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ABSTRACT: High anthropogenic CO2 emissions are among the main causes of climate change. Herein, we investigate the use of
CO2 for the synthesis of organic cyclic carbonates on metal-free nitrogen-doped carbon catalysts obtained from chitosan, chitin, and
shrimp shell wastes, both in batch and in continuous flow (CF). The catalysts were characterized by N2 physisorption, CO2-
temperature-programmed desorption, X-ray photoelectron spectroscopy, scanning electron microscopy, and CNHS elemental
analysis, and all reactivity tests were run in the absence of solvents. Under batch conditions, the catalyst obtained by calcination of
chitin exhibited excellent performance in the conversion of epichlorohydrin (selected as a model epoxide), resulting in the
corresponding cyclic carbonate with 96% selectivity at complete conversion, at 150 °C and 30 bar CO2, for 4 h. On the other hand,
in a CF regime, a quantitative conversion and a carbonate selectivity >99% were achieved at 150 °C, by using the catalyst obtained
from shrimp waste. Remarkably, the material displayed an outstanding stability over a reaction run time of 180 min. The robustness
of the synthetized catalysts was confirmed by their good operational stability and reusability: ca. (75 ± 3)% of the initial conversion
was achieved/retained by all systems, after six recycles. Also, additional batch experiments proved that the catalysts were successful
on different terminal and internal epoxides.
KEYWORDS: metal-free, N-doped carbons, chitin, chitosan, shrimp shells, CO2 insertion, cyclic carbonates, continuous flow

■ INTRODUCTION
Climate change is already showing the detrimental effects that
were predicted years ago, not only on the environment but also
on our society, from health to the economic domains.1,2 The
increase of global temperatures, CO2 concentration in the
atmosphere, and sea levels worldwide are the most striking
pieces of evidence, intrinsically related to the huge increase of
anthropogenic activities and the boost of living standards still
largely dependent on fossil fuels.3,4

Immediate actions are needed to limit and progressively
remove all the causes responsible for this situation, among which
moving toward a close CO2 cycle through biorefinery and
circular economy concepts is included.5−11 Indeed, the chemical
fixation of CO2, the most abundant and renewable carbon
source on the planet, stands up as one of the best options to
design innovative strategies for the synthesis and fabrication of

intermediates, durable materials, and polymers with low carbon
footprint.12−15

This approach has been proposed for a variety of substrates
such as epoxides and aziridines to name a few, and it has been
successfully applied to achieve high-added-value chemicals
including cyclic carbonates, maleic anhydrides, benzoxazine-2-
ones, oxazolidinediones, and 2-oxazolidinones, among
others.16−19 Particularly relevant is the preparation of cyclic
carbonates for the myriad of fields where these derivatives are
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involved in, from fuel additives, to lithium batteries as
electrolytes, polar aprotic solvents, or feedstocks in the synthesis
of polycarbonates.20,21

Both homogeneous and heterogeneous catalytic strategies
have been described in recent years for the insertion of CO2 into
epoxides. Beyond the use of (renewable) CO2, however, several
other factors must be considered for the implementation of
authentic sustainable transformations: among them, critical are
the nature of the process itself and the catalytic systems, the
approach and the chemicals employed for the synthesis of such
catalysts, and their reusability and stability. For example, most of
the methodologies so far employed for the synthesis of cyclic
carbonates involved the use of either dangerous or costly/
endangered metals, metal complexes, ionic liquids, metal-
modified carbon nitride materials, metal organic frameworks
(MOFs), organocatalysts based on alkylated or protonated
bicyclic amidine or DBU (using halides as counteranions), and
in several cases, the use of cocatalysts.22 Table 1 summarizes
some very recent results focused on the case of epichlorohydrin
(ECl) as a model epoxide.23 The CO2 insertion on ECl has been
investigated using catalysts based on cobalt complexes based on
triazole, MOF-based materials (ZIF-8 integrated in a
zirconosilicate zeolite), dendritic ionic liquids, a Zr-thiamine
modified carbon nitride, and N-doped carbonaceous systems
(entries 1−5). Notwithstanding the desired carbonate was
achieved in good-to-nearly quantitative yields under relatively
mild conditions, any of these protocols shows some environ-
mental and synthetic issues including the expensive catalyst
preparation, the use of additional reagents/promoters, more
often in the form of toxic onium salts or strong acids,20,24,25 long
reaction times (up to 5 days),26 and extra (intercalation)
approaches to support ionic liquids on solid materials.27

In this context, simplicity emerges as a fundamental need
where the catalyst design should be integrated with biomass/
biowaste valorization, under the umbrella of the green chemistry
principles and the circular economy. This paper has been
focused on this objective by exploring fishery waste as a
secondary raw material which is not only largely available, but it
displays an extraordinary chemical richness worthy of valor-
ization for chemical/catalyst preparation.28,29

Chitin, the second most abundant biopolymer on the planet
after cellulose, is relevant in this area for the fabrication of N-
doped carbonaceous solids including, for example, catalysts.30,31

Although biocompatibility, biodegradability, and nontoxicity are
recognized strengths of chitin, its insolubility in all common
solvents is an issue for practical applications. A solution to this
problem is often in the use of chitosan, which derives from the
partial deacetylation of chitin, via enzymatic treatments, steam

explosion, or alkali processing. Chitosan preserves most of the
properties of chitin but, unlike the latter, it is somewhat soluble
in acidic aqueous solutions. Several C/N-based materials have
been synthesized from chitosan; particularly, catalysts for CO2
cycloaddition were recently achieved through a preactivation
step with phosphoric acid followed by a thermal treatment.25

In this work, shrimp shells (SSs) have been considered as a
source of chitin suitable to synthesize N-doped carbonaceous
materials with built-in basic properties.32,33 A procedure to
convert SSs or chitin and chitosan into slightly basic solids has
been coupled to the use of such materials as heterogenous
catalysts for the CO2 fixation into epoxides. A total of five
samples have been obtained, all of which demonstrated
significant activities for the desired reaction: at complete
conversion of the starting epoxide, a selectivity up to 95% was
achieved toward the corresponding cyclic carbonate. Moreover,
as a further evolution of this study, the CO2 cycloaddition was
implemented in the CF mode. To the best of our knowledge,
only a few examples have been reported for the CF synthesis of
cyclic carbonates from epoxides, among which there is a recent
study performed by our group based on a binary catalytic
mixture composed of diethylene glycol/NaBr.34 The use of N-
doped carbonaceous materials derived from fish waste and
chitin/chitosan allowed a robust CF design with a productivity
up to 15 mmol g−1 h−1 amenable for medium-to-large scale
productions of highly pure cyclic carbonates.

