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Acidic graphene organocatalyst for the
superior transformation of wastes into
high-added-value chemicals

Aby Cheruvathoor Poulose 1, Miroslav Medveď 1,2, Vasudeva Rao Bakuru3,
Akashdeep Sharma4, Deepika Singh5, Suresh Babu Kalidindi 6, Hugo Bares 1,9,
Michal Otyepka 1,7, Kolleboyina Jayaramulu4 , Aristides Bakandritsos 1,8 &
Radek Zbořil 1,8

Our dependence on finite fossil fuels and the insecure energy supply chains
have stimulated intensive research for sustainable technologies. Upcycling
glycerol, produced from biomass fermentation and as a biodiesel formation
byproduct, can substantially contribute in circular carbon economy. Here, we
report glycerol’s solvent-free and room-temperature conversion to high-
added-value chemicals via a reusable graphene catalyst (G-ASA), functiona-
lized with a natural amino acid (taurine). Theoretical studies unveil that the
superior performance of the catalyst (surpassing even homogeneous, indus-
trial catalysts) is associated with the dual role of the covalently linked taurine,
boosting the catalyst’s acidity and affinity for the reactants. Unlike previous
catalysts, G-ASA exhibits excellent activity (7508mmol g−1 h−1) and selectivity
(99.9%) for glycerol conversion to solketal, an additive for improving fuels’
quality and a precursor of commodity and fine chemicals. Notably, the catalyst
is also particularly active in converting oils to biodiesel, demonstrating its
general applicability.

Our dependence on finite fossil fuel reserves for energy, and chemi-
cals, the high associated environmental impact, and the repeating
crises in oil prices, exacerbated by the recent disruptions in global
supply chains1,2, have spurred intensive research for alternative, eco-
friendly, and sustainable energy carriers and chemicals3–5. Concerted
efforts are globally focused on transforming renewable feedstocks
(carbon dioxide6, methane7, ethanol8, glycerol6, and others9–11) to
added-value and technologically important compounds. Large

amounts of glycerol are generated by producing biodiesel12,13 as a 10
vol.% side-product during the transesterification of triglycerides from
animal, vegetable, and algae oils1,14. It can also be made from biomass
fermentation and as a byproduct of propylene synthesis or soap
production15,16. Such activities create a sustainable supply of glycerol,
rendering it an attractive renewable carbon source if effectivemethods
for its upgrade are identified. As a result, profound attention is con-
centrated on glycerol’s valorization towards high-value chemicals via
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dehydration, hydrogenolysis, esterification, (electro)oxidation, and
acetalization routes6,17–28.

Glycerol derivatives, such as ethers, esters, diols, and acetals,
are important synthons for various industrial processes related to
fuels, plastics, and fine chemicals. Glycerol’s acetalization to solketal
(a branched oxygen-containing compound; (2,2-dimethyl-1,3-diox-
olan-4-yl)methanol) has gained considerable interest because of its
broad application in cosmetics, pharmaceutics, food additives,
polymers, tobacco, and petrochemicals29. Importantly, it is primarily
applied as an additive in gasoline, diesel, and biodiesel because
solketal reduces gum formation improving octane rating and anti-
knocking properties30,31. Solketal, when mixed with standard diesel
fuel, decreases uncontrolled emissions of carbon monoxide,
hydrocarbons, particles, and toxic aldehydes32. In addition, it
improves biodiesel’s viscosity and cold flow properties and helps
achieve the critical flash point and oxidation stability for long-term
storage33.

Solketal production is typically performed by homogeneous, non-
recyclable acid catalysts, such as sulfuric acid, hydrochloric acid, or
p-toluenesulfonic acids, via the acetalization of glycerol with
acetone34,35. To harness the benefits of heterogeneous catalysis,
Brønsted and Lewis acid catalysts (zeolites, metal-substituted mesos-
tructured silica, zirconia, mixed metal oxides, metal phosphates, and
sulfonic acid-functionalized carbons, resins, and polymers) are inten-
sively studied36 (Supplementary Table 1). For example, SO4

2-/SnO2

solid-state acid showed 95% glycerol conversion with 96% solketal
selectivity at room temperature (Supplementary Table 1, entry c);37

however, its specific productivity38 (mass-normalized rate of product
formation) was 52mmol g−1 h−1, which is 8-fold lower than that of sul-
furic acid (Supplementary Table 1, entryθ). Sulfonatedmesostructured
silicas achieved specific productivity quite close to sulfuric acid, albeit
at 70 °C (Supplementary Table 1, entry δ)31. Mesoporous substituted
silicates (Hf-TUD)39 at 80 °C showed 52% solketal yield with specific
productivity of 39mmol g−1 h−1 (Supplementary Table 1, entry a), and
acidic carbon-based catalysts40 delivered good yields and specific
productivities, however, still, substantially lower than that of sulfuric
acid (Supplementary Table 1, entry ζ). Although such catalysts are
fascinating in terms of their reusability, significant challenges remain
because their production rates are substantially lower than those
obtained using the industrial benchmark catalyst of H2SO4

34. In con-
trast, poor thermal stability, limited recyclability, use of hazardous
solvents, and need for high temperatures pose further limitations
(Supplementary Table 1).

Recently, graphene-based materials generated a new thrust in
the field of acid catalysts because of their chemical inertness, tun-
able electrical and thermal conductivities, and low density. Gra-
phene’s sulfonation creates Brønsted acid sites turning it into a
promising solid acid catalyst for the hydrolysis of cellulose or car-
bohydrates toward industrially essential chemicals. Sulfonic acid-
modified graphene oxide was used to transform hexoses into levu-
linic acid41, for synthesizing benzimidazole42, or as an ion-exchange
material for electrochemiluminescence analysis43. Sulfonic acid-
functionalized reduced graphene oxide was studied for acetic acid’s
esterification with butanol and benzaldehyde’s acetalization with
ethylene glycol44. However, to date, effective solid-state carbon- or
metal-based heterogeneous catalysts for the technologically
important glycerol valorization with substantially improved per-
formance compared to the H2SO4 benchmark catalyst remain elu-
sive. Thus, considerable efforts are required to develop efficient and
stable heterogeneous Brønsted-acid catalysts with a strong poten-
tial for replacing sulfuric acid, which remains one of the most effi-
cient and cost-effective catalysts for this reaction (Supplementary
Table 1).

