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Synthesis of chloromethyl ethylene carbonate (CMEC) via CO3 cycloaddition to epichlorohydrin (ECH) has been
investigated using a simple metal-free and halide-free catalyst comprising 4-dimethylamino pyridine (DMAP)
and N-H type hydrogen bond donors (HBDs). Combining DMAP and 1,3-diphenyl thiourea (DPTU) had the
strongest synergistic effect, which resulted in the highest improvement in CMEC yield. DMAP/DPTU was active

Kineti
C:::;céc in the presence of a simulated flue gas (15 % CO in N3) at low temperatures (30 — 60 °C), reaching a high CMEC
Flue gas yield (93 %) and selectivity (98 %) at 40 °C in 24 h. The presence of O in simulated flue gas had no effect on

catalytic activity; however, excessive HyO in the reactor had a negative effect, resulting in low yield and
selectivity. The reaction obeyed pseudo-first-order kinetics in terms of ECH, DMAP, and DPTU concentrations.
The addition of DPTU increased the observed rate constant (kops) by a factor of 1.52 while decreasing the
activation energy (E,) of the reaction by 7.37 kJ/mol, indicating that the synergistic action of DPTU (HBD) and
DMAP (nucleophile) influenced catalytic performance. The positive enthalpy (AH") and Gibbs free energy (AG")

values indicate an endergonic and kinetically controlled reaction.

1. Introduction

Carbon dioxide (COy) is a viable and attractive C; building block for
organic synthesis due to its renewability, abundance, nontoxicity, and
low cost. As a result, CO, valorization into valuable chemicals is
currently receiving great attention as an important technology for a
sustainable chemical industry [1-5]. It can help decrease the chemical
industry’s reliance on petrochemicals as a feedstock [6]. It also offers a
way to reuse a portion of the enormous amount of waste CO5 present in
industrial flue gases, which can help in reducing CO, emissions and
related climate change [7,8]. To reuse waste CO5 for chemical synthesis,
it is desirable and beneficial to directly utilize flue gas as an impure
source of COy without prior CO, separation and compression. This
strategy will eliminate the need for energy-intensive and costly COy
capture and regeneration [9,10].

A potentially effective process pathway for CO, chemical reuse is the
cycloaddition of CO5 to epoxides to obtain cyclic carbonates. Given the
thermodynamic stability of CO3 which is associated with a high energy
barrier for its activation [11], the highly exothermic nature of the
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reaction, high steric energy of the epoxide (co-reactant) and the low
energy level of the cyclic carbonate product are thermodynamically
advantageous factors. The cyclic carbonate product is a high-value
chemical with wide industrial applicability [12-15]. However, cyclic
carbonates are currently manufactured under high CO5 pressure (30 —
100 atm) and high temperature (150 — 210 °C), making use of pure CO»
gas [15]. The harsh reaction conditions require significant energy input
for operation, raising the question of energy efficiency and the potential
for net CO, emission. In contrast, a process that aims to directly utilize
waste CO; in industrial flue gas for cyclic carbonate synthesis should
require little or no energy input for heating or compression; otherwise,
the process may become a net emitter of CO,. Hence, the reaction should
operate efficiently at atmospheric pressure and low temperature (<
100 °C). In addition, it is crucial for the process to maintain a reasonable
reaction rate and chemical stability under typical flue gas conditions,
which include low COs, partial pressure (< 0.15 atm for coal-fired power
plants) and the presence of reactive gases such as Oy, H20, and SO, etc
[16,17].

Significant research efforts have been put into developing catalyst
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systems that work under pure CO; conditions at atmospheric pressure
and temperatures below 100 °C. Metal and/or halide-based catalysts are
the most widely reported catalysts for this condition. One of the most
active catalysts is the bifunctional organometallic complex/quaternary
ammonium or phosphonium halide salt [18-27]. Another efficient class
of catalysts for this condition is the hydroxyl-containing hydrogen bond
donor (HBD)/quaternary ammonium or phosphonium halide salt
bifunctional catalysts, such as dinaphthyl silanediol/tetrabutylammo-
nium iodide (TBAI), 2-pyridine methanol/TBAI etc. [28-33]. Moreover,
amines or amidines were protonated by halo acids (e.g. HI) to form
bifunctional catalysts, such as triethylamine hydroiodide (EtsN-HI),
DBU hydroiodide (DBU.HI) etc., which was also capable of catalyzing
cyclic carbonate synthesis from CO5 and epoxides at atmospheric pres-
sure and < 100 °C under pure CO; condition [34-36]. Metal halides and
organic halides were also combined with organic bases (for instance,
Caly/MDEA) to form active bifunctional catalysts for the reaction
[37,38]. Furthermore, in terms of catalytic developments towards
directly utilizing flue gas for cyclic carbonate synthesis, a few metal and
halide-based bifunctional catalysts (mostly organometallic complex
/quaternary ammonium halide catalysts) were applied to reactions
involving a diluted CO3 gas or actual flue gas; however, some of them
required long reaction times of 48——96 h to attain high cyclic carbonate
yield [26,37,39-43]. Despite some positive outcomes, the use of cata-
lysts based on metals and halides has drawbacks for industrial use. These
include contamination of the final product due to toxic metallic residues,
difficult/costly disposal of hazardous metallic wastes, rigorous and
expensive catalyst preparation, and corrosion of reactor components by
halide salts.

Metal-free and halide-free catalysts were shown to produce high
yields of cyclic carbonates only at high temperatures and CO» pressures.
A Schiff base combined with 4-dimethylaminopyridine (DMAP) cata-
lyzed the reaction of pure CO5 and epichlorohydrin (ECH), affording 99
% yield of chloromethyl ethylene carbonate (CMEC) in 24 h at 120 °C
and 35.2 atm CO; pressure in the presence of an organic solvent [44]. A
binary catalyst comprising an organic base, 1,8-diazabicyclo[5.4.0]
undec-7-ene and L-histidine catalyzed the reaction of pure CO, and
ECH, achieving 88 % conversion of ECH in 2 h at 120 °C and 19.7 atm
CO4, pressure [45]. Poly (ionic liquid)s (PILs) are a promising class of
metal-free catalysts for COy capture and fixation applications. They
incorporate the functional properties of ionic liquids into a polymeric
framework, resulting in a tunable porous polymer which has attracted
much attention in CO, cycloaddition to epoxides. Interest in PILs stems
from their unique ability to combine abundant pores and basic sites for
CO4 enrichment/activation and nucleophilic sites for epoxide ring-
opening [46,47]. Very recently, [48] reported a porous sulfonyl binu-
clear carbonate PIL which catalyzed CMEC synthesis in 98 % yield after
2 h from the reaction of ECH and a simulated flue gas containing 15 %
CO; at 10 atm and 120 °C. Also, [49] demonstrated that a guanidine-
functionalized binuclear PIL was effective in mediating 96 % yield of
CMEC in 4 h from ECH and a simulated flue gas containing 15 % CO; at
20 atm and 100 °C. Metal-free and halide-free catalysts were scarcely
reported under mild reaction conditions, apart from the recently re-
ported phosphorous ylide CO; adduct [50], and PILs [47,51] which
catalyzed the reaction in the presence of pure CO; at atmospheric
pressure. It is, therefore, of interest to develop metal-free and halide-free
catalytic methodologies that can achieve high reaction rates that ensure
a high reactor throughput under atmospheric pressure and low tem-
peratures, not only under pure CO5 conditions but also under typical flue
gas conditions.

