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Abstract: The main goal of this work is to evaluate the ability of sulfonated carbon nanoparticles
(SCNs) to induce photothermal catalysis of the biodiesel synthesis reaction (transesterification of
natural triglycerides (TGs) with alcohols). Carbon nanoparticles (CNs) are produced by the car-
bonization of cross-linked resin nanoparticles (RNs). The RNs are produced by condensation of a
phenol (resorcinol or natural tannin) with formaldehyde under ammonia catalysis (Stober method).
The method produces nanoparticles, which are carbonized into carbon nanoparticles (CNs). The
illumination of CNs increases the temperature proportionally (linear) to the nanoparticle concentra-
tion and exposure time (with saturation). Solid acid catalysts are made by heating in concentrated
sulfuric acid (SEAr sulfonation). The application of either light or a catalyst (SCNs) (at 25 °C) induced
low conversions (<10%) for the esterification reaction of acetic acid with bioethanol. In contrast, the
illumination of the reaction medium containing SCNs induced high conversions (>75%). In the case
of biodiesel synthesis (transesterification of sunflower oil with bioethanol), conversions greater than
40% were observed only when light and the catalyst (SCNs) were applied simultaneously. Therefore,
it is possible to use sulfonated carbon nanoparticles as photothermally activated catalysts for Fischer
esterification and triglyceride transesterification (biodiesel synthesis).

Keywords: nanoparticles; photothermal catalysis; biodiesel synthesis; sulfonation; Stober;

transesterification; bioethanol; sunflower oil

1. Introduction

The synthesis of biodiesel involves the transesterification of triglycerides with simple
alcohols (methanol or ethanol) [1,2]. The transesterification reaction is slow and must be
catalyzed by acidic or basic catalysts [3,4]. Solid catalysts are less corrosive than molecules
(e.g., sulfuric acid) and can be separated more easily from the reaction medium [5-7]. Al-
though solid catalysts, such as polymers [8,9] or ceramics [10,11], have been used, catalysts
based on carbonaceous materials are preferred due to their chemical stability and low
cost [12,13]. While raw carbon materials are able to catalyze the transesterification reaction,
due to the presence of acidic (-COOH) groups on the surface [14,15], the catalytic activity
is low because the acid groups are weak. To improve catalytic activity, the catalyst surface
can be modified by attaching strong acidic (e.g., sulfonic [16]) or basic (e.g., tetrabuty-
lammonium hydroxide) groups [17]. Acid catalysts have been more widely used due to
their stability and compatibility with fats containing free fatty acids [18,19]. Therefore,
sulfonated carbon nanoparticles could act as catalysts in biodiesel synthesis (transesterifi-
cation of natural triglycerides) even in the presence of free fatty acids. The incorporation
of sulfonic (-SO3H) groups on a carbon surface can be achieved by electrophilic aromatic
substitution on the aromatic rings of the graphenic planes (edges) [20-24].
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Carbonaceous materials absorb light in a wide range of wavelengths (from ultraviolet
to far infrared) [25,26], allowing the nanocatalyst to be heated by white light [27-29]. In
this way, photothermal catalysis with solar energy can be implemented. The vast majority
of carbon-based catalysts use massive, highly porous materials (e.g., activated carbon),
which have large surface areas (>1000 m?/ g) [30,31]. However, high-surface-area materials
contain a high proportion of micropores (d < 2 nm) that are difficult to access by molecules
in solution [32,33]. On the other hand, carbon nanospheres have smaller surface areas
(which also depends on their concentration in the solution), but access by the reactants to
the catalytic surface is only controlled by mass transport in the liquid phase [34-36]. For
this reason, functionalized carbon nanoparticles (e.g., carbon nanotubes) have been used as
catalysts [37,38].

The development of the Stober method to produce carbon nanospheres [39,40] al-
lows for the production of carbon-nanoparticle substrates of catalysts for the synthesis of
biodiesel. In a previous work (Part I [41]), the synthesis of the resin nanospheres (resorci-
nol/formol (RF)) and tannin/formol (TF)) using the Stober method is described [41]. The
resin nanospheres were pyrolyzed in an inert atmosphere, producing carbon nanospheres.
Both resin and carbon nanospheres were characterized using DLS, SEM, TEM, and N
adsorption isotherms [41]. They were subsequently sulfonated with concentrated sulfuric
acid at various temperatures. The modification degree was measured by EDX, TGA, and
acid-base return titration. The nanospheres showed catalytic activity that was equal to or
better than conventional solid catalysts during thermal Fischer esterification [41]. Since
the reaction mechanisms of Fischer esterification and transesterification are quite simi-
lar [42,43], sulfonated carbon nanospheres can be used as catalysts in biodiesels synthesis
(transesterification of natural triglycerides).

