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Abstract: In this study, two materials based on reduced graphene oxide (rGOy or rGOg) were
synthesized through the Hummers methodology and a more sustainable electrochemical method.
These materials were extensively characterized and tested as catalysts in solketal production. Both
rGOy and rGOg demonstrated significant catalytic activity, achieving 66.18% and 63.97% conversion
rates, respectively. The catalytic activity of the synthesized materials was 30 times more efficient than
the homogeneous catalyst p-Toluenesulfonic acid. Pseudo-homogeneous and heterogeneous kinetic
models were employed to gain further insights into the glycerol ketalization reaction with acetone.
The pseudo-homogeneous model suggested that the direct rate constant was lower than the reverse
rate constant. In this sense, a reversible bimolecular reaction was proposed. The heterogeneous kinetic
models revealed that in the Langmuir-Hinshelwood-Hougen-Watson mechanism, the controlling step
of the reaction was the glycerol-acetone surface reaction on the catalyst. In contrast, in the Eley-Rideal
mechanism, the reaction was controlled by the adsorbed glycerol on the reaction surface reacting
with the available acetone in the bulk fluid. In the reusability tests, the rtGOg catalyst demonstrated
superior performance over five consecutive cycles, maintaining the highest activity without needing
post-reaction washing or treatment.

Keywords: glycerol; solketal; reduced graphene oxide; kinetic evaluation

1. Introduction

Biofuel research has attracted attention recently as an energy transition is occurring, as
seen in global discussions. Biodiesel is a notable example in this context, as its production is
commonly achieved through the transesterification of triglycerides. Furthermore, biodiesel
is already established in the fuel market. However, as its production increases, other
issues related to the process arise, particularly concerning glycerol production [1,2]. The
transesterification reaction generates glycerol as a byproduct, and it is estimated that for
every liter of biodiesel produced, 100 mL of glycerol is generated. However, this compound
has industrial demand, which can result in various problems related to its accumulation
and transportation [3].
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Glycerol chemistry has emerged as a distinct branch to enhance the value of glycerol
through chemical transformations involving various reactions. These reactions include
carbonation, dehydration, hydrogenolysis, and oxidation [4,5]. All of these resulting
products find distinct applications across multiple industry sectors, serving as solvents,
additives, plasticizers, disinfectants, and more [6]. However, the ketalization reaction
stands out as it produces one of the most versatile compounds in the industry: solketal.
This compound finds numerous applications in green solvents and fuel additives and is also
relevant to the pharmaceutical and food industries. The production of solketal involves the
ketalization of glycerol (as depicted in Scheme 1), resulting in the byproduct dioxan. In this
sense, it is essential to note that an acid catalyst is necessary to facilitate this reaction [5,7].

E Solketal ;
OH * acid catalyst : o >io
. o) !
+ HO OH —_— |
| Ao T H,0 “ oH * + H0 |
i OH |
Glycerol Acetone Dioxolan Dioxan

Scheme 1. Glycerol ketalization reaction with acetone producing solketal and dioxan.

As previously mentioned, selecting a catalyst is critical in successfully producing
solketal. Moreover, from a green perspective, catalysis can expedite this process, reducing
reaction times and temperatures in certain instances. Recently, heterogeneous catalysts
have gained preference due to their favorable environmental and economic attributes.
Their reusability and scalability are comparatively more straightforward, making them
more practical than other types of catalysts. Additionally, these materials can be easily
separated from the reaction medium, simplifying downstream processes and reducing
waste generation [8,9].

Numerous heterogeneous catalysts have been proposed for glycerol ketalization,
including zeolites [10,11], mesoporous silicas [11], and others. Some of these materials have
achieved up to 98% conversion in certain instances, making them desirable due to their
high surface area and acidity. Among these catalysts, carbon-based materials have been
proposed for solketal production primarily because of their unique surface properties. For
example, Rodrigues and coworkers [12] studied activated carbons as catalysts for solvent-
free ketalization, achieving 52% conversion and 97% selectivity for solketal. However,
despite the potential of carbon materials, only a few studies have explored these catalysts.

From this point of view, graphene and its derivatives exhibit significant potential for
application as catalysts. This is attributed not only to their surface properties and thermo-
chemical stability but also to the fact that their acidity can be adjusted through established
procedures [13]. For example, graphene oxide (GO) already possesses intrinsic acidity
due to phenolic and carboxylic groups on its surface. Additionally, reduced graphene
oxide (rGO) is an exciting derivative since it exhibits acidity, primarily due to oxygenated
functional groups at the layer edges and the presence of a graphitic aromatic structure [14].
However, the production of these materials is not environmentally friendly. As the Hum-
mers method exemplifies, classical methods for obtaining graphene and its derivatives are
frequently hazardous and result in significant waste generation. From a green chemistry
perspective, adopting more sustainable approaches to minimize the environmental impact
is imperative [15].

The Hummers method involves high concentrations of acidic media and manganese-
based reagents [15]. However, as previously mentioned, it is imperative to discover
more environmentally friendly methods for producing rGO to minimize waste generation.
Electrochemical exfoliation involves the production of rGOg through electrolysis, utilizing
a graphite electrode as the anode. This process leads to the oxidation of graphite into
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rGO, followed by its subsequent deposition [16]. In this study, both reduced graphene
oxides obtained through distinct synthesis pathways were employed and compared in
relation to solketal production. Additionally, their chemical and surface properties were
investigated. In this context, this paper’s contribution to the specialized literature is the
electrochemical exfoliation of graphite for obtaining rGOg without hazardous chemicals,
using an eco-friendly pathway for the efficient production of solketal. In addition, this
paper advances catalyst reuse, in which the material can maintain its activity even after
three reuse reactions without washing or purification steps. In this sense, we demonstrate
here that an eco-friendly rGO can be produced with high acidity and that it is a promising
material to be used as a catalyst for other acid-catalyzed reactions.

2. Results
2.1. Crystalline and Spectroscopic Characterization of Carbon-Derived Materials

Figure 1 shows the diffractograms obtained for the GFTy, rGOy, GFTg, and rGOg
materials. The X-ray diffractogram of GFTy (graphite flakes), in Figure 1a, shows a peak
at 20 = 26.32° with high intensity, indicating high crystallinity in the material [17]. On
the other hand, the diffractogram of rGOyy (reduced graphene oxide Hummers method),
in Figure 1b, exhibits a significant reduction in this peak intensity compared to graphite,
suggesting a considerable loss of crystallinity in the material, highlighting the efficiency of
the graphite exfoliation process in forming rGOyy. The lower peak intensity at 20 = 13.29°
in rGOy indicates low efficiency in the samples” oxidative processes, suggesting minimal
material oxidation and direct formation of reduced graphene oxide [18].
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Figure 1. X-ray diffractograms of graphite flakes (a) GRFy, (b) rGOy, (c) GFTg, and (d) rGOg.

The graphite from the carpenter’s pencil (GFTg), in Figure 1c, exhibits a characteristic
graphite peak diffracted at 20 = 26.51° in the (001) plane with high intensity, indicating high
crystallinity for this material. After the oxidative exfoliation process, in Figure 1d (rGOg),
the peak shifted slightly to 26 = 26.29°, and there was a significant loss of crystallinity and
structural disorganization when compared to its starting material (GFTE), indicating the
efficiency of the exfoliation process [19].

