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Microwave-assisted valorization of biodiesel
byproduct glycerol to solketal over Musa
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catalyst: process optimization, kinetics, and
thermodynamicsf
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The massive quantity of glycerol produced due to the rapid expansion of biodiesel production requires
its transformation into value-added products utilizing novel and sustainable methods. Here we report
the microwave-induced production of solketal from glycerol using banana (Musa acuminata) peel waste
functionalized with sulfonic acid as a heterogeneous catalyst. FTIR, PXRD, TGA, SEM-EDX, and TEM
techniques were used to examine the chemical composition and morphology of the catalyst. The four
parameters, the glycerol to acetone molar ratio (GTAR), reaction time, catalyst wt.%, and reaction
temperature, were optimized using central composite design (CCD). 94.89% glycerol conversion to
solketal was observed with a catalyst loading of 7 wt.%, a GTAR of 1:4, a reaction temperature of 65 °C,
and a reaction time of 12 min. The catalyst showed remarkable stability when used repeatedly and could
be reused at least five times without substantial reduction in its activity. With an activation energy of
40.23 kJ mol™! the reaction followed pseudo-first-order kinetics. The thermodynamic analysis
established the endothermic and non-spontaneous nature of the acetalization reaction. Therefore, this
technique of glycerol valorization could be applied to the production of solketal as a biofuel additive on

rsc.li/energy-advances

1. Introduction

Renewable energy exploration will be one of the most impor-
tant research topics in the next few years due to limited fossil
fuel reserves. Due to its excellent flow and combustion proper-
ties, biodiesel (fatty acid methyl esters) is considered a cost-
effective and highly efficient energy source that can replace
fossil fuels completely."”* Compared to regular diesel, it has
good lubricating qualities and emits less carbon dioxide.** The
most common method of making biodiesel is through transes-
terification, which combines triglycerides with alcohols, such
as methanol or ethanol, and results in biodiesel as well as crude
glycerol as the by-product.’”® For every transesterification reac-
tion 10% of glycerol is formed as a byproduct.”*°
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an industrial scale with further optimization.

Several studies have demonstrated that various commercial
products can be synthesized from glycerol through different
reactions, including acetalization,"" etherification,"> and
transesterification.”*™*® Specifically, glycerol can be acetalized
with acetone to produce solketal (4-hydroxymethyl-2,2-
dimethyl-1,3-dioxolane), which is considered to be a value-
added product.'® The liquid solketal is clear and odorless,
completely dissolves in water, and is stable under ambient
conditions, including temperature and pressure.'” It is an
efficient solvent, anti-freezing agent,’® and plasticizer.”® In
addition to reducing gum formation and particulate emissions,
solketal also increases the octane number and improves the
cold flow properties of liquid fuels, making it very popular as a
fuel additive that can also reduce emissions.?®** Moreover, it is
well suited for the polymer industry as well as for pharmaceu-
tical production as a suspension agent.”>>* An aquatic fish
toxicity test found that it was less harmful to the environment
than other gasoline additives.**

A microwave assisted acetalization reaction for solketal
synthesis is a non-contact heat source technique for producing
solketal of greater quality with a significantly faster reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rate than conventional heating procedures.”'* The desired
conversion of glycerol to solketal requires more time using
the conventional heating method because the chemical trans-
formation is dependent on the heating efficiency of the reac-
tants, whereas the same conversion is quickly accomplished
using uniform and instantaneous heating by microwave
irradiation.>>*° The utilization of a distinctive continuous flow
microwave-irradiated reactor equipped with a static mixer,
boasting a capacity of 42.5 L h™",*” facilitates the feasibility of
large-scale production at an industrial level. However, imple-
menting microwave technology in industrial environments
typically demands a substantial initial investment, possibly
creating financial hurdles, especially for smaller businesses.
Ensuring the safe operation of microwave equipment requires
strict adherence to safety protocols to mitigate risks such as
overheating and exposure to high-energy radiation.?®

The effects of operational parameters such as catalyst wt%,
reaction temperature, the glycerol to acetone molar ratio, and
time on the acetalization reaction are studied experimentally to
optimize the reaction conditions. Manually optimizing one
variable at a time (OVAT) consumes a lot of effort, time, and
resources. Therefore, response surface methodology-based cen-
tral composite design (RSM-CCD), a soft computational tech-
nique, is used to perform the optimization. RSM-CCD is
feasible to more accurately develop a model that can be con-
firmed using statistical analysis of variance (ANOVA). In addi-
tion to demonstrating model accuracy, this technique also
determines how interacting variables affect the observed
results.>

The acetalization of glycerol to solketal has previously
been accomplished using a variety of homogeneous and
heterogeneous catalysts.*® Researchers have used a wide range
of homogeneous acid catalysts, including HCIl, H;POy,,
divinylbenzene-styrene resin, p-toluene sulfonic acid (PTSA),
etc., to acetalize glycerol.* In comparison to conventional
homogeneous catalysts, heterogeneous catalysts offer easy
recovery, reduced pollution, and low corrosiveness.*** Solk-
etal synthesis from glycerol has been reported using several
solid catalysts, such as metal phosphates,®>*® metal oxides,*”*
sulfated carbon,®*™*! resins,** clay minerals,*" sulfated metal-
organic frameworks (e.g. sulfated UiO-66),"* mesoporous silica,
Co[u](Co[ui],Al,_,)0,4,>” hydrophobic zirconium organophos-
phonates®® and zeolites.***> However, they are typically
moisture-sensitive, toxic, difficult to prepare, expensive,
and unstable. Recently, biomass has garnered great interest
as a source of natural catalysts due to its ease of use, benign
properties, and economic and environmental benefits.

