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Abstract: Bio-derived polyol products have gained global interest as a green and sustainable sub-
stitute for fossil-based polyols in a diverse range of polyurethane (PU) applications. According to
previous studies, PU properties are highly influenced by the reaction kinetics during their formation.
One major factor affecting this is the reactivity of their polyol’s functional hydroxyl moieties that
are classified as primary, secondary, and hindered-secondary. However, experimental quantitative
characterization of these polyol hydroxyl moieties remains a challenge in the field due to various
factors affecting them, including extensive time requirements, the need for substantial and expensive
resources, large potential errors, and the generation of wastes, as well as health and safety consid-
erations. In this study, the molar fraction of primary, secondary, and hindered-secondary hydroxyl
moieties of a petroleum-based polyol (V490) and a rice straw-based polyol were determined via an
iterative computational method. The method employed a MATLAB script that can simultaneously
solve multiple differential equations involving PU gelling reaction kinetics and thermodynamics. In
this manner, numerical combinations of the fraction of each type of hydroxyl moiety are generated
by looping together the respective numerical fractions for each moiety. The best-fit combinations of
the fractions of the mixed polyol’s hydroxyl moieties were successfully found via curve fitting of the
simulated and experimental gelling temperature profile with an average numerical deviation of less
than 1%. Thus, the method presented in this study offers a faster and more reliable characterization
of the polymeric reaction kinetics than the experimental and conventional computational methods
for product property enhancement and development in the field.

Keywords: MATLAB; polyol; polyurethane; simulation; kinetics

1. Introduction

In the pursuit of sustainable and greener development in the polyurethane (PU) man-
ufacturing industries, there have been various attempts to replace fossil-based polyols with
bio-derived feedstock such as biomasses and vegetable oils [1-4]. One of the most abundant
bio-resources that attracts global interest as a sustainable alternative are lignocellulosic
biomasses [3,5]. These can be obtained from various sources, including forest residues,
agricultural wastes, and bagasse [6]. The main structure of lignocellulosic biomass mainly
consists of cellulose, hemicelluloses, and lignin, all of which contain functional hydroxyl
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groups [7]. Cellulose is a polymer made of repeating (3-glucose connected via glycosidic
linkages as shown in Figure 1a [8]. Hemicellulose is a branched heteropolymer of pentose
and hexose sugars [7,9]. One of the most predominant types of hemicelluloses is xylan
which consists of repeating D-xylopyranose units as shown in Figure 1b [10]. On the other
hand, lignin is a complex aromatic polymer that is mainly made from coniferyl hydroxyl,
p-coumaryl hydroxyl, and sinapyl hydroxyl, whose structures are shown in Figure 1c [11].
Lignocellulosic biomass is generally converted into liquid polyols via oxypropylation
or liquefaction process for various PU product applications, including flexible and rigid
PU foams [12,13].
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Figure 1. General component of lignocellulosic biomasses; (a) cellulose, (b) hemicellulose, and
(c) lignins.

The utilization of bio-derived materials in the manufacturing processes of PU prod-
ucts has led to the establishment of new formulations and protocols. One crucial aspect
that profoundly affects the properties of these products is the reaction kinetics during
the PU manufacturing process [14-18]. Alfeche et al. (2023) successfully modeled the
physicomechanical properties of rigid PU foam based on coconut oil, focusing on the
gel reaction kinetics and gel time [19]. It was found that PU reaction kinetics are largely
influenced by the chemical properties of the polyol, such as heat capacities, functionalities,
and hydroxyl values.

The hydroxyl groups of the polyol can be classified as primary, secondary, and
hindered-secondary, with each category playing a crucial role in determining the dis-
tinct characteristics of the resulting PU networks [20,21]. The presence of primary hydroxyl
groups leads to the formation of more compact PU networks. Conversely, the predomi-
nance of secondary hydroxyl groups introduces detrimental dangling chains that act as
plasticizers within the PU matrix. Moreover, the presence of hindered-secondary hydroxyl
groups in the middle of the carbon chain introduces high steric hindrance, which restricts
urethane crosslinking [22]. Hence, a comprehensive understanding of the hydroxyl moi-
eties in the polyol provides invaluable insights that can contribute to the enhancement of
PU product properties through improved and optimized design and formulation.