Herein, we report a simple metal-free and halide-free binary catalyst,
which demonstrates for the first time, the existence of a positive synergy
between a nucleophilic base and N-H type hydrogen bond donor (HBD)
to catalyze cyclic carbonate synthesis from CO» and epoxide. The
cycloaddition of ECH with CO; to produce the cyclic carbonate, CMEC
(Scheme 1) was selected as the model reaction to explore the catalytic
activity of the binary catalyst. More importantly, the optimum catalyst,
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Scheme 1. Synthesis of CMEC by the CO, Cycloaddition to ECH.

comprising DMAP and 1,3-diphenyl thiourea (DPTU), could facilely
mediate the formation of CMEC in high yields from ECH and CO5 under
mild conditions (1 or 0.15 atm CO9 partial pressure and < 60 °C).
Further testing of the DMAP/DPTU binary catalyst was carried out
under a simulated flue gas atmosphere to assess the influence of CO,
partial pressure and major flue gas impurities (O2 and HO) on reaction
efficiency; and for the first time, a metal-free and halide-free catalyst
exhibits high catalytic activity under 0.15 atm CO; partial pressure to
afford a high yield of cyclic carbonate at a relatively low temperature of
40 °C. Finally, the influence of the catalytic components on the reaction
rate was measured and the catalytic role of the catalyst components was
elucidated, by kinetic studies.

2. Experimental
2.1. Reagents

The following chemicals were used in this research. Epichlorohydrin,
ECH (99 %), 4-dimethylamino pyridine, DMAP (99 %), and propylene
carbonate, PC (99.5 %) were purchased from ACROS Organics, Belgium.
1-methyl naphthalene (99 %), chloromethyl ethylene carbonate, CMEC
(> 99 %), and deuterated chloroform (CDCls) were purchased from
Sigma-Aldrich Company Ltd., UK. Dichloromethane, DCM (99.9 %), 1,3-
diphenyl urea, DPU (98 %), thiourea (99 %), urea (99.3 %), and 1,3-
diphenyl thiourea, DPTU (99 %) were purchased from Fisher Scientific
Ltd., UK. Pure CO3 gas (99.99 %), 15 % CO2/85 % Ny mixture, and 15 %
CO2/5 % 02/80 % N2 mixture were supplied by BOC Limited, UK. The
purity of all the chemicals was verified by gas chromatography (GC)
analysis. All chemicals were used as received without further
purification.

2.2. Instrumentation

An Agilent 7890B GC system was used for GC analysis. The GC sys-
tem was equipped with a flame ionization detector (FID) and an RTX-
1701 capillary column coated with 14 % cyanopropylphenyl/86 %
dimethylpolysiloxane (60 m x 0.32 m x 1 pm). The peaks of known
compounds were assigned on the GC chromatogram by comparing the
retention times with that of authentic commercial samples analyzed
under identical GC conditions, while unknown compounds and their
retention times were determined by GC-MS analysis. GC-MS analysis
was carried out on an Agilent 7890B GC system/5977A MSD analyzer
under 70 eV electron impact ionization and full scan mode. 'H and 3C
NMR spectra were obtained from a 400 MHz Bruker NMR spectrometer
with deuterated chloroform (CDCl3) as the solvent. Chemical shifts (5)
were reported in ppm relative to the CHCl;3 residual peak in CDCl3 (at
7.26 ppm) for 'H NMR spectra or relative to the middle peak of the
triplet CDCl3 peak (at 77.16 ppm) for >C NMR spectra. Signal multi-
plicities were abbreviated as s (singlet), d (doublet), t (triplet), q
(quartet), and m (multiplet).

2.3. General Procedure for synthesis of chloromethyl ethylene carbonate
(CMEC)

All the reactions were carried out in a 100-mL three-neck glass flask
(reactor). In a typical operation, the reactor was charged with DMAP
(0.60 g, 5.0 mmol), DPTU (0.15 g, 0.66 mmol), and ECH (7.5 g, 81.1
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mmol) successively at room temperature. The mixture was continuously
stirred by a magnetic stirrer; and when the DMAP and DPTU dissolved
completely, the reactor was heated by an oil bath/hotplate equipped
with a thermostat for temperature control. When the desired reaction
temperature of 60 °C was attained, pure CO- gas at a pressure and feed
rate of 1 atm and 4 ml/min respectively, was bubbled through the
mixture. During the reaction, pure CO, gas was continuously charged
into the reactor through a pressure regulator and mass flow controller
(Alicat/MC-100SCCM-D) to maintain pressure and feed rate at the
desired setpoint. For reactions with simulated flue gas, the pure CO, gas
supply was replaced with a 15 % CO2/85 % N3 or 15 % CO2/5 % O2/80
% N3 gas mixture flowing at a pressure and flowrate of 1 atm and 26.7
ml/min, respectively. The reaction progress was monitored by with-
drawing an aliquot of the reaction mixture at 1-hour intervals and dis-
solving it in DCM for GC analysis. The reaction components could be
separated using differences in solubility and boiling point. DMAP, which
is water-soluble, was separated from water-insoluble CMEC and DPTU
by constantly stirring the reaction mixture in water at 60 °C and then
decanting the aqueous and organic phases. DMAP was recovered from
the aqueous phase using vacuum evaporation. The reaction product,
CMEC (normal boiling point = 290.1 °C), could be easily isolated from
the organic phase by vacuum evaporation in a rotary evaporator (80 °C,
6 mbar), leaving DPTU (normal boiling point = 348.7 °C) solid in the
flask. The structure/purity of the reaction product was identified by
GC-MS and 'H/'3C NMR techniques (See Supplementary Material,
Figures S1-S2). 'H/'3C NMR characterizations of the synthesized CMEC
completely matched those reported in the literature [36,52,53]. The
1H/13C spectral data of the synthesized CMEC were as follows: 'H NMR
(400 MHz, CDCl3) 8y (ppm): 5.01 — 4.96 (m, 1H, ring OCH), 4.58 (t, J =
8.9 Hz, 1H, ring OCHy), 4.38 (dd, J = 8.9, 5.7 Hz, 1H, ring OCHy), 3.81
— 3.70 (m, 2H, CH,Cl); 13C NMR (101 MHz, CDCls) 5¢ (ppm): 154.39 (C
= 0), 74.43 (OCH), 67.03 (OCHy), 43.97 (CHCl).

2.4. Determination of catalytic performance

Catalytic activity was defined in terms of conversion, yield, and
selectivity according to Equations (1) — (3) [54]. Conversion, yield, and
selectivity were determined by GC analysis of the reaction mixtures
[55,56] using the internal standard quantitation method, with 1-methyl
naphthalene as the standard.