■ EXPERIMENTAL SECTION
Materials and Equipment. EPI, epibromohydrin, glycidol, 1,2-

epoxybutane, 1,2-epoxyhexane, cyclohexene oxide, styrene oxide,
glycidyl propargyl ether, limonene oxide, acetonitrile, methanol,
phosphoric acid, chitin, and chitosan were commercially available
compounds sourced from Sigma-Aldrich. If not otherwise specified,
reagents and solvents were employed without further purification.
Shrimp wastes were obtained from a local fish market. Water was Milli-
Q grade. CO2 gas was purchased from SIAD, Italy. Gas chromatog-
raphy−mass spectrometry (GC−MS) (EI, 70 eV) analyses were
performed on a HP5-MS capillary column (L = 30 m20, Ø = 0.32 mm,
film = 0.25 mm). GC (flame ionization detector; FID) analyses were
performed with an Elite-624 capillary column (L = 30 m, Ø = 0.32 mm,
film = 1.8 mm). 1H and 13C NMR spectra were recorded in the Bruker
Advance III HD 400WB equipped with a 4mmCP/MAS probe, at 400
and 101 MHz, respectively. Chemical shifts were reported downfield
from tetramethylsilane, and MeOD was used as a solvent. All reactions
were performed in duplicate to verify reproducibility.

Synthesis of N-Doped Carbonaceous Materials. In a typical
synthesis, 10 g of biomass (chitin, chitosan, or shrimp wastes) were
heated at 450 °C (heating rate was 1 °C/min) under N2 flow (10 mL
min−1) for 1 h. For C1-500 and C3-500, the starting biomass-derived
compounds (chitosan and chitin, respectively) were mixed with 50 wt

Table 1. Comparative Results Reported in the Literature for the Insertion of CO2 on Epichlorohydrin (EPI)

entry catalyst conditions conversion selectivity ref

1 triazole-cobalt(II) complex 1 bar/120 °C/5 h 100 97 20
2 ZIF-8-nano-ZrS 10 bar/120 °C/2 h 96 95 26
3 dendritic ionic liquid 150 bar/130 °C/2.5 h 90 99 27
4 Zr-thiamine-modified carbon nitride 20 bar/120 °C/6 h 95 97 24
5 N-doped carbon 15 bar/150 °C/15 h 99 99 25
6 chitin-derived N-doped carbon 30 bar/150 °C/4 h 99 94 this work
7a chitin-derived N-doped carbon 150 °C 75 95 this work

0.01 mL/min
8a shrimp shell-derived N-doped carbon 150 °C 99 99 this work

0.01 mL/min
aExperiments performed under continuous-flow (CF) conditions.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c04443
ACS Sustainable Chem. Eng. 2022, 10, 13835−13848

13836

pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


% aqueous phosphoric acid solution in a 1:2 ratio and aged for 24 h at
room temperature, while for C2-500, C4-500, and C5-500 (chitosan,
chitin, and shrimp wastes, respectively) no pretreatment was carried
out, and the starting materials were used as received. The resulting
carbons were ground to powder (particle size <200 μm) and stored in
an oven (60 °C, 15 mbar) until further use. The yield of carbon
materials was 20 ± 5%.

■ MATERIAL CHARACTERIZATION
The analysis of the chemical composition on the surface of the
solids was carried out by X-ray photoelectron spectroscopy
(XPS) with a Physical Electronics VersaProbe II Scanning XPS
Microprobe equipped with monochromatic X-ray Al Kα
radiation at a vacuum of 10−7 Pa. The binding energies were
referenced to the C 1s peak from adventitious carbon at 284.8
eV. High-resolution spectra were recorded using a concentric
hemispherical analyzer in a 29.35 eV constant energy pass, using
a 200 μm diameter analysis area, and the pressure in the analysis
chamber was kept below 5 × 10−6 Pa. PHI ACCESS ESCA-FV6
software was used for data acquisition and analysis. A Shirley-
type background was subtracted from the signals. The recorded
spectra were always analyzed with Gauss−Lorentz curves in
order to determine more accurately the binding energy of the
atomic levels of the different elements.

Concentrations of basic sites on carbon samples were
determined by temperature-programmed desorption (TPD).
For basicity measurements, TPD using CO2 (8000 ppm in He)
as a probe was used. In a typical measurement, 60 mg of sample
was placed in a tubular quartz reactor (d.i.7 mm) and evacuated
at 150 °C for 2 h under He flow. Then the sample was cooled to
50 °C in He flow. At this temperature, CO2 was passed through
the sample for 1 h followed by heating to 80 °C inHe flow for 1 h
in order to remove physisorbed CO2. TPD was carried out from
50 to 350 °C at a heating rate of 10 °C/min under He flow. The
gas analysis has been performed by online micro-GC and mass
spectrometry.

N2 physisorption measurements were conducted on a
Micromeritics TriStar 3000 instrument. The samples were
outgassed at 120 °C for 2 h. Then, adsorption−desorption
isotherms were recorded at −196 °C. The specific surface areas
were calculated by the Brunauer−Emmett-Teller (BET)
method; the pore volumes were calculated from adsorption
isotherms, and the pore size distributions were estimated using
the Barrett, Joyner, and Halenda (BJH) algorithm available as a
built-in software from Micromeritics.

Scanning electron microscopy (SEM) measurements and
energy-dispersive X-ray spectrometry (EDS) analysis were
carried out with a Carl Zeiss Sigma VP field emission scanning
electron microscope (FE-SEM) equipped with a Bruker
Quantax 200 microanalysis detector. The EDS spectra and
maps were recorded under the same conditions (20 keV) for all
the samples.

■ CATALYTIC EXPERIMENTS
General Procedures for CO2 Insertion into Epoxides

under Batch Conditions. The selected epoxide (20 mmol)
and catalyst (100 mg) were charged in a round-bottomed flask
shaped as a test tube, which was equipped with a pierced glass
cap and a stirring bar. The flask was placed inside a 100 mL
stainless-steel autoclave, which was sealed, degassed via three
vacuum-CO2 cycles, pressurized with CO2 (5−30 bar), and
finally heated at T of 25−150 °C for 2−15 h. Thereafter, the
autoclave was cooled to room temperature and vented. Upon
completion of reaction, the product from the autoclave was
diluted with methanol (5 mL) and analyzed by GC-FID, GC−
MS, and NMR. All characterization data are reported in the ESI
section (Figures S1−S14).