In this work, the photothermal properties of carbon spheres are evaluated. Then, the
material’s performance in the thermal catalysis of biodiesel (transesterification of natural
triglycerides) is measured. Subsequently, photothermally activated catalysis of the Fischer
esterification and synthesis of biodiesel (transesterification) is studied.

2. Materials and Methods
2.1. Fabrication of Sulfonated Carbon Nanoparticles

The synthesis of sulfonated carbon nanoparticles was performed as described in Part
I[1].

2.1.1. Resin Nanoparticles

The synthesis of the resin nanoparticles was conducted using two types of organic
precursor pairs: resorcinol (98%, Fluka, Buch, Switzerland) or wood (breakax, Schinopsis
lorentzii) tannin (Fabriquimica, Buenos Aires, Argentina) and formaldehyde (37%, Cicarelli,
San Lorenzo, Argentina). In the Stober synthesis, ammonia solution (25%, Cicarelli, San
Lorenzo, Argentina) was used as the catalyst. The solvent was a mixture of double-distilled
water (W) and ethanol (EtOH) (96% v/v, Porta, Cordoba, Argentina). For all syntheses, the
EtOH/W volumetric ratio used was 0.393, and the catalyst concentration was 0.0529 M.
The mole ratio of aldehyde to resorcinol (A /P) was 2:1 for the RF resins, while the ratio
of the tannin (P) mass to formaldehyde solution was 0.475 g/mL. Only the mass ratio of
resorcinol (or tannin) to catalyst was varied. The resin nanoparticles were named RF-x
(resorcinol) or TF-x (tannin), where x is the ratio, in mass, of the phenolic precursor to
catalyst. The reaction mixture was placed in a closed glass flask and magnetically stirred
for 24 h at 30 °C. Then, the flask was placed in an autoclave and heated at 100 °C for 24 h.
The resin nanoparticles were centrifuged to separate them. Then, they were thoroughly
washed with distilled water and dried in an oven for 48 h at 100 °C [41].

2.1.2. Carbonization of Resin Nanoparticles

The resin nanoparticles obtained with Stober’s methods were pyrolyzed to produce
carbon nanoparticles. To do that, the samples were heated at a rate of 1 °C/min up to



C 2024, 10,94

30f17

350 °C, then maintained at 350 °C for 2 h, heated at 1 °C/min up to 600 °C, followed
by an isothermal period of 4 h at 600 °C. The obtained carbon nanospheres were named
CRF-x/600 (resorcinol phenolic precursor) and CTF-x/600 (tannin phenolic precursor). The
heating rate is larger than that used in bulk resins, since the small size of the nanoparticles
allows the pyrolysis gasses to escape the resin mass without breakage.

2.1.3. Sulfonation of Resin and Carbon Nanoparticles

This sulfonation functionalization method consists of heating the nanoparticles in con-
centrated sulfuric acid [44,45]. In total, 2 g of resin or carbon nanoparticles was dispersed
(ultrasound) in 100 mL of concentrated H,SO4 (98%, Merck, Darmstaad, Germany). The
dispersion of resin nanoparticles was heated for 15 min at 50 °C, while the carbon nanopar-
ticles were heated for 60 min at 80 °C. The difference is due to the higher reactivity of the
resin mass (compared to carbon), which causes unnecessarily higher temperatures or longer
reaction times. Moreover, the resin ether linkages could be hydrolyzed during a harsher
treatment. The dispersion was then poured onto 100 g of ice to dilute the acid and quench
the reaction. The sulfonated particles were separated by centrifugation, washed thoroughly
with distilled water and dried at 100 °C for 48 h. The sulfonated nanoparticles were named
RF-x/H504/50 (resin) and CRF-x/Tp/H»504/80 (carbon), with resorcinol used as pheno-
lic precursor, and TF-x/H;504/50 and CTF-x/Tp/H;504/80 when tannin-based materials
were used. In the names, Tp refers to the pyrolysis temperature.

2.2. Measurement of Photothermal Effects

Radiation absorption measurements were carried out on CRF-x/600 carbon nanoparti-
cles using light (sodium lamp). To carry out the measurements, carbon nanoparticles were
dispersed in water, on the one hand, and on the other, in methanol, at different concentra-
tions (0, 0.1, 0.2, 0.3, 0.4 and 0.5% w/v). The total volume of each sample was 1 mL. These
were placed in tubes of polymeric material transparent to radiation. The experiments con-
sisted of irradiating the samples with the laser and carrying out temperature measurements
of the suspensions at regular time intervals. The illumination of the tubes was carried out
from the bottom of the tubes, and the temperature measurement was carried out with an
infrared thermometer (TES-1327K).

