + 𝐹𝐹𝑅𝑅   (8) 
 
𝑑𝑑𝐹𝐹𝐹𝐹
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝐹𝐹(𝜙𝜙𝐹𝐹 − 𝐹𝐹𝐹𝐹)   (9) 
 
𝑑𝑑𝐹𝐹𝑅𝑅
𝑑𝑑𝑑𝑑

= 𝑘𝑘𝑅𝑅(𝜙𝜙𝑅𝑅 − 𝐹𝐹𝑅𝑅)  (10) 
 
Integration with the initial condition 𝐹𝐹𝐹𝐹 = 𝐹𝐹𝑅𝑅 = 0 at 
𝑡𝑡 = 0 yields 
 

𝐹𝐹𝐹𝐹 = 𝜙𝜙𝐹𝐹[1 − 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝐹𝐹𝑡𝑡)]  (11) 
 
𝐹𝐹𝑅𝑅 = 𝜙𝜙𝑅𝑅[1 − 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝑅𝑅𝑡𝑡)]  (12) 
 

Thus, the mixed diffusion–relaxation model is 
expressed as: 
 
𝐹𝐹𝑡𝑡 = 𝜙𝜙𝐹𝐹[1 − 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝐹𝐹𝑡𝑡)] + 𝜙𝜙𝑅𝑅[1 − 𝑒𝑒𝑒𝑒𝑒𝑒 (−𝑘𝑘𝑅𝑅𝑡𝑡)]
     (13) 
 
where 𝜙𝜙𝐹𝐹 and 𝜙𝜙𝑅𝑅 are the fitted fractional amplitudes 
of the fast and slow components, and 𝑘𝑘𝐹𝐹 and 𝑘𝑘𝑅𝑅 are 
their respective apparent rate constants. Regression 
constraints were 0 ≤ 𝜙𝜙𝐹𝐹, 𝜙𝜙𝑅𝑅 ≤ 1, 𝜙𝜙𝐹𝐹+ 𝜙𝜙𝑅𝑅 = 1, and 𝑘𝑘𝐹𝐹, 
𝑘𝑘𝑅𝑅 > 0. 𝑆𝑆𝐸𝐸 was fixed at the experimental plateau to 
reduce scale-parameter confounding. With only ten 
time points, the two exponential terms may be 
correlated; therefore, the parameters are exploratory 
descriptors rather than uniquely identifiable physical 
constants. Replicate-level data were unavailable for 
reliable confidence intervals, and this limitation 
precludes inferential comparisons among 
formulations. 
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2.6 Model fitting, statistical evaluation, and model 
discrimination 
 
Nonlinear least-squares regression minimized 
residuals between experimental and calculated 
values. Whole-profile models used all ten 
observations, whereas Ritger-Peppas used only 𝐹𝐹𝑡𝑡 
≤ 0.60. R², SSE, RMSE, AIC, AICc, and BIC were 
treated as model-specific fit indicators. Direct 
ranking was permitted only when the response 
variable, observations, and error definition were 
identical; Ritger-Peppas was therefore excluded 
from whole-profile discrimination. The number of 
freely estimated parameters was 𝑘𝑘 = 2 for Schott, 
Peleg, and Voigt, and 𝑘𝑘 = 3 for Weibull and the 
two-component model because 𝑆𝑆𝑒𝑒 was fixed and 
𝜙𝜙𝑅𝑅 = 1 − 𝜙𝜙𝐹𝐹.  Equation (17) defines AIC, 
Equation (18) defines BIC, and Equation (19) 
defines AICc. 
 

𝑅𝑅2 = 1 −
∑ �𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖�

2𝑁𝑁
𝑖𝑖=1

∑ �𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖−𝑆̅𝑆𝑒𝑒𝑒𝑒𝑒𝑒�
2𝑁𝑁

𝑖𝑖=1
  (14) 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = ∑ �𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 − 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖�

2𝑁𝑁
𝑖𝑖=1  (15) 

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �1
𝑁𝑁
∑ �𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 − 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖�

2𝑁𝑁
𝑖𝑖=1  (16) 

 
𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑁𝑁 ln �𝑆𝑆𝑆𝑆𝑆𝑆

𝑁𝑁
� + 2𝑘𝑘  (17) 

 
𝐵𝐵𝐵𝐵𝐵𝐵 = 𝑁𝑁 ln �𝑆𝑆𝑆𝑆𝑆𝑆

𝑁𝑁
� + 𝑘𝑘 ln(𝑁𝑁) (18) 

 
Because the whole-profile models were fitted 

using only 𝑁𝑁 = 10 observations, the finite-sample 
correction of AIC was also calculated as 
 