General Procedures for CO2 Insertion into Epoxides
under CF Conditions. In a typical procedure, the CF apparatus
was first conditioned with acetonitrile (F = 0.5 mL·min−1) and
CO2 (FCO2 = 4mL·min−1) for 30min. Then, a homogeneous 0.3
M solution of EPI in acetonitrile or neat EPI was continuously
pumped to the CF reactor at the desired T and flow rates (T =
200−150 °C, F = 0.3−0.01 mL·min−1, and FCO2 = 1 mL·min−1).
Reaction runs were conducted for 120 min, though some
prolonged tests were carried out for up to 200 min. The reaction
mixture was collected and analyzed by GC-FID to determine the
conversion and selectivity. After each test, the CF system was
washed with acetonitrile (100 mL) and dried with a CO2 flow
(FCO2 = 3 mL·min−1) for 10 min.

■ RESULTS AND DISCUSSION
Catalyst Preparation. The literature describes a variety of

procedures for the preparation ofN-doped materials from either
fish (crustacean) biowaste or N-containing polysaccharides, in
particular chitosan and to a lower extent, chitin.30,31,35 The same
three feedstocks, chitosan, chitin, and SS residues, were used in
this work to synthesize a series of N-doped carbons. With
respect to already reported methods,25 the preparation protocol

Figure 1. General procedure employed for the synthesis of N-doped carbons from chitin, chitosan, or SS wastes.
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was designed as simple/sustainable as possible, that is, by simply
heating the starting solid (chitosan, chitin, SS) at 450 °C in an
inert atmosphere, in the absence of additional reagents. In some
cases, however, a pretreatment with phosphoric acid was
considered to compare the effect on the catalyst performance.
Figure 1 and Table 2 summarize the salient aspects of the
synthesis and the achieved catalysts.

Catalytic Activity. EPI, which is one of the most
investigated substrates for the CO2 insertion reactions, was
selected in this study as a model epoxide to investigate the
catalytic performance of the prepared materials. Batch experi-
ments were carried out in a stainless-steel autoclave in which a
mixture of EPI (20 mmol) and the catalyst (100 mg) was set to
react at 150 °C under 30 bar of CO2 for 15 h. For comparison,
additional tests were performed without any catalyst, and with
commercial samples of an active carbon material (Activated
Charcoal Norit, CAS: 7440-44-0, Merck), chitin, and chitosan,
respectively.

NMR andGC/MS analyses of the reactionmixture confirmed
the formation of the desired carbonate [4-(chloromethyl)-1,3-
dioxolan-2-one, 1a] along with minor amounts of 3-
chloropropane-1,2-diol (1b) (Scheme 1).

Figure 2 reports the results by showing the conversion of EPI
and the selectivity toward 1a and 1b, respectively.

The cycloaddition of CO2 occurred even without any catalyst
(blank test): albeit the selectivity to 1a was remarkable (90%), a
poor conversion was reached, not exceeding 34%. The
formation of the diol 1b as a side-product was imputed to
traces of water that could not be removed from the reaction
environment, most plausibly associated with EPI, which is
known to be a hygroscopic compound.36

Overall, the high electrophilic reactivity of EPI was apparently
responsible for both a thermal insertion of CO2 and to a lower
extent, a hydrolytic aperture yielding 1b. A similar result was
achieved when the reaction was run in the presence of a
commercial carbon, thereby confirming that this solid material
did not possess any catalytic activity toward the desired
cycloaddition process.

A quite different behavior was instead noticed by using
commercial chitosan and chitin as received (without further
treatments). Both biopolymers allowed doubling the conversion
of EPI up to 70−74% compared to the noncatalyzed reaction.
Such an outcomewas ascribed to the basic properties of chitosan
and chitin, different from those of natural polysaccharides such

as cellulose or pectin, which are typically either acidic or
neutral.37 Notwithstanding the encouraging activity, the
carbonate selectivity was moderate (81−84%), and the use of
chitin and chitosan was limited by the deactivation of such
solids. Recycling tests�not reported here�confirmed that
both biopolymers were no longer effective after a single reaction.
A far better performance was achieved with N-doped
carbocatalysts Cn-500 (n = 1−5; Table 2 and Figure 2).
Regardless of the starting feedstock, chitin, or chitosan, from
which they were prepared, all the systems allowed a quantitative
conversion of EPI. Remarkable differences, however, emerged
by comparing the product distribution. In the case of C1-500
and C2-500 obtained by a phosphoric acid pretreatment, the
selectivity toward the carbonate 1a was rather low, 63 and 66%,
respectively. On the contrary, the 1a selectivity greatly improved
when nonacid treated catalysts were used, from 86−88% up to
an excellent value of 96% for C3/C5-500 and C4-500 solids,
respectively. These results led us to conclude that the calcination
of the starting materials was crucial to achieve active catalysts
from chitin or chitin-derived biopolymers, but to make these
materials selective for the CO2 insertion into epoxides, it was
equally critical to control the pretreatment of such solids and
avoid acid usage.

Even with N-doped carbocatalysts, the hydrolytic ring-
opening of EPI to the diol 1b was the only competitive process
to the CO2 cycloaddition. Additional experiments confirmed
that under the conditions of Figure 2, but in the absence of CO2,
the diol 1b was the almost exclusive derivative (ESI Section,
Table S1). This side-reaction was never completely ruled out,
though it was almost suppressed in the presence of C4-500 as a
catalyst. The result suggested that if the CO2 insertion was rapid
enough to produce the carbonate product 1a, the latter was
substantially stable to hydrolysis and did not further react to
originate the side-product 1b.

The best performant and most selective catalyst, C4-500, was
selected to continue the study through a parametric analysis and
the investigation of the substrate scope, followed by CF
experiments. These will be detailed in the following sections.

Table 2. Catalysts Used in This Work

entry
starting
material preparation method

catalyst
label

1 chitosan aging with H3PO4 (50 wt %)-pyrolysis C1-500
2 chitin aging with H3PO4 (50 wt %)-pyrolysis C2-500
3 chitosan pyrolysis C3-500
4 chitin pyrolysis C4-500
5 shrimp shell pyrolysis C5-500

Scheme 1. CO2 Insertion Reaction into EPI

Figure 2. Catalyst screening in the CO2 insertion reaction into EPI.
Reaction conditions: EPI (10 mmol); catalyst amount: 50 mg; t: 15 h;
T: 150 °C, CO2 pressure: 30 bar. Conversion and selectivity were
determined by GC.
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Influence of Reaction Parameters. The effect of major
reaction parameters such as time (t), temperature (T), and CO2
pressure (p) was investigated by performing three sets of tests
during which the cycloaddition of CO2 to EPI was carried out by
changing: (i) t from 2 to 15 h, at 150 °C and 30 bar; (ii) T from
25 to 150 °C, at 30 bar for 4 h; and (iii) p from 5 to 30 bar, at 150
°C for 4 h. Results are shown in Figure 3a−c, respectively.