To tackle this challenge, we developed a graphene catalyst func-
tionalized with a natural and abundant amino acid (taurine,

2-aminoethanesulfonic acid) for the solvent-free and room-
temperature chemical conversion of glycerol to solketal with an
activity several-fold higher than the sulfuric acid or other industrially
used homogeneous catalysts, such as p-toluenesulfonic acid. Taurine’s
conjugation on graphene is achieved via the nucleophilic attack of its
amino group on the electrophilic centers of fluorographene (FG),
affording the covalent aminosulfonic acid-derivatized graphene (G-
ASA) via a simultaneous sulfonation and defluorination process. The
G-ASA catalyst, obtained without any size-selection process, directly
from the reaction of the sonicated bulk graphite fluoride (GrF), affor-
ded high glycerol conversion of 99.9 % and solketal selectivity of 96.3
%, giving a five-fold higher specific productivity (2168mmol g−1 h−1)
than H2SO4 (400mmol g−1 h−1). The activity of G-ASA reached an
unprecedented turnover frequency of 1735 h−1 (corresponding to
specific productivity of 7508mmol g−1h−1) at 0.1mass% catalyst loading
(Supplementary Table 1) and displayed excellent reusability. Increas-
ing the potency of Brønsted-acid organocatalysts has been intensively
pursued by various molecular architectures and chemical group
synergies45–49. In the case of G-ASA, density functional theory (DFT)
calculations unveiled the key behind the activity of the G-ASA catalyst,
lying in the dual role of taurine’s protonated amino group in synergy
with the sulfonic acid group. These positively charged ammonium
groups in the protonated G-ASA catalyst boost the binding of the
reagents and, at the same time, substantially increase the acidity of the
sulfonic group, facilitating the proton exchange reaction steps very
effectively. We also show that the properties of the G-ASA catalyst,
endowed by its sophisticated yet one-step and cost-effective design,
have broad applicability and high potency in other acid-catalyzed
reactions, such as for the production of biofuels from the esterification
of fatty acids.

Results and discussion
Physicochemical characterization
G-ASA was synthesized from GrF after its exfoliation to FG by soni-
cation in DMF and then reacted with taurine at 130 °C under basic
conditions (Fig. 1a). Fourier-transform infrared (FT-IR) spectroscopy
of the starting GrF (Fig. 1b) showed bands of the CF and CF2 bonds at
1200 cm−1 and 1305 cm−1, respectively50, while, after the reaction,
the SO3H group in G-ASA gave rise to the characteristic bands at
1190 cm−1 and 1035 cm−1 corresponding to symmetric O = S = O and
SO3

− stretching, respectively51,52. The broad nature of the 1190 cm−1

band is attributed to the contribution of the evolved sp2 carbon
network, which also gives rise to the 1569 cm−1 band53. Any con-
tribution from CF groups around 1200 cm−1 in G-ASA is excluded
since X-ray photoelectron spectroscopy (XPS) confirmed that
almost all F atoms had been eliminated (Supplementary Fig. 1). A
broad feature in the region between 3600 cm−1 and 2900 cm−1 arises
from the presence of N-H and C-H groups and H-O-H molecules.

The Raman spectrumof G-ASA (Fig. 1c) showed two characteristic
graphene vibrations, the G-band at around 1580 cm−1 (vibration of E2g
symmetry in graphene) and the D-band at 1350 cm−1 due to aromatic
ring vibrations adjacent to sp3 carbon centers bondedwith taurine and
other defects. Moreover, the 2D band at around 2670 cm−1 from the
overtone of the D-band is attributed to the double resonance transi-
tion in few-layered graphene, which is only Raman active in the pre-
sence of defects, e.g., surface functionalization in this case. The broad
character of the D-band and the high ID/IG ratio of 1.21 suggest the high
functionalization degree in G-ASA54.

Thermogravimetric analysis (TGA) of G-ASA revealed the pre-
sence of surface organic species. The mass loss above 200 °C (with
maximum at 370 °C) is attributed to the loss of sulfur-containing
covalently-bonded moieties due to taurine’s sulfonic acid functional
groups, as verified by the emission of SO and SO2 gasses (Fig. 1d) and
further confirmed by X-ray photoelectron spectroscopy (XPS) analysis
by the elimination of sulfur from G-ASA after its thermal treatment at
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500 °C (Supplementary Fig. 1). Based on the mass loss between 200
and 550 °C, the mass of taurine groups in the sample was 24.4 mass %
(and 71.2 % carbon after 500 °C), corresponding to 2.1mmol g−1 of
SO3Hand 1 sulfonic acid (or 1 taurine) unitper 28.7 carbonatomsof the
graphitic skeleton, indicating a functionalization degree of 3.5 %. The
zeta potential of G-ASA was −35.5mV at pH 3.4 and −36.5mV at pH 8,
showing the strongly negatively charged surface even at lowpH values
due to the low acidity, as later discussed. The XPS-based (Supple-
mentary Fig. 1a) content in SO3H acidic sites was 2mmol g−1, which is in
agreement with the TGA results and with the total acid density of
3.9mmol g−1, obtained from the acid-base titration, since the proto-
natedG-ASA catalyst bears an equal amount protonated amino-groups
acting as extra acidic sites. The XPS spectrum of the C 1 s region of the
fresh catalyst (Fig. 1e) is also in agreement with the G-ASA structure,
while the slight excess of N and O (Supplementary Fig.1a) comes from
the reaction in DMF (as typically observed in FG chemistry55). The N 1s
core level XPS spectrum (Fig. 1f) showed three components at binding
energies of 399, 400.1, and 401.6 eV, assigned to the secondary non-
protonated amine (C-NH-C), to the related hydrogen bonding
configurations56, and the protonated55 secondary amine groups,
respectively. The N 1s XPS core level spectrum of pure taurine (Sup-
plementary Fig. 2) shows a substantial shift for all three N-components
at higher eVs in comparison to G-ASA, indicative of the lower electron
density of the primary nitrogen in taurine in comparison to the sec-
ondary nitrogen in G-ASA, thus confirming the covalent conjugation of
taurine to the graphene support.

Transmission electron microscopy (TEM) analysis revealed few-
layered, transparentflakeswith a lateral size of ca. 1μm(Fig. 2a). Higher-
resolution images confirmed a disordered structure due to the high
functionalization degree and the presence of aliphatic (taurine) groups
at the surface of graphene (Fig. 2b, c). Energy-dispersive X-ray analysis
(EDS, inset Fig. 2d) and elemental mapping with high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM,
Fig. 2d–h) confirmed the presence and homogeneous distribution of
the C, N, O, and S elements throughout the graphene layers.