A
Conversion = l nECHl.lOO% (€8}
(nECH i
Yield = — "Y€ 1009 @
Theoretical nevee
n
Selectivity = —<_100% 3)
|Angc|

The fraction of CO, passing through the reaction mixture that was fixed
into the CMEC product, denoted as CO, utilization, was defined ac-
cording to Equation (4):

Ncmec

CO, Utilization = .100% 4

Nco2fed

Where, Angey = (ngcn), —Necu, (Nech), is the initial number of moles of
ECH (mol), ngcy is the number of moles of unreacted ECH (mol), and
nemec is the actual number of moles of CMEC in the reaction mixture
(mol). ngcy and neyec were quantified by measuring the ECH and CMEC
GC peak areas, respectively from the chromatogram of the reaction
mixtures and then applying the GC internal standard quantitation
method, which was described elsewhere [57,58]. A GC internal standard
calibration curve (See Supplementary Material, Figures S7 — S9) was
constructed for ECH and CMEC from standard solutions of different
concentrations, which allowed ECH and CMEC concentrations in the
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reaction mixture to be determined as a function of peak area ratio. The
GC analytical method was validated as per the ICH guidelines [59].

2.5. General Procedure for kinetic studies

ECH (81.1 mmol or 45.4 mmol), DMAP (8.0, 5.0, 2.5, or 1.5 mmol),
and DPTU (0.99, 0.66, 0.41, or 0.25 mmol) were dissolved in propylene
carbonate (PC) and the volume of the solution was made up to 10 ml
with PC. The cycloaddition reaction was carried out at T = 40 — 80 °C
under a continuous supply of pure CO5 gas or simulated flue gas (15 %
CO2/85 % Ny). For each experiment, samples were taken from the re-
action mixture every 30 min and analyzed by GC to obtain concen-
tration-time data to construct the reaction profile.

3. Results and discussions
3.1. HBD Screening

The catalytic activity of DMAP in the presence of N-H type HBDs,
namely urea, thiourea, 1,3-diphenyl urea (DPU), or 1,3-diphenyl thio-
urea (DPTU), was investigated and the corresponding results are pre-
sented in Table 1.

No products were detected when the cycloaddition of CO, to ECH
was performed in the absence of both DMAP and DPTU at 60 °C and 1
atm COg pressure. Similarly, no products were detected when only the
N-H type HBDs were used as catalysts for the reaction at 60 °C and 1 atm
CO;, pressure.

However, when DMAP alone, at a ratio of 0.1 w/w relative to ECH,
was used as the catalyst, CMEC yield and selectivity of 62 % and 99 %,
respectively were observed after 5 h at 60 °C and 1 atm CO» pressure
(Table 1, Entry 1). By substituting a portion of DMAP with the N-H type
HBDs, a bifunctional catalyst was formulated such that the influence of
the HBDs on the reaction could be investigated while retaining the same
catalyst concentration as when DMAP was used alone. Interestingly, the
resulting binary catalysts were more active than DMAP alone, leading to
an obvious enhancement of the reaction rate between CO, and ECH.
Consequently, the DMAP/N-H HBD binary catalysts exhibited higher
CMEC yields (80—89 %) than was obtained for DMAP only under
identical reaction conditions (Table 1, Entries 2 - 5). The catalytic ac-
tivity of the DMAP/ N-H HBD binary catalysts increased according to
the order: DMAP/urea < DMAP/DPU ~ DMAP/thiourea < DMAP/
DPTU. DMAP/DPTU emerged as the optimum catalytic combination
affording CMEC yield and selectivity of 89 % and 99 %, respectively
after 5 h of reaction at 60 °C and 1 atm COg pressure. Extending the
reaction duration to 8 h further demonstrated the efficacy of DPTU to
accelerate CMEC synthesis as the DMAP/DPTU catalyzed reaction
quickly approached completion, affording a CMEC yield of 94 %, while
the reaction catalyzed by DMAP only afforded a CMEC yield of 69 %;
however, CMEC selectivity remained at 99 % in both cases (Table 1,

Table 1

Screening of N-H Type HBDs as Promoters ™
Entry Base HBD Yield (%) Selectivity (%) Conversion

b b (%)b

1°¢ DMAP - 62 99 63
2 DMAP  Urea 80 97 82
3 DMAP  Thiourea 85 92 92
4 DMAP DPU 84 97 87
5 DMAP DPTU 89 99 90
6 DMAP  — 69 99 70
749 DMAP  DPTU 94 99 95

# — reaction conditions: ECH = 7.5 g, Catalyst/ECH weight ratio = 0.1, DMAP:
HBD = 3:1, T=60°C, t =5 h, pco,= 1 atm, pure CO,, fcb2: 7.5 ml/min;

b _ determined by GC technique;

¢ —reaction catalyzed by DMAP only, but with DMAP/ECH weight ratio = 0.1;

d _ reaction time, t = 8 h.
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Entries 6 — 7). DMAP is known to be a nucleophilic base [60,61] due to
the presence of lone pairs of electrons on the N-atom of its phenyl ring
which attacked and opened the epoxide ring to encourage CO, insertion.
Thus, the reaction could not occur in its absence. The improvement in
CMEC yield with the DMAP/ N-H type HBD binary catalysts therefore
suggests that the synergy between a nucleophilic specie and the
hydrogen bonding amino (N-H) moiety exerted a positive effect on the
ring opening of ECH to accelerate the formation of CMEC. Fig. 1 pro-
vides a comparison of the time-dependent profiles of CMEC yield and
selectivity obtained for the reactions catalysed by DMAP/N-H type
HBDs which further illustrates the relative promoting influence of these
HBDs in accelerating the reaction.

3.2. Synthesis of CMEC under simulated flue gas atmosphere

Pure CO, gas was replaced with a simulated flue gas stream to
investigate the reaction efficiency when DMAP/DPTU is applied as a
catalyst under a post-combustion flue gas environment. A simulated flue
gas stream containing 15 % COy (v/v) in N3 at 1 atm was used while
reactions were conducted at low temperatures (30 — 60 °C). The results
obtained are shown in Fig. 2. The DMAP/DPTU binary catalyst retained
its catalytic activity under 0.15 atm CO; partial pressure at low tem-
peratures of 30 — 60 °C and CMEC formation under the simulated flue
gas atmosphere proceeded seamlessly resulting in complete ECH con-
version at T > 50 °C after 24 h, as confirmed by GC data (See Supple-
mentary Material, Figure S3). When the reaction was allowed to
proceed for 24 h, CMEC yield of 67 %, 93 %, 96 %, and 97 % was ob-
tained at temperatures of 30 °C, 40 °C, 50 °C, and 60 °C, respectively.
These results show that CMEC yield generally increased with increasing
temperature, however, it is of practical interest that a high yield of
CMEC was obtained at a low temperature of 40 °C by the catalytic action
of DMAP/DPTU under 0.15 atm CO; partial pressure. Generally, the
reactions under 0.15 atm COs partial pressure proceeded with excellent
selectivity towards CMEC formation (> 97 %) and CMEC selectivity
remained fairly independent of reaction temperature.