At 150 °C and 30 bar, the conversion increased from ca. 70 to
>99% by increasing the reaction time 2 to 4 h (Figure 3a), while
the selectivity toward the cyclic carbonate was steady at 90−
92%. No changes of both the conversion (quantitative) and the

product distribution (1a: 92 ± 3%) were appreciated by further
prolonging the reaction. Subsequent experiments were therefore
carried out for 4 h.

The temperature had a dramatic influence on the reaction rate
(Figure 3b). At 30 bar and after 4 h, neither the cycloaddition of
CO2 nor the hydrolysis of the EPI was observed below 100 °C.
Even at this T, however, the conversion was moderate, not
exceeding 9%. A substantial improvement of the reaction
outcome was noticed at 120 °C and finally at 150 °C where the
conversion gradually increased from 60 to >99%, respectively,
with a carbonate selectivity of ca. 92%.

Figure 3. Influence of major reaction parameters on the catalytic performance of theN-doped catalysts, considering (a) time, (b) temperature, and (c)
CO2 pressure.

Scheme 2. Proposed Mechanism for the N-Doped Carbon-Catalyzed CO2 Insertion Reaction into Epoxides
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Finally, the effect of the CO2 pressure was investigated
(Figure 3c). At 150 °C and after 4 h, both conversion and 1a
selectivity improved from 15, to 66, 98, and >99%, and from 66,
84, 89, and 94%, respectively, when the pressure was increased
from 5 to 30 bar. This trend reflected the progressively larger
availability of CO2 in the reaction mixture for the formation of
the carbonate.

Overall, based on these results, the best reaction conditions
were found at 150 °C, 30 bar, and 4 h.

Based on the experimental results, a plausible mechanism is
proposed through a Lewis-base catalyzed pathway (Scheme 2).
The reaction likely proceeds through the initial adsorption/
activation of CO2 and the epoxide on the Lewis basic site
(pyridinic and the pyrrolic N centers) and on the oxygen
functionalities (−OH and −COOH), respectively. Subse-
quently, the epoxide is desorbed, while CO2, through an
intramolecular nucleophilic attack, is inserted into the C−O
bond of the epoxide, leading to the formation of the carbonate
product.

Catalyst Reusability. The stability and reusability of the
catalyst C4-500 were investigated by designing recycling
experiments under the above-described optimized conditions.
Once a first reaction was complete, the catalyst was filtered and
washed with methanol (30 mL) and dried overnight. The
recovered catalyst was added with fresh EPI (10mmol, 925 mg),
and a new reaction was started. This sequence was repeated
seven times, and each reaction was run twice to ensure
reproducibility. All experiments were run at 150 °C, 30 bar,
and for 4 h. The results are reported in Figure 4. Both conversion

and 1a selectivity were steady at >99% and 94−95%,
respectively, during the initial four runs. A remarkable drop of
activity was, however, observed in the fifth run (fourth recycle:
conversion 66%). After this test, the catalyst was filtered, dried,
and heated at 180 °C under a nitrogen flow (10 mL min−1) for
18 h. The thermal treatment allowed a partial recovery of the
catalytic performance: indeed, in a subsequent recycling
experiment, an 80% conversion was reached with 92% selectivity
toward 1a (sixth run, fifth recycle). A final recycling test proved
that the C4-500 sample was undergoing a progressive
deactivation that caused either a decrease of the reaction rate

and a slight, but detectable, decrease in the formation of the
carbonate (7th run: conversion and selectivity of 70 and 89%,
respectively). The mechanism and reasons for this behavior
were investigated by analyzing structural and chemical changes
on the surface of the catalytic materials after the reaction/
reaction cycles. This was carried out through a comprehensive
approach based on an array of techniques described in the
following paragraphs.

Characterization Analyses. The catalytic materials were
characterized by a multitechnique approach, involving CNHS
elemental analysis, XPS, N2-physisorption measurements, CO2-
TPD, and SEM. For this purpose, the samples C4-500 and C5-
500 were chosen as the most representative materials of this
study. A specimen of C4-500 was characterized also after its use:
the catalyst was recycled four times as described in Figure 3, and
then it was carefully washed with methanol and dried at 100 °C
for 24 h. The recovered material was labeled as C4-500-used.

Elemental Analyses. A first relevant aspect was the
evaluation of the nitrogen content of the investigated materials
because this could be associated with the basic properties of the
solids (Figure 1), and in the last analysis, with their catalytic
performance. CNHS measurements indicated that the nitrogen
content was (10 ± 1)% and (6 ± 1)% for C4-500 and C5-500,
respectively.

To inspect these results more closely, further CNHS analyses
were carried out on other N-doped carbons of Table 2. It was
demonstrated that samples subjected to a phosphoric acid
pretreatment (C1-500 and C3-500) displayed a lower N content
of (4 ± 1)%, while the nontreated C2-500 exhibited an N-
loading of (10 ± 1)% comparable to that of the most active
system C4-500.

Albeit phosphoric acid has been widely employed as a
dehydrating agent for the chemical activation of carbonaceous
samples; its use was apparently detrimental on the synthesis of
catalysts studied here, most likely because of the concomitant
formation of P- and N-combined derivatives. Moreover, some
studies in the literature have also proposed that, besides
decreasing in N content, the use of phosphoric acid could cause
the inactivation of pyridinic-N sites both by protonation
(lowering the density of these active sites) and a site blocking
effect via adsorption of the phosphate ions.38

Finally, compared to the fresh sample, also C4-500-used
showed a lesser nitrogen loading (4 ± 1%). It was postulated
that under the explored reaction conditions, an adsorption/
coordination of organic species over the catalyst surface was
responsible for the N-loss.

N2-Physisorption and Surface Basicity. The textural
properties of C4-500, C5-500, and C4-500-used samples were
investigated by N2-physisorption analysis. The obtained
isotherms are displayed in Figure 5.

Both the fresh sample and the reused sample of C4-500
exhibited a type IV isotherm (Figure 5A,B), characteristic of
mesoporous materials, with adsorption hysteresis type II,
associated with disordered networks. In turn, the C5-500
sample still showed a type IV isotherm but with hysteresis type
III (Figure 5C), indicating the formation of mesoporous
materials with nonrigid particle aggregates.39 The textural
properties, namely, surface area, pore diameter, and pore
volume, are reported in Table 3.