2.3. Transesterification of Sunflower Oil

Biodiesel synthesis was carried out by transesterification reactions of sunflower oil
(Natura®, Gral Deheza, Cordoba, Argentina) with dried (<0.5% water) bioethanol (99.5%,
Bio4, Rio Cuarto, Argentina). The reactions were carried out in a 250 mL flask, partially
immersed in a glycerin heating bath, at reflux, and with magnetic stirring. The molar ratio
of oil to alcohol, temperature, reaction time, and amount of catalyst were varied between
experiments in order to analyze the influence of these variables on the conversion. In that
way, optimal reaction conditions are found and then applied in photothermal catalysis
studies. After the reaction time in each of the experiments had finished, the reaction
mixture was transferred to plastic tubes to separate the catalyst from the reaction medium
by centrifugation. Subsequently, the supernatant liquid, consisting of two immiscible
phases, was transferred to a 250 mL separating bottle to facilitate the recovery of the alkyl-
ester-rich phase once the mixture reached room temperature. Normally, the phase at the
top of the ampoule is the phase of interest, rich in alkyl esters and of lower density, while
the lower phase is rich in glycerol and alcohol. However, the position of the phases can
vary according to the conversion achieved, which causes variations in the density of the
product phase of interest: when the conversion is very low, the lower phase consists mainly
of unreacted sunflower oil and alkyl esters, while the upper phase is basically composed of
alcohol. The phase rich in alkyl esters was analyzed using gas chromatography (GC). Its
density and volume were previously measured, the data of which are necessary to calculate
the mass of the recovered phase and, finally, the reaction yield.
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3. Results and Discussion

First, the photothermal properties of the carbon nanoparticles were studied. The
data were measured using the CRF-6/600 sulfonated carbon nanoparticles. The relevant
data [41] of those nanoparticles are described in Table 1.

Table 1. Physicochemical parameters of carbon nanoparticles (CRF-6/600).

Nd (nm) SpeT (M?/g) Vt (cm®/g) Dp (nm)

590 8.27 0.058 2.6

Where Nd is the particle diameter (measured by DLS), Sggr is the specific surface area, Vt is the total pore volume
(both measured from Ny isothermal data), Dp is the pore diameter (calculated by DFT from fitting the N, isotherm
data), and ngs is the specific number of sulfonic acid groups (measured by return titration).

3.1. Photothermochemistry of Carbon Nanoparticles

Light absorption tests were carried out on the synthesized carbon materials, dispersed
in different media (water and methanol). The objective of these experiences was to evaluate
the feasibility of raising the temperature of the particles dispersion by means of irradiation.
The measurements were carried out with dispersions of CRF-6/600 non-functionalized
carbon particles (Figure 1).

Figure 1. Photographs of carbon nanoparticle (CRF-6/600) dispersions in water at different concen-
trations (% p/v). Volume = 1 mL.

The colloidal dispersions are stable for days, likely due to the charges present in the
spontaneously oxidized carbon surface of the nanoparticles. The photothermal measure-
ments were made as described in the experimental part. The data collected during the
experiments were temperature values of the medium in which the particles are suspended,
as a function of time and concentration. These were taken in triplicate and average values
were calculated. The results obtained for suspensions in water are graphed in Figure 2,
while those corresponding to dispersions in ethanol are shown in Figure 3.

The temperature increases with irradiation time (Figures 2A and 3A), likely due to
the fact that the heat generated by light absorption is dissipated faster to the surroundings
at higher temperatures, according to Newton’s law. On the other hand, there is a linear
dependence of the temperature with respect to the concentration of nanoparticles in the
dispersions for a given irradiation time, obeying a relationship related to Lambert-Beer law.
This is noteworthy as it implies that the light traverses the whole volume without complete
extinction. That is, all the nanoparticles in the light path absorb light, even for the highest
concentration (0.5%). Otherwise, only part of the dispersion will be affected, and most of
the catalyst will be unused. In the case of a 0.5% w/v dispersion in water, the temperature
increase is 2 times higher than that seen in the pure solvent (Figure 2B). The temperature
increase experienced by a dispersion in methanol whose carbon concentration is 0.5%
w/v is 4 times larger than the increase experienced in the absence of carbon nanoparticles
(Figure 3B). In this way, the ability of coal particles to absorb near-infrared radiation
is shown.
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Figure 2. Dependence of temperature on time (A) and concentration (B) of CRF-6/600 in dispersions
in water irradiated with NIR laser—laser power: 100 mW; A = 780 nm; volume of dispersions = 1 mL.
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Figure 3. Dependence of temperature on time (A) and concentration of (B) CRF-6/600 in dis-
persions in ethanol irradiated with NIR laser—laser power: 100 mW; A = 780 nm; volume of
dispersions = 1 mL.