AICc = AIC + 2𝑘𝑘(𝑘𝑘+1)
𝑁𝑁−𝑘𝑘−1

  (19) 
 

where 𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 is the experimental swelling ratio, 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖  
is the calculated swelling ratio, 𝑆𝑆𝑒̅𝑒𝑒𝑒𝑒𝑒 is the average 
experimental swelling ratio, 𝑁𝑁 is the number of 
experimental data points, and 𝑘𝑘 is the number of free 
fitted parameters in each model. Because replicate-
level observations and uncertainty propagation were 
unavailable, parameter differences are interpreted 
descriptively and not as statistically significant 
differences among formulations. 
 
 

3 Results and Discussion 
 
The reported swelling dataset was reanalyzed with 
complementary models. Statistical comparisons were 
restricted to compatible response scales and fitting 
ranges, while mechanistic statements were framed as 
model-based interpretations rather than direct 
experimental confirmation. The effects of MBA are 
discussed as effects of nominal crosslinker loading 
because crosslink density was not independently 
measured. 
 
3.1 Schott model 

 
The Schott model was applied to describe the swelling 
kinetics of NaOH-saponified Cs-g-PAA hydrogels 
based on pseudo-second-order behavior. The 
comparison between experimental and calculated 
swelling ratios is shown in Figure 1, and the 
corresponding equilibrium swelling capacity (𝑆𝑆𝑒𝑒) and 
Schott rate constant (𝑘𝑘𝑆𝑆) are summarized in Table 2. The 
Schott model described the swelling profiles well (R² = 
0.977-0.997). The curves showed rapid initial uptake 
followed by a slower approach to equilibrium. Within 
this empirical framework, the response is consistent with 
rapid hydration followed by progressively restricted 
network expansion; however, the model alone does not 
identify the governing molecular mechanism. 

The calculated equilibrium swelling capacity 
was influenced by neutralization degree and nominal 
MBA loading. At 0.050 g MBA, 𝑆𝑆𝑒𝑒 increased from 
165.55 g/g at 30% neutralization to 172.22 g/g at 40%, 
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Figure 1: Comparison of experimental and calculated 
swelling ratios of NaOH-saponified chitosan-graft-
poly(acrylic acid)-based superabsorbents using the 
Schott kinetic model. 
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then decreased slightly to 168.77 g/g at 50%. At 50% 
neutralization, Cs-g-PAA-4 (0.015 g MBA) showed 
the highest 𝑆𝑆𝑒𝑒 (191.83 g/g), whereas Cs-g-PAA-5 
(0.100 g MBA) reached 167.74 g/g. These trends are 
consistent with easier expansion at lower crosslinker 
loading, but they do not independently quantify 

crosslink density. The Schott rate constant ranged 
from 2.85 x 10-4 to 3.93 x 10-4 in the units defined by 
Eq. (3). 

Based on RMSE, AIC, AICc, and BIC, the 
Schott fit ranked from lowest to highest error as Cs-g-
PAA-1, Cs-g-PAA-5, Cs-g-PAA-2, Cs-g-PAA-3, and 

Table 2: Kinetic parameters and coefficient of determination (R2) of swelling models for NaOH-saponified 
Cs-g-PAA superabsorbent hydrogels. 