Catalytic activity and theoretical studies
The catalytic activity ofG-ASAwas tested for the conversion of glycerol
to solketal at room temperature (Fig. 3a). Analysis of the reaction
products showed 96.5 % glycerol conversion and 96.8 % selectivity for
solketal, corresponding to specific productivity of 2094mmol g−1 h−1

(Fig. 3b and Supplementary Table 1, entry #3). To probe the activity of
the catalyst, we performed the reaction with low catalyst loading (0.1
mass%), affording specific productivity of 7508mmol g−1 h−1 and a TOF
value of 1735 h−1 (Fig. 3b and SupplementaryTable 1, entry#1). Glycerol
conversion even reached 99.9 % by decreasing the glycerol: acetone
mole ratio to 1:2 (Fig. 3b).

The recyclability and stability of the G-ASA catalyst were investi-
gated by recovering and reusing the catalyst for glycerol acetalization
three times without loss of any activity and selectivity (Fig. 3c). XPS
analysis of the used catalyst after three reactions (Supplementary
Fig. 3) confirmed the preservation of its structural features due to the
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covalent nature of taurine immobilization on graphene. To further
check the stability and heterogeneity of the catalyst, we performed a
leaching test, whereby the catalyst was separated from the reaction
mixture after 5min from starting the reaction, after which point no
further glycerol conversionwas observed by GC, confirming that there
is no leaching of any catalytically active species from the catalyst’s
surface in the reaction mixture.

We executed a time-resolved investigation to evaluate the evolu-
tion of product selectivity and reaction rate over time (Supplementary
Fig. 4). Results indicate a progression in glycerol conversion from
64.7% at the initial 30min to 96.5% at 60min, followed by a decline to
92.5% and solketal selectivity of 92.1% after 120min of reaction.

Similarly, the reaction rate (specific productivity) also exhibited a
decline. The observed decrease in conversion is attributed to the
hydrolysis of products by water, which is formed during the reaction,
while the drop in reaction rate is due to the depletion of reactants.

To gain insight into the high catalytic activity of G-ASA and
understand the specific role of a taurine moiety in the process, we
studied the binding of the reagents to the G-ASA catalyst. We also
analyzed the reaction intermediates (Fig. 4) by DFT calculations at the
ωB97XD/6-31 + G(d)/SMD(solvent=acetone) level57–59, using the finite-
size model of G-ASA (Supplementary Fig. 5 and 6A). In the acidic
environment, the G-ASA catalyst efficiently binds the reactant mole-
cules via multiple hydrogen bonds with binding energies of ca.
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20–22 kcal/mol (step 1). The formation of a glycerol-acetone adduct is
facilitated mainly by the presence of protonated sulfonic groups on
the catalyst, enabling effective proton exchange between the reagents
and the substrate. While the activation barrier of this fusion reaction is
about 23 kcal/mol without the catalyst (Supplementary Fig. 7), it dra-
matically drops to ca. 3 and 7 kcal/mol in the presence of G-ASA (steps
2a and 2b, respectively). In particular, the catalyzed reaction startswith
the protonation of the carbonyl oxygen of acetone and subsequent
nucleophilic attack of the hydroxyl group of glycerol on the carbon
attached to the protonated oxygen (Supplementary Fig. 8–11). A
thermodynamically favorable and kinetically feasible back proton
transfer from the protonated adduct to the catalyst closes the first
phase of the reaction (step 3). Although energetics favor the solketal
path, the differences between the two pathways are relatively small,
and thus the adduct formation is probably not a step determining the
selectivity of the catalyst. It is worth noting that the protonated

adducts represent local minima on the potential energy surface and
thus could eventually lead to the products (Fig. 4, steps 5 and 6,
Supplementary Fig. 12, Supplementary Table 2). However, the practi-
cally barrierless proton transfers (step 3) suggest that the formation of
products starts from non-protonated species. The release of a water
molecule in the cyclization phase (step 4), beginning with a nucleo-
philic attack of a hydroxyl group from the glycerol moiety on the
acetonic carbon, is also facilitated by the effective proton exchange
with G-ASA (Supplementary Fig. 13 and 14). Whereas a five-membered
ring (solketal) is formed via a nucleophilic attack by the adjacent
(secondary) -OH group with the activation barrier of ~11 kcal/mol (step
4a), a six-membered ring (acetal) is produced through the attack of a
terminal (primary) -OHgroupwith the barrier of ~17 kcal/mol (step 4b).
The higher barrier for the acetal pathway and the higher thermo-
dynamic stability of solketal product compared to acetal (by 2.9 kcal/
mol at the applied level)60 can thus be the reasons for the higher
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obtained at the ωB97XD/6-31 + G(d)/SMD level of theory are in kcal/mol. Blue and
red arrows indicate nucleophilic attacks and proton transfers, respectively.
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selectivity of the catalyst towards the solketal formation. Indeed, as we
can see in the comparative Supplementary Table 1, selectivity is rarely
an issue, but mainly the activity of the catalyst.

To tackle this point, we performed DFT calculations for the alkyl
sulfonic acid-based catalyst (Supplementary Fig. 6B), where the amino
group of taurine was replaced with a methylene group, which unveiled
the dual role of the amino groupof theG-ASA catalyst. First, the positive
charge associated with the ammonium groups significantly increases
the binding affinity of the reaction site towards the reagents, thus
enabling their efficient collisions and suitable arrangement for the
reaction (Supplementary Fig. 9B and 11B). Indicatively, substituting the
ammoniumgroupwith themethylene group leads to an almost twofold
decrease (from 20–22 to 13 kcal/mol) in the total binding energies of
glycerol and acetone. Second, the presence of the ammonium group
leads to a profound increase in the acidity of the catalyst (with pKa lower
by ~8 units in comparison to the methylene‑substituted analog, Sup-
plementary Table 3) due to the electron-withdrawing effect of the
ammonium group, eventually weakening of the electron density of the
oxygens in the sulfonatemoieties. The high acidity greatly facilitates the
proton exchange between the substrate and reagents/intermediates. As
a result, the reaction energy profiles for the catalyst with and without
the amino group in the structure clearly show consistently lower ener-
gies for all reaction steps for theG-ASA catalyst (with taurine) compared
to the alkyl sulfonic acid catalyst analog (Supplementary Fig. 15).