Solketal production on a large scale is hindered by the cost
of catalyst fabrication, despite the potential benefits of carbon-
based solid catalysts derived from waste biomass. Hence, a
simple, cost-effective, and eco-friendly strategy based on utiliz-
ing a waste biogenic heterogeneous catalyst is highly desirable
for the production of solketal. According to the report of
Statista 2021,*° the banana market is the world’s largest fruit
market. It was reported that 124.98 million metric tonnes of
bananas were produced in 2021. Furthermore, the cost of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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disposing banana peels is quite high as they are waste pro-
ducts, and so their beneficial use would boost the economic
value of bananas. However, using banana peels as a catalyst
source presents a few challenges. Different types of bananas
and their degree of ripeness can cause the banana peels to vary
in composition, thereby leading to diverse catalytic properties.
In addition, the effectiveness of catalysts can also be altered by
handling and storage conditions, such as duration, tempera-
ture variations, and air exposure. Moreover, the natural break-
down of catalysts may be impacted by the stability of the
banana peels over time and the toxicity of components present
in them. Despite these challenges, the banana peel is an
affordable, readily accessible source of carbon, which can be
functionalized with -SO3;H groups by treating it with concen-
trated H,SO,, providing a promising pathway toward the pro-
duction of solketal.

We have reported the complete synthesis and characteriza-
tion analysis’® of an acid-functionalized activated carbon
catalyst derived from the banana peel (BP-SO;H-15-18-100).
Thermogravimetric analysis (TGA) of the catalyst showed a
major mass loss from 250-500 °C as a result of the decomposi-
tion of -COOH, -SO;H, and -OH groups (Fig. Sla, ESIY).
Eventually, the powder X-ray diffraction (XRD) study suggested
the amorphous structure of the BP-SO3;H-15-18-100 catalyst
(Fig. S1b, ESIt). Fourier transform infrared spectroscopy (FTIR)
analysis of BP-SO3H-15-18-100 confirmed the presence of SO3;~
symmetric stretching at 1030 cm ™" (Fig. Sic, ESIf). Moreover,
the N, adsorption-desorption isotherm of the BP-SO;H-15-18-
100 catalyst (Fig. S1d, ESIT) displayed a type IV isotherm with
an H3-type hysteresis loop and a surface area, pore volume, and
pore diameter of 14.024 m* g™, 0.016 cc g !, and 2.205 nm,
respectively. X-ray photoelectron spectroscopy (XPS) analysis
(Fig. S2, ESIt) also showed the presence of C, O, and S, where S
in the catalyst is in the form of -SO;H. The scanning electron
microscopy (SEM) (Fig. S3a—c, ESIt) and transmission electron
microscopy (TEM) analyses (Fig. S3i and j, ESIt) of the catalyst
displayed the irregular structure of the catalyst, whereas EDX
analysis (Fig. S3g and h, ESI}) results revealed the presence of
4.62 wt% sulfur (S), which corresponds to 1.4437 mmol g~
sulfonic acid density in the BP-SO3;H-15-18-100 -catalyst.
A thorough examination of many studies that have been
published over the past few years shows that, until now,
no researchers have used an acid catalyst made from banana
peels to produce solketal, particularly under microwave
irradiation.

However, the catalyst reported in the present work is used
for the acetalization of glycerol with acetone. Since acid-
functionalized activated carbons have been shown to be effec-
tive as heterogeneous catalysts in a variety of acid-catalyzed
reactions,”” this material is a promising candidate for catalyz-
ing the conversion of glycerol to solketal under green circum-
stances with high activity and selectivity (solvent-free reaction
at mild temperature). Kinetic and thermodynamic studies of
the reaction were also performed to determine the rate con-
stant, reaction order, activation energy, and parameters such as
enthalpy (H), entropy (S), and Gibbs free energy (G).

Energy Adv., 2024, 3, 316-329 | 317


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ya00369h

Open Access Article. Published on 04 December 2023. Downloaded on 1/20/2026 8:15:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

2. Experimental methodology
2.1 Materials and methods

Banana peels (Musa acuminata) were collected from Aizawl,
Mizoram, India. Acetone (98.5%) and glycerol (92.5%) were
purchased from Sigma Aldrich. Barium chloride (99.95%),
sodium hydroxide (>97.8%), phenolphthalein (98%), and sul-
phuric acid (98.07%) were obtained from Merck, India. All
chemicals used in this study were of analytical grade, bought
from commercial sources, and used as received without further
purification.

2.2 Preparation of the catalyst

The banana peels were cut into strips and sun-dried to remove
moisture. The dried peels were thoroughly ground into a fine
powder and subjected to sulfonation. Through varying the
ratios of banana peel powder to sulfuric acid as well as the
reaction time and temperature, various banana peel-supported
sulfonic acid catalysts (BP-SO;H) were prepared. The process
involved mixing 1 g of banana peel powder rigorously with
conc. H,SO, in various ratios of banana peel powder to H,SO,
(1:5,1:10,1:15, and 1:20), with reactions monitored from 16
to 24 h over a temperature range of 80-120 °C in each case. The
filtrate was rinsed multiple times using hot deionized water
until there were detectable residual sulfate ions left. The
presence of sulfate ions was tested using BaCl, (6 mol L)
solution (the white precipitate shows the presence of sulfate
ions). The resulting sulfonic acid functionalized banana peel
(BP-SO3H) was dried for 24 h in the oven. Each BP-SO;H
catalyst was given a code based on the synthesis parameters:
BP-SO;H-X-Y-Z, where X is the weight/volume ratio of banana
peel/H,SO0y, Y is the in situ hydrothermal sulfonation time, and
Z is the reaction temperature. As a result, the optimised catalyst
BP-SO;H-15-18-100 was made by utilizing a 1:15 (wt/vol)
banana peel/sulfuric acid ratio, an 18 h hydrothermal sulfona-
tion period, and a reaction temperature of 100 °C.