As seen in Figure 4, the temperature changes in methanol and water increase linearly
with concentration, but the slope is lower due to the greater specific heat capacity of water
(4.186 ] /g°K) compared to methanol (2.460 J/g°K). Light absorption produces a similar
amount of heat in the carbon nanoparticles, which induces a thermal change inversely
proportional to the specific heat capacity.
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Figure 4. Temperature dependence on the concentration of CRF-6/600, dispersed in methanol and
water—volume = 1 mL; irradiation time = 30 s.
3.2. Thermal Catalysis of Sunflower Oil Transesterification

The synthesis of biodiesel from natural oils or fats (e.g., sunflower oil) involves
the trans-esterification of triglycerides with alcohols (e.g., bioethanol) under catalysis
(Scheme 1).

1

R
CoH
1 2Hs
R 0 o/
O:< + ) HO
O +C,HsOH  +C,HsOH  + CoHsOH R

OH

>=0 + R

3
R ~CoHs or
triglyceride mixture (e.g. sunflower oil) o o
R1,R2,R; = fatty acids (palimitic, stearic, oleic, Iinoleic,linolenic) Fatty acid ethyl esters (FAEE) ~ Propanotriol

Scheme 1. Trans-esterification reaction of sunflower oil with bioethanol.

As can be seen (Scheme 1), the reaction occurs in three consecutive steps, and each
one requires catalysis. Moreover, all reactions are reversible. To obtain a high conversion,
the equilibria should be displaced to products. This is achieved by adding an excess of the
alcohol (bioethanol).

The catalytic activity of the sulfonated carbon nanoparticles toward the trans-
esterification reactions of sunflower oil with ethanol was studied. Various reactions were
carried out, in which parameters such as temperature, oil/alcohol ratio, reaction time, and
percentage of added catalyst were varied. The reaction products were analyzed using gas
chromatography. The effect of different parameters (temperature, time, amount of catalyst,
oil/alcohol ratio) in the thermal conversion of triglycerides and bioethanol to ethyl esters
and glycerol while being catalyzed by sulfonated carbon nanoparticles are analyzed. The
sulfonated carbon nanoparticles used were CRF-6/600/H,504/80. The relevant data [41]
of those nanoparticles are described in Table 2.
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Table 2. Physicochemical parameters of carbon nanoparticles (CRF-6/600/H;SO,/80).

Nd (nm) SgeT (M?/g) Vt (cm®/g) Dp (nm) ngs (nmoles/g)
590 8.27 0.058 2.6 8.99

Where Nd is the particle diameter (measured by DLS), Sggr is the specific surface area, Vt is the total pore volume
(both measured from N, isothermal data), Dp is the pore diameter (calculated by DFT from fitting the N isotherm
data), and ngs is the specific number of sulfonic acid groups (measured by return titration).

3.2.1. Effect of the Amount of Catalyst

To study the effect that the amount of added catalyst has on the yield of the transester-
ification reaction of sunflower oil with EtOH, the catalyst amount was varied, maintaining
the other parameters constant. The results obtained through these experiences are shown
in Table 3.

Table 3. Yields of ethyl esters obtained for transesterification reactions of sunflower oil with ethanol at
different percentages of catalyst—catalyst used: CRF 6/600/H;SO4/80; oil/alcohol molar ratio: 1:20.

% Catalyst t (h) T (°O) Oil Mass (g) FAEE Mass (g) % FAEEmasa % FAEE ;01
3 5 90 10 0 0 0
5 5 90 10 6.186 61.86 57.01
7.5 5 90 10 7.825 78.25 72.01
10 5 90 10 8.224 82.24 75.79

As seen in Table 3, when 3% of catalyst was used, there was no appreciable conver-
sion, since the characteristic peaks did not appear in the chromatogram of either of the
two product phases.

The components of the rest of the ethyl ester mixtures were identified and quantified
using gas chromatography. The individual conversion of each ester was calculated. The
values obtained are shown in Table 4.

Table 4. Effect of the percentage of catalyst on the composition of the product and the individual
yield of fatty acids ethyl esters (FAEEs) in the trans-esterification reaction of sunflower oil with
ethanol—catalyst used: CRF 6/600/H;SO,/80; oil/alcohol molar ratio: 1:20; temperature: 90 °C;
reaction time: 5 h.

% Catalyst = 5% 7.50% 10%
Fatty Acid % FAEE
Palmitic 9.52 9.61 9.73
Linoleic 52.29 30.85 50
Oleic 34.12 53.59 36.47
Stearic 4.06 5.95 3.81

The results indicate that by adding low amount of catalyst, fewer available active
sites are available, which causes low biodiesel yield. From Table 4, it can be stated that, in
all the cases studied, the conversions of oleic and palmitic acids to oleate and palmitate,
respectively, are the highest. In the case of palmitate, this would be related to the lower
molecular weight of the acid, which has a shorter carbon chain than the rest of the acids
that make up the oil (16 carbons versus 18 carbons for oleic, linoleic, and stearic acids).
Indeed, using 10% catalyst, it is possible to convert 100% of the palmitic acid present in the
oil to ethyl palmitate.

