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carbon, CO2 has a strong affinity towards nucleophiles and 
electron donors [6]. Many studies show that cyclic carbon-
ates can be successfully synthesized by the cyclo-addition 
reaction of CO2 to epoxides using different homogeneous 
and heterogeneous acid-base catalysts [7, 8]. The most used 
catalytic systems for the addition of CO2 to epoxides con-
tain Lewis-type acidic sites for electrophilic activation of 
epoxide and/or CO2 and basic Lewis-type sites that act as 
nucleophiles. Catalysts such as alkali metal halides, organic 
bases, polyoxometalates, ionic liquids, metal oxides, zeo-
lites, titanosilicates, smectites, and metal complexes have 
been reported for this reaction [9–12].

Some of the aforementioned catalysts suffer from low 
catalyst activity and/or selectivity or low stability, and in 
some cases, they require a solvent. The development of a 
highly efficient and environmentally benign catalytic sys-
tem for the chemical fixation of CO2 on epoxides under 
mild conditions remains a challenge. At the same time, a 
major problem associated with most homogeneous catalyst 
systems is catalyst separation and recycling. In particular, 

Introduction

There are three main strategies currently available to miti-
gate atmospheric CO2: (i) emissions reduction, (ii) capture/
storage, and (iii) use of CO2 as raw material in chemical 
processes [1, 2]. Use of CO2 as a building block to produce 
monomers provides an attractive approach to valorize this 
biobased, abundant, and non-toxic reagent [3]. For instance, 
non-isocyanate polyurethanes can be obtained from carbon-
ated vegetable oils [4, 5].

CO2 is thermodynamically a very stable molecule 
because carbon is in a highly oxidized state and requires 
reactive compounds and effective catalysts for its activa-
tion. However, due to the electron deficiency of the carbonyl 
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special attention has been paid to reusable catalysts, such as 
inorganic materials, organic molecules grafted on inorganic 
supports (e.g., ionic liquids grafted on silica supports), and 
even on solid organic materials using continuous or batch 
flow reactors [6, 9, 10, 13].

Some natural biopolymers such as chitosan have recently 
attracted great interest as supports for catalytic reactions 
[14–16]. Chitosan is the N-deacetylated derivative of chitin, 
which is the most abundant natural amino polysaccharide. 
The amount of chitosan produced annually is estimated to 
be almost as large as that of cellulose [16]. Chitin is found 
widely dispersed in living organisms, including crab and 
lobster crustaceans. Chitosan has excellent properties such 
as biocompatibility, biodegradability, non-toxicity, and 
good adsorption properties. Specifically, chitosan can be 
chemically modified by alkylation, acylation, quaterniza-
tion, hydroxy-alkylation, thiolation, sulfation, and phos-
phorylation [17].

Several papers have reported the quaternization of chi-
tosan and its use as a catalyst for the cycloaddition of CO2. 
For instance, Tharun et al. reported the synthesis of qua-
ternized chitosan using 1-methyl-2-pyrrolidinone (NMP) 
and using iodomethane as a raw material [18]. Investiga-
tion of various reaction parameters in the allyl glycidyl ether 
(AGE) carbonation indicated that the conversion was maxi-
mum (> 99%) hen the reaction was carried out with 0.1 g 
of catalyst at 120 °C, 1.17 MPa, and 6 h. One of the major 
problems during synthesis of the catalyst was the solubility 
of chitosan in NMP which was poor even after allowing a 
prolonged period of 36 h at 80 °C [19]. The introduction of 
microwave irradiation greatly reduced the synthesis time of 
the catalyst and exhibited a slightly higher conversion of 
AGE [19]. Likewise, Besse et al. reported the use of chi-
tosan modified with quaternary ammonium and carboxylic 
acid groups in the presence of KI and without the use of sol-
vents [16]. In a first step, soluble chitosan was obtained by 
depolymerization with hydrogen peroxide under microwave 
radiation [20]. Then, allyl and trimethylammonium moieties 
were introduced along the chitosan backbone through epox-
ide-amine reactions with allyl glycidyl ether (AGE) and 
glycidyl trimethylammonium (GTA) chloride. The allyl-
group-containing compound was then functionalized with 
3-mercaptopropionic acid (3-MPA) in the presence of and 
4,4’-azobis(4-cyanovaleric acid) using a thiol-ene addition. 
The catalyst was evaluated in the carbonation of propylene 
oxide and AGE as substrates at 0.7 MPa, 80  °C, and 4 h 
without solvent affording a complete conversion. The opti-
mal reaction conditions were determined using AGE as a 
model and extended to a wide range of other epoxides.