Through XRD analysis, important information was obtained, which enabled the
determination of distances between layers using Bragg’s Law, average crystallite sizes
through Scherrer’s Equation, and the number of stacked layers in the materials GFTy,
rGOy, GFTE, and rGOg, as shown in Table S1 [20-24].

Table S1 shows a slight increase in the distance difference between the layers of the
carbon-based materials, indicating the low degree of graphite oxidation. However, there
was a high exfoliation of 44 layers in the GFTy precursor material and 17 layers in the rGOy,
respectively. The exfoliation via the electrochemical method proved to be more efficient
than the Hummers method, with 91 layers in the GRFIg precursor and 15 layers in rGOg.
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Intensity

There was also a significant decrease in the crystallite size of the precursor materials GFTy
and GFTg (15 and 31 nm, respectively) when compared with the size of the crystallites of
the rGOy and rGOg (5 nm).

Next, Raman spectroscopy was utilized to enhance comprehension of the oxidation
processes. Generally, in the Raman spectra of graphite and reduced graphene oxide, two
characteristic bands can be observed: The D Band (defects in the structure), with A
symmetry, located between 1350 and 1360 cm ! [25-27], attributed to oxygenated groups
in the basal plane of the graphene derivatives’ structure [26] during sp® hybridization
of carbon in the layers [28]. The G Band is present in ordered graphene networks (Exg
symmetry), with high intensity located between 1580 and 1610 cm ™! [25-27], attributed to
sp? hybridization [27]. Figure 2 presents the Raman spectra for the GFTy, rGOy, GFTg,
and rGOg materials.
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Figure 2. Raman spectra of graphite flakes (a) GRFy, (b) rGOy, (¢) GFTg, and (d) rGOg.

Figure 2a presents the D band of GFTy, corresponding to the vibrational mode of sp®
hybridized carbon atoms with a minimum intensity at 1341 cm~!, which occurs due to
the high organization of carbon atoms with sp? hybridization [27,29,30]. Conversely, the
D band of rGOpy, in Figure 2b, shows an increase in intensity at 1347 cm !, attributed to
structural disorganization after the exfoliation—oxidation process. However, this increase
in the intensity of the D band indicates the rupture of C=C bonds during the oxidation
of GFTy to rGOy and an increase in sp> hybridized carbon atoms [27,29,30]. This is due
to imperfections created via the insertion of oxygenated groups in the basal plane of the
carbon layers, leading to partial structural disorder [27,29,30]. The G band decreased with
the oxidation of GFTy, seen in Figure 2a, located at 1583 cm !, while for rGOy, seen in
Figure 2b, it was observed at 1580 cm L. The rGOy structure resulted in a higher Ip/Ig
intensity ratio due to defects in GFTy (Ip/Ig = 0.14), and after the exfoliation-oxidation
process due to rGOyy (Ip/Ig = 0.98) [27,29,30]. The Raman spectrum of GFT presented a D
band of graphite with low intensity at 1354 cm ! (sp® hybridized carbon atoms) due to the
high organization of carbon atoms with sp? hybridization.

On the other hand, this band in rGOg displayed an increase in intensity due to
structural disorganization after the exfoliation of GFTg via the electrochemical method.
This increase is attributed to imperfections created via the insertion of oxygenated groups
in the basal plane of the carbon layers, leading to partial structural disorder. The G band,
corresponding to the vibrational mode of sp? hybridized carbon atoms, decreased in the
GFTg material after its exfoliation to produce rGOg [30]. The analyses of the Ip /Ig results
for the rGOy and rGOg materials and a comparison of them with their precursor materials
showed a structural rearrangement in the formation of reduced graphene oxides [30],
corroborating the XRD results.
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The 2D or ‘G’ band, ranging between 2600 cm ! and 2800 cm ™!, is a broad hump
associated with the interplanar stacking order, the number of layers, and even the in-plane
order of the crystallite size for graphene materials. According to Malard and coworkers [31],
the presence of the 2D (G’) band is attributed to second-order two-phonon processes of the
sp? carbon structure. A broader 2D band implies an increased number of graphene layers.

The broader 2D region for rGOp shows a lower intensity when compared with rGOg.
This indicates that the exfoliation of rGOy; results in more pronounced overlapping GO
layers when compared with rGOg. On the other hand, the higher intensity of the G peak
compared to the D peak for rtGOg when compared with rGOp suggests that there is more
graphene oxide than graphene sheets or graphite.

To determine the oxygenated groups introduced to the graphites after the exfoliation—
oxidation process, infrared spectroscopy was utilized. Figure S2 presents the infrared
spectra obtained for the GFTy, rGOy, GFTE, and rGOg materials. The spectrum of GFTy
graphite, seen in Figure S2a, exhibits bands related to the vibrations of C sp? bonds in
the graphene layers that constitute the graphite. A low-intensity band at 3488 cm™! is
attributed to ~OH group bonds, and a band at 1409 cm ! indicates the presence of -COOH
bonds from the carboxyl group, suggesting that GFTy has a low degree of oxidation. In
the spectrum of rGOy, in Figure S1b, a band appeared at 3338 cm ™!, corresponding to
—OH group bonds. This indicates the insertion of -OH groups into the GFTy structure
during graphite’s exfoliation/oxidation process. Additionally, in Figure S2b, the insertion of
oxygenated groups into the graphite structure is observed, including carbonyls (1578 cm~1);
carboxyls (1409 cm~!); alcohols and phenols (1388 cm !, 1247 cm™1); and epoxide groups
(1076 cm™1), as reported in the literature [20,25,28,32-37].

The spectrum of GFIg graphite, in Figure S2c¢, exhibits bands related to the vibrations
of C sp? bonds in the graphene layers in the graphite structure. A low-intensity band
at 3369 cm~! is attributed to ~OH group bonds, and a band at 1158 cm~! indicates the
presence of C-O bonds of alcohols and phenols, suggesting that GFTg presents some degree
of oxidation. In the spectrum of rGOg, in Figure S2d, an intense peak appears at 3360 cm !,
corresponding to -OH group bonds, indicating the insertion of -OH groups into the GFTg
structure during the exfoliation process of graphite. Figure S2d shows that the oxygenated
groups inserted into the graphite structure after the exfoliation/oxidation process via the
electrochemical method include carbonyls (1538 cm™~!); carboxyls (1444 cm~1); alcohols
and phenols (1365 em™1, 1234 em™!, 1204 em ™!, 1158 cm ™!, and 1121 em~!); and epoxide
groups (1051 cm 1), as reported in the literature [20,25,27,28,32-38]. Also, Table S2 shows
the assignments of the prominent bands in the infrared spectra for the GFTy, rGOy, GFTg,
and rGOg materials.

2.2. Thermal and Textural Characterization of Carbon-Derived Materials

Thermogravimetric analyses (TGAs) were employed to assist in the study of the
insertion of oxygenated groups into the structures of commercial graphites to form rGOs.
Figure 3 presents the weight loss curves of the materials for the GFTH, rGOH, GFTE, and
rGOE materials.