Previously, only catalysts based on metal-organic complexes and/or
halide salts were shown to be effective in the cycloaddition of diluted or
waste CO» to epoxides to synthesize cyclic carbonates. For instance, Hui
et al.[41] reported a mesoporous porous ionic copolymer, poly
(divinylbenzene-1-allyl-tetramethylguanidinium) bromide which ach-
ieved an ECH conversion of 92 % at 100 °C and 15 % CO,, after 48 h of
reaction. Similarly, when either the homogeneous cobalt tetraphe-
nylporphyrin complex or heterogeneous cobalt-doped porous organic
tetraphenylporphyrin polymer were used in combination with tetrabu-
tylammonium bromide, 37.4 % or 45.4 % conversion of ECH, respec-
tively were obtained after 48 h at 29 °C and 15 % COy [39]. A

100
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< .
> 40- -
—=— DMAP/DPTU
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----#----  DMAP/Thiourea
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homogeneous bimetallic Al(salen) complex/tetrabutylammonium bro-
mide binary catalyst was reported to catalyze the reaction of ECH and
flue gas containing 5 % v/v waste CO», achieving 100 % ECH conversion
in 83.3 hr at 26 °C [42]. A multifunctional Caly/n-methyldiethanol-
amine catalyzed the synthesis of styrene carbonate from styrene oxide
and a 15 % diluted CO», achieving 88 % conversion of styrene oxide in
24 h at 50 °C [37]. A poly(4-vinylphenol)/ tetrabutylammonium iodide
system achieved 25 % conversion of hexene oxide in 22 h at 40 °C, when
a COy/Ny mixture containing ~ 10 % CO; v/v was used [62]. Li et al.
[63] employed a binary catalyst comprising of 2-phenylimidazolinium
based porous ionic polymer and ZnBr, to catalyze the reaction of ECH
and 15 % diluted CO; at 55 °C and reported a 96 % conversion of ECH
after 120 h. The use of metal- and halide-based catalysts poses a serious
challenge for large-scale practical implementation owing to the corro-
siveness of halide salts and the risk of product contamination by metallic
residues. Besides, most of the catalysts still required 48 h or longer to
achieve high conversions at temperatures < 100 °C, despite the presence
of costly/exotic metal-organic complexes. In contrast, the metal-free
and halide-free DMAP/DPTU bifunctional catalyst reported in the pre-
sent work achieved a 95 % conversion of ECH in 24 h at 40 °C and 15 %
diluted CO,, presenting a bright prospect for large-scale practical
application.

Fig. 3 illustrates the influence of CO5 partial pressure on the catalytic
performance of DMAP/DPTU binary catalyst by comparing the time-
resolved reaction profile at 60 °C under pure CO, (CO partial pres-
sure, pCOy = 1 atm) and simulated flue gas (CO; partial pressure, pCO2
= 0.15 atm) conditions. The result shows a decrease in CMEC yield as
CO9 partial pressure decreased from 1 atm to 0.15 atm, while the
selectivity towards CMEC formation remained unaffected by CO, partial
pressure. This suggests that while the reaction rate between COy and
ECH was altered by a change in CO; partial pressure, the reaction
pathway remained unchanged.

3.3. Effect of flue gas impurities on CMEC synthesis

It was of interest to investigate what effect, if any, the reactive im-
purities in flue gas might have on the activity of the DMAP/DPTU binary
catalyst. Modern power plants encompass pollution control technologies
[64] that can remove SOy, NOy, and particulate matter completely or to
a very low concentration (10 — 70 ppm for SO5 and 50 — 100 ppm for NOy
in the case of coal-fired power plants) [65], leaving water vapour and O4
as the major impurities. The effect of O, was investigated by bubbling a
simulated flue gas stream comprising 15 % CO2/5 % O2/80 % Ny (v/v)
at 1 atm through a mixture of ECH and the catalyst in the reactor. The
results obtained for reactions carried out in the presence of O, were
compared to those carried out in the absence of O; as presented in Fig. 4.

100+
:\; 80+
z
é 60-
% 10
g —h— DMAP/DPTU
DMAP/Urea
20 s DMAP/Thiourea
= DMAP/DPU
0- o DMAP only
0 1 2 3 4 5
Time (hr)

(b)

Fig. 1. Time-dependent profiles for reactions catalyzed by DMAP/N-H type HBD binary catalysts: (a) yield (b) selectivity. Reaction conditions: ECH = 7.5 g,
Catalyst/ECH weight ratio = 0.1, DMAP: HBD = 3:1, T = 60 °C, t = 5 h, pgo,= 1 atm, Pure CO,, fcbzi 7.5 ml/min. Error bar represents the standard deviation.
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Fig. 2. DMAP/DPTU catalyzed synthesis of cyclic carbonate under simulated flue gas atmosphere at low temperatures. Other reaction conditions: ECH = 7.5 g,
Catalyst/ECH weight ratio = 0.1, DMAP: DPTU = 4:1, 15 % CO2/85 % N2 (v/V), pco,= 0.15 atm.fc.o2 = 4 ml/min, fm'ml= 26.7 ml/min. Error bar represents the

standard deviation.
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Fig. 3. Influence of CO, partial pressure on DMAP/DPTU catalyzed cycload-
dition of CO, to ECH. Other reaction conditions: Epoxide = 7.5 g, Catalyst/ECH
weight ratio = 0.1, DMAP: DPTU = 4:1, T = 60 °C, fc;)2= 4 ml/min. Error bar
represents the standard deviation.

The concentration of O, in the simulated flue gas was chosen to meet the
upper limit of the concentration range of O3 in a typical flue gas from a
coal-fired power plant, 3 - 5 % v/v [66].

It is evident from Fig. 4 that the catalytic activity of the DMAP/DPTU
binary catalyst was not retarded under the oxidizing environment,
therefore there was no significant difference in the yield of CMEC be-
tween reactions in the presence and absence of O, after 24 h. At 60 °C,
a CMEC yield of 93 % was obtained in the presence of O3 while the C-
MEC yield remained at 96 % in the absence of O, after 24 h. Also, at
30 °C, a CMEC yield of 80 % was obtained in the presence of Oz while its
value was 67 % in the absence of O, after 24 h. Also, despite that O, is a
powerful oxidizing agent, its presence in the reaction system did not
interfere with the reaction pathway. The reactions in the presence or
absence of O, produced the CMEC with trace amounts of 3-chloropro-
pane-1,2-diol (3-CPD) as the only reaction products. Therefore, CMEC
selectivity was 98 % in the presence or absence of O,. These results
indicate that the DMAP/DPTU binary catalyst retained its activity and
selectivity when exposed to an oxidizing environment.