2.3 Catalyst characterization

Acid density (-COOH, -OH, and -SO3H groups) on the surface
of the BP-SO;H catalyst was determined via a modified Boehm
titration procedure.’® Basic solutions such as NaOH and
NaHCO; were employed to calculate the overall acid density
as well as the combined COOH/-SO;H density, respectively.
50 mg of the catalyst was dissolved in 15 mL of 2 M NaCl
solution and thoroughly stirred for 24 h. The filtered reaction
mixture was titrated using a phenolphthalein indicator against
a 0.02 M NaOH solution. Between 50 and 600 °C, thermogravi-
metric analysis (TGA) was performed using a PerkinElmer
instrument (TGA 4000) under continuous flow of N,. On an
X'Pert Pro (PANalytical, Holland) diffractometer, powder X-ray
diffraction (XRD) patterns were obtained using a tube current
of 100 mA and a generator voltage of 40 kV. XRD was performed
using Cu Ko radiation with 26 = 10-60°. Using a Micromeritics
ASAP 2010 (USA) surface area and porosity detector, the
sample was degassed for 10 hours at 150 °C, which was
analyzed using the Brunauer-Emmett-Teller (BET) technique.
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Fourier transform infrared spectra (FTIR) were recorded on KBr
pellets using a Nicolet 6700 (Nicolet Instrument Co., USA)
spectrophotometer. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) were performed
using a JEOL JSM-7600F (Japan) microscope at a magnification
of 1500x, 20 kV laser voltage, and 80 mA beam current. After
being dispersed in ethanol, the catalyst was dropped on a Cu
grid drop-by-drop before it was oven dried. High-resolution
transmission electron microscopy (HRTEM) was performed
using an electron microscope from JEOL (Japan), JEM-2100,
at 200 kV. X-ray photoelectron spectroscopy (XPS) analysis was
conducted using a Thermo Fisher Scientific’'s ESCALAB Xi+
device (USA).

2.4 Acetalization of glycerol to solketal on a laboratory scale

The developed catalyst was used for the microwave-induced
acetalization of glycerol (Scheme 1). The catalyst was mixed
thoroughly with glycerol and acetone in a microwave tube. The
first stage of the reaction involves the activation of acetone by
the acid sites of BP-SO3H-15-18-100, resulting in intermediate
1, which then undergoes cyclization to produce 2,2-dimethyl-
1,3-dioxolan-4-yl methanol (solketal) (2) and/or 6-membered
cyclic 2,2-dimethyl-1,3-dioxan-5-ol (3). The formation of 3 is
not kinetically favourable, so the reaction normally prefers 2.*°
In the present work, a selectivity of 97.53% was achieved for
compound 2 over 3 in the initial catalytic cycle, with water
being produced as a by-product. For finding optimal reaction
conditions, the glycerol to acetone molar ratio (GTAR), catalyst
weight percent, reaction time, and temperature were varied in
batch studies keeping one factor constant at a time (OFAT). The
obtained data were fed in RSM-CCD to design an experimental
matrix with distinct combinations of parameters for each run.
The optimized reaction conditions were glycerol (1 mmol) and
acetone (4 mmol) in a 1:4 molar ratio and 7 wt% catalyst at
65 °C for 12 min. The progression of the reaction and the
production of solketal were observed using thin-layer chroma-
tography (TLC). TLC results indicated complete conversion,
leading to the isolation of the freshly synthesized solketal.
A rotary evaporator was used to concentrate the filtered
solution to remove excess acetone. Following the reaction, the
catalyst was recycled, and its catalytic activity was tested five
more times.

Solketal was subjected to GC-MS and NMR analysis to
confirm its formation. GC-MS analysis was executed using an
Agilent (6890) gas chromatography instrument linked with an
Agilent 5973 mass spectrometer (Agilent Technologies, USA).
NMR analysis was carried out using an AVANCE III 500 MHz
NMR spectrometer (USA). Furthermore, eqn (1) and (2) were
used to evaluate the conversion of glycerol to solketal and the
selectivity of solketal respectively.

M.
Glycerol conversion (%) = G€ % 100 (1)
Mg
N Mgk
Solketal selectivity (%) = x 100 (2)
Mgc

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Proposed mechanism of glycerol acetalization using the BP—SOzH-15-18-100 catalyst.

where Mgc = the mole of glycerol converted, M(’; = the initial
mole of glycerol, and Mgr = the mole of solketal formed.