The GFTy presented two weight loss events. The first, between 25 and 470 °C, was
attributed to the loss of water molecules adsorbed on the surface and trapped between the
layers of the material, resulting in a mass loss of 0.60%. The second event was assigned to
decompose the more stable graphite layers (formed via sp? hybridized carbon), leading
to a mass loss of 22.95%. GFTy was the most stable among the materials, with a total
mass loss of 23.55% [21,28,33,34,38,39]. Its reduced graphene-oxide-derived material also
presented six weight loss events, with the first at 107 °C, which was attributed to the loss
of surface-adsorbed water, resulting in a mass loss of 3.88%. At 228 °C, the second event
was assigned to decomposing less stable functional groups in the rGO structure, with a
weight loss of 12.07%. The third, at 367 °C, was attributed to the decomposition of more
stable functional groups in the rGO structure, with a weight loss of 7.27%. The fourth,
at 450 °C, was also assigned to decomposing more stable functional groups in the rGO
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structure, resulting in a weight loss of 6.65%. At 507 °C, the fifth event was attributed to
the decomposition of less stable rGO layers (formed via sp> hybridized carbon); the most
prominent weight loss event was 66%. Finally, at 663 °C, the sixth event was attributed
to the decomposition of the more stable rGO layers (formed via sp? hybridized carbon),
resulting in a weight loss of 2.71%. At the end of the analysis, only 0.69% of the original
mass remained, indicating almost complete degradation of the rGOy. The carpenter pencil
presented four events, as seen in Figure 3c. The first, at 83 °C, was attributed to the loss
of water molecules adsorbed on the surface of the graphite, with a weight loss of 0.28%.
The second, at 150 °C, was assigned to the loss of water trapped between the layers of the
graphite, resulting in a weight loss of 3.20%. The third, at 292 °C, was attributed to the
pyrolysis of less stable and partially oxidized graphite layers, releasing CO, CO,, and H,O,
with a mass loss of 6.80%. This result agrees with the infrared spectrum of GFTE, seen in
Figure 3c. The last thermal event, at 640 °C, was assigned to decomposing the more stable
graphite layers (formed via sp? hybridized carbon), resulting in the most significant weight
loss of 39.12%. However, the total mass loss of the GFTg was 49.22%, making it the most
stable compared to the other studied materials. In addition, the rtGOg material presented six
events, seen in Figure 3d. The first, at 195 °C, was attributed to the loss of water molecules
adsorbed on the surface of rGOg, with a weight loss of 3.86%. At 258 °C, the second was
assigned to decomposing less stable oxygenated functional groups in the rGO structure,
with a weight loss of 1.67%. The third, at 308 °C, was attributed to the decomposition
of more stable oxygenated functional groups in the rGO structure, resulting in a weight
loss of 1.93%. The fourth, at 593 °C, was assigned to decomposing more stable functional
groups in the rGO structure, leading to a weight loss of 12.65%. The fifth, at 615 °C, was
attributed to the continuation of the decomposition of more stable functional groups in the
rGOg structure and sp® carbons, with a mass loss of 21.30%. The sixth and final event, at
703 °C, was assigned to the decomposition of rGO layers (sp? carbons), resulting in the
most extensive mass loss of 34.68%. rtGOg showed a total weight loss of 76.09% of its initial
mass [21,28,33,34,38,39].
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Figure 3. Thermogravimetric analysis of graphite flakes (a) GRFy, (b) rtGOy, (¢) GFTE, and (d) rGOg.

To test rGOy and rGOg as catalysts for the glycerol ketalization reaction [40], these
materials and their precursors were also characterized via textural and porosity analy-
sis using the B.E.T., t-plot, and B.].H. methods, as well as via morphological analysis
through scanning electron microscopy (SEM). Table 1 presents the results from the textural
characterization for the GFTH, rGOH, GFTE, and rGOE materials via N, sorption analysis.
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Table 1. Textural characterization of the GFTy, rGOy, GFTg, and rGOg materials.
Materials
GRFy rGOy GRFg rGOg
Specific superficial area (m? gfl) 5.1 31.0 43 21.3
Micropore volume (ecmd gfl) 1 - 0.0008 - 0.0005
Mesopore volume (cm? g~1) 2 0.062 0.053 0.050 0.047
Average size pore (nm) 10.9 10.3 10.9 10.2

1 Calculated using t-plot method; ? calculated using B.J.H. method.

2.3. Morphological Characterization of Carbon-Derived Materials

The specific surface areas of GFTy and GFTg were 5.1 and 4.3 m? g1, respectively,
which are very close to the values found in the literature, ~4 m?2 g_1 [41,42]. The rGOg
showed a specific surface area of 31.0 m? g’l ; in rGOg, this area was 21.3 m? g’l. The
electrochemical process typically produces rGO with a lower specific surface area than the
exfoliation—oxidation carried out via the traditional Hummers method [43,44]. Both rGOy
and rGOg exhibited larger specific surface areas than their precursor materials, suggesting
that the exfoliation process was effective. This exfoliation is better verified with the aid
of morphological analyses conducted using scanning electron microscopy, as shown in
Figure 4, which displays the micrographs of the GFTy, rGOyy, GFTg, and rGOg materials.

Figure 4. SEM images of graphite flakes (a) GRFy, (b) rGOy, (¢) GFTE, and (d) rGOg.

Figure 4a,c display the SEM images of GFTy and GFTg, respectively, illustrating the
morphology of graphite flake and carpenter’s pencil graphite. These images reveal a
morphology consisting of densely packed graphene sheets. Upon oxidation and exfoliation
processes to form rGOy and rGOg, as shown in Figure 4b,d, there was an observable
increase in spacing and disorganization between these sheets. In a morphological analysis
conducted by Basso and coworkers [20], they observed similar morphology changes during
the transition from graphite to rGO due to oxidation [20].

Energy Dispersive X-ray Spectroscopy (EDS) analyses were conducted during SEM
analysis to investigate the materials” surface chemical compositions. The results of the
surface chemical compositions of the materials are presented in Table 2.
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Table 2. EDS results of surface chemical analysis of the GFTy, rGOy, GFTg, and rGOg materials.

Elements (wt.%)

Materials C (0] S Si Al
GRFy 98.0 2.0 - - -
rGOy 79.6 19.6 0.8 - -
GRFg 735 21.0 - 4.8 0.7
rGOg 68.3 24.9 0.5 4.8 15

rGOy exhibited an oxygen content of 19.6%, whereas its precursor material showed
only 2%, thus indicating a low oxidation level of commercial graphite. In contrast, the
commercial GRFg already had a high oxidation level, with 21.0% oxygen on its surface.
After its exfoliation/oxidation, the oxygen content increased to approximately 5% in rGOg,
representing 24.9%. Both rGOg and GFTg, exhibited impurities like Si and Al. The rGOgy
material and rGOg showed 0.8% and 0.5% sulfur content, respectively, attributed to the
sulfuric acid used in both rGO production processes.

Considering these characteristics, acidity tests were also conducted on rGOp and
rGOE. However, due to their low thermal stability, acidity was determined through acid-
base titration, as presented in Table S3. These values indicate that the exfoliation/oxidation
process used to obtain rGOy and rGOg makes these materials significantly acidic for appli-
cation as catalysts in the glycerol ketalization reaction with acetone for solketal production.

2.4. Catalytic Activity and Kinetic Studies of Glycerol Ketalization

Table 3 presents the results obtained from preliminary catalytic tests, including control
(blank/no catalyst), the homogeneous p-Toluenesulfonic acid (PTSA) catalyst, and the
heterogeneous rGOy and rGOg catalysts, in terms of glycerol conversion (X4 ).

