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ARTICLE INFO ABSTRACT

Keywords: CO; chemical transformation is an exciting way to reduce CO, concentration in the atmosphere. The use of COy
Dimethyl carbonate to produce dimethyl carbonate (DMC), a linear, biodegradable, low toxicity carbonate via direct synthesis, is one
€Oz of the most promising routes from the environmental point of view. However, DMC direct synthesis presents
Methanol . . R

Catalysts obstacles such as unfavorable thermodynamics and catalytic deactivation due to the water produced as a by-
Synthesis product. Therefore, the development and optimization of a catalytic system that can overcome these obstacles

are crucial. This study investigated the catalytic activity of iron nitrate (AC-Fe), copper nitrate (AC-Cu), mag-
nesium nitrate (AC-Mg), and nickel nitrate (AC-Ni) impregnated in activated carbon for DMC direct synthesis.
Catalysts were synthesized by the impregnation method and characterized by several techniques. Simulation
results evidenced the major reaction steps and simplified models of a complex involving metallic catalysts and
reactants. The optimization of the catalyst amount, pressure, temperature, and recyclability of the best catalyst
under optimized conditions and in the presence of different dehydrating agents was also performed. Results
showed that the AC-Fe catalyst is the most efficient in the DMC direct synthesis, with a yield of 23.5 % and a
selectivity of 100 % (80 °C, 40 bar, and 24 h). Reaction optimization (120 °C, 40 bar, and 24 h) using (AC-Fe) as
catalyst resulted in a DMC yield of approximately 30 %. The catalytic systems recycling proved that using the
dehydrating agent right combination (molecular sieve) and catalyst (AC-Fe) can maintain selectivity at 100 %,
slightly decreasing yield.

1. Introduction

The application of carbon dioxide as a raw material in the chemical
industries is vital from an environmental perspective. However, indus-
trial processes using CO3 as a starting material are few, mainly due to the
large amount of energy required for its transformation [1]. Thus, some
of the methodologies for transposing the CO, transformation into useful
chemical products consist of using high-energy starting materials, such
as hydrogen, unsaturated compounds, low-carbon, and organometallic
rings. Also, choosing low-energy oxidized synthetic targets, such as
organic carbonates, represents a crucial strategy [2,3]. Besides, in re-
actions to synthesize DMC, it is necessary to use a catalyst, which can be
homogeneous, heterogeneous, or enzymatic. Promoting agents, such as
iodomethane, can also be used [4,5].

Carbonates produced from CO; chemical transformation must be
mentioned because they can selectively and efficiently replace hazard-
ous reagents in organic processes [6,7]. Organic carbonates can be
divided into two groups: linear carbonates (DMC and diethyl carbonate
(DEQ)); and cyclic carbonates: ethylene carbonate (CE), propylene car-
bonate (CP), butylene carbonate (CB), and glycerol carbonate (CG)
[6-10]. Fig. 1 shows the structures of the main carbonates.

DMC is an essential chemical intermediate of easy degradability,
high polarity, low viscosity, and toxicity used in various applications.
For example, DMC is a raw material in polycarbonate synthesis, a widely
used polymer in construction, automobiles, medical devices, and elec-
trolyte solvent for lithium batteries due to its high dielectric constant
and an environmentally friendly reagent for methylation and carbon-
ylation [4,10-13].
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Fig. 1. Main linear and cyclic organic carbonates [9].

DMC can be synthesized by several routes, such as phosgene, trans-
esterification, urea alcoholization, oxidative methanol carbonylation,
and direct synthesis from methanol and CO2 [11]. Phosgenation,
oxidative carbonylation of methanol (oxycarbonylation) in a liquid
phase, and transesterification processes reached industrialization.
However, due to the high toxicity of the raw material (phosgene), the
phosgenation route was discontinued. In contrast, DMC industrial pro-
duction by oxycarbonylation and transesterification routes is a mature
technology. The use of these routes in DMC production has some
drawbacks, including the high toxicity of reagents and equipment
corrosion [11,12,14].

To overcome these disadvantages, the direct synthesis of DMC is
extensively studied to promote an increase in DMC yield and, at the
same time, use non-toxic reagents that do not enable corrosion of tanks
and other equipment [6,7,12,15-25]. Fig. 2 shows the scheme of the
direct synthesis of DMC.

