Supplementary Material

Solketal Production Using an Eco-Friendly reduced
Graphene oxide as catalyst

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.

Table S1. Estimated values for the distance between layers, average crystallite size, and number of layers for GFTs,
rGOun, GFTEe and rGOE materials

Materials 20 (°®) dooi (nm) Loo2z (nm) N!
GFTa 3632 03385 15.00 44
rGOn 2621  (.3399 500 17
GFTe 2651  0.3360 31.00 91
rGOe 2929 (3387 500 15

! Number of layers.
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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
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electrochemical method from carpenter's pencil graphite.

Table S2 . Assignments of the main bands in the infrared spectra for the GFTH, rGOH, GFTE and rGOE

materials.[1-10]
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Assignments of the main bands

Stretching vibrations of -OH bonds. These bands
can also be attributed to -COOH and C-OH bonds.

Stretching vibrations of C-H bonds in CHs and
CH:2 groups.

Conjugated C=C-C or C=C=0 bonds of graphene
layers and reduced graphene oxide, respectively.
Or COs.

C-H bond in aromatic compounds.

C=C bonds associated with the vibrations of non-
oxidized graphite, predominantly composed of
sp? hybridized carbon atoms.

Vibrations of conjugated C=C bonds in aromatic
compounds.

Vibrations of the carbonyl group (-C=0) bonds in
rGO and vibrations of the epoxy groups.

Stretching vibrations of the carboxyl group
(-COOH).
Vibration of the -OH bond in alcohols.

C-OH bonds in reduced graphene oxide (rGO).

C-O bond in alcohols and phenols.

C6-OH bond of the primary alcohol group,
phenols.
Stretching vibration of C-O-C bonds in the epoxy

group.




- - 995 980 Vibration of C=C bonds.

869 897 - 894  Vibration of aromatic ring bonds.
- - 797 815 Vibration of C-H bonds.
634 631 614 590 Vibration of bonds in structures derived from
benzene..

Table S3. Acidity results obtained through acid-base titration for the materials tested as catalysts.

Material Acidity (mmol H* g1
rGOH 0.24 +0.02
rGOE 0.22 +0.02

Table S4. Acidity results for the catalysts obtained by acid-base titration before and after five reactions.

Material Acidity (mmol de H* g)
rGOmn Before 0.24 +£0.02
rGOn After 0.08 +£0.02
rGOk Before 0.22 +0.02
rGOk After 0.11 +0.03

Pseudo-Homogeneous Kinetic Model Evaluation

The first approach utilized a pseudo-homogeneous kinetic model, providing information about
the direction the reaction equilibrium tends (toward products or reactants). This model considers the
reaction as bimolecular and reversible:

A+B & C+D (Equation S1)
A = glycerol; B = acetone; C = solketal, and D = water. To simplify the model, dioxan was disregarded in
this study since dioxan is an isomer of solketal and wouldn't introduce differences in the molar balance
of the process.
And its rate is given by:

(=7a) = Ca, dstA =k, C4Cp — k,CcCp  (Equation S2)

Where (-ra) is the rate of glycerol consumption; Cao = initial concentration of glycerol (mol L1); Xa=
glycerol conversion; Ca= final concentration of glycerol (mol L) at time t (min); Ca = final concentration
of glycerol (mol L) at time t (min); Cs = final concentration of acetone (mol L) at time t (min); Cc = final
concentration of solketal (mol L) at time t (min); Cp = final concentration of glycerol (mol L-!) at time t
(min); ki = rate constant of the forward reaction, and k2 = rate constant of the reverse reaction.
Furthermore, considering that:

Ca = Cy,(1—X,) (Equation S3)

Cp = Cyy(M — X,) (Equation 54)

Cc = C4 X4 (Equation S5)

Cp = C4 X4 (Equation S6)

With M=Cgo/Cao, where Cao=1.57 mol L' and Cgso = 6.06 mol L-1.
For the calculation of the equilibrium constant or thermodynamic equilibrium constant (K), the
following expression was used:

_ CcCp _ ﬁ .
K = ats o (Equation S7)

When Cso > Cao, the equilibrium results in:



(XAeq)Z

(1_XAeq)_(M_XA8q)

(Equation S8)

Isolating Xy, :

¥ _ KM+K—JKZM2-2KZM+K2+4KM
Aeq — K-1

(Equation S9)

To validate the model, the method chosen was the Minimization of the Sum of Squared
Residuals (Q). The goal is to minimize the total sum of squared residuals across all experimental data
points. This involves finding the parameter values of the model that minimize this sum. [11,12]

Q=Xi1n (XACAL - XAEXP)Z (Equation 510)

Several approaches to finding these parameter values minimize the sum of squared residuals.
A typical system is the method of least squares, which entails analytically minimizing the sum of the
squares of the residuals. [11,12]

Heterogeneous Kinetic Model Evaluation

The kinetic study in heterogeneous catalysis is based on seven steps: [13,14]