Table 3. Results of preliminary catalytic tests for glycerol conversion (X %), solketal selectivity (SSs),
dioxan selectivity (SDg%), solketal yield (YS5%), and dioxan yield (YDg%).

Reaction X4 (%) SSs (%) SDg (%) YSs (%) YDg (%) TOF (h—1)

Control 0.20 £ 0.02 80.39 + 0.02 19.61 £ 0.02 0.16 + 0.02 0.04 + 0.02 -
PTSA 35.45 + 0.64 97.71 + 0.64 2.49 + 0.64 64.32 + 0.64 1.64 + 0.64 1.80 £ 0.37
GOy 66.18 £ 0.45 98.38 £ 0.45 1.62 £ 0.45 51.00 & 0.45 1.55 + 0.45 52.36 4 0.32
rGOg 63.97 £ 0.86 80.73 £ 0.86 19.27 + 0.86 51.64 + 0.86 12.33 + 0.86 57.44 + 043

(Molar ratio of glycerol/acetone = 1:4; 5% catalyst based on the mass of glycerol; 60 °C; 500 rpm; 120 min with
autogenous pressure; conducted in a 100 mL Parr reactor).

The influence of an acidic catalyst on the glycerol ketalization reaction with acetone
is evident from the negligible glycerol conversion (X4 = 0.20%) in the control reaction.
The homogeneous PTSA catalyst exhibited low activity for solketal conversion (35.45%)
but high selectivity towards solketal (97.71%). However, the heterogeneous catalysts
showed increased activity, with 66.18% and 63.97% conversion rates for tGOy and rGOpg,
respectively. Nonetheless, the rGOf catalyst synthesized using the electrochemical method
showed lower selectivity towards solketal (80.73%) than the other catalysts, where the
selectivity for rGOp and PTSA was 98.38% and 97.71%, respectively. However, it is essential
to note that PTSA is a homogeneous catalyst that causes equipment corrosion and waste
generation. In addition, the conventional graphene-derived material rGOy is prepared via
a non-sustainable procedure and produces much waste. The electrochemically produced
graphene-derived material rGOE, despite presenting lower solketal selectivity, must be
highlighted for its greener production.

The TOF values for PTSA, rGOy, and rGOg are presented in Table 3. The number of
acid sites for the heterogeneous catalysts was obtained through the acidity determination
via the acid-base titration technique (Table S3). The highest TOF value was 57.44 h™1,
achieved with the rGOg catalyst after 2 h of reaction. The lowest TOF value was 1.80 h-1,
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obtained with the PTSA catalyst. No significant difference was observed when comparing
the TOF value for the heterogeneous catalysts, highlighting the potential application of
rGOg as a more sustainable catalyst.

Figure 5 presents the results obtained for glycerol conversion tests (Xa %) over time
using the homogeneous PTSA catalyst and the heterogeneous rGOp and rGOg catalysts.
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Figure 5. Results of glycerol conversion tests (Xa %) over time for the homogeneous catalyst PTSA
and the heterogeneous catalysts rGOy and rGOg. (Glycerol/acetone molar ratio = 1:4; 5% catalyst
relative to the mass of glycerol; 60 °C; 500 rpm with autogenous pressure; conducted in a 100 mL
Parr reactor).

It can be observed that the rGOy; catalyst exhibited higher initial conversion values,
converting approximately 19% of the glycerol in the first 10 min of the reaction. For com-
parison, rGOg converted about 16% of the available glycerol simultaneously. Meanwhile,
the homogeneous catalyst PTSA transformed 9% during the initial 10 min of the reaction.
After 90 min of reaction, the glycerol conversion stabilized for the heterogeneous catalysts.
This suggests that the reaction reached a steady state, with 66% and 64% conversion for
rGOpy and rGOg, respectively. The homogeneous catalyst PTSA was constant after 120 min
of reaction.

Two approaches were considered to estimate kinetic parameters (k; and ky) for the
glycerol ketalization reaction in the presence of acidic catalysts: the pseudo-homogeneous
and heterogeneous kinetic models.

Using the Python programming language and the data from Figure 5, through
GOOGLE COLAB (https://colab.research.google.com/?utm_source=scs-index&hl=en,
accessed on 5 November 2023), it was possible to estimate the values for the rate constants
ki and k; for three different catalytic systems (PTSA, rGOy, and rGOg), and the estimated
values are shown in Table 4.

Table 4. Estimated values for the rate constants k; and k; for three different catalytic systems (PTSA,
rGOy, and rGOg). Conditions: 500 rpm; molar ratio 1:4 (G:A); 5% catalyst relative to the mass of
glycerol; 60 °C; 240 min.

Catalysts kq k> K Xa Xaeq Q R?
PTSA 0.0015 0.0077 0.1953 0.53 0.55 0.0024 0.9929
rGOy 0.0037 0.0089 0.4184 0.66 0.67 0.0019 0.9966
rGOg 0.0033 0.0092 0.3621 0.63 0.65 0.0010 0.9980



https://colab.research.google.com/?utm_source=scs-index&hl=en

Catalysts 2023, 13, 1427

10 of 21

The pseudo-homogeneous model showed a good fit for all three reaction systems
where PTSA, rGOy, and rGOfg were used as catalysts, as shown in Figure 6. Based on the
values of the rate constants, forward (k;) and reverse (ky), as presented in Table 4, it is
possible to suggest that this reaction tends to shift the equilibrium towards forming the
reactants. The constant k; is related to the formation of solketal, and kj is associated with
the reversibility of the reaction, with k; > ki, meaning that the rate of product formation is
slower than the rate that signifies the reversibility of the reaction towards the formation of
the reactants. However, the difference in the equilibrium constant (K) values indicates that
the reaction had not yet reached equilibrium, as evident when examining the calculated
Xaeq values from Equation (S9). The squared residuals (Q) below 0.01 indicate a low
deviation between the experimentally obtained X, data and the values of X4 calculated
by the model; X pxp and Xa caL are very close, validating the applied kinetic model. The
determination coefficient values (R?) being close to 1 indicate that the pseudo-homogeneous
model can describe the experimentally obtained results, as shown in Figure 6.

Pseude-homogeneous - PTSA Pseudo-homogeneous - rGOy Pseudo-homogeneous - rGOg

W Data

5| — redicted

e
o ey ] ® Data T A Dara T
P racictad ) 8] — Predicted

04 04

XA (%)

03 o3
02 0z

01 a1

Figure 6. Pseudo-homogeneous models (data and predicted) applied to PTSA, rGOy, and rGOg
were used as catalysts to produce the homogeneous catalyst (PTSA) and the heterogeneous catalysts
(rGOg and rGOg). Conditions: glycerol/acetone molar ratio = 1:4; 5% catalyst relative to the mass of
glycerol; 60 °C; 500 rpm with autogenous pressure; conducted in a 100 mL Parr reactor for 240 min.

The reversible model simplifies the complex kinetics of heterogeneous reactions by
reducing the parameters so that k; and k, encompass all kinetic terms for the products
and reactants, respectively. The pseudo-homogeneous model fits well with the heteroge-
neous rGOy and rGOg catalysts, but this does not imply that the catalysis is genuinely
homogeneous. This happens because the surface of the heterogeneous catalyst is saturated
with one of the reactants, in this case, acetone, as it is the excess reagent (glycerol/acetone
molar ratio = 1:4). When there is an excess of reactant in the reactor, this excess can be
much higher on the catalyst’s surface. Thus, the model can be called pseudo-homogeneous.
The literature has limited examples of modeling and kinetic studies using homogeneous or
pseudo-homogeneous models for the glycerol ketalization reaction with acetone, and these
are only for heterogeneous catalysts.