The aforementioned methods for obtaining quaternized 
chitosan have some drawbacks such as long times of cata-
lyst synthesis (typically ca. 72 h) as well the use of toxic or 

irritant reactants such as NMP or 3-MPA. Likewise, there 
are some risks associated with the use of iodomethane as a 
raw material because of its high toxicity. Moreover, in all 
mentioned papers, chitosan was depolymerized previously 
to obtain it in its water-soluble form. Depolymerization is 
not a green process due to several issues, such as the exten-
sive use of chemicals and energy and the requirement of 
several purification stages [20]. In this paper, non-depo-
lymerized chitosan is proposed for the first time as a raw 
material for obtaining the quaternized derivative. The so-
obtained catalyst allowed for a better recoverability of the 
catalyst during reusing in comparison to water-soluble chi-
tosan. The chemical modification of chitosan was achieved 
in a short time using succinic anhydride (a food additive) at 
room temperature before quaternization. Besides, KI, which 
is a non-toxic substance, was used as a promoter for car-
bonation. The so-obtained catalytic system was used in the 
carbonation of glycidyl methacrylate (GMA) at 2 MPa, 100 
°C and 6 h reaction without any solvent required, affording 
98% conversion and 87% selectivity to the carbonated prod-
uct. The catalyst was reused during 3 cycles showing stable 
values of conversion and selectivity to carbonated GMA. 
The catalytic system was also used successfully in the car-
bonation of more complex epoxides.

Materials and Methods

Materials

Glycidyl methacrylate (GMA, 97%) was supplied by Alfa 
Aesar. Glycidyl trimethylammonium chloride (GTA-Cl), 
bisphenol A diglycidyl ether (BADGE), succinic anhy-
dride (SA), and chitosan (low molecular weight, ≥ 75% 
deacetylated) were purchased from Sigma Aldrich. Etha-
nol (≥ 95%), 1,4-butanediol diglycidyl ether (BDDE), and 
acetone (≥ 95%) were supplied by Merck. Hexane (≥ 95%), 
iodide potassium (99.5%), acetic acid (≥ 99.7%), and hydro-
gen peroxide (30% w/v in water) were obtained from Pan-
Reac AppliChem. All reagents were used without further 
purification.

Synthesis of Chitosan-Based Catalyst, Q-SA-
CH (Fig. 1)

First, the chitosan (1 g) and succinic anhydride (0.5 g) were 
mixed in deionized water (50 ml) for 7 h at room tempera-
ture with vigorous stirring. An intermediate product, suc-
cinic anhydride-chitosan adduct (SA-CH) was obtained, 
which was precipitated with acetone (200 ml). The superna-
tant and precipitate were separated by centrifugation. After 

1 3



Journal of Polymers and the Environment

extracting the supernatant, the resulting fine white powder 
was washed four times with 25  ml acetone to eliminate 
residual succinic anhydride. The solid (SA-CH) was dried 
for 3 h at 40 °C. In a subsequent step, SA-CH (0.5 g) was 
dissolved in deionized water (8 ml) at 60 °C. Then, GTA-
Cl (2.2 ml) was added with vigorous stirring. The reaction 
mixture was kept under these conditions for 6 h. The final 
catalyst (Q-SA-CH) was precipitated in acetone (30  ml), 
obtaining a semisolid material, which was dried in an oven 
at 45 °C for 24 h. The total amount of catalyst obtained was 
1.779 g (ca. 75% yield).

As a comparison basis, water-soluble chitosan was also 
used as raw material for the synthesis of the catalyst (Q-SA-
CH-Sol). Chitosan was depolymerized according to the 
method of Du et al. using acetic acid and H2O2 [21]. Then, 
the catalyst was obtained following the same procedure 

described above. The total amount of catalyst obtained was 
1.098 g (ca. 43% yeld). (Fig. 1)

Synthesis of Carbonated Molecules

The carbonation reaction of GMA was performed in a 10 ml 
stainless-steel high-pressure batch reactor according to the 
following procedure [16]. GMA (4 ml), Q-SA-CH catalyst 
(186.5 mg, 4.8 wt % respect to the total reaction mixture) 
and KI (22.7  mg, 0.6 wt % respect to the total reaction 
mixture) were introduced into the reactor. The reactor was 
sealed, and the air was purged three times with CO2. The 
system was pressurized with CO2 at 2 MPa and the carbon-
ation reaction was carried out at 100–115 °C for 6 h under 
constant stirring. The product was washed four times with 
10 wt % NaCl-water solution at 50 °C in a separation funnel. 