The hydroxyl functional moieties are generally characterized via titration and nu-
clear magnetic resonance spectroscopic analysis [1,23]. These experimental techniques,
however, may be unavailable or implausible to certain laboratories and can be costly, time-
intensive, space-consuming, imprecise, tedious, produce wastes, and involve health and
safety risks. Hence, computational methods are explored as an alternative approach to
address sustainability and practicality in such polyol characterizations.
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Ghoreishi et al. (2014) have developed a method that predicts the hydroxyl moieties of
petroleum-based polyols by employing curve-fitting techniques on PU gel reaction temper-
ature profiles [20]. They further examined and modeled the influence of hydroxyl moieties
on the reaction kinetics and temperature profiles during gel formation. However, it should
be noted that the existing model still necessitates the utilization of alcohol compounds as
references for accurate predictions [20].

To date, comprehensive understanding has been scarce regarding the hydroxyl moi-
eties found in lignocellulosic biomasses. This study addresses this scarcity by accurately
predicting the primary, secondary, and hindered-secondary hydroxyl moieties present in a
mixture of rice straw-based (RSB) and petroleum-based polyols via iterative computational
method using MATLAB computer software without the need for reference compounds.
For this purpose, a script was developed that can solve multiple simultaneous differential
equations. These equations describe the kinetics and thermodynamics of the PU gelling
reaction, based on the experimental inputs, assumptions, and heuristics described and de-
rived from previous studies [14,20,24]. Utilizing the provided inputs, the script conducts an
energy balance analysis to generate an expression for the temperature profile. Subsequently,
the script employs temperature profile curve fitting by comparing the experimental and
simulated data. This procedure serves as a criterion for predicting the fraction of each type
of hydroxyl moiety. The corresponding fractions of hydroxyl moieties from the best-fit
temperature profiles are then recorded and saved.

One notable aspect of the script developed in this study is that it is designed to
operate with minimal human intervention. The script is a one-time user input, where
the necessary parameters are provided, and it takes responsibility for conducting the
iteration processes automatically. This reduces the potential for human error and enhances
the efficiency of the analysis. Furthermore, the script code is designed and optimized
to facilitate the encapsulation of foaming simulations, thereby enabling seamless and
effortless modifications to accommodate future investigations involving foaming reactions.
This sophisticated implementation ensures enhanced scientific rigor, allowing researchers
to delve into the intricacies of foaming phenomena with greater ease and flexibility. By
employing the script code, researchers can efficiently manipulate and refine the parameters
and variables associated with foaming reactions, fostering a deeper understanding of their
underlying mechanisms and paving the way for further advancements in this field of study.

Hence, this study presents an important step towards a more comprehensive under-
standing of the hydroxyl moieties in lignocellulosic biomasses. By employing an iterative
computational method and developing a script that automates the simulation process, the
present study provides a scientific approach to quantitatively characterize the hydroxyl
moieties in polyol mixtures. The script’s validity was demonstrated through its successful
application to the gel temperature profile, reinforcing its utility as a valuable tool in future
research and industrial applications.

Model Description

The PU gelling reaction occurs when the polyol and polyisocyanate are mixed, result-
ing in macromolecules with urethane structures, thus forming PUs as shown in Figure 2 [25].
The relationships between the concentrations of the reactants in Figure 2 are employed to
develop a gel reaction kinetic expression as presented in Equation (1) [24]. In Equation (1),
r¢el is the summation of gel reaction rates of polyol mixtures, kg ; is the reaction rate
constant of gel 7, Ccgtg,1 is the concentration of the gelling catalyst, C;,, is the concentration
of the isocyanate groups, Cop ; is the concentration of hydroxyl groups of polyol i, and
T¢el,i s the gel reaction rate of polyol i.

Tgel = Zkgel,i X Ccatgel X Ciso X Cop,i = ngel,i 1
i i
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Figure 2. General reaction mechanism of polyols and polyisocyanates producing polyurethane
structures.