3.2.2. Effect of Reaction Temperature

In order to analyze the effect that temperature has on the yield of the transesterification
reaction of sunflower oil with EtOH, the values of the o0il/alcohol molar ratio (1:20), stirring
speed (1300 rpm), reaction time (5 h) and optimum amount of catalyst added (10% w/w



C 2024, 10,94

9 of 17

with respect to the mass of oil). The amount of initial sunflower oil was kept fixed at
10 g, the volume of ethanol at 13.2 mL, and the temperature was varied. Experiments
were carried out at 60, 75, and 90 °C. The catalyst used for the experiment was CRF
6/600/H,50,/80. The results obtained are summarized in Table 5.

Table 5. Yields of ethyl esters obtained for transesterification reactions of sunflower oil with ethanol
at different temperatures. Catalyst used: CRF 6/600/H,504/80; mass percentage of catalyst with
respect to oil: 10%; oil/alcohol molar ratio: 1:20; reaction time: 5 h.

T (°C) % Catalyst Time (h) Oil Mass (g) FAEE Mass (g) % FAEEmasa % FAEE 01
60 5 10 0.150 1.5 1.38
75 5 10 0.774 7.74 7.13
90 5 10 8.224 82.24 75.79

The composition of the mixtures of ethyl esters, which were the product of the transes-
terification reactions with EtOH, was analyzed and quantified using gas chromatography,
and the results obtained are expressed in Table 6.

Table 6. Effect of the reaction temperature on the composition of the product and the individual
yield of fatty acids ethyl esters (FAEEs) in the transesterification reaction of sunflower oil with
ethanol. Catalyst used: CRF 6/600/H2504/80; mass percentage of catalyst with respect to oil: 10%;
oil/alcohol molar ratio: 1:20; reaction time: 5 h.

Temperature (°C) = 60 75 90
Fatty Acid % FAEE in the Mixture
Palmitic 6.69 8.32 9.73
Linoleic 34.31 49.01 50
Oleic 56.39 39.19 36.47
Stearic 2.61 3.47 3.81

From Tables 5 and 6, it can be concluded that the individual conversions of each
component increase with increasing temperature; the overall conversion exhibits an expo-
nential growth with increasing temperature, in agreement with the Arrhenius equation
(Figure 5). It follows, then, that the catalyst does not present diffusion problems and that,
by increasing the temperature, the reaction rate can be increased. It would also indicate
that the functional groups responsible for catalysis are found mostly on the surface.

100

] . % EEmol .

1 T T L— L— L— T T T

55 60 65 70 75 80 85 90 95
Temperature / °C
Figure 5. Dependence of the yield of fatty acid ethyl esters on the reaction temperature (Arrhenius

plot) in the transesterification of sunflower oil with ethanol. Catalyst used: CRF 6/600/H;SO4/80;
mass percentage of catalyst with respect to oil: 10%; oil/alcohol molar ratio: 1:20; reaction time: 5 h.



C 2024, 10,94

10 of 17

3.2.3. Effect of Reaction Time

For the analysis of the effect that the reaction time has on the yield of the transesterifi-
cation reaction of sunflower oil with EtOH, a series of experiences were carried out, among
which the values of the molar ratio oil/alcohol (1:20), stirring speed (1300 rpm), reaction
temperature (90 °C), and amount of added catalyst (10% w/w with respect to the mass of
oil) were kept fixed. The amount of oil added at the beginning of the reaction was 10 g in
all cases, the volume of ethanol was 13.2 mL, and the reaction time was varied between 2.5
and 7.5 h. The catalyst used to analyze this effect was CRF 6/600/H5SO4/80. The yields of
ethyl esters obtained from these experiments are shown in Table 7.

Table 7. Yields of fatty acid ethyl esters (FAEEs) obtained for transesterification reactions of sunflower
oil with ethanol at different reaction times. Catalyst used: CRF 6/600/H;SO,/80; temperature: 90 °C;
mass percentage of catalyst with respect to oil: 10%; oil/alcohol molar ratio: 1:20.

Time (h) % Catalyst T (°C) Oil Mass (g) FAEE Mass (g) % FAEEmasa % FAEE 01
2.5 90 10 1.681 16.81 15.47
5 90 10 8.224 82.24 75.79
7.5 90 10 8.321 83.21 76.53

Table 7 shows that the yield of the reaction is increasing throughout the time range
evaluated. However, after 5 h of reaction and up to 7.5 h, the difference in yield is only 1%;
beyond this time, the energy expenditure invested in the reaction is not compensated by
the benefit obtained as a result of an increase in yield. The composition of the mixtures of
the esters produced during the experiments and the individual conversion percentage of
fatty acids, determined using gas chromatography, are shown in Table 8.