Fig. 1  Synthesis of Q-SA-CH catalyst
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ring), 4.60 and 4.52 (m, CH2−CH), 4.21 and 4.12 (m, CH2−
CH, from carbonate ring), 1.64 (t, CH3). 13CNMR [CDCl3, 
δ (ppm)]: 156.9 (C−O, from aromatic ring), 155.6 (C = O, 
from carbonate ring), 146.3 (C−CH, from aromatic ring), 
127.7 and 114.9 (CH = CH, from aromatic ring), 72.4 (CH2−
CH), 71.5 (CH−CH2, from carbonate ring), 62.6 (CH−CH2, 
from carbonate ring), 42.4 (C−CH3), 30.9 (CH3).

Reusability Tests

After the carbonation reaction, the catalyst was separated 
from the product by decantation. Before use, the catalyst 
was washed with CH2Cl2 and dried in an oven at 45 °C for 
24 h. The weight of the dry catalyst was measured after each 
use as reported in Table S1 [22].

Quantification of the Reaction Products

Epoxide conversion (%) =
A(CH ox) in epoxide − A(CH ox) in product

A(CH ox) in epoxide
× 100

Then, the product was diluted with diethyl ether and poured 
into a beaker with anhydrous sodium sulfate to completely 
remove water. Finally, it was filtered, and the solvent was 
removed by evaporation. The carbonations of BDDE and 
BAGE were performed at the best reaction conditions found 
for GMA (Fig. 2b-c).

Carbonated GMA was obtained as colorless liquid prod-
uct with 85% yield. 1HNMR [CDCl3, δ (ppm)]: 6.15 (m, 
CH2 = CH), 5.66 (m, CH2 = CH), 4.99 (m, CH−CH2, from 
carbonate ring), 4.59 and 4.42 (m, CH2−COO), 4.34 (m, 
CH−CH2, from carbonate ring), 1.95 (t, CH3). 13CNMR 
[CDCl3, δ (ppm)]: 167.1 (C = O), 155.6 (C = O, from carbon-
ate ring), 135.3 (CH2 = C), 127.5 (CH2 = C), 73.4 (CH2−CH, 
from carbonate ring), 66.5 (CH2−COO), 63.4 (CH2−CH, 
from carbonate ring), 18.2 (CH3).

Carbonated BDDE was obtained as white, solid product 
with 93% yield. 1HNMR [CDCl3, δ (ppm)]: 4.81 (m, CH−
CH2, from carbonate ring), 4.30–4.50 (m, CH−CH2, from 
carbonate ring), 3.55–3.70 (m, CH2−CH), 3.53 (m, CH2−
CH2−O−), 1.64 (m, CH2−CH2−O). 13CNMR [CDCl3, δ 
(ppm)]: 154.9 (C = O, from carbonate ring), 75.1 (CH2−CH), 
71.5 (CH−CH2, from carbonate ring), 70.1 (CH2−CH2−O−), 
66.5 (CH−CH2, from carbonate ring), 25.7 (CH2−CH2−O).

Carbonated BADGE was obtained as white, solid prod-
uct with 79% yield. 1HNMR [CDCl3, δ (ppm)]: 7.14 and 
6.82 (m, CH = CH), 5.01 (m, CH2−CH, from carbonate 

Fig. 2  Synthesis of carbonated molecules from GMA (a), BDDE (b), and BADGE (c)
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of O–H and N–H bonds. The peaks around 896 cm−1 and 
1153  cm−1 correspond to the saccharide structure of chi-
tosan. The stretching vibrations of C–O bonds appear at 
1065 and 1030 cm−1 [23]. The reaction between the amino 
groups of chitosan and succinic anhydride was confirmed 
by the appearance of a band at 1549 cm−1 corresponding to 
the–NH bending of the amide group (Fig. 3b). On the other 
hand, the FTIR spectrum of Q-SA-CH (Fig. 3c) shows the 
band at 3283 cm−1 of hydroxyl group resultant of the GTA-
Cl epoxide opening with carboxylic acid groups. Also, the 
carbonyl of the ester group formed is observed at 1698 cm−1 
[24]. The absorption bands in the IR spectra of Q-SA-CH 
(Fig. 3d) after seven reaction cycles did not show impor-
tant differences with respect to fresh catalyst. This suggests 
that the structure of the catalyst did not suffer changes after 
reusing.