Current technology placement and broader impact
Due to the synergy between the acidic sulfonic group and the dual
role of the amino group for improving the binding of the reactants
and profoundly increasing the acidity of the catalyst, the G-ASA
catalyst outperforms in terms of activity previously reported
Brønsted or Lewis acid catalysts (Supplementary Table 1 and Fig. 5),
although the reaction was performed at room temperature. For a
clear comparison, we considered TOF (where active sites were pos-
sible to determine) and specific productivity values, which rely on the
total mass of the catalyst used in the reaction (Supplementary
Table 1). According to this analysis, the present G-ASA catalyst shows
excellent production rates and TOF values, with yields and selectiv-
ities above 90 % (Supplementary Table 1), keeping full reusability. To
view these results in a broader context, sulfonic acid-functionalized
mesostructured silicas31 have shown excellent catalytic activity in the
acetalization of glycerol with specific productivity of 347mmol g−1h−1

(Supplementary Table 1, entry δ). However, higher reaction tem-
perature (70 °C) and excess catalyst loading (5mass %) were required
for 80% glycerol conversion. In another example, Mo-doped SnO2-
based solid acids24 showed intermediate catalytic activity with spe-
cific productivity of 103mmol g−1h−1 (Supplementary Table 1, entry b)
due to low glycerol conversion (71 %) and high catalyst loading
(5 mass %). Homogeneous and industrially used catalysts such as
sulfuric acid (specific productivity 400mmol g−1h−1) and p-toluene
sulfonic acid34 (specific productivity 251mmol g−1h−1) show high
activities for glycerol acetylation (still significantly lower than
G-ASA), but they are not recyclable and produce toxic byproducts,
posing additional environmental concerns. Sulfonated carbon25,
sulfonic acids functionalized activated carbon61, and acidic carbon40

are indicative examples of sustainable and eco-friendly catalysts for
glycerol acetalization, but their specific productivities are low,
despite having high acid densities. The present G-ASA catalyst could
convert glycerol very efficiently at room temperature by using very
low catalyst loading (0.25mass%). Thus, the specific productivity was
3485mmol g−1h−1, reaching 7508mmol g−1h−1 when challenged at the
limits of its activity, at catalyst loadings of 0.1 mass %, offering not
only a possible recyclable alternative for H2SO4 but also a catalyst
with much higher performance.

To demonstrate the broader applicability and scope of G-ASA, we
studied the esterification of fatty acids, one of the industrially

important biodiesel production reactions predominantly performed
with acidic catalysts62. Esterification of palmitic acid and stearic acid
with methanol showed complete conversion and 100% selectivity
(based onNMR, Supplementary Fig. 16) after a 4 h reaction at 60 °C. To
exclude any role of metal impurities in G-ASA, we also performed
control experiments with graphenes (such as cyanographene and FG)
under similar conditions, with conversions lower than 1%, although the
metal contents were higher to those in the G-ASA catalyst (Supple-
mentary Table 4). The performance of G-ASA substantially outper-
forms most previously reported catalysts, although higher
temperatures or longer reaction times were often used (Supplemen-
tary Table 5). For example, Toda et al. reported 100 % yield in the
esterification of oleic acid and stearic acid at 4 h and 80 °C using sul-
fonated amorphous carbon derived from sugars62. More recently, the
esterification of oleic acid based on a sulfonated magnetic solid acid
catalyst showed a 99.5% yield for a 4-h reaction at 90 °C63. Moreover,
the G-ASA catalyst showed excellent stability in this reaction, even
after five consecutive catalytic cycles, as evidenced by the XPS analysis
of the five times used and recovered catalyst (Supplementary Fig. 17).

We report a particularly effective catalyst for glycerol’s selective
and remarkably swift transformation and valorization to solketal using
a previously unexplored graphene derivative. Covalently bound taur-
ine molecules on graphene (G-ASA) yield an aminosulfonated gra-
phene with a very high (40 mass%) content in taurine, which could
catalyze the acetylation of glycerol more effectively even than homo-
geneous and very effective industrial catalysts. The presence of the
amino group dramatically boosted the acidity of taurine’s SO3H active
site, and significantly enhanced the binding affinity of the reactants,
promoting proton exchange and intermediates formation, leading to
excellent catalytic activity. The high catalytic activity, superior acidity,
recyclability, and simple, cost-effective synthesis of the G-ASA pre-
dispose it as a suitable and general catalyst for other critical acid-
catalyzed chemicals, including biodiesel production through ester-
ification. These findings revealed a previously ignored strategy for
boosting the heterogeneous and solvent-free acetalization and ester-
ification towards high-value chemicals and (bio)fuels.

Methods
Materials and reagents
Graphite fluorinated polymer (or graphite fluoride, GrF, >61 mass % in
F), 2-aminoethanesulfonic acid (Taurine, 99.5%), N,N-dimethylforma-
mide (DMF, 99.8%), acetone (p.a.), ethanol (p.a.), glycerol (99.9 %),
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hydrochloric acid (HCl, 0.1 N), sodium hydroxide (NaOH, 0.1N), were
obtained from Sigma-Merck. Deionized water was used for all wash-
ings (conductivity ≤ 0.5 µS/cm).

Catalyst preparation
The catalyst (G-ASA) was prepared by the sulfonation of GrF using
taurine in DMF. In a typical procedure, 1 g of GrF (32mmol in C-F
units) was dispersed in 48mL of DMF in a round-bottom glass flask,
stirred for 3 days, and then sonicated (Bandelin Sonorex, DT 255H
type, frequency 35 kHz, power 640W, effective power 160W) for
4 h. Taurine (4 g, 32mmol) and K2CO3 (5.3 g, 1.2 molar excess with
respect to taurine) were dissolved separately in 6mL of ultrapure
water. The GrF dispersion in DMFwasmixedwith a K2CO3 solution in
a round-bottom flask and then added to the taurine solution. K2CO3

was added to secure basic conditions for keeping taurine’s amino
group deprotonated and nucleophilic. Themixture was immediately
heated to 130 °C undermagnetic stirring at 300 rpm for 24 h in an oil
bath connected to a reflux condenser. After the mixture cooled, the
solid was isolated and washed by centrifugation at 20,000 × g for
8min. The precipitate was washed several times via centrifugation
with solvents (2× hot DMF, 1×DMF, 1×hot acetone, 2× acetone, 3×
ethanol, 2× ultrapure water, 2× HCl (2%), and 3× ultrapure water)
until the conductivity was below 200 μS/cm. The precipitate was
finally redispersed in water and subjected to dialysis for one week
until the surrounding water conductivity was below 10 μS/cm. The
purified, dispersed product was isolated by centrifugation and
acidified by adding 25 wt.% sulfuric acid (H2SO4 washing was per-
formed to ensure that the taurine molecule’s sulfonate group con-
jugated on the catalyst is protonated, avoiding internal salt
formation with the amine group of taurine) and finally washed via
centrifugation cycles with methanol followed by freeze drying, and
this material was used for characterization and further experiments.