Moreover, the rate equations are considered to be elementary as in Equation (2). In
Equation (2), r; represents the rate of any reaction i in Table 1, k represents the rate constant
for any reaction, and Xj and X, represent the concentration of the reacting moieties involved
in the reaction. Additionally, a study by Zhao et. al. (2013) on catalyst impact on PU foam
polymerization verified that Equation (3) provides a good estimate of catalyzed reaction
rate constants, where ¢ represents any particular catalyst/s used [24]. In Equation (3),
k; represents the overall rate constant for reaction i, kyuc represents the uncatalyzed
reaction rate constant, and k. j represents the reaction rate constant in the presence of
catalyst c (cat c).

r = k[X;][X2] @

k = kuncat + Z([Cﬂt C] X ket c) (©)]

Table 1. Summary of possible reactions occurring during the polyurethane gelling process [20,24].

No. Reactions No. Reactions

1 A+Bp =P 8 Pys+Bs — P
2 A+Bs =P 9 Py + By — P
3 A+ By, =P 10 Py +ByP — P
4 A+ By,P =P 11 Pys+BsP— P
5 A+ BsP — P 12 Py + BysP — P
6 A+ By,P =P 13 A+U —P
7 Py+By— P 14 A+U — P

A represents an isocyanate group, B represents a hydroxyl group in the polyol component, P represents the
growing polyurethane polymer, B,, Bs, and By represent the primary, secondary, and hindered-secondary
hydroxyl group in the polyol component, respectively, while B, P, BsP, and Bj,;P represent a primary, a secondary,
and a hindered-secondary/tertiary hydroxyl group on P, respectively, and U, represents the urethane moiety
according to Ghoreishi et al. (2014) [20].

The computational counterpart of the characterization of the gelling temperature
of the reacting system (T) as a function of time () can be found as the solution of the
thermodynamic differential equation (%) reflected in Equation (4) [24]. In Equation (4),
Y.iAH; x r; represents the instantaneous heat released from the reactions happening in the
duration of the gelling process, UAAT represents the instantaneous heat transfer from the
system to the surroundings, and ) (n x Cp) represents the instantaneous heat capacity
of the mixture. With a database or guess of pertinent physical, thermodynamic, and
kinetic parameters and information on initial conditions, the solution to Equation (2) can
be found although the process may be lengthy and challenging as it involves more than
one differential equation.

dT  Y;AH; xri + UAAT
dt Y (nxCp)

In the lens of the foam temperature profiling, several exothermic reactions take place.
These reactions can be both gelling and blowing reactions [13,26]. Among these two
types of reactions, only the gelling reactions are influenced by the polyol’s hydroxyl
functionalities [27]. Thus, this study focuses only on the investigation of the PU gelling
reactions identified by the previous studies as presented in Table 1 [20,24,28]. Aside from

(4)
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the polyol-isocyanate reactions (reactions 1 to 12), reactions 13 and 14 can also take place
depending on the other ingredients present.

Moreover, the kinetic parameters such as kO (reaction rate constant at 25 °C), h (heat
or reaction), E (activation energy), and U (heat transfer coefficient) used in this study are
based on the values reported by Ghoreishi et al. (2014) for each type of hydroxyl moiety as
summarized in Table 2 [20].

Table 2. Summary of kinetic parameters of primary, secondary, and hindered-secondary hydroxyls.

Parameter ko E h U
Primary 500 37,000 68,000 2
Secondary 55 40,000 68,000 2
Hindered-secondary 42 40,000 68,000 2

2. Materials and Methods
2.1. Materials

Polymeric methylene diphenyl diisocyanate (PAPI™ 27), silicone surfactants (Dabco
DC 2303), catalysts (Polycat® 8), petroleum-based polyether polyol (Voranol® 490 has a
hydroxyl functionality of 4.3, an average molecular weight of 460, and a hydroxyl number
of 490), and crude glycerol were obtained from Dow Chemical. Reagent-grade sulfuric
acid (HySO4) was purchased from Sigma-Aldrich. RSB polyol was produced via the
liquefaction process.