Figure 4a-d shows the SEM spectra of pristine chitosan, 
SA-CH, Q-SA-CH, and the used catalyst. As shown, pristine 
chitosan (Fig. 4a) shows a non-porous layered surface. After 
the reaction with succinic anhydride, the surface undergoes 
a visible change likely due to the formation of acid moi-
eties (Fig. 4b). After the reaction with GTA-Cl, the surface 
became more homogeneous with some protuberances (Fig. 
4c). A marked change is observed in the catalyst used after 
the carbonation reaction since the surface was partially 
covered by iodine and potassium, as shown in SEM-EDX 
analyses (Fig. 5). This suggests that KI has a good affinity 
by the quaternized surface of Q-SA-CH forming an effec-
tive catalytic system

In Fig. 6a-c are shown the 1HNMR spectra of non-depo-
lymerized chitosan, SA-CH, and Q-SA-CH. As shown, in 
pristine chitosan (Fig. 6a), the peaks 1–6 correspond to the 
protons of the glucosamine unit while the CH3 protons of 
the acetylated group are observed at 1.97 ppm. The main 
evidence of modification with succinic anhydride is the 
peak corresponding to the CH2 protons at 2.4–2.6 ppm from 
the succinate structure (Fig.  6b). After quaternization, the 
peaks corresponding to the formation of CH2 and CH pro-
tons formed from the epoxide ring-opening of GTA-Cl with 
SA appear at 3.56 and 4.17 ppm respectively (Fig. 6c). The 
methyl protons joined to the N atom are observed at 3.13 
ppm. According to 1HNMR spectra of water-soluble chito-
san and the corresponding derivatives obtained thereof (Fig. 
S1) no changes were observed in the characteristic shifts 
in comparison to non-depolymerized chitosan and their 
derivatives. The 13CNMR spectra of non-depolymerized 
chitosan and derivatives obtained thereof are shown in Fig. 

Selectivity to carbonate group (%) =
A(CH carb) in product

A(CH ox) in epoxide − A(CH ox) in product
× 100

Y ield (%) = Weight of product obtained (g)
Theoretical weight of product obtained (g)

× 100

Where, ACH ox corresponds to the methine protons of the 
oxirane group at 3.25 ppm in the 1HNMR spectra of epoxide 
molecules or carbonated products.

ACH carb corresponds to the methine protons of the 
cyclic carbonate group at 4.94 ppm in the carbonated 
products.

For GMA carbonation, the integral of CH3 proton (3 pro-
tons) at 1.95 ppm was taken as a reference. For BADGE 
carbonation, the integral of CH3 proton (6 protons) at 1.65 
ppm was taken as a reference. For BDDE carbonation, the 
CH2 proton (4 protons) adjacent to the epoxide group at 
3.35 ppm was taken as a reference.

Characterization

The catalyst and the reaction products were character-
ized by 1HNMR and 13CNMR using a Bruker Advance II 
(600  MHz), D2O or CDCl3 as a solvent, and TMS as an 
internal standard. FTIR analyses were carried out with a 
Prestige 21 Shimadzu IR spectrometer using an ATR acces-
sory. All FTIR spectra were acquired at room temperature 
in the range of 400 to 4000 cm−1 with a spectral resolution 
of 2  cm−1. The thermal stability of the catalyst was per-
formed by Thermogravimetric analysis (TGA) with 15 mg 
of sample and 20 ml/min of N2 as carrier gas. A TA Instru-
ments Q600 equipment was used. The sample was heated 
from 25 °C to 800 °C at a heating rate of 10 °C/min. The 
surface morphology and the surface composition analyses 
of the catalyst were obtained by SEM and scanning electron 
microscopy-energy dispersive X-ray spectroscopy (SEM-
EDS) with a JSM5910LV microscope and an Oxford Instru-
ments INCA energy analyzer respectively. Specimens were 
gold-coated by low vacuum sputter coating before analysis.

Results and Discussion

Synthesis of Chitosan-Based Catalyst

The FTIR spectrum of chitosan, SA-CH, and Q-SA-CH are 
shown in Fig. 3. In the chitosan spectra (Fig. 3a), the char-
acteristic absorptions at 1570 cm−1, 1645 cm−1 are related 
to the bending vibration of the N–H bond and the carbonyl 
group of residual acetyl amides, respectively [15]. The peaks 
at 3200–3500 cm−1 are related to the stretching vibrations 
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as shown in Table 1. Thus, the thermal stability of chitosan 
decreased after succinylation and quaternization. It has been 
reported by several authors that the quaternized derivatives 
are less thermally stable than the parent chitosan, whose sta-
bility seems to depend on their quaternization degree [18, 
26]. The explanation for the decrease in thermal stability has 
been attributed to the breakage of the intramolecular hydro-
gen bonding after quaternization, i.e. the destruction of the 
crystalline structure of chitosan.