Furthermore, it was observed that the presence of HyO in the reactor
at a concentration of 0.025 w/w relative to ECH led to a decrease in
CMEC yield and selectivity compared to the reaction in the absence of
H30. CMEC selectivity decreased from 99 % to 92 % due to a higher rate
of formation of 3-CPD in the presence of H;0. A further increase in H,O
concentration to 0.50 w/w relative to ECH resulted in a further decrease
in CMEC yield and selectivity to 55 % and 75 %, respectively. Although
the catalyst maintained some activity in the presence of H,O, an
excessive amount of HO in the reactor had a negative effect on the
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Fig. 4. Influence of O, in flue gas on CMEC synthesis by DMAP/DPTU binary catalyst. Other conditions: [ECH = 7.5 g, Catalyst/ECH weight ratio = 0.1, DMAP:
DPTU = 4:1, pCO, = 0.15 atm, fcbzz 4 ml/min, fm'mz: 26.7 ml/min. Error bar represents the standard deviation.

catalytic activity due to dilution effect and formation of 3-CPD through
the hydrolysis of ECH. Therefore, for real flue gas application, it would
be necessary to cool the flue gas below its dew point to induce the
condensation of water vapour before the flue gas is fed to the reactor.
This will prevent excessive condensation of water vapour in the reactor
which could decrease ECH conversion and CMEC selectivity.

3.4. Kinetics and Mechanistic studies

A Kinetics study was conducted to understand the influence of cat-
alytic components and reaction conditions on the DMAP/DPTU cata-
lyzed reaction and to evaluate the role of the catalytic components in the
underlying reaction mechanism.

The general rate equation for CMEC formation by CO; cycloaddition
to ECH can be written as shown in Equation (5).

- @ = kop[ECH]* 5)
kops= k[CO,)°[DMAP)* [DPTU]* (6)
In[ECH] = — kopst + In[ECH], )
Ink,ps = Ink + bIn[CO,] + cIn[]DMAP] + dIn[DPTU]| (8

Where a, b, ¢, and d are the reaction order with respect to [ECH], [CO3],
[DMAP], and [DPTU], respectively. Equations (5) and (6) assume that
DMAP concentration, [DMAP], DPTU concentration, [DPTU], and CO-
concentration, [CO-] are constant during each reaction. This is reason-
able since DMAP and DPTU are catalytic reagents, and CO, is fed
continuously to the reactor in excess [67,68]. The observed rate constant
(kobs) and reaction order in [ECH] could be determined by Equation (5),
through the integrated rate law method. If the reaction obeys a pseudo
first-order kinetics with respect to [ECH], that is a = 1, then the rate law
is described by Equation (7) and kops can be determined from the slope
of a linear plot of In [ECH] versus t [69,70]. Furthermore, Equation (6)
was linearized to obtain Equation (8), which allowed the reaction order
in [DMAP] and [DPTU] to be determined from the slope of double
logarithmic plots [71].

3.4.1. Reaction order in ECH concentration

Firstly, reactions were conducted using DMAP/DPTU and 100 % CO,
under the reaction conditions: 60 °C, 8.11 mol/L ECH, 0.5 mol/L. DMAP
and 0.066 mol/L DPTU. Secondly, to clarify the influence of DPTU on
reaction kinetics, reactions were conducted using DMAP only and 100 %
CO-, under the reaction conditions: 0.5 mol/L DMAP, 60 °C, 8.11 mol/L
ECH. Thirdly, to elucidate the influence of CO, partial pressure on

reaction kinetics, reactions were conducted using DMAP/DPTU and 15
% CO- under the reaction conditions: 60 °C, 8.11 mol/L ECH, 0.5 mol/L
DMAP and 0.066 mol/L DPTU. In all three cases, the reaction exhibited
pseudo first-order kinetics in ECH concentration as the kinetic plots
revealed a linear relationship between In [ECH] and t (Fig. 5). The value
of Kops at 60 °C was 0.0067 min ! for DMAP/DPTU binary catalyst and
100 % CO4, 0.0044 min~! for DMAP only and 100 % CO,, and 0.0056
min~! for DMAP/DPTU binary catalyst and 15 % COs. kops increased by
a factor of 1.52 (from 0.0044 min~! to 0.0067 min~') due to the addi-
tion of DPTU to the catalyst mix, which accounts for the observed in-
crease in CMEC yield. In contrast, kops decreased by a factor of 0.84
(from 0.0067 min~! to 0.0056 min~1) due to the decrease in CO;, partial
pressure from 1 atm to 0.15 atm, in agreement with the observed
decrease in CMEC yield between CO; partial pressure of 1 atm and 0.15
atm. Therefore, by analyzing experimental data under various reaction
conditions, the influence of DPTU and CO partial pressure on the re-
action rate was determined.

3.4.2. Reaction order in DMAP concentration

The reaction order with respect to DMAP concentration was inves-
tigated by using a fixed DPTU concentration of 0.066 mol/L while
varying DMAP concentration between 0.15 - 0.80 mol/L. All the

2.50
~@— a:-0.0067x + 2.09, R? = 0.998
. 2
2003 —— b :-0.0044x +2.09, R? = 0.995
—— ¢ :-0.0056x +2.09, R? = 0.997
T 1.50
(6]
=
£ 1.00
0.50
0.00 T T T T T

T
0 50 100 150 200 250 300

t (min)
Fig. 5. Linear fit of In [ECH] versus t for reactions conducted at 60 °C in the

presence of: (a) DMAP/DPTU binary catalyst and 100% CO,, (b) DMAP alone as
the catalyst and 100% COs, (c) DMAP/DPTU binary catalyst and 15% CO-.
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reactions were performed at 60 °C using 8.11 mol/L ECH and 100 % CO»
(Fig. 6). As shown in Fig. 6a, all the experimental data exhibited a good
fit to pseudo first-order kinetics with high R? values of > 0.991. Thus,
the values of kops were determined from the linear kinetic plots as
0.0020 min~ 0.0034 min~!, 0.0067 min~?!, and 0.0106 min~! for
DMAP concentrations of 0.15 mol/L, 0.25 mol/L, 0.50 mol/L, and 0.80
mol/L, respectively. The rate of reaction between ECH and CO.
increased with DMAP concentration within 0.15 - 0.80 mol/L.
Furthermore, the reaction order with respect to DMAP concentration
was determined from the plot of In keps against In [DMAP] as 1.003
(Fig. 6b), that is ¢ = 1. This result suggests a reaction mechanism that
involves one molecule of DMAP per molecule of ECH in the catalytic
cycle.

3.4.3. Reaction order in DPTU concentration

Similarly, the reaction order with respect to DPTU concentration was
investigated by using a fixed DMAP concentration of 0.5 mol/L, while
varying DPTU concentration between 0.025 — 0.099 mol/L. All the re-
actions were performed at 60 °C using 8.11 mol/L ECH and 100 % CO,
(Fig. 7). All the experimental data exhibited a good fit to pseudo first-
order kinetics with high R? value of > 0.982 (Fig. 7a). The values of
kops were determined from the linear kinetic plots as 0.0022 min~"
0.0038 min~?, 0.0067 min !, and 0.0082 min~! for DPTU concentra-
tions of 0.025 mol/L, 0.041 mol/L, 0.066 mol/L, and 0.099 mol/L,
respectively. These results confirm the positive influence of N-H type
HBD on the cycloaddition of CO, to ECH as the reaction rate increased
with DPTU concentration. The reaction order with respect to DPTU
concentration was determined from the plot of In kops against In [DPTU]
(Fig. 7b) as 0.98, that is, d = 1. This result suggests the participation of
one molecule of DPTU per molecule of ECH in the catalytic cycle.