2.2. Polyol Characterization

The synthesized polyol’s hydroxyl value (OHV) was measured according to ASTM
D4274-16 Test Method D. The molecular weight was determined using a Shimadzu HPLC-
GPC (RID-20A). The density of the prepared polyol was determined according to ASTM
D4669. The specific heat capacity of the prepared polyol was evaluated through differential
scanning calorimetry (DSC) using a Perkin Elmer DSC 4000 (Perkin Elmer, Waltham, MA)
with a heating rate of 10 °C/min (sample weight 5-10 mg) as suggested by ASTM D3418.
Moreover, the heating range from —50 °C to 150 °C was employed in the DSC analysis of
polymeric polyol systems, as the glass transition temperature of these materials typically
occurs within this range. This choice ensures consistency with established practices [29,30]
in the field and allows for the accurate characterization of the specific heat capacity of the
polyol samples. The Cp of the mixed polyol was calculated as

Ds x Wst
Cp(s) = Cp(st) x Dot x Ws )

where, Cp(s) represents the specific heat capacity (in J/g-K) of the polyol sample, Cp(st)
represents the specific heat capacity (in J/g-K) of the sapphire standard, Ds represents
the vertical displacement (in mW) between the thermal curves of the specimen and the
specimen holder at a specific temperature, Dst represents the vertical displacement (in
mW) between the thermal curves of the specimen and the sapphire standard at a specific
temperature, Wst represents the mass of the sapphire standard in mg, and Ws represents
the mass of the polyol sample in mg.

2.3. Gelling Reaction and Temperature Profiling

PU gel was prepared using the formulation and recipes presented in Table 3. It was
prepared by mixing the B-side, composed of the polyols, catalyst, and surfactant in a plastic
cup for 10-15 s with an electronic mixer at a high speed of 3000 rpm to ensure effective
mixing at a shorter time frame. The mixture was then allowed to degas for 2 min. The
pre-weighed A-side, which is the Polymeric MDI with an isocyanate index of 110, was
added to the mixture. Given the rapid gel formation observed in polyurethane polymers,
the rapid mixing of A-side and Polymeric MDI at a similar speed was limited to a duration



Sustainability 2023, 15, 12082

6 of 13

of 7-10 s, as gel formation can begin as early as 20 s. To accommodate this, a minimum of
10 s is allocated for transferring the mixture into the mold before gel formation starts. This
time allowance is critical to maintain the desired foaming characteristics and ensure proper
mold filling. By following these specific timing considerations, the foaming process can be
optimized, leading to the desired gel structure and properties in polyurethane products.
Then, the resulting mixture was quickly poured into a mold box with an aluminum lining. It
is also worth noting that such timings are chosen based on the gelling protocols established
in the previous studies [5,26]. The internal temperature of the reacting system was then
measured using a Type K Thermocouple. The temperature readings were logged at an
interval of five seconds using a Pico Technology USB TC-08 Temperature Data Logger with
3 replicates.

Table 3. Gel reaction recipes and formulations for the preparation of the experimental gelling
processes at different blends of rice straw-based (RSB) and Voranol 490 (V490) polyols [5].

Foam Formulation Components PU-V490  PU-5-RSB  PU-10-RSB  PU-20-RSB

Polyol V490 100 95 90 80
RSB 0 5 10 20
Catalysts Polycat 8 0.5 0.5 0.5 0.5
Surfactant Dabco DC 2303 1.5 1.5 1.5 1.5
Isocyanate MDI Papi™ 27 144.94 141.72 138.50 132.07

2.4. Computational Determination of Polyol Properties

The determination of the mixed polyol’s properties through computational methods
was performed using MATLAB computer software. The properties being computationally
determined are the molar fractions of primary (Xp), secondary (Xs), and hindered secondary
(Xhs) hydroxyl moieties of the mixed polyol. A MATLAB script, following the algorithm
presented in Figure 3, is utilized for this purpose.