However, Esteban and coworkers [45] proposed a pseudo-homogeneous model and
concluded that the reaction of k; > kj uses sulfonated resin as a catalyst. We observed the
same conclusions regarding k; > k; in a study involving H-BEA zeolites in 2017, using a
pseudo-homogeneous model programmed in Fortran, utilizing R2W [9].

The second approach used was heterogeneous kinetic modeling, aiming to gain in-
sights into the rate-controlling step of the glycerol ketalization reaction with acetone
(adsorption, chemical reaction, or desorption) when using heterogeneous catalysts of the
rGOp and rGOg types. Once again, the reaction was considered to be of a bimolecular and
reversible type. Dioxan was also disregarded in this study in an attempt to simplify the
already complex heterogeneous model.

However, before proceeding with the modeling to estimate the kinetic parameters,
some catalytic tests were conducted to determine whether the reaction was exclusively
under kinetic control and free from external and internal diffusion limitations under the
employed reaction conditions. The agitation (rpm) was varied, and glycerol conversion
was monitored after 120 min of reaction, as shown in Figure 7.
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Figure 7. Results of glycerol conversion tests (XA%) as a function of agitation. (Glycerol/acetone

molar ratio = 1:4; 5% catalyst based on glycerol mass; 60 °C; 100-800 rpm with autogenous pressure;
conducted in a 100 mL Parr reactor for 120 min).

Figure 7 shows that between 400 and 800 rpm, glycerol conversion is free from external
diffusion limitations. Additionally, internal diffusion limitations can also be disregarded
within the agitation range of 500 rpm, as the kinetic diameters of the reactants and products
of this reaction [9] are between 0.43 and 0.51 nm, and the average pore diameter of the
catalysts used is around 10 nm, as indicated in Table 1.

The results of Figure 5 can be used to proceed with heterogeneous kinetic modeling
using the rGOy and rGOfg catalysts. In Nanda’s studies (2014), for the same reaction, it was
also observed that above 400 rpm, there was no influence of mass transfer [46]. The kinetic
parameter results for each mechanism and the created models (Equations (511)—-(523)) were
estimated using Python programming language and the data from Figure 5.

Using Google Colab/Python language, it was possible to estimate the values for the
rate constants, thermodynamic equilibrium constants, and the adsorption equilibrium con-
stants of the reactants, as well as the desorption constants for the products, for two different
catalytic systems (rGOy and rGOg). The estimated values are shown in Tables 5 and 6;
LHHW and ER models, respectively.

Table 5. Results of the Estimated Kinetic Parameters for the glycerol ketalization reaction with
acetone using the LHHW mechanism, considering the five proposed models (Equations (513)—(S17)),
using rGOy and rGOf catalysts. Conditions: 500 rpm; molar ratio 1:4 (G:A); 5% catalyst relative to
the mass of glycerol; 240 min.

Catalyst Mechanism: LHHW

rGOy Steep Control

ADS, A ADS,B  REACTION DES, C DES, D
Model 1 Model 2 Model 3 Model 4 Model 5

Kinetic Parameters

K (gcat L mol~! min~—1) 0.0253 0.0027 0.5602

n n

K 10.6544 0.1120 0.4063 n n

Ka (L mol™1) —3.3140  —0.5401 0.5473 n n
Kg (L mol™1) —0.0923  —0.2942 0.4391 n n
K¢ (L mol~1) 0.6902 0.5170 0.2468 n n
Kp (L mol™1) 0.6912 0.5170 0.2468 n n
Q 0.0007 0.0025 0.0017 - -

R? 0.9889 0.9940 0.9979 - -
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Table 5. Cont.

Catalyst Mechanism: LHHW

rGOg Steep Controlling

ADS, A ADS, B REACTION DES, C DES, D
Model 1 Model 2 Model 3 Model 4 Model 5

Kinetic Parameters

K (gcat L mol~! min~—1) 0.0302 0.0028 0.5234 n n
K 9.5613 0.1097 0.3512 n n

Ka (Lmol™1) —1.7279  —0.4974 0.4851 n n

Kg (L mol~1) —0.0418  —0.2463 0.3522 n n

Kc (Lmol™1) 0.3599 0.3973 0.2150 n n

Kp (L mol~1) 0.3602 0.3973 0.2150 n n

Q 0.0007 0.0011 0.0008 - -

R2 0.9988 0.9975 0.9985 - -

n = did not converge.

Table 6. Results of the Estimated Fitting Parameters for the glycerol ketalization reaction with acetone
using the ER mechanism, considering the 6 proposed models (Equations (518)—(S23)), using rGOy
and rGOg catalysts. Conditions: 500 rpm; molar ratio 1:4 (G:A); 5% catalyst relative to the mass of

glycerol; 240 min.
Catalyst Mechanism: ER
rGOg Steep Controlling
L ADS, A ADS, B SR, A SR, B DES, C DES, D
Kinetic Parameters
Model 6 Model 7 Model 8 Model 9 Model 10 Model 11

K (gcat L mol~! min~—1) 0.0583 0.0089 0.0633 0.1693 n n
K 10.6660 0.1100 0.4062 0.4063 n n

Ka (L mol™ 1) —7.2409 - 0.1535 - n n
Kg (L mol™1) - —0.1497 - 0.2658 n n
Kc (L mol™1) 3.1890 - 0.0209 - n n
Kp (L mol™1) - 0.1051 - —0.0191 n n

Q 0.0007 0.0031 0.0017 0.0017 - -

R? 0.9989 0.9944 0.9971 0.9971 - -

Catalyst Mechanism: ER
rGOg Steep Controlling
Kinetic P ADS, A ADS, B SR, A SR, B DES, C DES, D
Inetic Parameters Model 6 Model 7 Model 8 Model 9 Model 10 Model 11

K (gcat L mol~! min—1) 0.0408 0.0093 0.0581 0.1531 n n
K 9.5616 0.1092 0.3512 0.3512 n n

K (Lmol™1) —2.3098 - 0.1479 - n n
Kg (L mol~1) - —0.3816 - 0.2745 n n
Kc (L mol™1) 1.0152 - 0.0215 - n n
Kp (L mol~1) - 1.5644 - —0.0048 n n

Q 0.0007 0.0012 0.0008 0.0008 - -

R2 0.9988 0.9975 0.9985 0.9985 - -

n = did not converge.

The parameters’ physical realism estimated through nonlinear regression was first
considered to assess the proposed models” adequacy. This means that models that yielded
negative values for any parameter and/or models that did not converge were discarded.
To validate the model, the method chosen was the minimization of the sum of squared
residuals (Q); see Equation (510).

Upon observing Tables 5 and 6, it was found that the heterogeneous models created
could only describe the kinetics of the heterogeneous reaction for the rGOy and rGOg
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catalysts. Only one model was validated for each mechanism, as the other models resulted
in one or more negative parameter values or did not converge and were thus discarded.