3.4.4. Reaction Energetics

The temperature dependence of the reaction rate was modelled by
Arrhenius and Eyring equations to determine the kinetics and thermo-
dynamic activation parameters for the reaction [72,73].

kobs = Ae(—E,/RT) (C))
Ink,s = InA —E, /RT 10$)
kos\  AH ks\ AS!

Equation (9) describes the Arrhenius equation [71] which was linear-
ized to the form shown in Equation (10) while Equation (11) describes
the Eyring equation [74]. A is the Arrhenius constant or frequency factor

In [ECH]
o
i

-0.5 -©- 0.15 mol/L, y = -0.0020x + 2.09, R? = 0.995
-1.0— = 0.25mol/L, y = -0.0034x + 2.09, R? = 0.995
1.5 —A- 050 mol/L, y = -0.0067x + 2.09, R? = 0.998
—#— 0.80 mol/L, y = -0.0106x + 2.09, R? = 0.991
-2.0 T T T T T T
0 50 100 150 200 250 300
t (min)

(a)
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(min’l), E, is the activation energy (J/mol), R is the universal gas
constant (8.314 J/mol.K), T is the absolute temperature (K), AH! is the
enthalpy of activation (J/mol), kg is the Boltzmann’s constant
(1.380649 x 1022 J/K), h is the Planck’s constant (6.62607015 x 10°34 J.
s), and AS' is the entropy of activation (J/mol’K). The superscripted
notation (i) refers to the value of interest in the activation complex or
transition state [75].

The Gibb’s free energy of activation (AGi) was determined for all
temperatures by the thermodynamics fundamental equation [76]:

AG' = AH' — TAS? 12)
A series of reactions were conducted using DMAP/DPTU binary catalyst
and 100 % CO-, while varying the reaction temperature within 40 - 80 °C
(other conditions: 0.5 mol/L DMAP, 0.066 mol/L DPTU, and 8.11 mol/L
ECH). To evaluate the influence of DPTU on the kinetics and thermo-
dynamic activation parameters another series of reactions were con-
ducted using DMAP only and 100 % CO,, while varying the reaction
temperature within 40 — 80 °C (other conditions: 0.5 mol/L DMAP and
8.11 mol/L ECH). Fig. 8 shows linear kinetic graphs (R? > 0.993) from
fitting experimental data to the pseudo first-order kinetic model for
temperatures 40 — 80 °C, illustrating temperature dependency of reac-
tion rate. The values of Kyps were 0.0025 min ™, 0.0041 min~!, 0.0067
min~!, 0.0091 min~?, and 0.0129 min~" at 40 °C, 50 °C, 60 °C, 70 °C,
and 80 °C, respectively for DMAP/DPTU and 100 % CO3. On the other
hand, the values of kq,s were 0.0016 min~!, 0.0025 min~', 0.0044
min~?, 0.0077 min~!, and 0.0105 min ™! at 40 °C, 50 °C, 60 °C, 70 °C,
and 80 °C, respectively for DMAP only and 100 % COgz. These results
imply that, as temperature increased from 40 °C to 80 °C, the reaction
rate increased by a factor of 5 in the presence of DMAP/DPTU binary
catalyst and 100 % CO-, whereas the reaction rate increased by a factor
of 7 in the presence of DMAP only and 100 % CO, These trends
demonstrate a positive correlation between reaction rate and tempera-
ture within 40 — 80 °C.

The activation energy (E;) for CO3 cycloaddition to ECH in the
presence of either DMAP/DPTU or DMAP only was determined from the
linear Arrhenius plots (In kops versus 1/T) of Fig. 9, over the temperature
range of 40 — 80 °C. E, was found to be 37.61 kJ/mol in the presence of
DMAP/DPTU and 100 % CO», while its value E, was 44.98 kJ/mol in the
presence of DMAP only and 100 % CO2 (Table 2). The value of E,
decreased by 7.37 kJ/mol as a result of the synergistic catalytic action of
DMAP and DPTU. This shows that the presence of DPTU reduced the
energy barrier for the reaction, thereby accelerating the reaction rate
between ECH and CO, as observed from the ks values for the reactions
catalyzed by DMAP/DPTU binary catalyst compared to those catalyzed
by DMAP only.

y = 1.003x - 4.3102, R? = 0.996

-6.5 T
-1.5

T
-1.0 -0.5

In [DMAP]
(b)

0.0

Fig. 6. Determination of reaction order in DMAP concentration: (a) plot showing linear fit of experimental data for [DMAP] = 0.15 - 0.80 mol/L into pseudo first-
order kinetics, (b) Plot of In keps versus In [DMAP] to determine reaction order in [DMAP]. Error bar represents the standard deviation.
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Fig. 7. Determination of reaction order in DPTU concentration: (a) plot showing linear fit of experimental data for [DPTU] = 0.025 — 0.099 mol/L into pseudo first-
order kinetics, (b) plot of In ks versus In [DPTU] to determine reaction order in [DPTU]. Error bar represents the standard deviation.
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Fig. 8. Plots of In [ECH] versus t for T = 40 — 80 °C showing linear fit to pseudo first-order kinetics: (a) DMAP/DPTU binary catalyst and 100 % CO,, (b) DMAP only

and 100 % CO-.
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Fig. 9. Arrhenius plots for CO, cycloaddition to ECH: (a) DMAP/DPTU and 100% COs, (b) DMAP only and 100% COo,

Furthermore, the enthalpy of activation (AHY and entropy of acti-
vation (ASY) in the presence of either DMAP/DPTU or DMAP only were
determined from the linear Eyring plots (In (kops/T) versus 1/T) of
Fig. 10 [77]. The Gibb’s free energy of activation (AGY) was also
determined.

Table 2 summarizes the values of AHT', ASi, and AG' obtained and

illustrates the influence of DPTU on these thermodynamic activation
parameters.

In the presence of DMAP/DPTU binary catalyst and 100 % CO-, the
values of AH' and AS' were 34.85 kJ/mol and —0.22 kJ/molK,
respectively while AG was in the range of 102.95 kJ/mol to 111.65 kJ/
mol between 40 — 80 °C. However, in the presence of DMAP only and
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Table 2
Influence of DPTU on Kinetics and Thermodynamic Activation Parameters for
DMAP-based Catalysts?, .