2.5 Experimental design for optimization by means of the
RSM-CCD matrix

This study examined 30 experimental runs of three-level,
four-factor central composite design (CCD). Stat-Ease Inc.’s
Design Expert version 13.0 software from Minneapolis, Min-
nesota, USA, was utilized for the model’s regression analysis.
The design levels and ranges of reaction parameters are
presented in Table 1. Conversion % of glycerol to solketal
was used to assess the effects of various factors and the
efficiency of the optimization process. The performance and
interaction of the components in glycerol conversion are

Table 1 Values of process parameters at different levels

Name Units Low High —Alpha +Alpha
A GTAR Molar ratio 3 5 2 6
B CL wt% 5 9 3 11
C Time min 10 14 8 16
D Temp °C 55 75 45 85

© 2024 The Author(s). Published by the Royal Society of Chemistry

calculated using a quadratic polynomial equation, as shown
in eqn (3)

Glycerol conversion (Y) = xy + X134 + X,B + x3C
+ x4D + X1,AB + X13AC + x14AD + X53BC + X,,BD
+ X34CD + X11A% + X50B> + X33C* + x4,D” (3)

where A, B, C, and D are the coded factors (4 = glycerol to
acetone molar ratio, B = catalyst loading, C = reaction time, and
D = temperature), x, = intercept term, x; 4 = coefficients of
linear terms, Xi,_14, X23, X24, X34 = coefficients of interaction
terms, and Xx;1, Xa, X33, X44 = coefficients of quadratic terms. An
equation for quadratic regression that revealed the maximum
possible glycerol conversion verified the accuracy of the experi-
mental results. Both the model and the sum of squares of the
individual factors were used as shown in eqn (4), to investigate
the effect of the final glycerol conversion and the extent to
which each parameter contributed.

Contribution factor (%) = (%) x 100 (4)
T

where SSt = sum of squares of the model and SS; = sum of
squares of a particular factor.

Energy Adv, 2024, 3, 316-329 | 319
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3. Results and discussion
3.1 Characterization of solketal

The catalyst was successfully prepared and characterized before
being employed to acetalize glycerol with acetone to generate
solketal. Mixing glycerol with acetone was carried out in a
molar ratio of 1:4. This was followed by adding 7 wt% of the
catalyst with respect to glycerol. For the best glycerol conversion
of 94.89%, the reaction was agitated in a microwave reactor at
65 °C for 12 min. The mixture was filtered using Whatman 41
filter paper to isolate the catalyst. Alumina sheet TLC (02665)
was used to evaluate the conversion of glycerol to solketal. It
was then rinsed with ethanol and concentrated using a rotary
evaporator to eliminate excess ethanol. The produced solketal
was subjected to NMR and GC-MS analysis. Spectroscopic
measurements of 'H and '>C NMR (Fig. S4, ESIt) confirmed
that the product was 2,2-dimethyl-1,3-dioxolane-4-methanol.
'H NMR (500 MHz, CDCl;) § ppm: 4.12 (m, 1H, CH), 3.94
(dd, 2H, CH,), 3.68 (dd, 2H, CH,), 1.33(s, 3H, Me) 1.26 (s, 3H,
Me). '*C NMR (126 MHz, CDCl;) § ppm: 109.36 (MeCMe), 76.27
(CH,CHCH,), 65.88 (OCH,CH), 62.86 (CH,OH), 26.68 (Me),
25.26 (Me). Two different singlets represent the six-methyl
hydrogen of 1,3-dioxolane in the "H NMR spectrum (Fig. S4a,
ESIY) of the glycerol acetalization product at 1.33 and 1.26 ppm.
The -CH and -CH, groups present in the product structure
are represented by peaks at 4.15-3.66 ppm. Fig. S4b (ESIt)
depicts the *C NMR spectrum of solketal. The most
protected peaks, which appear at 25.26 and 26.68 ppm, are
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attributed to methyl carbons. The peak at 76.27 ppm is attrib-
uted to the -CH carbon, while the peaks of the two -CH,
carbons are observed at 65.88 and 62.86 ppm. The peak at
109.36 ppm, which is the most deshielded peak, is attributed to
the ketal carbon. These two spectra unequivocally demonstrate
that a 5-membered solketal product is generated during gly-
cerol acetalization.>

In the GC-MS study (Fig. S5, ESIt), two sharp peaks at
4.058 min and 4.490 min, respectively, indicated the produc-
tion of the R and S isomers of solketal. This offers additional
evidence that solketal was synthesized precisely and specifi-
cally. A tiny amount of glycerol was retained, as evidenced by
the peak at 4.433 min. Between the peaks of solketal and
glycerol, no peaks were observed. As a result, the six-
membered ring (acetal) did not form, demonstrating the
acetalization of glycerol’s complete selectivity for synthesiz-
ing solketal.

3.2 Modelling and analysis of data using response surface
methodology (RSM)

A central composite design (CCD) experimental matrix of RSM
was used to optimize the acetalization reaction. Based on the
laboratory tests, actual glycerol conversion ranged from 55.05
to 94.89 wt%. The outcomes of the acetalization reactions
examined using a microwave-assisted method are shown in
Table 2. Meanwhile, the following equation describes how the
conversion is related to the coded factors in response to
independent variables:

Table 2 CCD experimental design matrix for acetalization of glycerol to solketal

GTAR molar Catalyst Time min Temp °C Actual solketal Predicted solketal

Run Space type ratio (4) loading wt% (B) (9] (D) conversion (%) conversion (%)
1 Factorial 3 5 14 55 76.05 76.08
2 Center 4 7 12 65 94.89 94.32
3 Center 4 7 12 65 94.02 94.32
4 Center 4 7 12 65 94.65 94.32
5 Factorial 5 5 14 55 80.45 80.70
6 Factorial 3 5 14 75 71.01 70.60
7 Factorial 3 9 10 55 70.2 70.55
8 Factorial 5 5 10 75 78.5 79.17
9 Axial 4 7 12 45 90.91 90.65
10 Axial 4 7 12 85 84.02 83.42
11 Factorial 3 5 10 55 86.84 87.25
12 Axial 4 3 12 65 63.28 63.14
13 Factorial 3 5 10 75 86.75 86.83
14 Center 4 7 12 65 94.2 94.32
15 Axial 4 7 16 65 81.51 81.38
16 Axial 4 11 12 65 55.05 54.33
17 Center 4 7 12 65 94.09 94.32
18 Axial 6 7 12 65 84.34 83.46
19 Factorial 5 9 10 55 65.89 66.41
20 Factorial 3 9 14 75 76.1 77.14
21 Factorial 3 9 10 75 71.11 70.97
22 Factorial 5 5 10 55 82.05 81.76
23 Factorial 5 9 14 75 81.24 80.94
24 Axial 2 7 12 65 85.12 85.15
25 Factorial 5 5 14 75 72.65 73.05
26 Factorial 5 9 14 55 87.08 87.75
27 Factorial 5 9 10 75 63.96 64.67
28 Axial 4 7 8 65 77.01 76.28
29 Factorial 3 9 14 55 82.34 81.78
30 Center 4 7 12 65 94.05 94.32
320 | Energy Adv., 2024, 3, 316-329 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Glycerol conversion (Y) % = 94.32 — 0.4225A — 2.20B
+1.28C — 1.81D + 0.33884B + 2.53AC — 0.5412AD + 5.60BC
+0.2113BD — 1.27CD — 2.50A%* —8.89B> — 3.87C* — 1.82D*

where A, B, C, and D are the coded factors (A = glycerol to
acetone molar ratio, B = catalyst loading, C = reaction time, and
D = temperature). The “+” and “—” symbols in the regression
equation denote whether a certain term has a positive or
negative impact on the response process and correspond to a
particular level of the process parameter. Based on their con-
tribution factors, the significant parameters are glycerol to
acetone concentration = 0.13%, catalyst loading = 3.56%, reac-
tion temperature = 2.39%, and time = 1.19%.

Analyzing and interpreting experimental results were exe-
cuted using statistical analysis of variance (ANOVA). Table 3
contains the results of the statistical evaluation of the entire
procedure. In ANOVA, the Fischer test (F-value) was used to
determine the parameter impacts and significance of the model
structure. A parameter or model with a higher F-value holds
more significance in the process. The present study’s quadratic
model had an F-value of 506.80, clearly showing its signifi-
cance. The F-value was also attributed to be less likely than
0.01% to be caused by noise. The probability that an F-value
will exist regardless of the size is represented by the p-value,
where p < 0.05 implies the significant terms in the model.”*
The experimental data fit perfectly to the chosen model accord-
ing to the obtained correlation coefficient R?, 0.9979. It was
determined that the model was suitable for navigating the
design space, with an adequate precession of 83.44, above 4
being considered desirable because it also measures the signal-
to-noise ratio. The model had a C.V.% of 0.840, which indicates
a reasonable correlation between predicted and actual conver-
sion, where a value of at least 10% is desirable.

Diagnostic plots (Fig. 1) are employed to gauge the effective-
ness of the regression model. An illustration of the relationship
between normal distribution and studentized residuals can be

Table 3 Statistical ANOVA results for acetalization of glycerol to solketal
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seen in Fig. 1a. The graph demonstrates that the majority of
datasets are linear, as opposed to the unique S-shaped distribu-
tion that characterizes a normal distribution. The relationship
between the predicted glycerol conversion and the studentized
residuals is shown in Fig. 1b. The random distribution of
residuals in the plot shows that there is no relationship
between the response values and initial observations. Thus,
no transformation of the response parameter is necessary. In
Fig. 1c, the residuals are compared with the results of the
experimental run. Large residual variations across runs are
seen, considering the noise that the trials introduced. Particu-
lar trends or patterns were not evident in independent resi-
duals. The random distribution of residuals around the central
axis of the plot made the fitted model fall within the range of
4.00, because of which no errors were recorded. A comparison
between the predicted and actual glycerol conversion is shown
in Fig. 1d. All responses had close correlations between actual
and predicted values. Based on these findings, the model is
suitable for predicting maximum glycerol conversion using
empirical data.

3.3 Parametric analysis of conversion

3D surface model plots were employed to assess the impact of
the four independent variables (catalyst loading (CL), tempera-
ture, time, and GTAR) on glycerol conversion as shown in Fig. 2.
As other parameters remain constant at their center values, it is
possible to observe the interaction of two variables on the
model graphs. With the increase in time from 10 to 14 min,
the glycerol conversion also increased, and the surface graphs
demonstrated that the conversion rose until it reached its
maximum at 12 min, after which it decreased despite an
increase in catalyst loading, GTAR, and temperature. Similarly,
the influence of temperature (60-80 °C), catalyst loading
(5-9 wt%), and the glycerol to acetone molar ratio (1:3-1:5)
on the glycerol conversion was also examined.

Accuracy test

Source Sum of squares df Mean square F-Value p-Value Parameters Values
Model 3257.85 14 232.70 506.80 <0.0001 Significant R 0.9979
A-GTAR 4.28 1 4.28 9.33 0.0080 Adjusted R? 0.9959
B-CL 116.34 1 116.34 253.37 <0.0001 Predicted R* 0.9887
C-Time 39.07 1 39.07 85.08 <0.0001 Adequate precision 83.4453
D-Temp 78.34 1 78.34 170.61 <0.0001 Std. Dev. 0.6776
AB 1.84 1 1.84 4.00 0.0640 Mean 80.65
AC 102.11 1 102.11 222.39 <0.0001 C.V.% 0.8402
AD 4.69 1 4.69 10.21 0.0060

BC 501.54 1 501.54 1092.29 <0.0001

BD 0.7140 1 0.7140 1.56 0.2315

CD 25.65 1 25.65 55.87 <0.0001

A® 171.91 1 171.91 374.41 <0.0001

B 2170.08 1 2170.08 4726.16 <0.0001

c? 411.02 1 411.02 895.14 <0.0001

D? 90.83 1 90.83 197.82 <0.0001

Residual 6.89 15 0.4592

Lack of fit 6.22 10 0.6223 4.69 0.0510 Not significant

Pure error 0.6639 5 0.1328

Cor total 3264.74 29
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Fig. 1 Diagnostic plots of (a) normal regression plot, (b) studentized residuals vs. predicted glycerol conversion, (c) residual differences between
predicted and actual conversion of experimental runs, and (d) predicted % glycerol conversion versus actual % glycerol conversion.