For the Langmuir-Hinshelwood-Hougen-Watson (LHHW) mechanism [47,48], the rate-
controlling step of the reaction was the chemical reaction between the adsorbed reactants
(A) glycerol and (B) acetone on the catalyst surface (R? = 0.9979; Q = 0.0017 for rGOy and
R? = 0.9985; Q = 0.0008 for rGOg). This step can be considered a plausible rate-controlling
step for the glycerol ketalization reaction with acetone.

As for the Eley-Rideal (ER) mechanism [45,49,50], the rate-controlling step of the
reaction was the chemical reaction with only (B) acetone being adsorbed on the catalyst
surface (R? = 0.9971; Q = 0.0017 for rGOy and R? = 0.9985; Q = 0.0008 for rGOg), which can
also be considered a plausible rate-controlling step for the glycerol ketalization reaction
with acetone. It is worth noting that the heterogeneous kinetic models were employed to
predict which step serves as the rate-determining step for each of the mechanisms (LHHW
and ER) used in the glycerol ketalization with an acetone reaction, not to estimate the value
of each parameter involved physically.

It can be said that Model 3 (LHHW), Equation (515), Model 8 (ER), and Equation
(520) all showed good fits for both the rGOy and rGOg catalysts. The squared residuals
(Q) below 0.01 indicate a low deviation between the experimentally obtained X4 data and
the X4 values calculated using the model. XA gxp and Xa caL are very close, validating
the applied kinetic model. The values of the determination coefficients (R?) very close to
1 indicate that the heterogeneous models can be employed to describe the experimentally
obtained results, as shown in Figure 8.
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Figure 8. Kinetic heterogeneous models (data and predicted) applied to rtGOp and rGOg were used
as catalysts. Model 3 shows that the LHHW rate-controlling step of the reaction was the chemical
reaction between the adsorbed reactants (A) glycerol and (B) acetone on the catalyst surface, and
Model 8 shows that the ER rate-controlling step of the reaction was the chemical reaction with only
(B) acetone being adsorbed on the catalyst surface. Conditions: glycerol/acetone molar ratio = 1:4;
5% catalyst relative to the mass of glycerol; 60 °C; 500 rpm with autogenous pressure; conducted in a
100 mL Parr reactor for 240 min.

The application of computational molecular modeling to study the mechanism of
the glycerol ketalization reaction with acetone, using rGOy and rGOk as catalysts, would
enable the confirmation of the mechanism and the rate-controlling step for this case. Studies
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on the kinetics of the glycerol ketalization reaction with acetone using heterogeneous
catalysts were conducted by the research group led by Nanda (2014) and by the group led
by Esteban (2015) [45]. Nanda (2014) used Amberlyst 35 resin as the catalyst and employed
the LHHW model to describe the glycerol ketalization reaction with acetone, with the
chemical reaction as the rate-limiting step, which, with the adaptation of the data presented
in this work, represents a plausible model [46]. On the other hand, the Esteban group (2015)
concluded that the Eley-Rideal mechanism describes the glycerol ketalization reaction with
acetone, with the chemical reaction involving the adsorption of only one of the reactants as
the rate-limiting step of the reaction [45].

2.5. Study of Reuse of Heterogeneous Catalysts

Table 5 presents the results of the reuse tests for the rGOy and rGOg, catalysts, and
Table S4 displays the acidity results of the catalysts before and after the reuse tests. It
is worth noting that the catalysts were initially separated from the reaction medium via
filtration, without washing and drying, and were reused four times.

Table 5 presents the deactivation (reuse) study for the rGOy and rGOg catalysts, which
exhibited the highest catalytic activities among the heterogeneous catalysts. There was
a significant reduction in glycerol conversion, dropping from 66% to 23% for the rGOy
catalyst and from 64% to 30% for the rGOg catalyst. This fact indicates that deactivation of
the acidic sites of the material may have occurred, hindering the catalysis of the reaction.
Additionally, the selectivity for solketal remained constant, averaging 80% for the rGOg
catalyst. However, the selectivity toward solketal for the rGOyy catalyst decreased from
98% to 91%, indicating an increase in dioxan selectivity.

Table 54 shows a significant decrease in the concentration of acidic sites in the rGOy
and rGOg materials, which was directly proportional to their deactivations, as seen in
Table 7. The highest deactivation for glycerol conversion was observed for the reduced
graphene oxide prepared via Hummers method, i.e., a decrease from 66.18 to 23.18%
after the fourth reuse (64.97% of total deactivation). The electrochemically exfoliated
material presented a conversion decrease from 63.97% to 30.37% (a total deactivation of
52.68%). When the yields of solketal were considered, the former catalyst presented an
overall deactivation of 67.47%, and the latter showed 54.12%, thus demonstrating the
superiority of the rtGOg material as a catalyst for glycerol conversion. As possible causes
of the deactivation, we can cite the water formation during the glycerol conversion and,
consequently, the hydration of the acid sites (as observed via the reduction in the overall
acidity, as seen in Table S4). We can also cite the possible sulfur leaching that the reaction
reuses. However, despite this deactivation, we must highlight that both materials presented
good conversions and yields even after the third reuse reaction.

Table 7. Results of reuse tests for the rGOy and rGOfg catalysts for the glycerol conversion (Xa %),
solketal selectivity (SS5), and dioxan selectivity (SDg), as well as the solketal yield (YSs) and dioxan
yield (YDg).

Reactions XA (o/o) SS5(0/0) SD6 (o/o) YS5 (0/0) YD6 (0/0)

rGOy 66.18 £ 0.45 98.38 + 0.45 1.62 + 0.45 65.11 £ 0.45 1.07 £ 0.45
rGOyg Ry 57.37 £ 0.85 95.60 £ 0.85 440 £0.85 54.85 £ 0.85 2.53 £0.85
rGOyg Ry 55.18 £ 0.45 94.38 + 0.45 5.62 £ 045 52.08 £+ 0.45 3.10 £ 0.45
rGOq R 45.37 £ 0.85 94.62+ 0.85 538 £0.85 42.93 +0.85 244 £+ 0.85
rGOy Ry 23.18 £ 0.45 91.38 £ 0.45 8.62 + 0.45 21.18 £0.45 2.00 £0.45

Reactions Xa (%) SS5(%) SDg (%) YSs5 (%) YDg (%)

rGOg 63.97 £ 0.86 80.73 £ 0.86 19.27 £ 0.86 51.64 = 0.86 12.33 + 0.86
rGOg Ry 60.54 £ 0.43 80.64 + 043 19.36 + 0.43 48.82 £0.43 11.72 £ 0.43
rGOg Ry 58.25 £ 0.32 81.03 £0.32 18.97 £ 0.32 47.20 £0.32 11.05 + 0.32
rGOg R3 53.12 £0.28 79.27 £0.28 20.73 £0.28 4211 +£0.28 11.01 £ 0.28
rGOg Ry 30.27 £0.13 78.25£0.13 21.75£0.13 23.69 £0.13 6.58 + 0.13

(Glycerol/acetone molar ratio = 1:4; 5% catalyst based on glycerol mass; 60 °C; 500 rpm with autogenous pressure;
120 min; conducted in a 100 mL Parr reactor).
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3. Materials and Methods
3.1. Materials

Glycerol (99.5% P.A.) and acetone (99.5% P.A.) were purchased from Proquimios
(Rio de Janeiro, Brazil)®; solketal (98%) was purchased from Sigma-Aldrich® (St. Louis,
MO, USA) and was used without further purification. Flake graphite, to produce rGOy
(synthesized via the Hummers method) [24,38,51], was purchased from Sigma-Aldrich
and a carpentry pencil, to synthesize rGOg (using the electrochemical process) [44,52], was
acquired from the BIC® (Sao Paulo, Brazil).