Parameter DMAP/DPTU and 100 % DMAP only and 100 %
CO, CO,

Ea (kJ/mol) 37.61 + 0.566 44.98 + 1.697

AH?* (kJ/mol) 34.85 +£1.131 42.22 + 2.014

ASt (kJ/mol. K) —0.22 + 0.010 —0.20 + 0.011

AGH (kJ/mol) at T =

40 °C 102.95 104.28

50 °C 105.12 106.26

60 °C 107.30 108.25

70 °C 109.47 110.23

80 °C 111.65 112.21

& — Other reaction conditions: [ECH], = 8.11 mol/L, [DMAP] = 0.5 mol/L,
[DPTU] = 0.066 mol/L, t =5 hr;
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100 % COo, the values of AH! and AS* were 42.22 kJ/mol and —0.20 kJ/
mol. K, respectively while the value of the AG! was in the range of
104.28 kJ/mol to 112.21 kJ/mol between 40 — 80 °C. The positive
values of AH' and AG' reveal the non-spontaneous, endergonic, and
chemically controlled nature of the cycloaddition reaction. Moreover,
the negative values of AS! indicate an ordered activated complex at the
transition state.

The performance of the DMAP/DPTU binary catalyst in mediating
CO4, cycloaddition to ECH was compared to previously reported cata-
lysts based on kops and E, values in Table 3. For the identical reaction of
CO, and ECH, catalysts derived from metal-organic complexes and
halide salts were found to have first-order observed rate constants
ranging from 0.0042 to 0.0070 min~"! at elevated reaction pressures of
9.9—29.6 atm and temperatures of 50—110 °C.

The DMAP/DPTU binary catalyst, on the other hand, achieved a

P _ values are the mean of triplicate + 1 standard deviation comparable reaction rate (kops = 0.0067 min~Y) at atmospheric pressure
(1 atm) and 60 °C. When a metal-organic complex [70] was used at 1
-10.0 -10.0
-10.5+ y=-4191.5x +1.6875, R?=0.993 -10.5+
y =-5077.8x +4.0061, R?=0.993
= -11.0 = -11.04
2 2
[~ <]
X X
£ 11,5 £ 11,5
-12.0 -12.0
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0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0028 0.0029 0.0030 0.0031 0.0032 0.0033
1T (1/K) 1T (1/K)
(a) (b)
Fig. 10. Eyring plots for CO, cycloaddition to ECH: (a) DMAP/DPTU and 100% CO,, (b) DMAP only and 100% CO,
Table 3
Comparison of the Rate Constant and Activation Energy for DMAP/DPTU Catalyzed Cycloaddition of CO, to ECH with other Catalytic Systems.
Entry  Catalyst P(atm)  Kkops /T E, T Range (°C)  Ref
kJ/
mol)
1° Nanocrystalline Li promoted magnesia 29.6 0.0067 min~'/ 63.35 110—140 [78]
110°C
2¢ Bisimidazole-functionalized porphyrin Co(III) chloride 19.7 0.0042 min~'/ 46.10 90 - 120 [69]
90 °C
3" Hydroxy ionic liquid functionalized Zn porphyrin catalyst 9.9 0.0068 min~'/ 59.54 80—120 [72]
80°C
4% Aluminum fumarate metal-organic framework /TBABr 9.9 0.0059 min '/ 39.00 40—60 [79]
50°C
57 Co(III) salen based complex/PPNY ° 19.7 0.00087 98.50 10—25 [80]
min~/
10°C
6" 1, 3-bis(3-methylimidazolium-1-yl) hexane dibromide/ZnBr2 29.6 0.0070 min~'/ 32.00 50—90 [81]
50°C
7° Cyclic polypyrazoles 9.9 0.0064 min~!/ 84.69 40—60 [82]
60 °C
8? Amino-functional ionic liquid 9.9 0.0152 min~'/ 45.90 100—130 [83]
100 °C
9" Polyhedral oligomeric silsesquioxane polyionic liquid 1 0.0430 min~!/ 41.25 65—90 [84]
65°C
10" Amine-functionalized bimetallic Co/Zn-zeolitic imidazolate framework with 3-amino-1,2,4 1 0.0029 min~'/ 39.50 50—100 [70]
triazole 80°C
11° DMAP/DPTU 1 0.0067 min~'/ 37.61 40—80 This
60 °C Work
12° DMAP/DPTU 1 0.0056 min '/ - - This
60 °C Work

2 — 100 % CO,, reaction order = 1;
b _ 15 9% CO,, reaction order = 1;
¢ — [PPN = bis(triphenylphosphine)iminium], [Y = 2,4-dinitrophenoxide].
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atm and 80 °C, the reaction rate was reduced (Kops = 0.0029 min™1)
compared to the DMAP/DPTU binary catalyst. Moreover, the DMAP/
DPTU catalyzed reaction between ECH and CO5 required a lower acti-
vation energy (37.61 kJ/mol) than many of the previously reported
metal-organic complexes and halide salts-based catalysts. Thus, the
current metal and halide-free catalytic strategy comprising a nucleo-
philic base (DMAP) and an N-H type HBD (DPTU) effectively promoted
a reaction that requires less energy, resulting in faster kinetics that
allowed high yields of CMEC under low CO;, partial pressure of 0.15 atm.

3.4.5. Mechanistic Considerations

The role played by each catalytic component was examined to un-
derstand the mechanism of DMAP/DPTU-mediated reaction between
CO2 and ECH. The role of DPTU was hypothesized to be related to its
capability to form hydrogen bonds with other molecules due to the
presence of the amino (N-H) group in its structure. Therefore, 'H NMR
technique was used to probe the existence of such hydrogen bonding
interactions between the DPTU molecule and the other components of
the reaction system by monitoring the variation of the chemical shift of
the protons [28,85]. As shown in Fig. 11, when a room-temperature
mixture of DPTU and ECH in CDCl3 was analyzed, the H NMR
spectra of the mixture revealed a downfield shift of the N-H proton
signal of DPTU from & of 7.80 ppm to 8.10 ppm (Fig. 11 a and c¢). In
addition, the aromatic proton signals of DPTU (labelled as 2 at & of 7.28
—7.46 ppm in Fig. 11a) also shifted upfield by approximately 0.05 ppm
as a result of the deformation of electron density around the aromatic

QL0
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Fig. 11. 1H NMR spectra in CDCl3 at 298 K: (a) DPTU [10 wt% in CDCls3], (b)
epichlorohydrin [10 wt% in CDCl3], (c) epichlorohydrin/DPTU [1:1 wt ratio,
10 wt% in CDCl3].
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rings of DPTU. These variations in proton chemical shifts may presum-
ably be caused by hydrogen bonding interaction between the N-H
proton of DPTU and oxygen atom of ECH. This supports the hypothesis
that the co-catalytic role of DPTU derives from its capability to activate
the ECH molecule through the coordination of N-H proton with the
electron-rich oxygen atom of ECH via hydrogen bonding to facilitate a
more effective ECH ring opening.

Furthermore, bases have been effective catalysts in reactions
involving CO5 and, interestingly, they have been thought to play varied
roles in these reactions. Bases were reported for the trapping and sub-
sequent transfer of COy through the formation of a base-CO, adduct
(carbamic complex) [86]. Nucleophilic catalysis by the base-CO, ad-
ducts in CO, reactions has also been reported [33,87]. Also, there have
been examples of the bases themselves acting as nucleophiles in CO,
reactions [88,89]. It was therefore envisioned that the catalytic role of
DMAP in the cycloaddition of CO2 to ECH could be based on one or
combination of the following mechanisms: (1) DMAP activates CO5 by
attacking its electrophilic carbon to form an activated complex (carba-
mic complex) which acts as either a ‘CO; carrier’ or a nucleophile in the
reaction (Fig. 12a) and (2) DMAP could act as a nucleophile in its bare
form to attack ECH (Fig. 12b).