The interactive effect of the GTAR with parameters
like catalyst concentration and time (Fig. 2a and b) demon-
strates a linear relationship, and the glycerol conversion is
observed to decline after the central point of the maximum is
attained. Variations in temperature throughout the range of 55
to 75 °C were examined in the conversion of glycerol. Fig. 2c
shows the combined effect of reaction temperature and
the glycerol to acetone molar ratio on glycerol conversion over
a 12 min reaction time with a catalyst loading of 7 wt%.
An increase in reaction temperature and the GTAR increased
the solketal concentration, and the study showed that optimal
conditions for temperature and the GTAR resulted in the
highest conversion of glycerol. Nevertheless, the glycerol con-
version increased until the specified reaction temperature and
GTAR value. Higher GTAR values result in lower glycerol con-
version, which makes product separation more challenging.
Similarly, production also decreased with the increase in tem-
perature above 65 °C. Despite using a pressure environment,
acetone still evaporates, resulting in decreased conversion.*° As
solketal is a kinetically controlled product, increasing the
temperature may facilitate a more rapid formation of
the thermodynamic product (six-membered ring).>* As a result,

322 | Energy Adv, 2024, 3, 316-329

the highest glycerol conversion was observed at a 1:4 GTAR at
65 °C.

The rate of acetalization of crude glycerol in response to the
combined effects of catalyst concentration and the reaction
temperature is shown in Fig. 2e, maintaining the constant
value of GTAR (1:4) and reaction duration (12 min). In con-
trast, Fig. 2d illustrates how the catalyst amount and reaction
time affect glycerol conversion. With the prescribed amount of
catalyst, a gradual rise in reaction temperature impacted the
rate of glycerol acetalization. Increasing the catalyst concen-
tration from 5-7 wt% led to the improved synthesis of solketal
due to the more active sites available on the catalyst. Hydrolysis
of the product caused by increasing the catalyst concentration
to 9 wt% lowered the product formation.>?

The combined effect of temperature and time on glycerol
conversion is depicted in Fig. 2f. Glycerol conversion increased
significantly as the reaction temperature and time were linearly
related. An increase in the conversion up to 12 min might be
because of the increase in the number of reacting molecules
causing the formation of new bonds after cleaving the preexist-
ing bonds.>® As time progressed, the product may have hydro-
lyzed by forming water, explaining the drop in conversion.”?

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conversion.

Therefore, for the 12 min optimal reaction time, a reaction
temperature of 65 °C was more favorable.

In order to classify the impact of the process variables on
conversion while maintaining the other process variables at an
intermediate level, the perturbation plot (Fig. 3) was used. The
curvature characteristics are a representation of the variability
of A to D factors in the glycerol conversion. Glycerol conversion
is more significantly impacted by a factor with a steeper slope
than the one with a flatter slope. Thus, from Fig. 3, it is the
factor B that displays the highest impact on glycerol conversion,
followed by factors D, C, and A. This also demonstrates that the
sensitivity of the catalyst loading (B) increases from the med-
ium level to the higher level but decreases between the inter-
mediate and lower levels. D and C have a significant impact on
conversion between intermediate and higher level parameters.
In comparison to the higher-intermediate range, the variation
in glycerol conversion below the intermediate level is moderate.

3.4 Optimization of glycerol conversion to solketal

The optimal set of conditions for the four input variables, with
a desirability function of 1, were discovered using a numerical
optimization approach. This strategy aimed to maximize gly-
cerol conversion within the lower and upper limits of the
study’s variables. The RSM-CCD technique gave the ideal con-
ditions for the acetalization of glycerol: a reaction temperature
of 58.81 °C, a reaction duration of 12.66 min, a GTAR of 4.2, and
a catalyst loading of 6.85 wt.% under microwave irradiation,
with a glycerol conversion of 95.00 wt.%. Furthermore, a
conversion of 94.89% was obtained during laboratory tests
carried out under the RSM optimised conditions, showing that
the regression model proposed is beneficial for comprehending
the acetalization process.
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4. Kinetics and thermodynamics study

Given the excess acetone in the reaction, it was anticipated that
the acetalization process would follow pseudo-first-order
kinetics, negating the reverse reaction.”® As a result, the rate
of the reaction (rs) of solketal formation can be expressed as
follows:
rs = kiG] = 49 )

where [G] = glycerol concentration, k = reaction rate constant,
and ¢t = reaction time. Calculating the rate constant of the
reaction required altering the time and monitoring the conver-
sion of glycerol following eqn (6). Using the rate constant values
by varying the temperature from 50 to 65 °C, the Arrhenius
equation (eqn (7)) was used to calculate the activation energy

(Ea)-

~In(1 — X) = kt (6)
E,
Ink=——%+In4 )

Here, R is the universal gas constant (8.314 J K~ mol %),
X indicates the amount of glycerol converted at time ¢, A and
T represent the pre-exponential factor and the reaction tem-
perature, respectively.