3.2. Synthesis of Graphene-Derived Materials
3.2.1. Synthesis of Partially Reduced Graphene Oxide Using a Conventional
Approach—rGOg

Reduced graphene oxide (rGOp) was synthesized using the modified Hummers
method [24,38,51]. First, 100 mL of H,SO,4 was added to a beaker with a volume of 1 L
under an ice bath, and then 4 g of graphite flakes and 2 g of NaNO3 were added and
continually stirred at 450 rpm for 4 h. After this time, 12 g of KMnO, was slowly added,
and the reaction mixture was kept for another 2 h, still under an ice bath. Then, the ice
bath was removed, and the reaction system was heated at 35 °C for 30 min. Next, 160 mL
of distilled and deionized water was dropped into the reaction mixture, and the reaction
system was stirred for another 30 min. At this moment, the system’s temperature increased
to 90 °C. To finish the reaction, 160 mL of a 30% (v/v) H,O, solution was added, and the
suspension was then stirred for 12 h and subsequently washed and purified with distilled
and deionized water, HCI (30% v/v), and ethanol until the supernatant pH reached 7.0. The
suspension was filtered and the reduced graphene oxide was dried in an oven at 50 °C for
12 h. This material produced via a conventional approach was named rGOy.

3.2.2. Synthesis of Partially Reduced Graphene Oxide via Electrochemical Method—rGOg

The synthesis of the reduced graphene oxide was based on a study reported by
Ambrosi and Pumera (2016) [20] in an acid medium. First, 1.0 mol L~! of sulfuric acid was
prepared. Afterward, a reaction system consisting of a 25 mL beaker and two graphite
electrodes was set up. Some physical parameters were standardized, such as the distance
between the graphite electrodes (3.5 cm), the height of each electrode at the bottom of the
beaker (1 cm), the temperature (25 °C), the volume of sulfuric acid solution (20 mL), the
voltage (10 V), and the time (1 h). After this time, the oxidized residue at the bottom of the
beaker was removed from the reaction system, filtered, and washed until it reached the pH
of distilled water, equal to 6.0, due to dissolved CO, [44,52]. Finally, the partially reduced
graphene oxide was dried in an oven at 80 °C and named rGOk.

3.3. Material Characterization

The materials rGOp and rGOpg, along with their respective precursor graphites, were
characterized using X-ray diffraction and a Bruker D2 Phaser (Rheinstetten, Germany) appa-
ratus utilizing CuK« radiation (A = 0.154 nm) with a Ni filter, scanning at intervals of 0.05°
within the 20 range of 5-50°. A convergent slit of 0.6 mm, a current of 10 mA, and a voltage
of 30 kV were used with a Lynxeye detector (Oxford, Germany). Raman spectra were
obtained using a Witec Alpha 300 R Raman Microscope (Oxford, Germany), with a wave-
length of 532 nm (green light). Infrared spectra were collected using a Fourier-transform
infrared spectrophotometer, Nicolet model Magna-IR 760 (Spectralab, Canada). Samples
were analyzed via Attenuated Total Reflection (ATR) within the range of 400-4000 cm™l,
with 32 scans and a resolution of 4000 cm .

Thermal analysis was conducted using a TA Instruments SDT Q 600 (Waters, Milford,
MA, USA) instrument in the 25-800 °C temperature range, with a heating rate of 10 °C
min~! and an airflow of 50 mL min~!. Textural analyses were performed on a Micromeritics
Tristar 3000 Surface Area and Porosimetry Analyzer. (Micromeritics, Norcross, GA, USA)
Samples were subjected to thermal drying at 90 °C under a vacuum of 5 x 10~ torr for
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24 h, and then cooled to room temperature and re-weighed to initiate analysis at —196 °C.
Specific surface area was determined using the B.E.T. (Brunauer, Emmet, and Teller) method,
while specific volume and pore diameter were found using the B.J.H. method from the
adsorption/desorption isotherm [53].

Bronsted acidity was quantified through acid-base titration following the procedure
described by Ventura and coworkers [40]. The surface acidity of the potential catalysts,
rGOy and rGOg, was evaluated through acid-base titration. For the measurements, 50 mg
of the material was weighed, and then 20 mL of a 0.05 mol L~! sodium hydroxide solution
was added. The mixture was stirred continuously for 24 h at room temperature. After
this period, the solid was separated via centrifugation and the supernatant solution was
titrated with hydrochloric acid (0.05 mol L™!), using phenolphthalein as an indicator. The
measurements were performed in triplicate. The precursor graphites were not analyzed in
this step. The number of acidic sites on the catalyst was determined using Equation (1) [40]:

Acidity = [Initial amount of NaOH added (mol) — Amount of HCI consumed (mol)]/mass of the material (g). (1)

3.4. Catalytic Evaluation

The reactions were carried out in a Parr model 4848B stainless steel autoclave reactor
(Parr Instrument Company, Moline, IL, USA) with a reaction volume of 100 mL. The reactor
has a thermocouple, transducer, temperature controller, external heating mantle, and an
agitation system; see Figure S1. Initially, a control test was conducted without a catalyst
(blank). Subsequently, tests were performed using the homogeneous industrial catalyst
p-Toluenesulfonic acid (PTSA) and the heterogeneous catalysts synthesized in this study,
rGOy, and rGOg.

The reactor was loaded with 10 g of glycerol (0.1186 mol) and 25.2 g of acetone
(0.4343 mol). Thus, the glycerol/acetone molar ratio (G:A) was 1:4. Catalyst loading of 5%
by mass relative to the glycerol mass was used, corresponding to 500 mg. The agitation
was set at 500 rpm, and the reaction was conducted at 60 °C with autogenous pressure
for 120 min. The catalytic testing utilized a batch reactor with a thermocouple within
the reaction vessel. This reactor, functioning as an autoclave-type system with precise
temperature control, ensures the even dispersion of the catalyst within the fluid. The
temperature measurement reflects the entire reaction system, which requires heating due
to the endothermic nature of the reaction [46]. At the end of the reaction, 2.5 g of sodium
bicarbonate was added to the reaction mixture to neutralize the catalyst (in the case of
the homogeneous catalyst), and then the reaction mixture was filtered. Subsequently,
the samples were stored at 15 °C for gas chromatography analysis. All reactions were
performed in triplicate [9,54,55].

3.5. Study of Glycerol Conversion as a Function of Time

Since the reaction conditions had already been optimized in a study conducted by
Rossa and coworkers [9,54,55] using other catalysts, the conversion study as a function of
time was carried out under the same conditions as in Section 2.4. Samples were taken at
intervals of 0, 5, 10, 15, 30, 60, 90, 120, 180, and 240 min. Subsequently, the samples were
stored at 15 °C for gas chromatography analysis. All reactions were triplicated using PTSA,
rGOy, or rGOk as catalysts.