13C NMR spectroscopy was applied to investigate the formation
of the activated complexes of Fig. 12 in the reaction systems. First, a
two-stage sequential process was implemented such that; (1) in the first
stage, CO5 could be pre-captured to form a carbamic complex, and (2) in
the second stage, the pre-captured CO, could react with ECH to form
CMEC. Consequently, CO, was bubbled through a mixture of DMAP/
PEGyp at room temperature for 2 h and upon shutting off CO4 gas, ECH
was added to the pre-captured CO2 and the mixture was stirred at 120 °C
for 24 h. The formation of a carbamic complex during the first stage
could be monitored through the appearance of the carbamic carbon (N-
COO) signal at chemical shift around 158.5—160.7 ppm [90], while
the formation of CMEC could be monitored through the carbonyl carbon
(C = O) signal at chemical shift of approximately 154.07 ppm. No extra
carbon signal belonging to a carbamic carbon was observed on the 13C
NMR spectra of the mixture from stage 1 (See Supplementary Material
Figure S4). Also, no signal belonging to the carbonyl carbon of CMEC
was observed on the >C NMR spectra of the mixture obtained from stage
2 (See Supplementary Material Figure S4). Also, TGA data showed that
between 30 - 110 °C, there was no significant difference in weight loss
between the mixture before and after the first stage (See Supplementary
Material Figure S5), indicating that there was no appreciable capture of
CO2 by DMAP/PEG30, hence the absence of the carbamic carbon signal
on 3C NMR spectra. These results strongly negate the formation of a
carbamic complex in the catalytic cycle and mechanism 1 could be
disregarded. Furthermore, 'H NMR analysis of an ECH/DMAP mixture
revealed the splitting of the signal of the methyl chloride (CHxCl) pro-
tons of ECH from a doublet at § of 3.55 — 3.57 ppm (ECH only) to a
multiplet at § of 3.51 — 3.59 ppm (ECH/DMAP) (See Supplementary
Material Figure S6). This observation indicates an interaction between
ECH and DMAP and such interaction is expected to arise from the
nucleophilic attack of DMAP on ECH forming the open ring complex of
Fig. 12b.

Important observations derived from the kinetics investigations
include (1) DMAP and DPTU each exerted a direct catalytic influence on
the reaction as kqps was directly proportional to the concentration of
each component, (2) the reaction order with respect to DMAP and DPTU
(order = 1) suggested the participation of one molecule of each per
molecule of ECH in the catalytic cycle, (3) experimental evidence sug-
gested the existence of interaction between the N-H proton of DPTU
with ECH molecule through hydrogen bond coordination, and (4)
experimental evidence showed the existence of interaction between
DMAP and ECH molecules which is suspected to arise from the nucle-
ophilic attack of DMAP on the electrophilic carbon atom of ECH. Based
on these observations and previous studies, the reaction mechanism of
Fig. 13 was proposed involving a synergistic catalytic action between



U.O. Eton et al. Fuel 382 (2025) 133657

\N/ \N/
\
| SN \ /N‘QN | §
SNTONF + CO, — |+ \‘ >
Z
I N \_0 KQO'
e
Ao << _ ’
Zwitterionic '
carbamic Ring-opened
complex complex
(a) (b)
Fig. 12. Possible activated complexes from the interaction of DMAP with CO, or ECH.
S -
N -1
N H
N \
®/ H‘\ \ =
o [,
cl [ WA Cco,
; 1-2 r
N— S«UN
Sﬁ/ H\\\ N \H\
@N\ > (g
Clﬂ . s Y /ﬁ’--\
N\ Y4 ‘N__
\ cl
\N/
@
(o] G (l?
> + C
N
’ Q10 o
'y ’
H H

Fig. 13. Proposed reaction mechanism for CO, cycloaddition to ECH catalyzed by DMAP/DPTU binary catalyst.

DMAP and DPTU. DPTU activates the ECH molecule via hydrogen bond 4. Conclusion
coordination. The nucleophilic DMAP then attacks the activated ECH

molecule, opening its ring and forming an oxy-anion complex (I-I). Synthesis of CMEC via the reaction of ECH and CO was achieved by
Previous studies identified the ring opening step as the rate-determining a metal-free and halide-free catalytic methodology involving a combi-
step [91-93]. Indeed, the reaction seldom occurred in the absence of nation of cheap and readily DMAP and N-H containing HBDs, namely

DMAP due to the lack of a nucleophilic specie to open the ECH ring. urea, thiourea, DPU, and DPTU. At a low concentration of 0.025 w/w
Combining DPTU with DMAP reduced the activation energy by 7.37 kJ/ relative to ECH, these N-H type HBDs enhanced the yield of CMEC,
mol suggesting that the activation of ECH molecule by DPTU promoted a indicating a positive synergy with DMAP. The DMAP/DPTU binary

less energy-demanding and more facile opening of ECH ring leading to catalyst showed superior catalytic activity among the catalytic combi-
faster kinetics. The oxy-anion complex attacks CO» on its electrophilic nations studied. The DMAP/DPTU binary catalyst remained sufficiently
carbon atom and the whole CO, molecule is incorporated to form a active under a 15 % C0O,/85 % N3 (v/v) simulated flue gas atmosphere to
carbonate complex (I-2) which undergoes a re-arrangement to form produce CMEC at low temperatures of 30 — 60 °C, and interestingly,
CMEC and regenerate the catalysts to complete the catalytic cycle. achieved a high CMEC yield and selectivity of 93 % and 98 %, respec-

tively at 40 °C after 24 h. The DMAP/DPTU binary catalyst was stable in
the presence of 5 % O, (v/v) in the simulated flue gas showing no decline
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in activity. However, a high concentration of H,O in the reactor had a
negative effect on CMEC yield and selectivity. Regarding other flue gas
constituents, further work is required to assess the impact SO, and NOy,
but ideally these need to be reduced to ppm levels to ensure the reaction
is not adversely affected. The reaction of ECH and CO5 was pseudo first-
order in ECH concentration. The catalytic cycle involved one molecule
each of the HBD (DPTU) and base (DMAP). The catalyst composition,
CO4 partial pressure, and temperature were significant factors that
controlled the reaction rate. The presence of DPTU accelerated the re-
action rate by a factor of 1.52 while a decrease in CO; partial pressure
from 1 to 0.15 atm decreased the reaction rate by a factor of 0.84. DPTU
decreased E, by 7.37 kJ/mol according to the Arrhenius model. The
values of AH and AG! were positive, suggesting that the reaction was
endergonic and kinetically controlled. A synergistic reaction mechanism
was proposed in which DPTU activates the ECH by hydrogen bond co-
ordination, while DMAP opens the ring of the activated ECH by nucle-
ophilic attack, allowing the CO5 molecule to be incorporated into the
open-ring intermediate to form CMEC.
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