GMA Carbonatation

The carbonated GMA product was characterized by 1HNMR 
and 13CNMR (Fig. S5-S6). The 1HNMR spectrum of the 
carbonated product (Fig. S5) shows that the signals of pro-
tons attached at oxirane groups at 2.67, 2.85, and 3.25 ppm 
disappeared. Besides, the new signals of the methylene and 
methine protons from the cyclic carbonates appear at 4.99 
and 4.34 ppm [27]. The 13CNMR spectrum of the carbon-
ated GMA (Fig. S6) showed the signal of carbonyl carbon 
from the ester group at 167.1 ppm, the signal of carbonyl 
ester from the carbonate ring at 155.6 ppm as well as the 

S2-S4 and described in the results and discussion section of 
SI. The 1HNMR spectrum of Q-SA-CH after seven reaction 
cycles (Fig. S12) did not show differences with respect to 
fresh catalyst, in line with the FTIR analysis shown above.

Figure 7 and Table 1 show the TGA analyses of pristine 
chitosan, SA-CH, and Q-SA-CH. Pristine chitosan showed 
an initial weight loss at 25–119 °C, which can be attributed 
to the removal of adsorbed water molecules and accounts 
for T5% loses. The pristine chitosan undergoes a non-oxida-
tive thermal degradation in two steps in the range of 240–
577  °C with maximum degradation temperatures of 274 
and 490 °C in each stage. According to other authors, these 
stages possibly correspond to the deacetylation of chito-
san, vaporization, and elimination of volatile products [18]. 
The degradation of SA-CH showed an initial weight loss 
of 25% blow 275 °C. The succeeding degradation behavior 
was closer to this one of pristine chitosan. Probably the first 
step corresponds to the degradation of the succinate compo-
nent. As reported by Govindaraj et al., the pure succinic acid 
decomposes entirely in the range of 170–240 °C [25]. The 
temperatures for maximum weight loss of Q-SA-CH were 
257 °C and 447 °C, which were lower than pristine chitosan, 

Fig. 3  FTIR spectra of chitosan (a), SA-CH (b), Q-SA-CH (c), and the catalyst after seven reaction cycles (d)
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amount of catalyst were fixed according to literature and 
previous experiments [18, 28–30]. Further increases in these 
variables above these levels had no significant effect on the 
conversion of epoxides or selectivity to cyclic carbonates. 
Regarding the effect of catalyst amount and CO2 pressure, 
Tharun et al.. analyzed the effect of reaction parameters 
on the carbonation of allyl glycidyl ether (AGE), which is 
structurally very similar to GMA, using quaternized chito-
san [18]. Specifically, the authors observed that the conver-
sion increased with the amount of catalyst up to 0.1 g (4.71 
wt % catalyst) [18]. Further increases in the amount of cata-
lyst did not produce any significant increase in the conver-
sion. Regarding pressure effect, AGE conversion increased 
from 20 to 67% whenthe CO2pressure increased from 
0.34  MPa to 0.97  MPa. This can be explained by higher 
solubility CO2 in AGE and thus results in an acceleration 
of the cyclic carbonate formation. After a further increase 
in the pressure, to 1.17 MPa, the conversion increased to its 
maximum, 91%. Other authos have observed similar effects 

methine carbon and methylene carbon from methacrylate 
group at 135.3 ppm and 127.5 ppm respectively. Besides, 
the peak of methine carbon from the carbonate ring appears 
at 73.4 ppm [10].

Two reference experiments were performed, the first 
using only KI and the second, using the catalyst Q-SA-
CH without KI at 100 °C and 2 MPa CO2 during 6 h. As 
expected, in the first experiment, the epoxide conversion 
was insignificant (0.82%), while in the second experiment, 
the epoxide conversion was 1.03%. As reported by Besse 
et al.., the use of quaternized chitosan without KI during 
AGE carbonation results in low yield (15%) [16]. This fact 
was explained by the presence of chlorine anions, which are 
known to show a lower activity compared to iodide for the 
synthesis of cyclic carbonates. Chloride anions are pres-
ent in the catalytic system as the initial counter-ions of the 
ammonium groups. Cl− and I− act as competitors.