Catalyst characterization
High-resolution transmission electron microscopy (HR-TEM) and
scanning transmission electron microscopy (STEM) in high-angle
annular dark-field (HAADF) mode for elemental mapping were per-
formed with an FEI TITAN G2 60-300 HRTEM microscope with an
X-FEG type emission gun, operating at 300 kV, objective-lens image
spherical aberration corrector, and ChemiSTEM energy-dispersive X-
ray spectroscopy (EDS) detector.

X-ray photoelectron spectroscopy (XPS) was carried out with a
PHI VersaProbe II (Physical Electronics) spectrometer using an Al Kα
source (15 kV, 50W). The obtained data were evaluated with the Mul-
tiPak (Ulvac - PHI, Inc.) software package. The fresh G-ASA catalyst was
first treated with the catalytic reaction reagents, thoroughly washed,
and then used for the XPS measurements.

Fourier-transform infrared (FT-IR) spectra were recorded on an
iS5 FTIR spectrometer (Thermo Nicolet) using the Smart Orbit ZnSe
ATR accessory. Briefly, a droplet of ethanol dispersion of the material
was placed on a ZnSe crystal and left to dry and form a film. Spectra
were acquired by summing 64 scans recorded under a nitrogen gas
flow through the ATR accessory. ATR and baseline correction was
applied to the collected spectra.

Raman spectra were recorded on a DXR Ramanmicroscope using
a diode laser’s 613 nm excitation line.

Thermogravimetric analysis (TGA; Netzsch STA 449C Jupiter
thermal analyzer) was performed in synthetic air (100 cm3 min−1). The
TGA instrument was equipped with a QMS 403 Aëolos mass spectro-
meter for evolved gases (EGA). The measurements were carried out
using an open crucible made of α-Al2O3, from 45 °C to 1000 °C, and a
heating rate of 10Kmin−1. The EGA was focused on m/z 48 and 64 for
SO and SO2, respectively. Zeta-potential (ζp) measurements were per-
formed with a Zetasizer NanoZS (Malvern UK) instrument on aqueous
dispersions of around 0.1mgmL−1.

Analyses for metal impurities in the samples were performed
using inductively coupled plasma mass spectrometry (ICP-MS) with
Agilent 7700x (Agilent). A 5mg sample powder was digested in 1mL
HNO3/HCl mixture (1:3 v/v) with the help of sonication, followed by
dilution with water. The dilute solution was analyzed to determine the
concentration of metal impurities.

NMR spectra of the esterification products were recorded on a
400MHz NMR JEOL spectrometer.

The concentration of the acidic sites of the catalyst was deter-
mined by acid-base titration. An aqueous NaOH solution (0.05M,
10mL) was added to the catalyst (80mg). Then the mixture was
sonicated for 60min and stirred at room temperature for 12 h. The
catalyst was separated by centrifugation, and five milliliters of the
supernatant solutionwere titrated with aqueous HCl solution (0.05M)
using phenol red as an indicator.

Solketal production
1 g of glycerol and 2.52 g of acetone (1:4molar ratio) were placed into a
25mL round-bottom flask and magnetically stirred at room tempera-
ture until they formed a homogenous phase. 0.1-0.5 mass% G-ASA
catalyst was added to the abovemixture, and the stirring continued for
1 h. The product was analyzed by a GC (Agilent 7820A) equipped with
a flame ionization detector (FID). The time-dependent analysis of gly-
cerol conversion related to Supplementary Figure 4 was performed
under the sameconditions as reported in themain text (glycerol = 1.0 g
or 10.85mmol, acetone = 2.52 g or 43.38mmol, glycerol: acetone = 1:4,
catalyst loading = 0.5wt%with respect to glycerol). The reactions were
carried out individually for different time periods (30, 60 and 120min)
at room temperature. The conversion of glycerol and selectivity of the
product was calculated based on the following equations:

Conversion of glycerol ð%Þ= glycerol converted molð Þ
initial glycerol molð Þ × 100% ð1Þ

Selectivity towards solketal ð%Þ= solketal formed molð Þ
glycerol converted molð Þ × 100 ð2Þ

Turnover frequency (TOF) was calculated according to the fol-
lowing equation:

TOF=
solketal formed ðmolÞ

catalyst acidic sites molð Þ× reaction time ðhÞ ð3Þ

The number of acidic sites was based on the titration results,
which accounted for all the possible active sites, thus providing not-
overrated TOF numbers.

Specific productivity was calculated according to the following
equation, providing unequivocal reactions rates, free from any inac-
curacies in active site estimations, and thus more appropriate for
direct comparisons:

Specificproductivity =
glycerol converted ðmmolÞ

total catalyst amount gð Þ× reaction time ðhÞ
ð4Þ

Recyclability of the catalyst
1 g of glycerol and 2.52 g of acetone were taken into a 25mL round-
bottom flask and magnetically stirred at room temperature until they
formed a homogenous phase. 0.5 mass% G-ASA catalyst was quickly
added to the above mixture, and the stirring continued for 1 h. The
product was analyzed by a GC, and the used catalyst was recovered by
centrifugation and washed with acetone several times to remove the
impurities adsorbed on the catalyst. The final precipitate was dried at
60 °C overnight before being used for the next cycle.
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Leaching test of the catalyst
Glycerol and acetonewere taken at 1:4mole ratios and transferred into
a 25mL round-bottom flask, and then 0.5 wt% of catalyst was added
into the reactant’s mixture. The reaction proceeds at room tempera-
ture under stirring for 5min, and the product mixture is isolated from
the catalyst. The isolated product mixture was carried out for further
reaction, and samples were collected after 1 h and analyzed by gas
chromatography.

Esterification of fatty acid
In a typical experiment, the G-ASA catalyst (10mg) and fatty acid
(0.5mmol) were mixed in a 2ml screw-top vial and sonicated for 30 s.
Then, under an N2 atmosphere, methanol (dry, 0.4ml, ratio methanol/
oil 20:1) was added, and the vial was closed with the screw top. The
mixture was sonicated for another 30 s, then heated at 60 °C for 4 h.
The product was then separated from the catalyst by centrifugation
(20000 × g) for 5min. The supernatant was kept at room temperature
for two days and allowed solvent to evaporate for direct NMR analysis.