Additionally, to understand how temperature affects the
conversion of glycerol, a thermodynamic analysis of the acet-
alization reaction was also carried out. It is crucial to consider
thermodynamic parameters such as enthalpy (H°), Gibbs free
energy (G°), and entropy (S°) when assessing whether a reaction
is spontaneous or not. Eqn (8) illustrates how thermodynamic
parameters are related according to the Eyring-Polanyi rela-
tionship. Likewise, Gibbs’s free energy can be calculated using
H° and S° through eqn (9).

k AS° AH° kb
IHT_T_WHH(I) )
AG® = AH® — TAS® (9)

Here, h = Planck’s constant (6.626 x 10 °* J s) and k;, =
Boltzmann constant (1.38065 x 10™>* J K™).

For reactions occurring between 50 and 65 °C, —In(1 — X)
shows a linear relationship with time (Fig. 4a), supporting our
hypothesis that acetalization follows pseudo-first-order
kinetics.” The activation energy (E,) of the acetalization reac-
tion was determined by substituting rate constants in the
Arrhenius equation (eqn (7)). A pseudo-first-order kinetic
model is developed using a plot of Ink versus T ', as shown
in Fig. 4b. The values of E, and pre-exponential factor (4) are
determined by equating the slope and intercept from the graph.
Based on Fig. 4b, a pre-exponential factor of 5.9 x 10°> min~*
and an E, of 40.23 k] mol™! were calculated. As shown in
Table 4, AH° and AS° are determined by computing the slope
and intercept of Fig. 4c. Entropy and enthalpy changes were
found to be —140.3 J K ' mol ' and 38.56 k] mol?,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Thermodynamic parameters for solketal production from gly-
cerol using the BP—SO3H-15-18-100 catalyst

Temperature (K) AG° (k] mol™") AH° (k] mol™") AS° (J K ' mol™")

323 83.87
328 84.57 38.56 —140.3
333 85.27
338 85.98

respectively. The values of AH° and AS° were substituted in
eqn (9) to obtain the value of AG® for temperatures ranging
from 323-338 K. The reaction is proven to be less disordered
and endothermic due to the negative value of AS° and the
positive value of AH°. The reaction is non-spontaneous, as
evidenced by the positive values of AG® (refer Table 4).

5. Reusability of the catalyst

A vital characteristic of a solid heterogeneous catalyst is its
ability to be reused. The reusability of the catalyst was tested by
acetalizing glycerol using recycled catalysts under optimized
conditions (GTAR - 1: 4, catalyst loading - 7 wt%, reaction time

© 2024 The Author(s). Published by the Royal Society of Chemistry

- 12 min, and reaction temperature - 65 °C). After each catalytic
run, the recovered catalyst was filtered to remove physisorbed
compounds, followed by washing with chloroform and metha-
nol. Prior to use in the subsequent cycles, the catalyst was
placed in an oven and dried overnight at 80 °C. It was observed
that glycerol conversion decreased mildly with repeated catalyst
recycling. Outstanding catalytic activity was observed along
with a five-time reusability limit with no discernible activity
loss. Every subsequent cycle displayed a decrease in glycerol
conversion until it reached 83.48% in the fifth cycle (Fig. 5a).
This slow and constant deactivation is due to surface poisoning
by unreacted glycerol,> as evident from '*C ssNMR data
(shown in Fig. Se6, ESIY) after 5 cycles displaying remnant
glycerol in the catalyst matrix at 55-75 ppm, which is absent
in the fresh catalyst and possibly could be attributed to the
interaction of -CO,H and -SO;H acid sites with the remnant
glycerol, leading to the formation of carboxylate and sulfonate
esters.’®>” After the fifth reuse, SEM analysis showed that fresh
and recovered catalysts had similar morphologies. According to
EDX (Fig. 5b and c) analysis of the 5th recycled catalyst, S
content decreased from 4.62 wt% to 3.9 wt%, indicating that
repeated reuse might result in decreased catalytic activity.

Energy Adv, 2024, 3, 316-329 | 325
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Fig. 5 (a) Graphical representation of reusability of the catalyst over 5 cycles for acetalizing glycerol and (b) SEM and (c) EDS spectra of the recovered

catalyst.

6. Comparison with the previously

reported catalysts

As shown in Table 5, various catalysts published in the litera-
ture were compared to the present catalyst in acetalization
reactions. It has been found that most of these convert glycerol

to solketal efficiently. However, there are several drawbacks,
including a high GTAR (entries 3 and 10), long reaction times
(entries 3, 4,7, 9,10, 11, and 12), high temperature (entries 4, 8,
and 9), and high catalyst loading (entries 1 and 10). One of the
parameters used to assess a catalyst’s efficiency is its turnover
frequency (TOF) (eqn (S1), ESIT). TOF has gained popularity

Table 5 Comparison of the present catalyst with previously reported catalysts

Entry Catalyst used

Reaction

Reaction

Selectivity

GTAR loading (wt%) temperature (°C) time (min) (%)

1. Amberlyst 15
Sulphated zirconium oxide

w >

activated carbon
Hf-TUD-1
Amberlyst Wet
PSF/K-SiO,

No ok

silica
8. Zr-TUD-1
9.  WOyx/MCM-41
10. (C3H,),/N'PWA (K10 clays)
11.  Acid-functionalized activated
carbon
12. BP-SO3H-15-18-100