The C4-500 sample displayed a good surface area of 321 m2/g
with a mean pore diameter of 4.5 nm and a pore volume of 0.38
cm3/g (entry 1). These properties, however, drastically changed
for the used catalyst (C4-500-used) that showed a decrease of

Figure 4. Catalyst reusability study. Conditions for each run: EPI (20
mmol), C4-500 (100 mg) at 150 °C under 30 bar of CO2 for 4 h. After
the fourth recycle, the catalyst was re-activated by thermal treatment at
180 °C, under N2 flow for 18 h.
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surface area down to 29 m2/g, a critical reduction of the pore
volume (0.06 cm3/g), and an increment of the mean pore
diameter up to 6.8 nm (entry 2). Overall, this was consistent
with the occurrence of occlusion phenomena because of the
adsorption of organic moieties under the reaction conditions.

Smaller pores were therefore clogged leading to a shift of the
pore diameter distribution toward higher values.

A low surface area (7 m2/g) was measured for C5-500,
coherently with the complex precursor matrix (SS) used to
prepare the catalyst.40 Compared to C4-500, the sample
displayed a higher mean pore diameter of 26.8 nm which was
still within the range of mesoporous solids (entry 3).

Table 3 also reports the surface basicity of C4-500, C5-500,
and C4-500-used samples, determined by TPD using CO2 as a
probe. Values were comparable to those previously reported in
the literature for N-doped carbons, thereby confirming the
suitability of the prepared materials as catalysts for the
investigated reaction.25 Interestingly, the SS-derived solid
showed a basicity almost 50% higher than the sample obtained
from chitin (entries 1 and 3). This suggested that the presence of
proteins and/or other mineral components in the starting raw
material (SS) had a positive influence on the concentration of

Figure 5. N2-physisorption isotherms of C4-500 (A), C4-500-used (B), and C5-500 (C) samples.

Table 3. Characterization Analyses of the N-Doped
Carbonaceous Materials

material
SBET [m2/

g]a
DBJH
(nm)b

VBJH [cm3/
g]c

CO2-TPD [μmol/
g]

C4-500 321 4.5 0.38 268.9
C4-500-used 29 6.8 0.06 743.5
C5-500 7 26.8 0.06 464.4
aSBET: specific surface area was calculated by the BET equation.
bDBJH: mean pore size diameter was calculated by the BJH equation.
cVBJH: pore volumes were calculated by the BJH equation.

Figure 6. SEM micrographs and SEM-mapping analysis of the C4-500 catalytic material.
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basic sites. However, if, on the one hand, basic functionalities
were crucial for the progress of the cycloaddition reaction, they
could also promote the irreversible poisoning of the catalyst
surface. This probably occurred in the case of the C4-500-used
sample whose surface basicity was unexpectedly high, more than
2.5 higher than that of the original fresh C4-500. Indeed, in
agreement with other literature analyses,25 the poisoning of the
catalyst was ascribed to the chemisorption of organic
compounds bearing oxygenated (basic) groups as the starting
epoxide, the cyclic carbonate, and/or their derivatives.

SEM−EDX Analyses. SEM micrographs of C4-500 and C5-
500 are shown in Figures 6 and 7, respectively.

The presence of agglomerated particles with the formation of
a highly porous network involving both intra and interparticle
porousmaterials was inferred from the SEM images of C4-500.41

Such observation was consistent with the results of N2
physisorption. Moreover, the SEM-mapping of the sample
revealed a homogeneous distribution of the constituent
elements (C, O, N) of the catalyst surface, with nitrogen in a

lower concentration compared to carbon and oxygen, as
suggested also from CNHS analyses.

SEM images of the C5-500 sample showed the presence of a
laminar structure where various N-doped carbon layers looked
overlayed with each other. Even if to a lower degree with respect
to C4-500, a certain porous architecture was observed also in
this case. The SEM-mapping results indicated not only the
presence of carbon, nitrogen, and oxygen, but also calcium,
phosphorous, and sulfur, that were derived from the starting
precursor (SSs). The presence of nitrogen was homogeneous
over the surface of the sample, thereby implying the availability
of the element in the main (basic) active sites for the catalytic
process.

XPS Analyses. The chemical nature and the elemental
composition on the surface of the C4-500, C5-500, and C4-500-
used samples were determined by XPS and are reported in
Figure 7.

The presence of carbon, oxygen, and nitrogen was confirmed
for all three catalysts. In particular, the C 1s XPS region of the
C4-500 sample displayed the presence of four contributions

Figure 7. SEM micrographs and SEM-mapping analysis of the C5-500 catalytic material.
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located around 284.8, 286.0, 287.5, and 288.8 eV, attributed to
C−C/C�C (graphitic, aromatic carbon), C−OH, C−N/C−
O, and C�O bonds, respectively (Figure 8a). Similarly, the C5-
500 material showed the presence of four signals at 284.8 eV
(C−C/C�C), 286.2 eV (C−OH), 288.0 eV (C−N/C−O),
and 289.8 eV (C�O). In both cases (C4-500 andC5-500), XPS
quantification analysis of the components in the C 1sXPS region
revealed a contribution of the C−N/C−O of ca. (7 ± 1)%. The
XPS analysis of the C4-500-used sample in the C 1s region
showed the presence an additional signal (besides the ones
previously observed in the fresh C4-500 sample) located at
290.6 eV (Figure 8b). This was attributed to COO−

(carboxylate) bonds,42 and it was most likely due to the partial
adsorption of carbonate products on the catalyst surface, in
agreement with N2-physisorption, CO2-TPD, and CNHS
measurements.

Furthermore, in the N 1s region, all three samples (C4-500,
C5-500, and C4-500-used) displayed the presence of two bands
around 399.0 and 400.4 eV, associated with the presence of
pyridinic and pyrrolic species, respectively (Figure 7).43 XPS
quantification analysis of the components in the N 1s region of
the samples C4-500 and C5-500 indicated similar results with a
content of pyridinic nitrogen of (42 ± 1)% and a percentage of
pyrrolic counterpart of (58 ± 1)%. This corroborated the
observation that both materials had a similar catalytic behavior
in the investigated process. Thought-provoking were the results
obtained for the C4-500-used sample. Compared to the fresh
parent catalyst, the recovered solid displayed a slight decrease
and increase of the pyridinic and the pyrrolic content,
respectively. This explains the loss of activity described in
Figure 4, because pyrrolic sites are weaker basic sites than
pyridine ones. In agreement with other literature reports,25 this
confirms that the main contribution to the catalytic activity
comes from the more basic pyridinic sites. This aspect was
further clarified in Figure 9, where a direct relationship is
highlighted between the surface pyridinic nitrogen content and
the performance/activity of the investigated catalysts.