The overall script operates based on user input of the experimental temperature profile
for the PU gelling reaction. It also involves an iterative process of guessing the polyol
properties and numerically testing their validity using a series of six coded functions
written in MATLAB as provided in the Supplementary Materials:

1. The Bootstrap function code in Function (S1) employs a for-loop statement to generate
multiple combinations of hydroxyl moieties, utilizing the specified value ranges
outlined in Table 4. The ranges of values in Table 4 were selected based on the
fractional moiety values of petroleum-based polyol reported in the previous study [20].
To enhance the accuracy and reliability of the simulated moiety values, the selected
ranges were cautiously expanded, ensuring a lower and upper limit difference of
0.5, while maintaining a small interval size of 0.01. This meticulous approach allows
for a thorough exploration of a larger parameter space, providing robust and precise
simulation results. Moreover, as indicated by the previous study [20], the hydroxyl
groups present in the polyol are categorized as primary, secondary, and hindered-
secondary/tertiary. Therefore, it is expected that the sum of each combination of
these values is equal to 1. Subsequently, these generated combinations are utilized as
inputs as a recipe value in the matrix in the Recipe function code, allowing for further
analysis and evaluation.

2. The Recipe function code in Function (52) serves to store essential physicochemical
data of the polyol, including molecular weight, specific heat capacity, OH value,
functionality, density, hydroxyl moiety fractions, and other pertinent inputs such as
the masses of polyols and isocyanates utilized in the formulation, while considering
an isocyanate index of 1.1 per parts polyol. Notably, the values of hydroxyl moiety
fractions undergo continuous modifications during each Bootstrap update within the
iterative cycles. The output generated by the Recipe function code will serve as input
for the Main function, enabling subsequent analyses and computations.
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3. The Database function code in Function (S3) stores a comprehensive collection of data
on the estimated kinetics, presented in Table 2 as established by previous studies [20,24],
and experimental thermo-chemical parameters, presented in Table 5 along with the
Recipe data obtained from the previous function, are subsequently utilized in the
Main function code for subsequent analyses and computations.

4. The ReacSim function code in Function (54) is responsible for calling the outputs
from the Recipe and Database function codes within the Main function code. These
outputs, along with the reaction kinetic expressions, serve as inputs for the differential
equations implemented in the ReacSim function code. By utilizing these inputs, the
ReacSim function code generates a simulated temperature profile. This simulated
profile is subsequently validated in the Main function code, where it is compared
against experimental data or predefined criteria to assess its accuracy and reliability.

5. The Main function code in Function (S5) rigorously validates all simulated temper-
ature profile data generated by the ReacSim function code. The validation of the
simulated data is performed by employing an error tolerance approach, aiming to
achieve a simulated temperature profile that best fits the experimental temperature
profile. In this study, the simulated temperature profiles are considered valid if they
fall within +/— 5% of the average experimental temperature profile. This stringent
criterion ensures that the simulated profiles closely align with the experimental data,
validating the accuracy and reliability of the optimization process. By adhering to this
error tolerance threshold, the study establishes a robust and rigorous framework for
evaluating and validating the simulated temperature profiles against the experimental
results. Moreover, the Main function code extracts and outputs the relevant fractions
of hydroxyl moieties corresponding to the valid temperature profile data.

6. The FoamSim function code in Function (S6) displays the simulated temperature
versus time profiles (T vs. t) of the guesses validated by the Main function code.

Table 4. Summary of the ranges and intervals of the fractional hydroxyl moiety values used in the
iterative computations in the script code.

Primary, Xp Secondary, Xs Hindered-Secondary, Xhs
Lower limit 0 0.1 0.5
Interval 0.01 0.01 0.01
Upper limit 0.5 0.5 1

Table 5. Summary of the thermo-chemical properties of polyols that are used as recipe inputs in the
script code.

OH Value, mg . 3
Polyol KOH/g MW, g/mol Density, g/cm Cp, J/g-K
V490 487.6 491 1.11 1.80
5%RSB-V490 473.4 482.4 1.10 1.64
10%RSB-V490 465.3 476.6 1.09 1.42
20%RSB-V490 446.2 461.5 1.08 1.17

Subsequently, all viable simulated data are meticulously compared to identify the
optimal fit with the experimental data characterized by the lowest standard error, achieved
through the calculation of individual errors.
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3. Results and Discussions
3.1. Experimental Results

The gel temperature profile of polyurethane (PU) systems is influenced by two main
factors: the hydroxyl value of the polyol and its corresponding fractional moieties. Each
moiety exhibits different reactivity when reacting with isocyanates during polyurethane
formation. Polyols with higher hydroxyl values exhibit higher maximum temperatures
(Tmax), resulting in shorter gel times. On the other hand, polyols with higher concentrations
of primary and/or secondary hydroxyl moieties also exhibit higher Tr»ax and faster reaction
kinetics, leading to shorter gel times. This disparity arises because the reactions of primary
alcohols exhibit a faster reaction rate compared to hindered-secondary alcohols when
reacting with isocyanates, as shown in Table 6.