1. Diffusion of reactants from the bulk fluid to the external surface of the catalyst (external
diffusion);

2. Diffusion of reactants from the external surface of the catalyst into the pores (internal
diffusion); this step involves the approach of reactants to the active sites of the catalyst for
adsorption;

3. Chemical or physical adsorption of the reactants. Depending on the nature of the molecular
forces between the adsorbent and the adsorbate, either chemical or physical adsorption
occurs. If the binding forces are weak and there is no modification in the chemical nature
of the adsorbed species, physical adsorption takes place. Otherwise, if the binding forces
are strong and result in chemical bonds, then chemical adsorption or chemisorption occurs.
In any case, one or more reactant substances become attached to the catalyst's surface;

4. Chemical Reaction. The reaction occurs on the catalyst's surface. It is desirable for this to be
the most important step, the rate-controlling step of the chemical kinetics.

5. Desorption of the products. This process is the reverse of adsorption, where the products
formed during the chemical reaction diffuse from the active sites of the catalyst;

6. Diffusion of the products from the interior of the pores to the external surface of the catalyst;

7. Diffusion of the products from the external surface of the catalyst back into the bulk fluid.

Stages 3, 4, and 5 are of a chemical nature and fundamentally depend on the nature of the

catalyst used. Meanwhile, stages 1, 2, 6, and 7 are entirely of a physical nature.

To achieve this, two distinct mechanisms, Langmuir-Hinshelwood-Hougen-Watson [15-18]
and Eley-Rideal [18,19] were employed, giving rise to 11 kinetic models. These models attempt to
describe the combination of chemical and physical transformations that occur in the glycerol
ketalization reaction with acetone, producing solketal and water, while utilizing heterogeneous
catalysts of the rGOH and rGOk types.

Considering that there are no products at the beginning of the reaction, that is, Cco=Cpo=0, and
knowing that, for a heterogeneous kinetics in a batch reactor, it holds that:

Caq dX .
(—ry) = w?;)td_: (Equation S11)

When heterogeneous reactions are conducted under steady-state conditions, it is assumed that
the steps of adsorption, chemical reaction, or desorption are equivalent.[13]



For this purpose, a reaction rate equation was obtained as a function of glycerol conversion (Xa)
and time (min), multiplied by the mass of the catalyst used (wet) which, in this case, is 0.55 g, and the
initial glycerol concentration (Cao = 1.57 g mol?) for each of the 11 models obtained, with the assistance
of Equation 17 and Table 8. And its rate is given as: [15,16,19]

( r ) _ Cay dX _ (kinetic factor)x(driving force)
A2 Weqt dt - (adsorption term)™

(Equation S12)

Table 8. Information about the type of rate-controlling step to assist in the assembly of heterogeneous kinetic
models, including the kinetic factor, driving force, adsorption term, and the value of n (adsorption exponent).
Adaptado de LHHW e ER. [15,16,19]

Controlling step  Kinetic factor  Driving force Adsorption term n
Adsorption of A ka Ca-(CcCp/KCB)  (1+(KaCcCp/KCs)+KpCs+KcCct+KpCp)r 1
Adsorption of B ks Cp-(CcCp/KCa)  (1+KaCat+(KCcCp/KCa)+KcCc+KpCp)r 1
Dessorption of C kcK CaCs/Cp-(Cc/K)  (1+KaCa+KpCr+(KKcCaCs/Cp)+KpCp)» 1
Dessorption of D koK CaCs/Cc-(Cp/K)  (1+KaCa+KpCp+KcCct+(KKpCaCs/Co))r 1
Only C desorbs keK CaCs/Cp-(Cc/K) (1+KaCa+H(KKcCaCs/Cp))n 1
Only D desorbs koK CaCs/Cc-(Cp/K) (1+ KeCr+(KKpCaCs/Cc))n 1
Reaction Surface kKaKs CaCs-(CcCp/K) (1+KaCa+KpCp+KcCct+KpCp)n 2
Only A adsorbs kKa CaCs-(CcCp/K) (1+KaCa+ KcCo)n 2
Only B adsorbs kKs CaCs-(CcCp/K) (1+KsCp+KpCp)n 2

Mechanisms and conditions of the rate-controlling steps of the glycerol (A) ketalization reaction
with acetone (B), producing solketal and water (D), for the construction of the models to be used:

1) Langmuir-Hinshelwood-Hougen-Watson Mechanism (LHHW) - This mechanism proposes that the
glycerol ketalization reaction consists of three steps: in the first step, the adsorption of glycerol (A) and
acetone (B) occurs at active sites; in the second step, a chemical reaction takes place between the
reactants, glycerol (A) and acetone (B), on the surface resulting in the formation of Solketal (C) and
water (D); in the final step, the desorption of Solketal (C) and water (D) occurs. [15,16]

# Model 1: Reversible reaction, with no dissociation of reactants (A and B), controlling step: adsorption
of glycerol (A);

CCCD)
s (0
(r ) _ CAO % dXA _ ( ads,A) ( A KCp
ads, - - KaCcC
A Weqt  dt <1+“}(TCBD+KBCB+KCCC+KDCD)