The carbonation of GMA was carried out at two tempera-
tures (100 °C and 115 °C) at 2 MPa CO2 without solvent 
and using Q-SA-CH as a catalyst. The levels of pressure and 

Fig. 4  SEM of pristine chitosan (a), SA-CH (b), Q-SA-CH (c), and the catalyst after seven reaction cycles (d)
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The epoxide conversion and the selectivity to carbonate 
groups at both temperatures are shown in Fig. 8. At 115 °C 
the epoxide conversion afforded values near to 98%. At 
100 °C the reaction was quite slower. However, at 6 h the 
conversion values were similar at both temperatures. The 
selectivity to the carbonate group at 100  °C and 115  °C 
kept around 87% and 75% respectively. The non-complete 
selectivity values obtained can be explained by the side 
reaction of the carbonate ring with the alkoxide (from epox-
ides) with the subsequent decarboxylation which could 
yield ether linkages [31, 32]. Guerdener et al. have reported 
the consumption after 1 h of reaction of the formed cyclic 

of the CO2 pressure and the catalyst amount on the carbon-
ation reaction [28–30].

Concerning the activation mechanism for CO2 cycload-
dition, the hydrogen atom from the OH group of Q-SA-CH 
forms a hydrogen bond with the oxygen atom of the oxi-
rane group of the epoxide molecule (Fig. S11). The halide 
anion formed between Q-SA-CH and the iodide ion of KI 
acts as a nucleophilic group and attacks the less sterically 
hindered β-carbon atom of the epoxide, causing the opening 
of the oxirane ring. Subsequently, this intermediate reacts 
with CO2 to form the corresponding cyclic carbonate and 
the catalyst is regenerated.

Fig. 5   SEM-EDX of Q-SA-CH
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possibly due to the lower molecular weight of chitosan, 
achieving slightly higher conversion values during the first 
hours of reaction in comparison to the catalyst based in non-
depolymerized chitosan. However, the selectivity values to 
carbonated products were not significantly affected by the 
chitosan pretreatment.

The reusability of the chitosan catalyst for the carbon-
ation of GMA during seven cycles is shown in Fig. 9. The 
selectivity of the carbonated product remained stable at 
87% during all recycles. The conversion remained stable 
at ca. 98% during the first three uses. However, after the 
fourth use, the conversion gradually decreased to 78% on 
the seventh use. The cause of the decrease in epoxide con-
version could not be attributed to changes in the catalyst 
structure, according to the characterization of the used cata-
lyst by FTIR and 1HNMR. However, the mentioned effect 

carbonates obtained from the carbonatation of [ethylene-
glycidyl methacrylate]-based copolymers with CO2 [32]. 
The reaction conditions were 110 °C and tetrabutylammo-
nium chloride as catalyst. However, after 5 h, an increase in 
the temperature from 110 °C to 130 °C led to a decrease in 
the yield from 99% to 45%. his fac was attributed to the for-
mation of a polyether structure at the expense of the formed 
cyclic carbonate via the mentioned mechanism. The signals 
of the methylene protons attached to carbon next to ether 
linkages appeared around 3.8 ppm in the 1HNMR spectra 
of carbonated GMA (Fig. S5). The signals of the carbons 
joined to ether linkages appear around 70.1 ppm in the 
13CNMR spectrum (Fig S6). The carbonation reaction was 
also evaluated at 100 °C using the catalyst obtained from 
soluble chitosan (Q-SA-CH-Sol), as shown in Fig. 8. This 
catalyst allowed a better dispersion in the reaction media 

Fig. 6  1HNMR spectra of non-depolymerized chitosan (a), SA-CH (b), and Q-SA-CH (c) obtained thereof 
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Di-epoxide Carbonation

Q-SA-CH was used in the carbonation of two di-epox-
ides: BDDE and BADGE at 100 °C and 2 MPa. The car-
bonated BADGE and BDDE products were characterized 
by 1HNMR and 13CNMR (See Fig. S7-S10 and the cor-
responding results and discussion). The carbonation of 
BADGE (Fig.  10) evidenced a high selectivity (ca. 90%) 
to the carbonated product at the beginning of the reaction 
which decreased to 85% after 6  h while the conversion 
increased slowly to reach the maximum value of 93% at 
8 h reaction. In a similar fashion to BADGE, carbonation 
of BDDE (Fig. 11) showed 100% selectivity at zero time 
which decreased to ca. 93% at 6 h, while the conversion was 
100% at 8 h reaction. A possible explanation of the decreas-
ing of the selectivity to carbonated products from BADGE 
and BDDE is the direct nucleophilic attack of the alkoxide 
(from epoxides) on the carbonate ring with the subsequent 

could be explained by the losses of catalyst during wash-
ing which were 1% during cycles 1–3 (Table S1). However, 
at 4–7 cycles the catalyst loss increased to ca. 9% due to 
repeated cycles of reaction-washing. This fact was observed 
more dramatically with the catalyst based on water-soluble 
chitosan since it could not be recovered from the reaction 
product after the first use. This proves that use of non-depo-
lymerized chitosan is a key point which brings durability to 
the catalyst.