Table 6. The relative reaction rates of different hydroxyl moieties during a non-catalyzed reaction
with isocyanates at 25 °C [31].

Relative Reaction Rate

Hydroxyl Moieties Formula (Non-Catalyzed at 25 °C)
Primary hydroxyl R-CH,-OH 2.5
Secondary hydroxyl R,-CH-OH 0.75
Hindered-secondary/tertiary hydroxyl R3-C-OH 0.0125

Figure 4a displays the experimental temperature profiles of rice straw-based (RSB)
polyurethane gels with varying V490 polyol replacements. These profiles provide insights
into the thermal behavior and gelation process of the polyurethane system. Figure 4b
depicts the actual image of a representative polyurethane gel sample, offering visual
confirmation of the gel formation.

Analyzing the gel times (the time taken to reach Trax) of the experimental temperature
profiles presented in Figure 4a, it is observed that a higher percentage of rice straw-based
(RSB) polyol replacement results in shorter gel times compared to cases with lower RSB
replacements. This implies that RSB PU gels demonstrate faster reaction kinetics than
V490-based PU gels. This observation suggests that RSB polyol contains a higher fraction
of primary or secondary hydroxyls compared to V490 polyol. Additionally, it is noticed
that higher RSB polyol replacement leads to a lower Tax compared to systems with lower
replacements. This can be attributed to the relatively lower hydroxyl value of RSB polyol
compared to V490, as indicated in Table 5 since Tmax values are directly influenced by the
number of reactive alcohol moieties [29].

Further investigation in Figure 4 reveals a gradual decrease in temperature as the
system approaches thermal equilibrium, indicating heat dissipation from the PU foam
system during the cooling phase following the gelling process [19]. This observation
suggests that heat is transferred from the PU foam system to the surroundings during the
cooling phase, resulting in a gradual decrease in temperature.

3.2. Computational Results

The algorithm presented in Figure 3 was executed using the experimental temperature
profiles as inputs, along with the specified ranges and intervals of the kinetic parameters,
fractions of hydroxyl moieties, and recipe data outlined in Tables 2, 4 and 5, respectively.
Afterward, the MATLAB script code was then executed, employing a rigorous arrange-
ment of for-loops and combinations to explore various fractions of primary, secondary,
and hindered-secondary hydroxyl moieties. These simulated profiles were subsequently
adjusted through curve fitting procedures, aiming to obtain the best fit with the correspond-
ing experimental profiles. By iteratively performing these calculations and comparisons,
the script code identified the optimal values of the hydroxyl moieties for each system, as
indicated in Table 7. These values represent the predicted hydroxyl moieties corresponding
to the best-fit simulated temperature profiles as shown in Figure 5.
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Figure 4. Experimental polyurethane gel reaction temperature profile at different rice straw-based
(RSB) polyol replacements labeled according to their polyol origin; V490 (i.e., derived fully from
Voranol® 490), 5%RSB (i.e., 5%RSB-95%V490), 10%RSB (i.e., 10%RSB-90%V490), and 20%RSB (i.e.,
20%RSB-80%V490) (a) and an actual image of the polyurethane foam sample during the experimental
temperature profiling (b).

Table 7. Summary of fractional hydroxyl moieties of Voranol 490 and 5%, 10%, and 20% bio-replaced
rice straw-based polyol.