Table 8. Effect of reaction time on product composition and individual yield of fatty acids ethyl esters
(FAEESs) in the transesterification of sunflower oil with ethanol. C atalyst used: CRF 6/600/H,SO4/80;
temperature: 90 °C; mass percentage of catalyst with respect to oil: 10%; oil/alcohol molar ratio: 1:20.

Time (h) = 25 5 7.5
Fatty Acid % FAEE
Palmitic 8.43 9.73 7.93
Linoleic 48.7 50 45.16
Oleic 38.59 36.47 43.26
Stearic 4.28 3.81 3.64

As can be seen, the yield of the individual esters increases with the reaction time.

3.2.4. Effect of Oil/ Alcohol Ratio

For the analysis of the influence of the o0il/alcohol molar ratio on the yield of the
transesterification reaction of sunflower oil with EtOH, various experiments were carried
out under the following conditions: stirring speed values remained fixed (1300 rpm),
temperature (90 °C), amount of catalyst (10% w/w with respect to the mass of oil), and
reaction time (5 h). The mass of vegetable oil in each experience was 10 g. The oil/alcohol
ratio was varied, using three molar ratios: 1:5, 1:12, and 1:20. The catalyst used for the
study of this variable was CRF 6/600/H,5S04/80. The results obtained from the analysis of
the products by GC are shown in Table 9.

From the analysis of the values tabulated in Table 9, it was found that the conversion
reaches a maximum, in the evaluated range, when the amount of alcohol added is greater
(oil/alcohol molar ratio equal to 1:20). Based on this observation, it was determined to
carry out subsequent experiments with this ratio of reagents, in order to have an acceptable
performance, without wasting large volumes of ethanol, a necessary condition for a poten-
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tial application on an industrial scale. The compositions of the mixtures of FAEEs, obtained
using gas chromatography, are shown in Table 10.

Table 9. Yields of ethyl esters obtained for transesterification reactions of sunflower oil with ethanol,
using different triglycerides/ethanol ratios. Catalyst used: CRF 6/600/H;SO,/80; temperature:
90 °C; mass percentage of catalyst with respect to oil: 10%; reaction time: 5 h.

Triglycerides/Ethanol FAEE Mass (g) % EEmasa Y%EE 01
1:05 4.601 46.01 42.22
1:12 6.299 62.99 58.12
1:20 8.224 82.24 75.79

Table 10. Effect of the triglycerides/alcohol ratio on the composition of the product and the individual
yield of fatty acids in fatty acid ethyl esters (FAEEs) in the transesterification of sunflower oil with
ethanol. Catalyst used: CRF 6/600/H,50,/80; temperature: 90 °C; mass percentage of catalyst with
respect to oil: 10%; reaction time: 5 h.

Triglycerides/Ethanol Ratio 1:05 1:12 1:20
Fatty Acid % FAEE
Palmitic 9.92 5.09 9.73
Linoleic 57.15 48.16 50
Oleic 28.98 43.48 36.47
Stearic 3.95 3.27 3.81

The dependence that exists between the variables, molar ratio, and yield is linear, as
shown in the graph of Figure 6.

80

70+

60

50+

40-

4 6 8 10 12 14 16 18 20 22
Ratio Ethanol:oil

Figure 6. Dependence of the yield of ethyl esters with the molar ratio of ethanol/oil reagents in the
transesterification of sunflower oil with ethanol. Catalyst used: CRF 6/600/H;S0,/80; temperature:
90 °C; mass percentage of catalyst with respect to oil: 10%; reaction time: 5 h.

Fatty acid ethyl ester yield / % moles

While no cycling experiments were performed with the nanoparticles, the sulfonated
carbon and oil chemistry is the same as that used by us [19] before. A loss of 40% activity in
3 cycles was shown. However, such a loss could be due to poisoning by other components
of the oil (phospholipids, gums, etc.), which can be removed by washing with detergents,
improving the reusability.
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3.2.5. Optimal Parameters for the Biodiesel Synthesis Reaction

To conclude the study of the effect of the studied variables, the optimal reaction
conditions found were established. The conditions for the sunflower oil transesterification
reaction with EtOH are detailed in Table 11.

Table 11. Optimal reaction conditions for transesterification of sunflower oil with ethanol. Catalyst
used: CRF-6/600/H,S0,/80.

Parameter Optimal Value
Temperature 90 °C
Reaction time 5h

Catalyst Percentage 10% w/w
Sunflower oil/methanol ratio 1:20

3.2.6. Comparison with Other Sulfonated Catalysts

From the data described above, it can be ascertained that sulfonated carbon nanoparti-
cles (CRF-6/600/H;5S0,4/80) are able to catalyze the transesterification reaction of sunflower
oil with bioethanol. Since we have synthesized (Part I, Ref. [1]) other sulfonated CRF (with
resin made from resorcinol) and CTF (with resin made from tannin) nanoparticles, the
catalytic activity is compared (Table 12 and Figure 7). The CTF (tannin)-based catalyst
shows lower conversions than the CRF (resorcinol)-based materials. A similar effect was
observed for Fischer's esterification of acetic acid with methanol [41].