Table 1  Thermal degradation temperatures of non-depolymerized chi-
tosan, SA-CH, and Q-SA-CH obtained thereof
Sample T5%

(°C)
T50%
(°C)

Tmax
a

(°C)
Non-depolymerized chitosan 113 310 274; 490
SA-CH 77 319.5 294;545
Q-SA-CH 101 260 257; 447
aTemperature at which the maximum rate of degradation occurred in 
each degradation step

Fig. 7   TGA traces of non-depolymerized chitosan, SA-CH, and Q-SA-CH obtained thereof

 

1 3



Journal of Polymers and the Environment

carbonation, metal halides/quaternary ammonium halide-
based ionic liquids have been used, affording almost total 
conversion at 24 h, although the selectivity to the carbon-
ated product was not reported [33]. During the reuse of the 
catalyst, the authors reported some losses of material at each 
cycle. The catalytic performance slightly dropped after each 
cycle and, in particular, between the third and fourth cycle. 
The GMA conversion in the fifth cycle dropped to 72% 
fr ZnCl2(1.99)-IL-I whereas it was 78% wth SnCl4(0.66)-
IL-Br in the fifth cycle. On the other hand, BDDE carbon-
ation has been reported over Fe(BPMCDAC)/TBABr with 
high conversion, although this is a homogeneous system 
that cannot be reused [34]. Likewise, B-carbon nitride has 
reported high conversion and selectivity at 20 h reaction as 
well as good stability during five reuses [35]. In the case of 
BADGE carbonation, high conversions have been reported 
with a homogeneous catalyst (TBABr) and a heterogeneous 
catalyst (CaI2/BTP), however, the selectivity data were 
not reported [36, 37]. Specifically, the system of CaI2 with 

decarboxylation which could yield several ether linkages, 
as explained before for GMA carbonation. This is supported 
by the 1HNMR and 13CNMR spectra of carbonated BDDE 
(Fig S9-S10). In the 1HNMR spectrum, the protons joined 
to the carbon next to ether linkages are observed at 3.7–3.8 
ppm while the respective carbon signals appear around 
70.46 ppm in the 13CNMR spectrum. For the carbonation of 
BADGE, the corresponding signals appear at 3.6–3.8 ppm 
and around 70.08 ppm in Fig S7 and S8 respectively.

In this work, special epoxides (GMA, BDDE, BADGE) 
were used as substrates for carbonation. These molecules 
have high reactivity due to the presence of terminal epox-
ides. Therefore, high temperatures and long times could 
increase secondary reactions of labile groups, as mentioned 
above. The Q-SA-CH/KI system is suitable for the carbon-
ation of these epoxides because it allows to perform the 
reaction in shorter times than most other heterogeneous 
catalysts and in some cases lower temperatures, as com-
pared with the literature in Table  2. In the case of GMA 

Fig. 8  Epoxide conversion (black lines) and selectivity to carbonate groups (blue lines) at 100 °C and 115 °C as function of the reaction time during 
the carbonation of GMA with Q-SA-CH (solid lines) and Q-SA-CH-Sol (dashed lines)
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using succinic anhydride (a food additive) at room tempera-
ture before quaternization during 6 h at 60 °C. Besides, KI, 
which is a non-toxic substance, was used as a promoter for 
carbonation. In comparison, most of the catalysts in Table 2 
were obtained through long times (16–24  h), or higher 
temperatures (450  °C in the case of Melem catalyst and 
B-carbon nitride) and/or extensive use of solvents such as 
dichloromethane, diethyl ether, acetonitrile, and toluene (in 
the case of ZnCl2-IL-I, SnCl4-IL-Br catalysts).

The reaction temperatures used in this study were within 
the typical range of the other works, while the reaction time 
was considerably short (6 h) in comparison to most of the 
other studies, i.e., 20–48 h. The exception was the catalyst 
Fe(BPMCDAC) which afforded high conversion in 4  h, 
although it requires TBABr as co-catalyst. The reusability 
of some catalysts of Table 2 was not studied (e.g. Melem 
and Fe(BPMCDAC)). The most of works reported that the 
catalytic performance dropped after each cycle. The excep-
tion was B-carbon nitride which showed an insignificant 
decrease in conversion and selectivity after five cycles. In 

3-bis[tris(hydroxymethyl)-methylamino]-propane (BTP) as 
ligand afforded high conversion in 24 h using DMSO as a 
solvent and atmospheric CO2. The epoxide conversion kept 
stable during three cycles. Despite the high conversions 
achieved with the catalytic systems of Table 2, the selectiv-
ity values were not reported in most of them. Probably, the 
selectivity values to carbonated products were low due to 
the high reaction times usually required (> 20 h). Long times 
imply increasing of secondary reactions of carbonates and 
epoxides, as explained before.