FG and cyanographene (another FG derivative synthesized as
previously reported55) were tested as control catalysts to ensure that
any contamination from metal traces does not affect the activity. ICP-
MS showed that G-ASA and G-CN had similar metal contents (Supple-
mentary Table 4).

NMR yield calculation
The yield of the esterification reaction was calculated by analyzing the
methyl esters in the reaction mixture using quantitative 1H NMR64,65.
Themethoxy group in themethyl esters at 3.7 ppm (singlet) and the α-
carbonyl methylene groups present in the fatty ester derivatives at 2.3
ppm (triplet) are chosen for integration. CDCl3 solutions of a known
amount of fatty acid and methyl esters were used for calibration. The
transesterification yield (Y) was obtained directly from the area (A) of
the selected signals:

Y%= 100×
2×A1
3 ×A2

ð5Þ

where A1 and A2 are the areas of the methoxy and the methylene
protons, respectively.

Data availability
All data that support the findings of this study are available in themain
text, figures, Supplementary Information, and Supplementary data
Files. Source data are provided with this paper.

References
1. Albers, S. C., Berklund, A. M. & Graff, G. D. The rise and fall of

innovation in biofuels. Nat. Biotechnol. 34, 814–822 (2016).
2. Shepard, J. U. & Pratson, L. F. Themythof USenergy independence.

Nat. Energy 7, 462–464 (2022).
3. Armstrong, R. C. et al. The frontiers of energy. Nat. Energy 1,

15020 (2016).
4. Liu, B. & Rajagopal, D. Life-cycle energy and climate benefits of

energy recovery from wastes and biomass residues in the United
States. Nat. Energy 4, 700–708 (2019).

5. De Luna, P. et al. What would it take for renewably powered elec-
trosynthesis to displace petrochemical processes? Science 364,
6438 (2019).

6. Verma, S., Lu, S. & Kenis, P. J. A. Co-electrolysis of CO2 and glycerol
as a pathway to carbon chemicalswith improved technoeconomics
due to low electricity consumption. Nat. Energy 4, 466–474 (2019).

7. Zhou, L. A. et al. Light-driven methane dry reforming with single
atomic site antenna-reactor plasmonic photocatalysts. Nat. Energy
5, 61–70 (2020).

8. Eagan, N. M., Kumbhalkar, M. D., Buchanan, J. S., Dumesic, J. A. &
Huber, G. W. Chemistries and processes for the conversion of
ethanol into middle-distillate fuels. Nat. Rev. Chem. 3,
223–249 (2019).

9. Wakizaka, M., Matsumoto, T., Tanaka, R. & Chang, H. C. Dehy-
drogenation of anhydrous methanol at room temperature by o-
aminophenol-based photocatalysts.Nat. Commun. 7, 12333 (2016).

10. Manker, L. P. et al. Sustainable polyesters via direct functionaliza-
tion of lignocellulosic sugars. Nat. Chem. 14, 976–984 (2022).

11. Zheng, J. W. et al. Ambient-pressure synthesis of ethylene glycol
catalyzed by C60-buffered Cu/SiO2. Science 376, 288–292 (2022).

12. Knothe, G., Cermak, S. C. & Evangelista, R. L. Methyl esters from
vegetable oils with hydroxy fatty acids: Comparison of lesquerella
and castor methyl esters. Fuel 96, 535–540 (2012).

13. Singh, D. et al. A review on feedstocks, production processes, and
yield for different generations of biodiesel. Fuel 262, 116553 (2020).

14. Liu, Z. H., Wang, K., Chen, Y., Tan, T. W. & Nielsen, J. Third-
generation biorefineries as the means to produce fuels and che-
micals from CO2. Nat. Catal. 3, 274–288 (2020).

15. Bagnato, G., Iulianelli, A., Sanna, A. & Basile, A. Glycerol production
and transformation: A critical review with particular emphasis on
glycerol reforming reaction for producing hydrogen in conven-
tional and membrane reactors. Membranes 7, 17 (2017).

16. Semkiv, M. V., Ruchala, J., Dmytruk, K. V. & Sibirny, A. A. 100 years
later, what is new in glycerol bioproduction? Trends Biotechnol. 38,
907–916 (2020).

17. Brett, G. L. et al. Selective oxidation of glycerol by highly active
bimetallic catalysts at ambient temperature under base-free con-
ditions. Angew. Chem. Int. Ed. 50, 10136–10139 (2011).

18. Okoye, P. U., Abdullah, A. Z. & Hameed, B. H. Synthesis of oxyge-
nated fuel additives via glycerol esterification with acetic acid over
bio-derived carbon catalyst. Fuel 209, 538–544 (2017).

19. Dasari, M. A., Kiatsimkul, P. P., Sutterlin, W. R. & Suppes, G. J. Low-
pressure hydrogenolysis of glycerol to propylene glycol. Appl.
Catal. A—Gen. 281, 225–231 (2005).

20. Klepacova, K., Mravec, D., Kaszonyi, A. & Bajus, M. Etherification of
glycerol and ethylene glycol by isobutylene. Appl. Catal. A-Gen.
328, 1–13 (2007).

21. Chai, S. H., Wang, H. P., Liang, Y. & Xu, B. Q. Sustainable production
of acrolein: gas-phase dehydration of glycerol over Nb2O5 catalyst.
J. Catal. 250, 342–349 (2007).

22. Khayoon, M. S. & Hameed, B. H. Solventless acetalization of gly-
cerol with acetone to fuel oxygenates over Ni-Zr supported on
mesoporous activated carbon catalyst. Appl. Catal. A—Gen. 464,
191–199 (2013).

23. Faria, R. P. V., Pereira, C. S. M., Silva, V. M. T. M., Loureiro, J. M. &
Rodrigues, A. E. Glycerol valorisation as biofuels: Selection of a
suitable solvent for an innovative process for the synthesis of GEA.
Chem. Eng. J. 233, 159–167 (2013).

24. Mallesham, B., Sudarsanam, P., Raju, G. & Reddy, B. M. Design of
highly efficient Mo and W-promoted SnO2 solid acids for hetero-
geneous catalysis: acetalization of bio-glycerol. Green. Chem. 15,
478–489 (2013).

25. Ghosh, A. et al. A green approach for the preparation of a surfactant
embedded sulfonated carbon catalyst towards glycerol acetaliza-
tion reactions. Catal. Sci. Technol. 10, 4827–4844 (2020).