The O 1s XPS region showed the presence of two main
contributions around 531.6 eV and 533.3 eV, which were
attributed to the O−O bond and to water adsorbed/bonded in
the samples, respectively (Figure 8c). The presence of H2O
could be coresponsible (along with the water content of EPI) for
the formation of the diol 1b as a reaction byproduct.42

XPS quantification analyses of the observed regions are finally
summarized in Table 4. It is worth highlighting that the C4-500
sample, with a surface nitrogen content of ca. 7.6%, exhibited a
paramount catalytic activity, with conversion higher than 99%. A

similar surface nitrogen content (ca. 6.4%) was found in the C5-
500material, which has been proposed as the main active center.
However, in the case of the C5-500 sample, a concomitant (but
not synergistic) effect of the calcium entities (ca. 6.2%) present
in the material could not be ruled out.

The comparison of fresh and used C4-500 clearly showed that
after the reaction, both a decrease in the nitrogen content and an
increase in the oxygen and chlorine amount on the catalytic
surface occurred. Overall, the results were consistent with the
above-proposed hypothesis of adsorption of organic species
(epoxide, diol, and cyclic carbonate products) on the basic
pyridinic centers on the catalyst surface.

Substrate Scope. The model N-doped carbon C4-500 was
tested to explore the cycloaddition of CO2 on other epoxides,
both terminal and internal ones, than EPI. To the scope,
epibromohydrin (2), glycidol (3), 1,2-epoxybutane (4), 1,2-
epoxyhexane (5), cyclohexene oxide (6), styrene oxide (7),
glycidyl propargyl ether (8), and limonene oxide (9) were used.

Figure 8. XPS spectra of C4-500, C5-500, and C4-500-used samples in (A) C 1s region, (B) N 1s, and (C) O 1s regions.

Figure 9. Correlation between catalytic activity and surface total and
pyridinic nitrogen content.

Table 4. XPS Quantification Analysis of Representative
Samples

sample C 1s O 1s N 1s Cl 2p P 2p Ca 2p S 2p

C4-500 fresh 81.68 10.58 7.66 0.07
C4-500 used 76.39 17.47 5.73 0.40
C5-600 57.94 26.81 6.41 0.29 1.97 6.19 0.41
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A mixture of the chosen epoxide (20 mmol) and C4-500 (100
mg) was set to react at 150 °C under 30 bar of CO2. Experiments
were carried out either for 4 h in analogy to conditions of Figure
4, or when necessary, prolonged for 15 h to offset changes of
reactivity because of the intrinsic nature of the different epoxides
(further details on this aspect are shown in Tables S2−S4 of the
ESI section). Results are reported in Scheme 3 where
superscripts a and b refer to reactions run for 4 and 15 h,
respectively. Conversion and selectivity were determined by
GC.

The batch protocol implemented for EPI proved of general
applicability for terminal epoxides (2−6) including bifunctional

molecules as epibromohydrin, glycidol and glycidyl propargyl
ether, and styrene oxide 8. All the tested substrates allowed a
very high conversion (96−99%) with good-to-excellent
selectivity (76−99%) toward the corresponding carbonate
products. On the other hand, internal epoxides 8 and 9 were
scantly reactive: the cycloaddition proceeded with almost
negligible conversion (4−6%) and carbonate selectivity not
exceeding 40%. This behavior was largely anticipated by results
already reported in the literature that impute the lack of
reactivity of internal epoxides to steric hindrance effects.44

CF Experiments. The insertion of CO2 into EPI was
selected as a model reaction to study the feasibility of the process
in the CF mode. CF protocols are among the best and most
reliable options not only to control/optimize the reaction
parameters, but also to scale-up organic transformations and
improve process intensification.45 In this context, also our group
recently reported a continuous synthesis of cyclic carbonates
from epoxides and CO2, catalyzed by a binary homogeneous
mixture composed of diethylene glycol and NaBr.32 These
results prompted us to extend the investigation to other
heterogeneous catalysts as those studied here, with emphasis
on both C4-500 and C5-500 samples. The flow apparatus was an
in-house assembled system as schematized in Figure 10.

Experiments were carried out by exploring the effects of the
temperature (T) and the flow rate (F) in the range of 150−200
°C and 0.01−0.1 mL min−1, respectively. The latter, however,
was changed only for the liquid epoxide, while the flow of CO2
was set to a constant value of 1 mL/min consistent with the
specs of the CO2 pump available in our CF system (Figure 9).
Also, the operating pressure was set to 100 bar and was never
modified throughout the study. Initial tests were performed by
feeding a solution of epichlorohydrin in acetonitrile (ACN, 0.3
M) to a plug-flow reactor filled with the catalyst (C4-500 or C5-
500: 600 mg). Then, further CF reactions were run using liquid
EPI as such (neat). At the outlet of the reactor, the mixture was
condensed into an ice bath, and at intervals, an aliquot was
analyzed by GC and GC/MS to determine both conversion and
selectivity and confirm the product structure. All reactions were
prolonged for at least 3 h until the composition of the effluent

Scheme 3. Substrate Scope and Epoxide (20 mmol), C4-500
(100 mg), 150 °C, 30 bar CO2

aReaction time: 4 h. bReaction time: 15 h. C = conversion %, S =
selectivity %.

Figure 10. Lab setup designed for the CF synthesis of 4-(chloromethyl)-1,3-dioxolan-2-one (1a) from epichlorohydrin andCO2 in the presence of C4-
500 and C5-500 catalysts.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c04443
ACS Sustainable Chem. Eng. 2022, 10, 13835−13848

13844

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c04443/suppl_file/sc2c04443_si_002.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig10&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mixture was steady over time, with variations within ±5%
between one analysis and the other. The reaction productivity
(P) defined as the amount (mmol) of carbonate produced per
hour and mass unit (g) of the catalyst was also calculated in all
cases. Results are reported in Table 5.