Constant Variable 

Cs-g-PAA-1 Cs-g-PAA-2 Cs-g-PAA-3 Cs-g-PAA-4 Cs-g-PAA-5 

Schott model 

𝑆𝑆𝑒𝑒 (g/g) 165.551 172.222 168.769 191.830 167.736 

𝑘𝑘𝑆𝑆 [(g/g)⁻¹ min⁻¹] 0.000393 0.000285 0.000296 0.000358 0.000388 

R2 0.997 0.995 0.987 0.977 0.995 

Voigt model 

𝑆𝑆𝑒𝑒 (g/g) 156.317 161.646 157.709 181.349 158.697 

𝜏𝜏 (min) 24.863 30.768 30.004 23.358 24.965 

R2 0.976 0.980 0.924 0.978 0.993 

Ritger-Peppas model 

𝑆𝑆𝑒𝑒 (fixed, g/g) 165.605 168.469 175.949 188.276 163.459 

𝑘𝑘𝑅𝑅−𝑃𝑃 (min⁻ⁿ) 0.406 0.330 0.337 0.393 0.408 

𝑛𝑛 0.139 0.174 0.160 0.148 0.142 

R2 0.943 0.905 0.983 0.846 0.904 

Weibull model 

𝑆𝑆𝑒𝑒 (g/g) 161.863 165.248 188.898 178.545 159.441 

𝛼𝛼 (min) 25.224 32.401 64.455 23.459 24.864 

𝛽𝛽 (-) 0.574 0.699 0.338 1.403 0.900 

R2 0.990 0.986 0.995 0.986 0.994 

Peleg model 

𝐾𝐾1 [min/(g/g)] 0.107 0.113 0.179 0.085 0.082 

𝐾𝐾2 [(g/g)⁻¹] 0.006 0.006 0.006 0.005 0.006 

R2 0.991 0.990 0.941 0.950 0.988 

Mixed diffusion–relaxation model 

𝑆𝑆𝑒𝑒 (fixed, g/g) 165.605 168.469 175.949 188.276 163.459 

𝑘𝑘𝐹𝐹 (min⁻¹) 0.0655 0.0520 0.0907 0.0462 0.0489 

𝑘𝑘𝑅𝑅 (min⁻¹) 0.0048 0.0061 0.0040 0.0014 0.0043 

𝜙𝜙𝐹𝐹 (-) 0.746 0.719 0.595 0.926 0.871 

𝜙𝜙𝑅𝑅 (-) 0.254 0.281 0.405 0.073 0.129 

R2 0.997 0.992 0.997 0.981 0.998 
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Cs-g-PAA-4. Cs-g-PAA-4 had the highest swelling 
capacity but the largest Schott-model deviation, 
indicating that equilibrium extent and goodness of 
fit are distinct properties; this difference is not 
evidence of a lower crosslink density or a unique 
swelling mechanism. 

Schott-type behavior can be associated with 
the balance between osmotic driving forces and 
resistance to network expansion. The formation of 
ionized carboxylate groups during saponification 
enhances water affinity and electrostatic repulsion, 
whereas increasing crosslinker loading can restrict 
network expansion [6], [9]. However, because 
crosslink density was not independently measured 
in the present study, these relationships should be 
regarded as formulation-based interpretations 
rather than direct evidence of differences in 
network crosslink density. 
 
3.2 Peleg model 

 
The Peleg model was used to describe the swelling 
kinetics of NaOH-saponified Cs-g-PAA hydrogels, 
particularly the rapid initial water uptake followed 
by gradual equilibrium. As shown in Figure 2 and 
Table 2, the model fitted the swelling profiles 
reasonably well, with R² values of 0.991, 0.990, 
0.941, 0.950, and 0.988 for Cs-g-PAA-1 to Cs-g-
PAA-5, respectively. Better agreement was 
observed for Cs-g-PAA-1, Cs-g-PAA-2, and Cs-g-
PAA-5, while Cs-g-PAA-3 and Cs-g-PAA-4 
showed lower fitting accuracy. 

The Peleg constants describe the empirical 
initial uptake rate and theoretical equilibrium 
capacity. Based on 1

𝐾𝐾1� , Cs-g-PAA-5 and Cs-g-
PAA-4 showed the fastest initial uptake, whereas 
Cs-g-PAA-3 showed the slowest. The highest 
theoretical equilibrium value was obtained for Cs-
g-PAA-4 (190.46 g/g). This trend is associated with 
its lower nominal MBA loading, but does not 
independently quantify crosslink density. 

Within the Peleg framework, Cs-g-PAA-1 
showed the smallest error and Cs-g-PAA-4 the 
largest. The comparatively poorer fit for Cs-g-
PAA-4 indicates that a single Peleg curve does not 
fully reproduce its profile; it is not, by itself, 
evidence of structural heterogeneity. Peleg 
parameters are therefore interpreted as empirical 
rate and capacity descriptors [10], [11]. 
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Figure 2: Peleg model fitting of swelling behavior for 
NaOH-saponified chitosan-graft-poly(acrylic acid)-
based superabsorbents. 
 
3.3 Weibull model 

 
The Weibull model was used to describe nonlinear 
swelling behavior and differences in characteristic 
swelling time among NaOH-saponified Cs-g-PAA 
hydrogels. As shown in Figure 3 and Table 2, the 
model fitted all formulations well, with R² values of 
0.990, 0.986, 0.995, 0.986, and 0.994 for Cs-g-PAA-
1 to Cs-g-PAA-5, respectively. The calculated 𝑆𝑆𝑒𝑒 
values ranged from 159.44 to 188.90 g/g, confirming 
that swelling capacity was strongly influenced by 
acrylic acid neutralization degree and MBA 
crosslinker content. 