26. Priya, S. S. et al. Platinum supported on h-mordenite: A highly
efficient catalyst for selective hydrogenolysis of glycerol to 1,3-
propanediol. ACS Sustain. Chem. Eng. 4, 1212–1222 (2016).

27. Lari, G. M. et al. Environmental and economical perspectives of a
glycerol biorefinery. Energ. Environ. Sci. 11, 1012–1029 (2018).

28. Checa, M., Nogales-Delgado, S., Montes, V. & Encinar, J. M. Recent
advances in glycerol catalytic valorization: a review. Catalysts 10,
1279 (2020).

Article https://doi.org/10.1038/s41467-023-36602-0

Nature Communications |         (2023) 14:1373 8



29. Smirnov, A. A., Selishcheva, S. A. & Yakovlev, V. A. Acetalization
catalysts for synthesis of valuable oxygenated fuel additives from
glycerol. Catalysts 8, 595 (2018).

30. Mota, C. J. A., daSilva, C. X. A., Rosenbach, N., Costa, J. &daSilva, F.
Glycerin derivatives as fuel additives: The addition of glycerol/
acetone ketal (solketal) in gasolines. Energ. Fuel 24,
2733–2736 (2010).

31. Vicente, G., Melero, J. A., Morales, G., Paniagua, M. & Martin, E.
Acetalisation of bio-glycerol with acetone to produce solketal
over sulfonic mesostructured silicas. Green. Chem. 12, 899–907
(2010).

32. Bruno, D. et al. Diesel fuel compounds containing glycerol acetals.
United States patent US6890364B2 (2005).

33. Garcia, E., Laca, M., Perez, E., Garrido, A. & Peinado, J. New class of
acetal derived from glycerin as a biodiesel fuel component. Energ.
Fuel 22, 4274–4280 (2008).

34. Menezes, F. D. L., Guimaraes, M. D. O. & da Silva, M. J. Highly
selective SnCl2-catalyzed solketal synthesis at room ternperature.
Ind. Eng. Chem. Res. 52, 16709–16713 (2013).

35. Royon, D., Locatelli, S. & Gonzo, E. E. Ketalization of glycerol to
solketal in supercritical acetone. J. Supercrit. Fluid 58, 88–92
(2011).

36. Fatimah, I. et al. Glycerol to solketal for fuel additive: recent pro-
gress in heterogeneous catalysts. Energies 12, 2872 (2019).

37. Mallesham, B., Sudarsanam, P. & Reddy, B. M. Eco-friendly
synthesis of bio-additive fuels from renewable glycerol using
nanocrystalline SnO2-based solid acids. Catal. Sci. Technol. 4,
803–813 (2014).

38. Roy, A. S., Cheruvathoor Poulose, A., Bakandritsos, A., Varma, R. S.
& Otyepka, M. 2D graphene derivatives as heterogeneous catalysts
to produce biofuels via esterification and trans-esterification reac-
tions. Appl. Mater. Today 23, 101053 (2021).

39. Li, L., Koranyi, T. I., Sels, B. F. & Pescarmona, P. P. Highly-efficient
conversion of glycerol to solketal over heterogeneous Lewis acid
catalysts. Green. Chem. 14, 1611–1619 (2012).

40. Goncalves, M., Rodrigues, R., Galhardo, T. S. & Carvalho, W. A.
Highly selective acetalization of glycerol with acetone to solketal
over acidic carbon-based catalysts from biodiesel waste. Fuel 181,
46–54 (2016).

41. Upare, P. P. et al. Chemical conversion of biomass-derived hexose
sugars to levulinic acid over sulfonic acid-functionalized graphene
oxide catalysts. Green. Chem. 15, 2935–2943 (2013).

42. Swami, M. B., Jadhav, A. H., Mathpati, S. R., Ghuge, H. G. & Patil, S.
G. Eco-friendly highly efficient solvent free synthesis of benzimi-
dazole derivatives over sulfonic acid functionalized graphene oxide
in ambient condition. Res. Chem. Intermediat. 43,
2033–2053 (2017).

43. Chen, G. F. et al. Preparation of sulfonic-functionalized graphene
oxide as ion-exchange material and its application into electro-
chemiluminescence analysis. Biosens. Bioelectron. 26,
3136–3141 (2011).

44. Hosseini, M. S., Masteri-Farahani, M. & Shahsavarifar, S. Chemical
modification of reduced graphene oxide with sulfonic acid groups:
Efficient solid acids for acetalization and esterification reactions. J.
Taiwan Inst. Chem. Eng. 102, 34–43 (2019).

45. Mitra, R. & Niemeyer, J. Dual bronsted-acid organocatalysis:
Cooperative asymmetric catalysis with combined phosphoric and
carboxylic acids. ChemCatChem 10, 1221–1234 (2018).

46. Momiyama,N., Konno, T., Furiya, Y., Iwamoto, T. & Terada,M.Design
of chiral bis-phosphoric acid catalyst derived from (R)-3,3’-di(2-
hydroxy-3-arylphenyl)binaphthol: Catalytic enantioselective diels-
alder reaction of α,β-unsaturated aldehydes with amidodienes. J.
Am. Chem. Soc. 133, 19294–19297 (2011).

47. Akiyama, T. Stronger Brønsted acids. Chem. Rev. 107,
5744–5758 (2007).

48. Shapiro, N. D., Rauniyar, V., Hamilton, G. L., Wu, J. & Toste, F. D.
Asymmetric additions to dienes catalysed by a dithiophosphoric
acid. Nature 470, 245–249 (2011).

49. Schreyer, L. et al. Confined acids catalyze asymmetric single
aldolizations of acetaldehyde enolates. Science 362,
216–219 (2018).

50. Sedajova, V. et al. Nitrogen doped graphene with diamond-like
bonds achieves unprecedented energy density at high power in a
symmetric sustainable supercapacitor. Energy Environ. Sci. 15,
740–748 (2022).

51. Nakajima, K. & Hara, M. Amorphous carbon with SO3H groups as a
solid bronsted acid catalyst. ACS Catal. 2, 1296–1304 (2012).

52. Suganuma, S. et al. Hydrolysis of cellulose by amorphous carbon
bearing SO3H, COOH, and OH groups. J. Am. Chem. Soc. 130,
12787–12793 (2008).

53. Zaoralova, D. et al. Tunable synthesis of nitrogen doped graphene
from fluorographene under mild conditions. ACS Sustain. Chem.
Eng. 8, 4764–4772 (2020).