In the presence of C4-500, the first test run at 200 °C and F =
0.01 mL min−1 was encouraging. The reaction of a solution of
EPI in ACN proceeded with complete conversion and 95%
selectivity (entry 1). Even better results, however, were gathered
without changing the conditions except for decreasing T to 175
and 150 °C: both processes were quantitative and the exclusive

formation of 1a (up to 99%) was achieved with a productivity in
the range of 0.4−0.5 mmol of 1a gcat

−1 h−1 (entries 2 and 3).
With the aim of improving the process efficiency, additional
experiments were run by increasing either F up to a factor of 10
(0.1 mL min−1) and the EPI concentration until the solvent
(ACN) was totally removed and the substrate was used neat.
The two most representative results of this screening/
optimization study are summarized in entries 4 and 5. At 200
°C, when F was gradually enhanced to 0.1 mL min−1, both the
conversion and the selectivity dropped to 48 and 87%,
respectively, but P was almost quadrupled (entry 4: 1.9 mmol

Table 5. CF Synthesis of Carbonate 1a from EPI and CO2
a

entry catalyst T (°C) EPIb (mol L−1) Fc (mL min−1) conv. (%) sel. 1a (%) productivity 1a (mmol g−1 h−1)

1 C4-500 200 0.3 0.01 >99 95 0.4
2 C4-500 175 0.3 0.01 >99 97 0.4
3 C4-500 150 0.3 0.01 >99 99 0.5
4 C4-500 200 0.3 0.1 48 87 1.9
5 C4-500 150 neat 0.01 75 95 10.5
6 C5-500 150 0.3 0.01 >99 99 0.5
7 C5-500 150 neat 0.01 >99 99 15.0

aCO2 flow rate was 1 mL min−1 and the pressure was 100 bar in all cases. bEPI fed in an acetonitrile solution (0.3 M) or as such (neat). cF = flow
rate of EPI (neat or in solution). Conversion of EPI and selectivity toward the carbonate 1a were determined by GC-FID analyses.

Figure 11. Catalytic performance of C4-500 and C5-500 samples in terms of conversion, selectivity, and on-stream stability in the CF cycloaddition of
CO2 to epichlorohydrin. (A) C4-500, EPI solution in ACN (0.3 M); (B) C5-500, EPI solution in ACN (0.3 M); (C) C4-500, neat EPI; (D) C5-500,
neat EPI.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c04443
ACS Sustainable Chem. Eng. 2022, 10, 13835−13848

13845

https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c04443?fig=fig11&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gcat−1 h−1) compared to previous tests. An unexpectedly good
outcome was achieved by feeding the CF reactor with pure EPI
at 150 °C and tuning F at 0.01mLmin−1: at a conversion of 75%,
the selectivity was 95%, meaning that P was boosted to 10.5
mmol gcat−1 h−1 (entry 5).

In the presence of C5-500, results were equally good to those
obtained with C4-500 when the substrate was fed in solution. At
150 °C and F = 0.01 mL min−1, the cycloaddition was
quantitative, and carbonate 1a was the sole product detected at
the outlet of the reactor (entry 6). Interestingly, however, the
C5-500 allowed keeping the same high conversion and
selectivity (both >99%) even when EPI was used neat. A further
improvement of P up to 15.0 mmol gcat−1 h−1 was therefore
granted (entry 7). This behavior was confirmed when reactions
of entries 3 and 4−7 were more carefully followed over time.
The results are reported in Figure 11 that shows the composition
of the reaction mixtures sampled at regular intervals of 20 min
each, for a total period of 200 min.

Figure 11a,b refers to C4-500 and C5-500, respectively, as
catalysts for the cycloaddition carried out at 150 °C, using a
solution of EPI in ACN. A difference between the two processes
was appreciated in the initial part of experiments where the
formation of the side-product 1b up to a 10% maximum was
noticed after 40 and 20 min with C4-500 and C5-500,
respectively. Then, a stationary state was reached, and the
outcome of the two reactions was substantially overlapping with
each other until the tests were concluded (200 min). The
conversion and the carbonate selectivity were steady at >99% in
both cases.

Figure 11c,d refers to the same couple of catalysts and
conditions (C4-500 and C5-500; 150 °C), except that neat EPI
was used. The two trends were remarkably different for the
whole duration of the tests. Albeit the composition of the
reaction mixtures was stable over time with both catalysts, as
mentioned above (Table 5), the reaction catalyzed by C4-500
showed a conversion (ca. 77%) and 1a selectivity (ca. 95%)
systematically lower than those achieved with C5-500. The latter
proved, instead, outstanding in terms of on-stream reliability and
performance (Figure 11d).

A comment should be placed here on the side-product 1b
originated by a hydrolytic ring-opening of the starting epoxide.
The decrease of this derivative shown in Figure 11a,b was
consistent with a gradual elimination of water physiosorbed on
the catalyst that was removed by the continuous delivery of a
fresh reactant solution. By contrast, however, the amount of 1b
(ca. 5%) remained almost constant throughout all the
experiments of Figure 11c when neat EPI was used, thereby
suggesting that water was continuously fed along with the
reagent. This apparent dichotomy corroborated the hypothesis
that water was plausibly supplied by both the epoxide and the
catalyst in different modes and amounts, the first one (reagent)
as a continuous source during the reaction, and the latter
(catalyst) as a temporary source at the beginning of the process.
Yet, the reasons why the diol 1b was not detected at all in the
reaction of Figure 11d remain to be clarified.

The most striking and significant evidence was the stable
performance of both C4-500 and C5-500 under CF conditions
compared to batch reactions where recycling tests and
characterization analyses of the same N-doped carbon materials
indicated that they deactivated with use. Additional CF
experiments�not described here�showed that reactions
prolonged for 8 h proceeded with unchanged conversion and
selectivity with respect to those of Figure 11. We postulated that

the continuous feeding of a fresh reagent (as such or in solution)
along with dense (supercritical) CO2 and the continuous
removal of products helped to keep the catalytic surface clean
and to stabilize the catalyst performance. No further tests were
performed to verify such a hypothesis.