The main advantage of Q-SA-CH/KI lies in the easy and 
environmental synthesis route. This includes the use of pris-
tine chitosan (non-depolymerized form). A water-soluble 
chitosan (depolymerized form) is required for the solubili-
zation with the other reactants in the studies performed so 
far. The depolymerization of chitosan requires extensive use 
of chemicals such as H2O2, NaOH, acetic acid, methanol 
as well as high energy input: thermal or microwave treat-
ment and stirring during long times (≥ 24 h). In contrast, the 
synthesis of Q-SA-CH was performed in a short time (7 h) 

Fig. 9  Reusability of Q-SA-CH catalyst during the carbonation of GMA at 100 °C, 2 MPa CO2, and 6 h
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yields 98% conversion and 87% selectivity to the carbon-
ated product at 2  MPa, 100 °C and 6  h reaction without 
any solvent required. The catalyst was reused during 3 
cycles showing stable values of conversion and selectivity 
to carbonated GMA. After the fourth use, the conversion 
decreased gradually to 78% at the seventh use while the 
selectivity to carbonated GMA remained stable. The use of 
non-depolymerized chitosan as a precursor is a key point 
that brings durability to the catalyst. The chemical structure 
of the catalyst was preserved along reaction cycles, even 
though some of the catalyst was lost in the product, which 
explains the conversion drop after recycling. The catalyst 
was used in the carbonation of di-epoxides (BDDE and 
BADGE) at 100 °C and 2 MPa yielding conversion values 
of 100% and 93% respectively at 8 h. The selectivity to car-
bonated products of BDDE and BADGE reached values of 
92% and 85% respectively at 8 h. The secondary reaction of 
the carbonate ring with alkoxide moieties to produce ether 

the case of Q-SA-CH/KI selectivity remained stable after 
seven cycles while the conversion dropped after the third 
use possibly due to losses of catalyst.

Conclusions

A new catalyst based on non-depolymerized chitosan for 
the carbonation of epoxides was developed. The use of this 
raw material is advantageous from the industrial viewpoint 
because depolymerization implies a large use of chemicals 
and energy as well as several purification stages. In addi-
tion, the catalyst obtained from non-depolymerized chito-
san demonstrated better recyclability with respect to soluble 
chitosan, which could not be recovered from the reaction 
product. The catalyst was thermally stable below 210  °C 
and showed faster degradation than the original chitosan 
because of the breakage of the intramolecular hydrogen 
bonding after quaternization. The carbonation of GMA 

Fig. 10  Conversion of epoxide and selectivity to carbonate groups as a function of the reaction time for the carbonation of BADGE at 100 °C and 
2 MPa CO2
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linkages could explain the decrease of the selectivity over 
time.

Fig. 11  Conversion of epoxide and selectivity to carbonate groups as a function of the reaction time for the carbonation of BDDE at 100 °C and 
2 MPa CO2
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Table 2  Comparison of the activity of different catalysts for the car-
bonation of GMA, BDDE, and BADGE
Epoxide Catalyst Conditions Con-

ver-
sion
(%)

Selec-
tivity
(%)

Refer-
ence

GMA ZnCl2-IL-I 40 °C, 
0.1 MPa, 24 h

> 99 -  [33]

SnCl4-IL-Br 40 °C, 
0.1 MPa, 24 h

> 99 -  [33]

Q-SA-CH/KI 100 °C, 
2 MPa, 6 h

98 85 This 
work

BDDE Fe(BPMCDAC)
TBABr as 
co-catalyst

100 °C, 
3 MPa, 4 h

97 -  [34]

B-carbon nitride 130 °C, 
2 MPa, 20 h

99.8 99.2  [35]

Melem catalyst 130 °C, 
2 MPa, 20 h

99.7 99.5  [38]

Q-SA-CH/KI 100 °C, 
2 MPa, 8 h

100 92 This 
work

BADGE TBABr 110 °C, atmo-
spheric CO2, 
48 h

96 -  [36]

CaI2/BTP 60 °C, atmo-
spheric CO2, 
24 h
Solvent: 
DMSO

99 -  [37]

Q-SA-CH/KI 100 °C, 
2 MPa, 8 h

93 85 This 
work
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