The Weibull scale parameter ranged from 23.46 
to 64.46 min. Lower values for Cs-g-PAA-4, Cs-g-
PAA-5, and Cs-g-PAA-1 indicate shorter 
characteristic times within this empirical model. The 
shape parameter ranged from 0.3385 to 1.4027. 
Values below unity indicate a strongly decelerating 
profile, whereas the value above unity for Cs-g-PAA-
4 indicates a different nonlinear curve shape. This 
behavior is consistent with a broader distribution of 
apparent swelling times but does not prove network 
heterogeneity without independent structural 
evidence. Within the Weibull model, Cs-g-PAA-3 
and Cs-g-PAA-5 showed the smallest fitting errors, 
whereas Cs-g-PAA-4 showed the largest error among 
formulations. Across the compatible whole-profile 
models for Cs-g-PAA-4, however, Weibull produced 
the lowest reported error criteria. This distinction 
concerns the statistical description of the curve and is 
not independent proof of network heterogeneity. [12-
16]. 
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Figure 3: Weibull kinetic modeling of the swelling 
profiles of NaOH-saponified chitosan-graft-
poly(acrylic acid)-based superabsorbents. 

 
3.4 Ritger–Peppas model 

 
The Ritger-Peppas model was fitted only to the initial 
observations satisfying 𝐹𝐹𝑡𝑡 ≤ 0.6. The kinetic constant 
𝑘𝑘 ranged from 0.330 to 0.408, and the fitted exponent 
𝑛𝑛 ranged from 0.139 to 0.174 (Table 2). Because 
particle geometry and size distribution were not 
controlled to an ideal geometry, these n values are 
reported as comparative empirical exponents rather 
than classified as definitive Fickian or non-Fickian 
mechanisms. 

R2 ranged from 0.846 to 0.983. The lower fit 
quality for Cs-g-PAA-4 suggests that its initial uptake 
is not adequately summarized by a single power-law 
exponent over the selected range. The analysis does 
not establish a unique transport mechanism because 
the exponent depends on fitting range, sample 
geometry, and structural assumptions. 

Ritger-Peppas was not included in whole-profile 
AIC/AICc/BIC discrimination because it used a 
different response scale and a restricted subset of 
observations. Its role is limited to comparative 
description of initial fractional uptake [16-19]. 
 
3.5 Voigt model 

 
The Voigt model was used as a phenomenological 
representation of time-dependent swelling and 
possible network relaxation (Figure 4). The fitted 
equilibrium capacity (𝑆𝑆𝑒𝑒) describes swelling extent, 
while 𝜏𝜏 is an apparent response time. A smaller tau 
corresponds to a faster modeled response. 
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Figure 4: Voigt-model fitting of the time-dependent 
swelling response of NaOH-saponified chitosan-
graft-poly(acrylic acid) superabsorbents. 
 

In the absence of rheological measurements, 
Voigt fitting cannot confirm viscoelastic relaxation 
and is interpreted only as being consistent with a 
relaxation-like contribution. 

Within the Voigt framework, Cs-g-PAA-5 
showed the smallest error and Cs-g-PAA-3 the 
largest. The result indicates different apparent 
response times among formulations, but independent 
rheology would be required to verify viscoelastic 
relaxation [12], [20-22]. 
 
3.6 Mixed diffusion–relaxation model 

 
The two-component model represented the 
swelling profile as apparent fast and slow uptake 
terms. Figure 5 compares experimental and 
calculated values, and Table 2 summarizes the 
fitted parameters. The labels are phenomenological 
and are not direct evidence of distinct molecular 
diffusion and polymer-relaxation processes. The 
two-component model showed high goodness of fit 
(R² = 0.981-0.998). The apparent fast rate constant, 
𝑘𝑘𝐹𝐹, ranged from 0.0462 to 0.0907 min⁻¹, whereas 
𝑘𝑘𝑅𝑅 ranged from 0.0014 to 0.0061 min⁻¹. Cs-g-PAA-
4 combined the highest equilibrium capacity with 
the lowest apparent rates. This is plausible because 
capacity describes the final extent of uptake, 
whereas the rate constants describe how rapidly 
that state is approached; a highly expandable 
network can therefore swell more extensively but 
more slowly. 
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Figure 5: Comparison between experimental and 
calculated swelling ratios of NaOH-saponified Cs-g-
PAA superabsorbent hydrogels using the mixed 
diffusion–relaxation model. 
 

The fitted fast-component amplitude exceeded 
the slow-component amplitude for all formulations, 
indicating that the early term contributed most 
strongly within this equation. Because parameter 
correlation and non-uniqueness remain possible, 𝜙𝜙𝐹𝐹 
and 𝜙𝜙𝑅𝑅 should not be interpreted as measured 
molecular fractions. Crosslink density, pore size, 
morphology, and rheology were not measured; 
correlations are therefore limited to neutralization 
degree and nominal MBA loading. 
 