54. Ji, J. Y. et al. Sulfonated graphene as water-tolerant solid acid cat-
alyst. Chem. Sci. 2, 484–487 (2011).

55. Bakandritsos, A. et al. Cyanographene and graphene acid: Emer-
ging derivatives enabling high-yield and selective functionalization
of graphene. ACS Nano 11, 2982–2991 (2017).

56. Dai, Y. M., Wang, Y. H., Huang, Z. G., Wang, H. K. & Yu, L. Micro-
solvation effect and hydrogen-bonding pattern of taurine-water TA-
(H2O)n (n=1-3) complexes. J. Mol. Model. 18, 265–274 (2012).

57. Chai, J. D. & Head-Gordon, M. Long-range corrected hybrid density
functionals with damped atom-atom dispersion corrections. Phys.
Chem. Chem. Phys. 10, 6615–6620 (2008).

58. Ditchfield, R., Hehre, W. J. & Pople, J. A. Self‐consistent molecular‐
orbitalmethods. IX. Anextendedgaussian‐typebasis formolecular‐
orbital studies of organic molecules. J. Chem. Phys. 54,
724–728 (1971).

59. Marenich, A. V., Cramer, C. J. & Truhlar, D. G. Universal solvation
model based on solute electron density and on a continuummodel
of the solvent defined by the bulk dielectric constant and atomic
surface tensions. J. Phys. Chem. B 113, 6378–6396 (2009).

60. Ozorio, L. P., Pianzolli, R., Mota, M. B. S. &Mota, C. J. A. Reactivity of
glycerol/acetone ketal (solketal) and glycerol/formaldehyde acet-
als toward acid-catalyzed hydrolysis. J. Braz. Chem. Soc. 23,
931–937 (2012).

61. Rodrigues, R., Goncalves, M., Mandelli, D., Pescarmona, P. P. &
Carvalho, W. A. Solvent-free conversion of glycerol to solketal
catalysed by activated carbons functionalised with acid groups.
Catal. Sci. Technol. 4, 2293–2301 (2014).

62. Toda, M. et al. Green chemistry—biodiesel made with sugar cata-
lyst. Nature 438, 178–178 (2005).

63. Wang, Y. T. et al. Biodiesel production from esterification of oleic
acid by a sulfonated magnetic solid acid catalyst. Renew. Energ.
139, 688–695 (2019).

64. Gelbard, G., Bres, O., Vargas, R. M., Vielfaure, F. & Schuchardt, U. F.
1H nuclear-magnetic-resonance determination of the yield of the
transesterification of rapeseed oil with methanol. J. Am. Oil Chem.
Soc. 72, 1239–1241 (1995).

65. Killner, M. H. M., Linck, Y. G., Danieli, E., Rohwedder, J. J. R. & Blu-
mich, B. Compact NMR spectroscopy for real-time monitoring of a
biodiesel production. Fuel 139, 240–247 (2015).

66. Tayade, K. N., Mishra, M., Munusamy, K. & Somani, R. S. Synthesis of
aluminium triflate-grafted MCM-41 as a water-tolerant acid catalyst
for the ketalization of glycerol with acetone. Catal. Sci. Technol. 5,
2427–2440 (2015).

67. Laskar, I. B., Rajkumari, K., Gupta, R. & Rokhum, L. Acid-
functionalized mesoporous polymer-catalyzed acetalization of
glycerol to solketal, a potential fuel additive under solvent-free
conditions. Energ. Fuel 32, 12567–12576 (2018).

Article https://doi.org/10.1038/s41467-023-36602-0

Nature Communications |         (2023) 14:1373 9



68. Souza, T. E., Portilho, M. F., Souza, P. M. T. G., Souza, P. P. &Oliveira,
L. C. A. Modified niobium oxyhydroxide catalyst: an acetalization
reaction to produce bio-additives for sustainable use of waste gly-
cerol. ChemCatChem 6, 2961–2969 (2014).

69. Nair, G. S. et al. Glycerol utilization: solvent-free acetalisation over
niobia catalysts. Catal. Sci. Technol. 2, 1173–1179 (2012).

Acknowledgements
A.C.P. acknowledges the support from the European regional develop-
ment fund (ERDF), European social fund (ESF), and The Ministry of Edu-
cation, Youth and Sports of the Czech Republic, project no. CZ.02.2.69/
0.0/0.0/20_079/0018294. We acknowledge the support by the project
Nano4Future (no. CZ.02.1.01/0.0/0.0/16_019/0000754) financed from
the ERDF andESF. A.B. andR.Z. acknowledge the support from theCzech
Science Foundation, project no. 19-27454X, EXPRO. M.O. acknowledges
the ERC grant 2D-CHEM, No 683024 from H2020. M.M. and M.O.
acknowledge theCOSTActionCA21101.We thankV.Šedajová (XPS), Jana
Dzíbelová (TGA-MS), and K. Štymplová (Raman spectroscopy) for the
measurements. K.J.R. acknowledges support from Indian Institute of
Technology Jammu for providing a seed grant (SGT-100038) and SERB
SRG/2020/000865. A.S. thanks IIT Jammu for the PhD Fellowship.

Author contributions
A.C.P.: Investigation, Analysis, Writing—Original Draft Preparation,
Methodology, Visualization; M.M.: Theoretical Investigation, Analysis,
Writing; V.R.B.: Investigation; A.S.: Investigation; D.S.: Investigation;
S.B.K.: Review; H.B.: Investigation; M.O.: Review & Editing, Funding
Acquisition; K.J.: Supervision, Review & Editing; A.B.: Supervision, Writ-
ing—Original Draft Preparation, Writing—Review & Editing; R.Z.: Super-
vision, Funding Acquisition, Review & Editing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-36602-0.

Correspondence and requests for materials should be addressed to
Kolleboyina Jayaramulu, Aristides Bakandritsos or Radek Zbořil.

Peer review information Nature Communications thanks Biswajit
Chowdhury and the other, anonymous, reviewers for their contribution
to the peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-36602-0

Nature Communications |         (2023) 14:1373 10

https://doi.org/10.1038/s41467-023-36602-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Acidic graphene organocatalyst for the superior transformation of wastes into high-added-value chemicals
	Results and discussion
	Physicochemical characterization
	Catalytic activity and theoretical studies
	Current technology placement and broader impact

	Methods
	Materials and reagents
	Catalyst preparation
	Catalyst characterization
	Solketal production
	Recyclability of the catalyst
	Leaching test of the catalyst
	Esterification of fatty acid
	NMR yield calculation

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