3.6. Determination of Kinetic Parameter Models
3.6.1. Pseudo-Homogeneous Kinect Model

Tests for determining kinetic parameters in pseudo-homogeneous catalysis [9,56]
were conducted using the rGOy and rGOg catalysts based on the time and glycerol con-
version results in Section 3.5. (See “Pseudo-homogeneous Kinetic Model Evaluation” in
Supplementary Materials.)
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3.6.2. Heterogeneous Kinect Models (LHHW and ER)

In the heterogeneous model, initially, eight experiments were conducted under the same
conditions as described in Section 3.4 for 60 min, only varying the agitation (100-800 rpm),
and glycerol conversion was monitored to investigate the influence of external mass transfer
and then predict how the internal mass transfer study was to be conducted. All reactions
were performed in triplicate, and the samples were stored at 15 °C until the moment of
analysis using GC-FID (Shimadzu, Japan).

The kinetic study of heterogeneous catalysis involves various physical steps (external
and internal mass transfer) and chemical steps (adsorption, surface-catalyzed reaction, and
desorption of products) according to the proposed mechanism. The study was conducted
under reaction conditions free from diffusion limitations (external and internal mass trans-
fer) in this stage. Tests for determining kinetic parameters in heterogeneous catalysis were
performed using the rGOp and rGOg catalysts, based on the results obtained in Section 3.5,
to predict the rate-limiting step of the reaction, both in the LHHW mechanism and in the
ER mechanism.

We developed eleven heterogeneous kinetic models derived from two distinct Mech-
anism: LHHW (Langmuir-Hinshelwood-Hougen-Watson) and ER (Eley-Rideal) [57,58].
An adapted methodology from Shekara (2011) was employed [48]. (See “Heterogeneous
Kinetic Model Evaluation” in Supplementary Materials.)

3.7. Study of Heterogeneous Catalyst Reuse

Deactivation/reuse tests [9,55] of the rGOp and rGOFg catalysts were conducted under
the same reaction conditions described in Section 2.4. The reuse tests involved using the
same catalyst employed in 4 consecutive cycles without washing or calcination steps. All
reactions were performed in triplicate, and the samples were stored at 15 °C until the
analysis using GC-FID (Shimadzu, Japan) [9].

3.8. Product Analysis

The products of the glycerol ketalization reaction were quantitatively analyzed using
a Shimadzu GC-FID equipped with a column Carbowax (30 m x 0.25 mm x 0.25 um
polyethylene glycol) and employing the external standard method [9,55]. Analysis con-
ditions: total injection volume: 1 uL; injector: split/splitless; injection: automatic; linear
velocity: 45 cm s~ 1; split ratio: 1:50; linear velocity: 45 cm s~!; sampling rate: 40 ms; carrier
gas: helium; flow control mode: linear velocity; detector temperature: 250 °C; injector
temperature: 250 °C. The heating ramp was set at 50 °C for 5 min, followed by a tempera-
ture increase from 50 °C to 180 °C at a rate of 16 °C per min. It was held at 180 °C for an
additional 2 min, then increased from 180 °C to 230 °C at a rate of 20 °C per min, and then
held at 230 °C for another 2 min. Total analysis time: 20 min.

The glycerol conversion and product selectivity were obtained using Equation (2).

Ca, — C
Xa (%) = (AOCAA) x 100 )
0

where C g is the initial molar concentration (mol L™~1) of glycerol and Cj is the final molar
concentration (mol L=1) of glycerol at the end of the reaction.
Solketal Selectivity (S5, dioxolan):

. ASs
Sel(S5)% = (AS5 ~ ADﬁ) x 100 3)

where ASs is the area of solketal and ADy is the area of dioxan, obtained from the chro-
matograms. The areas of all of the compounds were previously adjusted using their
respective correction factors.
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Dioxan Selectivity (Dg):

. ADg
Sel(Dg)% = (AS5 +AD6) % 100 (4)

Dg is the area of dioxan and ASs is the area of solketal, obtained from the chro-
matogram. The areas of all compounds were previously adjusted using their respective
correction factors.

Yield—Y (%):

Y(O/o) = (XA X Sl) x 100 (5)

S; refers to the products Ss or Dg, and X is the glycerol conversion (not in percentage)
multiplied by the desired products’ selectivity [9,55].
To calculate Turnover Frequency, Equation (6) was used.

nAO —Na

TOF = % (6)

where

ny, is the initial amount of glycerol (mol);

ny is the amount of glycerol (mol) at the end of the reaction, after 2 h;
Neatis the number of acid sites on the catalyst (mol gcat’l);

t is the time in hours (h);

TOF is the Turnover Frequency (h=1.

4. Conclusions

This study effectively demonstrated the feasibility of replacing the homogeneous
catalyst (PTSA) with the proposed heterogeneous catalysts (rGOy and rGOg). Remarkably,
both rGOy and rGOg catalysts exhibited superior performance, achieving significant
glycerol conversion and TOF values, outperforming PTSA. Additionally, the rGOg catalyst
demonstrated reusability over five consecutive cycles, showing the highest activity without
the need for post-reaction washing or treatment. This suggests that an effective catalyst
for the glycerol ketalization reaction with acetone should possess specific characteristics,
including small crystal size, porosity, and acidity. The synthesis of rGOg used a more
environmentally friendly methodology, enabling its future utilization in various catalytic
processes and providing the potential for chemical modifications, such as impregnation
with transition metals and other compounds, to enhance its acidic properties.

The pseudo-homogeneous kinetic model successfully described the ketalization re-
action of glycerol with acetone for both the homogeneous (PTSA) and heterogeneous
(rGOy and rGOg) scenarios, with the model assuming a pseudo-homogeneous form for
the heterogeneous catalysts. Among the eleven heterogeneous kinetic models explored to
elucidate the mechanism and controlling step of heterogeneous kinetics, both of the rGOy
and rGOg catalysts demonstrated positive results. Notably, Model 3 (LHHW) and Model 8
(ER) provided good fits for both of the rtGOp and rGOg catalysts, offering valuable insights
into the mechanism and controlling step of the heterogeneous catalytic reaction.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/catal13111427/s1: Figure S1. Batch reactor used in all ketalization
reactions (Parr Instruments Inc.—Model 4848B), made of stainless steel, with a useful volume of
100 mL, in a simple batch system, with a maximum working pressure of 200 bar. This reactor has
a temperature and pressure controller. Also controlled agitation and external blanket for heating;
Figure S2. Infrared spectra of graphite flakes (a) GRFH and reduced graphene oxide, (b) rtGOH,
obtained by the Hummers method; carpenter’s pencil graphite (c) GFTE and reduced graphene
oxide, (d) rGOE, obtained by the electrochemical method from carpenter’s pencil graphite; Table S1.
Estimated values for the distance between layers, average crystallite size, and number of layers for


https://www.mdpi.com/article/10.3390/catal13111427/s1
https://www.mdpi.com/article/10.3390/catal13111427/s1

Catalysts 2023, 13, 1427 19 of 21

GFTH, rGOH, GFTE and rGOE materials; Table S2. Assignments of the main bands in the infrared
spectra for the GFTH, rGOH, GFTE and rGOE materials; Table S3. Acidity results obtained through
acid-base titration for the materials tested as catalysts; Table S4. Acidity results for the catalysts
obtained by acid-base titration before and after five reactions; Pseudo-Homogeneous Kinetic Model
Evaluation; Heterogeneous Kinetic Model Evaluation; Langmuir-Hinshelwood-Hougen-Watson
Mechanism (LHHW); Eley-Rideal Mechanism.
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