(Equation S13)

# Model 2: Reversible reaction, with no dissociation of reactants (A and B), controlling step: adsorption
of acetone (B);

CCCD)
P
CAO dXA ( ads,B) ( B KCy

Tadsg) = X = K5CcC
( ’B) at (1+KACA+<§(T‘;D)+KCCC+KDCD)

(Equation S14)

Weat

# Model 3: Reversible reaction, with no dissociation of reactants (A and B), controlling step: chemical
reaction between glycerol (A) and acetone (B), both adsorbed on the catalyst surface;

Cay % axa _ (kreactionKAKB)X(CACB—CCIED)
Weat dc (1+KACA+KBCB+KCCC+KDCD)2

(Equation S15)

(rreaction) =

# Model 4: Reversible reaction, with no dissociation of reactants (A and B), controlling step: desorption
of Solketal (C);



CaCe_Cc
(Tdese) = Cao o 9Xa _ (kdeS'CK)X< Cp K
des, - - KKcCyC

¢ Weat at (1+KACA+KBCB+(%)

(Equation S16)

+KDCD>

# Model 5: Reversible reaction, with no dissociation of reactants (A and B), controlling step: desorption
of water (D);

€aCB_Cp
Cag , dXa _ (kdes'DK)x( e 7)

(7 des, ) - -
»D d KKpCxyC
Weat t <1 KaCa+KrCp+KC ( D™A B))

(Equation S17)

2)Eley-Rideal Mechanism - This mechanism suggests that only one of the reactants adsorbs onto the
catalyst surface and reacts with the other reactant that remains in the liquid phase. This mechanism
consists of three steps: in the first step, adsorption of one of the reactants, either glycerol (A) or acetone
(B), occurs at active sites; in the second step, a chemical reaction takes place between the adsorbed
acetone (B) or glycerol (A), with only one of the reactants adsorbed (A) or (B), while the other (B) or (A)
remains in the liquid phase; finally, desorption of the product formed on the catalytic sites, Solketal (C)
or water (D), occurs, with only one desorbing while the other is present in the liquid phase. [19]

# Model 6: Reversible reaction, with no dissociation of reactants (A and B), controlling step: adsorption
of glycerol (A);

CcC

k x(c —( LD

(r )_CondXA_(ADSA) <A KCp
Apsy) = = KACcC

A Wear | dt (1+‘}(TCBD+KcCc)

)> (Equation S518)

# Model 7: Reversible reaction, with no dissociation of reactants (A and B), controlling step: adsorption
of acetone (B);

(kapsg)* CB—<CCCD)>

Cag axXa B ( KCq .
=0Lx—2= Equation S19

(TaADSB) Wear . dt <1+(KBKCCC;:D)+KDCD) (Equation S19)

# Model 8: Reversible reaction, with no dissociation of reactants (A and B), controlling step: chemical

reaction between the adsorbed glycerol (A) on the catalyst surface (X) and the acetone (B) present in the

liquid phase;

ccC
Ca, % dXs _ (ksrA_XKA)X(CACB— CKD)

Toray) =
(STA-X Weat  dt (14K 4Ca+KCe)?

(Equation S20)

# Model 9: Reversible reaction, with no dissociation of reactants (A and B), controlling step: chemical
reaction between the adsorbed acetone (B) on the catalyst surface (X) and the glycerol (A) present in the
liquid phase;

CcCp

Cay _ dXg (ksrBXKB)X(CACB- " ) .
= — X — = -
(rsrs.x) v X at (1 +KaCaKoCo)? (Equation S21)

# Model 10: Reversible reaction, with no dissociation of reactants (A and B), controlling step: desorption
of Solketal (C);

€aCB_Cc
Cag  dXa _ (kDESCK)X( cp K.

- KKCAC
Weat dt (1+KACA+<7%DA B))

(TDESC) = (Equation 522)

# Model 11: Reversible reaction, with no dissociation of reactants (A and B), controlling step: desorption
of water (D);

€aCB_Cp
C (kpespK)x —
("pes,) = Ao B4 = - ( - K) (Equation S23)

KKpCxC
Wear  dt <1+KBCB+(—DCCA 3))




Where M (dimensionless) is the ratio between the molar concentration of acetone Cro and the

molar concentration of glycerol Cao (mol L-1), M = Cso/Cao. The parameters K, Kz, Kc, and Ko (L mol)
are the adsorption equilibrium constants for the reactants A (glycerol), B (acetone), and the products C
(Solketal) and D (water). K (dimensionless) is the thermodynamic equilibrium constant. The
representations Kadsa; KadsB; kreaction; Kies,c; Kaes,D; kaps,a; kaps,s; ksr.ax; ksr.x; kpes,c; kpes,p are related to the kinetic
constant, k (geat L mol! min?), for each obtained model. While tais,A; aisB; Treaction; Ydes,C; TdesD; YADSA; TADSB;
TADSA; Tsr,A.X; VsrB.X; YDES,C; TDES,D corresponds to the reaction rate (mol L gear! min?) for each obtained model.
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