Table 12. Yield in mass (% EEmass) and in moles (% EEmol) of ethyl esters in transesterification
reactions of sunflower oil with ethanol. Reaction conditions: temperature: 90 °C, reaction time: 5 h,
catalyst percentage (w/w with respect to oil): 10%, oil/alcohol molar ratio: 1:20, magnetic stirring:
1300 rpm, Reflux.

Catalyst % EEmasa % EE 01 Label
CRF-6/H,50,4/80/600 82.24 75.79 CRF-6
CRF-4/H,S0,4/80/600 79.43 73.22 CRF-4
CRF-2/H,S04/80/600 81.67 75.21 CRF-2
CTF-1/H5S04/80/600 68.85 63.44 CTF-1
CTF-1.5/H,504/80/600 59.78 55.02 CTF-1.5
CTF-6/H,S04/80/600 62.33 57.42 CTF-6
Amberlite IR-120 NO CONVERSION PSS
Nafion 117 NO CONVERSION Nafion
SBA-15 sulfonada NO CONVERSION SBA15-S
SBA-15/RFsulf # 85.44 78.59 SBA-15-RF-S

# Reaction time equal to 8 h.

On the one hand, solid acid catalysts based on polymers (Nafion 117 and Amberlite IR-
120) or silica (sulfonated SBA-15) [46] do not show any conversion (Table 12 and Figure 7).
On the other hand, such materials show catalysis of the Fischer’s esterification reaction [41],
suggesting that the hydrophobic nature of the carbon substrate allows for the interaction
of the acidic sites with the triglycerides. Accordingly, a silica material decorated with
RF carbon (sulfonated SBA-15/RF) shows the largest conversion (Table 12 and Figure 7),
indicating the key role of carbon in the catalysis of the transesterification reaction. The
partial hydrophobicity of the added RF carbon (SBA 15-RF) impregnating the walls of the
mesoporous silica allows for wetting by the solution and makes the material a good catalyst
of the transesterification of triglycerides with ethanol (Figure 7).
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Figure 7. Comparison of the transesterification yield using sulfonated carbon nanoparticles (produced
from RF and TF resin nanoparticles) with commercial (Amberlite® and Nafion®) materials and
sulfonated mesoporous silica (SBA15-S and SBA15-RF-5) [46].

3.3. Photothermal Catalysis

First, the photothermal catalysis of the Fischer esterification reaction is tested for the
acetic acid system with bioethanol.

3.3.1. Photothermal Catalysis of the Fischer Esterification of Acetic Acid with Bioethanol

The feasibility of catalyzing the Fischer esterification reaction, using radiation in the
visible spectrum as an energy source, was analyzed using a reagent system consisting of
acetic acid and bioethanol. The results obtained for the material CRF-6/600/H>SO,/80
are represented in Figure 8. From these results, it can be seen that the effect of irradiation,
in the absence of a catalyst, on the progress of the reaction is just 1.3%. This arises from
comparing the conversion achieved in the absence of a catalyst for an illuminated system
(+hv, —Cat, 8.36% conversion) and another in the dark (—hv, —Cat, 7.05% conversion).
Thus, the thermal effect of heating the medium by the mere presence of the lamp is low. On
the other hand, the presence of the sulfonated carbon nanoparticles shows a catalytic effect
of 5.7% in conversion (—hv, +Cat, 12.79% conversion vs. —hv, —Cat, 7.05% conversion).
Even at low temperatures, the catalyst increases the esterification rate. Finally, when both
conditions are applied to the reaction system (+hv, +Cat), the photothermal heating of the
active surface of the catalyst indicates an increase of ca. 6 times in the conversion (76,74%),
with respect to the thermal catalysis at lower temperatures. The overall effect, compared
with the neither catalyzed nor photothermally heated condition, is of ca. 10 times.

It should be noted that, in the experiences in which the cells were illuminated, the
bulk solution never exceeded 45 °C, a temperature at which the esterification reaction
still presents very low kinetics, and according to the extrapolation of the Arrhenius plot
(Figure 5), the yield of FAEEs at 45% is below 1%. These data suggest that the surface
temperature of the carbon nanoparticles reaches levels much higher than that of the bulk
solution and that heating due to the effect of light is located on their surface. Moreover,
the experiment is carried out under continuous illumination. Since the thermal transfer of
liquids is slow, higher temperatures can be reached under pulses of high power lasers, as
has been shown with Ag nanoparticles [47]. The feasibility of photothermal catalysis using
sulfonated carbon nanoparticles in reactions catalyzed by acids is demonstrated.
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Figure 8. Demonstration of the effect of photothermal catalysis on esterification: 0.1% w/v of CRF
6/600/H,504/80 as catalyst—acetic acid /ethanol volumetric ratio = 2. Source: sodium vapor lamp
(A =589 nm, power =525 W/ m?, distance from source = 40 cm). Irradiation time = 25 min.