Ni-Zr supported on mesoporous

Arenesulfonic acid-functionalized

326 | Energy Adv, 2024, 3, 316-329

[u=

B

N

:5
16
:8

Catalyst
10
0.6
4
1 3
6 6.25
10 5
6 5
1 3
6 10
6 3
4 2.7
7

S

60
40
45

80
40
25
70

80
50
30
28

65

30
60
180

360
120
120
360

12

32
88
74

100
97
97.7
81

100

98
>93

97.53

58
59
52

Glycerol TOF

conversion (%) (mol g~* h™") Ref.
88.00 0.1910
80.00 1.449

100.00 0.0905
65.00 0.0392
88.00 0.6127
86.30 0.1250
84.00 0.3652
64.00 0.0386
78.52 0.0426
94.00 0.1702
97.00 0.0650
94.89 0.7303

Present
work
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Table 6 Stepwise catalyst preparation costs
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Approximate cost estimation for 1 kg catalyst production

Step Description Amount
Cost of starting material (CSM) Waste biomass is collected from local areas of Mizoram. 10% extra cost 0

accounted for industrial scale production.
Cost of size reduction (CSR) Manual reduction. 10% extra costs are allocated to machine reduction. $0
Cost of drying raw material (CDR) Time in hour x consumed unit x cost/unit =10 x 1 x $0.061 $0.61
Total cost of raw material (CRM): CSM + CSR + CDR = $0 + $0 + $0.061 $0.061
Impregnation cost (IC) = CHC (chemicals cost) + RC CHC = [H,S0, quantity needed (L) x cost/L] = 8 x $7.09 = $56.72
(rotation costs)
RC = time (hour) x consumed unit x cost/unit = (0.5 x 1 IC = $56.72 + $0.03 $56.75
x $0.061) = $0.030
Carbonization cost (CC) = EH (expense of heating) + IAC EH = time (hour) x consumed unit x cost/unit =18 x 6 x $0.061 = $6.588
(inert atmosphere costs)

IAC = flow of N, = $0.041

CC = $6.588 + $0.041 = $6.629 $6.629
Washing cost (WC) WC = units consumed X unit cost for 1 L water =1 x $0.061 $0.061
Drying cost (DC) DC = time in hour x consumed unit x cost/unit =24 x 1 x $0.061 $1.464
Net cost CRM + CI + CC + WC + DC = $0.061 + $56.75 + $6.62 + $0.061 + $1.464 $64.95
Cost of catalyst (kg) = net cost + overhead costs (10% of extra cost) = $64.95 + $6.495 $71.45
Cost of total (1 kg) catalyst = cost of one-time use/no. of use in reusability = $71.45/5 $14.29
Table 7 Cost associated with 100 kg solketal production
Step Description Cost
Cost of glycerol to produce 100 kg solketal Amount (kg) x glycerol cost per kg = 75.3 kg x $0.84 = 63.25 $63.25
Cost of catalyst to produce 100 kg of solketal Amount (kg) x catalyst cost per kg = 5.2 x $14.29 $74.30
Cost of acetone required to produce 100 kg of solketal After 5 cycles, the acetone cost for production of 100 kg of solk- $18.23

etal = (amount (kg) x acetone cost per kg) — 5 =(189.95 x $0.48)
—5=2518.23

Production cost of solketal ((acetalization time (h) x =0.2 h x 6 x $0.061 = 0.0732 $0.0732
units x per unit cost))
Extra charges (cost of washing + multifarious) $1.80 $1.80
Cost of solketal (100 kg) $63.25 + $74.30 + $18.23 + $0.0732 + $1.80 $157.65
Overhead cost (10% of net cost) $1.57 $1.57
Solketal cost (100 kg) $157.65 + $1.57 = $159.22 $159.22
Solketal cost (1 kg) $1.59 $1.59
among industrial researchers, particularly when it comes to treatment processes, and reusability of spent catalysts.

quantifying catalyst activity. Most of the reported catalysts had
a turnover frequency less than that of BP-SO;H-15-18-100,
which was 0.7303 mol g~ ' h™", however, sulphated zirconium
oxide had a higher TOF value at the expense of lower conver-
sion and selectivity than the present catalyst.

7. Cost analysis of catalyst preparation
and solketal production

The viability of economically scaling up the acetalization pro-
cess for the large-scale production of solketal is greatly influ-
enced by the catalyst’s cost-effectiveness and performance.
Hence, it is extremely important to judiciously select waste
precursor materials that are readily available in nature for the
preparation of catalysts to reap the benefits they can offer.
The expenses associated with the catalyst preparation and
solketal production help in assessing the applicability of the
method in real-world scenarios taking into account all the
factors such as raw material sources, production methods,

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 6 displays an overview of the catalyst’s cost analysis,
calculated in US dollars ($). The estimated cost of 1 kg of BP-
SO;H-15-18-100 was calculated to be $14.29. This considerable
cost reduction is attributable to the reusability of the catalyst.
Table 7 summarizes the stepwise cost of solketal production.

8. Conclusion

This study aimed to synthesize and apply the sulfonic acid
doped banana peel (BP-SO;H-15-18-100) as a heterogeneous
catalyst for acetalizing glycerol (a by-product formed during
biodiesel synthesis) with acetone to produce solketal. Physico-
chemical characterization of the catalyst confirmed successful
sulfonation. With 97.53% selectivity, the catalyst converted
94.89% glycerol into solketal under microwave heating condi-
tions. The mesoporous nature, high acidity, and large surface
area contribute to the high activity of the catalyst. The reaction
is non-spontaneous and follows pseudo-first order kinetics with
an E, of 40.23 kJ mol~". A high glycerol conversion of 83.48%
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was observed in the 5™ catalytic cycle, showing the excellent
stability of the catalyst upon repeated reuse without much loss
of activity. Hence the preliminary results based on the lifecycle
cost analysis and the mild reaction conditions, along with the
catalyst reusability, indicate the potential suitability of the
proposed method for achieving sustainable solketal production
on an industrial scale.
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