3.7 Model fitting, statistical evaluation, and model 
discrimination 

 
Table 3 reports model-specific RMSE, AIC, AICc, 
and BIC values. Comparisons were restricted to fits 
with identical response variables, observations, and 
error definitions. Ritger-Peppas was excluded 
because it used only the initial 𝐹𝐹𝑡𝑡  ≤  0.60 region. The 
results remain descriptive because only ten time 
points and no replicate-level uncertainty were 
available. 

For Cs-g-PAA-1, Cs-g-PAA-3, and Cs-g-PAA-
5, the mixed diffusion–relaxation model gave the 
lowest RMSE, AIC, AICc, and BIC values among the 
compatible whole-profile models. For Cs-g-PAA-4, 
the Weibull model consistently produced the lowest 
values for all four statistical criteria, indicating the 
best statistical description of its swelling profile 
within the models evaluated. Cs-g-PAA-2 showed a 
less uniform ranking: the mixed diffusion–relaxation 
model provided the lowest RMSE, AIC, and BIC 

values, whereas the Schott model yielded the lowest 
AICc value (35.550 compared with 37.022 for the 
mixed model). This difference arises from the 
stronger finite-sample penalty applied by AICc to 
models with more freely estimated parameters. 
Accordingly, no single model can be identified as 
uniformly superior for Cs-g-PAA-2 across all 
statistical criteria. These rankings describe goodness 
of fit and model parsimony only and do not establish 
network heterogeneity or uniquely distinguish 
molecular diffusion from polymer-relaxation 
processes. Given the small dataset, absence of 
replicate-level uncertainty, and possible parameter 
correlation, the model comparisons should be 
interpreted descriptively rather than as definitive 
mechanistic discrimination. 

From a design perspective, within the 
investigated formulation window, lower nominal 
MBA loading favored higher equilibrium uptake but 
did not necessarily produce faster apparent kinetics. 
Accordingly, equilibrium swelling capacity and 
characteristic uptake time should be treated as 
separate design objectives when screening 
formulations for water-retention or controlled-release 
applications. These trends are specific to the 
investigated NaOH-saponified Cs-g-PAA 
formulations and should not be interpreted as 
universal predictive rules. Further predictive 
development requires independent measurements of 
crosslink density, pore structure, network 
morphology, and rheological properties, together with 
replicated swelling experiments across pH, ionic 
strength, salinity, and temperature. Repeated 
swelling–deswelling cycles and prolonged storage 
should also be evaluated to determine hydrogel 
durability and the stability of the fitted kinetic 
parameters. The parameters reported here are 
therefore limited to the investigated single-cycle 
swelling dataset. Furthermore, the present dataset is 
too small for defensible machine-learning or hybrid 
predictive modeling, which would require 
substantially larger, replicated, and independently 
validated datasets. 

 
4 Conclusions 
 
This secondary analysis is limited to NaOH-
saponified Cs-g-PAA hydrogels measured in distilled 
water at 27 ± 1 °C. Neutralization degree and nominal 
MBA loading affected equilibrium capacity and 
apparent kinetic parameters. Cs-g-PAA-4 showed the 
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highest capacity despite the lowest fast and slow rate 
constants, confirming that swelling extent and 
swelling rate are distinct design attributes. 

The models provided complementary, non-
equivalent descriptions of the swelling behavior. 
Schott, Peleg, Weibull, and Voigt summarized the 
complete swelling profiles; Ritger-Peppas described 
only the initial fractional-uptake region; and the two-
component equation represented apparent fast and 
slow uptake terms. Statistical comparisons were 
restricted to compatible datasets and response scales, 
with AICc included to account for the small sample 
size. The mixed diffusion–relaxation model gave the 
lowest RMSE, AIC, AICc, and BIC values for Cs-g-
PAA-1, Cs-g-PAA-3, and Cs-g-PAA-5, whereas the 
Weibull model consistently gave the lowest values for 

Cs-g-PAA-4. For Cs-g-PAA-2, the mixed model gave 
the lowest RMSE, AIC, and BIC, while the Schott 
model gave the lowest AICc, indicating that model 
ranking for this formulation depends on the balance 
between fitting accuracy and finite-sample 
complexity penalization. These results support 
phenomenological differences in uptake timescales 
but do not directly confirm molecular diffusion, 
viscoelastic relaxation, crosslink density, or structural 
heterogeneity. 
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