3.3.2. Photothermal Catalysis of the Transesterification of Sunflower Oil with Ethanol

Using the methodology described in the experimental Section, the possibility of cat-
alyzing the sunflower oil transesterification reaction using radiation in the visible spectrum
as an energy source was analyzed. The catalyst used to carry out the tests was CRF-
6/600/H,S04/80. The results of the experiments, carried out for different reaction times,
are summarized in Figure 9.

50

45_‘ B hv - Cat
| |l -hv + Cat
40- | + hv - Cat

1 I + hv + Cat

60 80 100 120
Time (min)

Figure 9. Demonstration of the effect of photothermal catalysis in transesterification: 10% w/w with
respect to sunflower oil of CRF-6/600/H,SO4/80 as catalyst—oil /EtOH molar ratio = 1:20. Source:
sodium vapor lamp (A = 589 nm, power = 525 W/m?, distance from the source = 40 cm).
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As can be seen (Figure 9), the conversion increases significantly when bot light and the
catalyst are applied. Moreover, increasing the reaction time increases the % of conversion,
suggesting a kinetic effect. On the other hand, the overall conversion is lower than the
one observed using sulfonated carbon nanoparticles as thermal catalysts (for 5 h). The
complexity (three successive steps) of transesterification, compared with esterification,
likely accounts for the difference. In any case, the results suggest that photothermal catalysis
of the biodiesel synthesis (transesterification of triglycerides with ethanol) is possible. It
should be noted that modified carbon materials are the only solid acid catalyst which
combine photothermal heating with acid catalysis. Moreover, while carbon nanoparticles
can be used, the application of monolithic porous carbon is not feasible.

4. Conclusions

Phenol-formol resin nanoparticles, made by Stober’s method from phenols (resorcinol,
tannin) and formaldehyde, can be carbonized to form carbon nanoparticles. It is possible
to photothermally heat the dispersion of carbon nanoparticles in water and methanol.
The temperature obtained is higher in methanol due to its lower heat capacity. The car-
bon nanoparticles can be sulfonated with sulfuric acid (concentrate). It is observed that
sulfonated carbon nanoparticles (SCNs) are able to catalyze the transesterification of triglyc-
erides (sunflower oil) with bioethanol (<0.5% water), observing different efficiency for the
fatty acids present in the oil. The effect of catalyst amount, triglycerides/ethanol ratio, and
reaction time were evaluated. SCN catalysts show different conversion yields. Those made
by pyrolysis of resorcinol/formaldehyde nanoparticles (CRF) show larger conversions than
those made by carbonization using tannin/formaldehyde resin nanoparticles. Moreover,
non-carbon catalysts (Nafion®, Amberlite and sulfonated SBA-15) show no conversion
for the transesterification reaction. On the other hand, SBA-15 decorated with sulfonated
carbon [46] show a high conversion. On the other hand, it was previously observed that
SCNs (CRF and CTF) are able to catalyze the esterification of acetic acid with methanol [41],
but Nafion® and Amberlite® catalysts show smaller conversions but are able to catalyze
the reaction. It seems that the hydrophobic surface of the carbon is required to interact with
the triglyceride molecules, allowing them to reach the acidic catalytic centers, while the
same effect is not observed with less hydrophobic acetic acid [41].

Moreover, the effect of temperature is measured to elucidate the photothermal effects
on the reaction. It is observed that the application of light or catalysts (SCNs) at 25 °C
produces low conversions (<10%) within 2 h. On the contrary, the application of light and
catalyst allows for reaching high conversions (>75%). The reaction medium is only heated
to ca. 45 °C, suggesting that it is the local photothermal heating of the catalyst (SCNs) at
larger temperatures which is responsible for the photothermal activation effect.

The results confirm that photothermal catalysis of acid-catalyzed reactions using SCNs
is possible. A similar behavior is observed with the transesterification of triglycerides
(sunflower oil) with bioethanol. The application of light to the catalyst-containing reaction
medium (SCNs) increases the reaction rate, reaching conversions of ca. 40% after 2 h.
The lower degree of final conversion in transesterification (compared to esterification) is
probably caused by the complexity of the reaction (three successive transesterification steps
per triglyceride molecule).

The results suggest that photothermal catalysis, using sulfonated carbon nanoparticles,
is a useful process for biodiesel synthesis and could be applied using sunlight.
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