Voranol 490 5%RSB-V490  10%RSB-V490 20%RSB-V490

Primary, Xp 0 0.02 0.03 0.06
Secondary, Xs 0.26 0.21 0.16 0.10
Hindered-secondary, Xhs 0.74 0.77 0.81 0.84

Analysis of the data presented in Table 5 reveals a correlation between the increased
RSB polyol replacement and the corresponding fractions of primary, secondary, and
hindered-secondary hydroxyl (OH) groups. Specifically, it is observed that as the RSB
replacement percentage increases, the X;, and Xy, increase, while X5 decreases. This finding
indicates that RSB polyol contains a higher proportion of primary and hindered-secondary
hydroxyls and a lower proportion of secondary hydroxyls compared to V490 polyol.

Moreover, the presence of primary hydroxyls in RSB polyol can be attributed to the
natural occurrence of intrinsic primary hydroxyls in its lignin component. In contrast,
V490 polyol does not possess such inherent primary hydroxyls. Consequently, the reaction
kinetics of V490 polyol is relatively slower compared to the system with 20% RSB polyol
replacement, as evidenced by the temperature profiles depicted in Figure 5. These findings
highlight the influence of polyol hydroxyl moiety composition on the reaction kinetics
during the PU gelling process.

The developed script code in this study has limitations in its applicability, as it is
specifically designed for pure rice straw-based and petroleum-based polyols with hydroxyl
functionalities. Hybrid systems involving amine-containing polyols are not compatible with
the current script code due to their unique chemical composition and reactivity, requiring
distinct computational approaches. Similar to previous investigations, the computational
method in the present study focuses solely on the polyurethane gelling process, excluding
blowing reactions that can introduce complexities and inaccuracies. By employing a gelling
simulation approach, the study ensures that the reaction kinetics primarily involve alcohol
fractional moieties reacting with isocyanate, enhancing the accuracy of predicting the
hydroxyl group fractions.
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Figure 5. Curve fitting of both simulated and experimental polyurethane gel temperature profiles at
different Rice Straw-Based (RSB) and Voranol 490 polyols (V490) blends; (a) V490 (i.e., derived fully
from Voranol® 490), (b) 5%RSB (i.e., 5%RSB-95%V490), (c) 10%RSB (i.e., 10%RSB-90%V490), and
(d) 20%RSB (i.e., 20%RSB-80%V490) showing the accuracy of the simulation model in comparison
with the experimental temperature profiles.

4. Conclusions

The present study has developed an iterative computational method that can accu-
rately predict the hydroxyl moieties of both petroleum-based and bio-based polyols. The
method takes advantage of the use of MATLAB software to model the PU gel reaction
kinetics of the thermo-kinetic behavior of both petroleum and bio-based systems. This
rigorous process facilitated the accurate determination of the hydroxyl moieties for the
simulated temperature profiles of each system. The script code’s ability to systematically
explore various combinations and its utilization of curve-fitting techniques ensured the
selection of the most suitable profiles that closely resembled the experimental data. As such,
testing the validity of the script on an experimental formulation reveals its accuracy as
shown in the simulated and experimental temperature curve fits with an average deviation
of less than 1% as shown in Figure 5. Hence, the iterative method developed in the present
study exhibits a reliable approach to estimating the hydroxyl moieties of an unknown
polyol in a more accurate, practical, and sustainable approach compared to the conven-
tional methods. Consequently, this study serves as a foundation for the advancement of
further scientific exploration and development in the field of PU synthesis and processing
in terms of sustainability and accuracy.

5. Recommendations

Future studies should explore alternative computational approaches that effectively
accommodate both the urethane and urea systems, including their hybrids while encom-
passing exothermic and endothermic polymer reaction systems. Additionally, investigating
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the impact of blowing reactions is crucial. Iterative computational studies on diverse
bio-based polyol feedstock are recommended to assess the suitability and potential of the
present computational in various applications. Such investigations will contribute to a
comprehensive understanding of polyol compositions, enabling informed decision-making
and advancements in the field. Additionally, it is recommended to leverage the capabilities
of supercomputers to reduce the running time of the script, enabling the faster acquisition
of results. The utilization of supercomputing resources can significantly enhance computa-
tional efficiency and expedite the data analysis process, leading to more efficient and timely
research outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su151512082 /51, Function (S1): Bootstrap function; Function (S2): Recipe
function; Function (S3): Database function; Function (54): ReacSim function; Function (S5): Main
function; Function (56): FoamSim function.
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