■ CONCLUSIONS
The here reported work has been aimed at achieving multiple
objectives, from the design of a simple and sustainable method
to obtained metal-freeN-doped carbons to the use of such solids
as catalysts for the activation and incorporation of CO2 in the
synthesis of durable chemicals/materials, and, finally, to the
implementation of CO2 cycloaddition reactions in a continuous
mode to improve productivity and process intensification. The
overall strategy has been successfully pursued. In particular: (i) a
(small) library of catalysts with built-in basicity has been
prepared from chitosan, chitin, and SS wastes through a thermal
treatment carried out in the absence of additional reagents and
solvents; (ii) a variety of batch experiments have demonstrated
that the N-doped carbons, mostly those derived from chitin and
SSs, were excellent catalysts for the cycloaddition of CO2 to
internal epoxides with quantitative conversion and selectivity to
cyclic carbonate products up to 95−97%; and (iii) albeit
investigated only for the model case of epichlorohydrin, the
setup of a continuous solvent-free protocol for the CO2
cycloaddition has confirmed that the same N-doped carbons
allowed not only to scale-up the reaction with a productivity up
to 15.0 mmol gcat

−1 h−1, but they were outstandingly stable
materials that did not undergo deactivation over time, at least in
the explored time frame (8 h). Compared to the very recent
literature of the sector,46,47 the CF procedure proved to be a
robust and competitive option for the synthesis of cyclic organic
carbonates. A further optimization, however, will be the object of
future studies to improve some engineering aspects through an
upgraded CF apparatus to control the CO2 flow and the effect of
pressure.
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Muñoz-Batista, M. J.; Caballero, A.; Balu, A. M.; Romero, A. A.; Luque,
R. Non-Porous Carbonaceous Materials Derived from Coffee Waste
Grounds as Highly Sustainable Anodes for Lithium-Ion Batteries. J.
Cleaner Prod. 2019, 207, 411−417.
(42) Rodríguez-Padrón, D.; Algarra, M.; Tarelho, L. A. C.; Frade, J.;

Franco, A.; De Miguel, G.; Jiménez, J.; Rodríguez-Castellón, E.; Luque,
R. Catalyzed Microwave-Assisted Preparation of Carbon Quantum
Dots from Lignocellulosic Residues. ACS Sustainable Chem. Eng. 2018,
6, 7200−7205.
(43) Rodríguez-Padrón, D.; Puente-Santiago, A. R.; Caballero, A.;

Balu, A. M.; Romero, A. A.; Luque, R. Highly Efficient Direct Oxygen
Electro-Reduction by Partially Unfolded Laccases Immobilized on
Waste-Derived Magnetically Separable Nanoparticles. Nanoscale 2018,
10, 3961−3968.
(44) Calmanti, R.; Selva, M.; Perosa, A. Tandem Catalysis: One-Pot

Synthesis of Cyclic Organic Carbonates from Olefins and Carbon
Dioxide. Green Chem. 2021, 23, 1921−1941.
(45) Seo, H.; Nguyen, L. V.; Jamison, T. F. Using Carbon Dioxide as a

Building Block in Continuous Flow Synthesis. Adv. Synth. Catal. 2019,
361, 247−264.
(46) Zanda, N.; Sobolewska, A.; Alza, E.; Kleij, A. W.; Pericas̀, M. A.

Organocatalytic and Halide-Free Synthesis of Glycerol Carbonate

under Continuous Flow. ACS Sustainable Chem. Eng. 2021, 9, 4391−
4397.
(47) Gao, Y.; Chen, X.; Zhang, J.; Yan, N. Chitin-Derived

Mesoporous, Nitrogen-Containing Carbon for Heavy-Metal Removal
and Styrene Epoxidation. Chempluschem 2015, 80, 1556−1564.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c04443
ACS Sustainable Chem. Eng. 2022, 10, 13835−13848

13848

 Recommended by ACS

N-, Se-, and S-Doped Bimetallic NiCoP Nanosheet Arrays as
Efficient Hydrogen Evolution Electrocatalysts
Zhenxiang Zhan, Yong Du, et al.
MARCH 24, 2023

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ 

Thermal Solid–Solid Transformation Synthesis of Zinc
Anchored in Hierarchical Porous N-Doped Carbon for
Efficient CO2 Applications
Somboon Chaemchuen, Francis Verpoort, et al.
JANUARY 22, 2023

ENERGY & FUELS READ 

Efficient and Reversible Capture of CO2 in CO2-Binding
Organic Liquids Formed by 1,1,3,3-Tetramethylguanidine
and Glycerol Derivatives
Dan Li and Cuiping Li
MARCH 30, 2023

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ 

Highly Efficient and Recyclable Nitrogen-Doped Mesoporous
Carbon-Supported Ru Catalyst for the Reductive Amination
of Levulinic Acid/Esters to Pyrrolidones
Yun Wang, Zuojun Wei, et al.
DECEMBER 12, 2022

ACS SUSTAINABLE CHEMISTRY & ENGINEERING READ 

Get More Suggestions >

https://doi.org/10.1039/c9cs00653b
https://doi.org/10.1039/c9cs00653b
https://doi.org/10.1039/c9cs00653b
https://doi.org/10.1021/acsanm.2c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.2c01512?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.2c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.2c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.2c00157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2021.110709
https://doi.org/10.1016/j.eurpolymj.2021.110709
https://doi.org/10.1016/j.ijbiomac.2019.03.018
https://doi.org/10.1016/j.ijbiomac.2019.03.018
https://doi.org/10.1002/cctc.202002010
https://doi.org/10.1002/cctc.202002010
https://doi.org/10.1016/j.eng.2020.10.015
https://doi.org/10.1016/j.eng.2020.10.015
https://doi.org/10.1016/j.eng.2020.10.015
https://doi.org/10.1016/j.eng.2020.10.015
http://Https://Www.Alfa.Com/It/Catalog/L14298/
https://doi.org/10.1016/j.carpta.2021.100036
https://doi.org/10.1016/j.carpta.2021.100036
https://doi.org/10.1021/acscatal.6b01786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.8b02167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.8b02167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b03896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b03896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b03896?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jclepro.2018.10.024
https://doi.org/10.1016/j.jclepro.2018.10.024
https://doi.org/10.1021/acssuschemeng.7b03848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.7b03848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8nr00512e
https://doi.org/10.1039/c8nr00512e
https://doi.org/10.1039/c8nr00512e
https://doi.org/10.1039/d0gc04168h
https://doi.org/10.1039/d0gc04168h
https://doi.org/10.1039/d0gc04168h
https://doi.org/10.1002/adsc.201801228
https://doi.org/10.1002/adsc.201801228
https://doi.org/10.1021/acssuschemeng.1c01060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01060?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cplu.201500293
https://doi.org/10.1002/cplu.201500293
https://doi.org/10.1002/cplu.201500293
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c04443?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c06444?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acs.energyfuels.2c03949?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05109?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
http://pubs.acs.org/doi/10.1021/acssuschemeng.2c05579?utm_campaign=RRCC_ascecg&utm_source=RRCC&utm_medium=pdf_stamp&originated=1718966566&referrer_DOI=10.1021%2Facssuschemeng.2c04443
https://preferences.acs.org/ai_alert?follow=1