Homogeneous catalysts can produce DMC through direct synthesis.
Among them are thallium (I) hydroxide, tin (IV) tetralkoxides, dialkytin
dialkoxides, bases, C/N-chelated organotin (IV) trifluoromethane sul-
fonates [4,12,26-34]. However, the use of homogeneous catalysts pre-
sents, as the central challenge, catalyst separation from the reaction
medium. Therefore, heterogeneous catalysts, such as CeOy and ZrOs [7,
15], Ceg.5Zrp.502 [31], Ceg.4Zrg 02 [20], and Cu-CeO, can overcome
this drawback [35].

In addition to using several kinds of catalysts, one can use catalytic
supports, such as silica, activated carbon, alumina, among others [36].
The use of supports should be explored to increase DMC production
yield due to the structural, chemical, and thermal properties that help
catalytic activity [37]. One of the most studied supports is activated
carbon. Oxygen-containing sites in the carbon’s structure facilitate the
adsorption of metal ions (catalysts). Besides, hydroxyls kept on inor-
ganic supports tend to destabilize more easily impregnated catalysts,
whose disruption does not occur with the use of activated carbon [36,
38]. Several studies have analyzed the use of activated carbon to support
impregnation of the metal ions and concluded that the catalytic activity
is increased by support porosity, allowing the reuse of supported

0
2 HC—OH + COp =— Hﬁ\o/ﬂ\O/CHa + A\ M

Fig. 2. Direct synthesis of DMC [4].
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catalysts [39-41]. Thus, the support efficiency can be rated as follows:
activated carbon > alumina > zeolite > silica [37].

Herein, we report the impregnation of different metals in activated
carbon. The obtained samples were characterized and evaluated as
catalysts in the DMC direct synthesis. The results from the simulation
evidenced the main reaction steps providing simplified models for the
metals-reactants complexes. The use of molecular sieves as dehydrating
agents and iodomethane (CH3l) as a promoter was also tested. The
recycling of the best-supported catalyst was evaluated in the DMP syn-
thesis using different dehydrating agents and sieves.

2. Methodology
2.1. Materials

Methanol (> 99.9 % - EMSURE®), iodomethane (> 99.5 % -
ALDRICH), diethyl ether (> 99.9 % - ALDRICH), dimethyl carbonate -
DMC (> 99.5 % - ALDRICH), activated carbon (CarboActiv G Plus
Brascarbo- 325mesh), iron (III) nitrate nonahydrate (> 98.5 % -
ALDRICH), copper (II) nitrate trihydrate (> 99.0 % - ALDRICH), nickel
(II) nitrate hexahydrate (> 99.5 % - ALDRICH), magnesium nitrate
hexahydrate (> 99.9 % - ALDRICH), pearl-shaped molecular sieves (3A -
ALDRICH), 2,2-dimethoxypropane (98 % - ALDRICH) and CO3 (99.8 % -
White Martins).

2.2. Synthesis of metallic catalysts by the impregnation method in
substrates

The catalysts were synthesized using the evaporation impregnation
method [42]. This method consists of preparing a solution containing 10
g of the support material (activated carbon) and 1.7 g of different metal
nitrates (iron, copper, magnesium, and nickel) in 250 ml of distilled
water. Afterward, the solution is kept under constant agitation and at a
temperature of 60 °C for 24 h; it is placed in an oven at 100 °C overnight
and, finally, calcined at 600 °C for 3 h.

2.3. Characterization of supported metal ions

2.3.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a TA In-
struments model Q600 equipment, ranging from room temperature to
1000 °C, with a heating rate of 20 °C/min under a synthetic air atmo-
sphere. The calculation to determine the actual impregnation (%) of the
metals in the activated carbon sample was carried out according to Eq. 1,
where the difference among the metal impregnated carbon (ACX)
sample weight and the weight of the pure carbon (AC) sample in the
temperature range of 25-800 °C gives the percentage of impregnation
[43].

% = (wt% ACX 25 — 800 °C) — (wt% AC 25 — 800°C) 1

2.3.2. Scanning electron microscopy with field emission (SEM-FEG)

Analysis of Scanning Electron Microscopy with Field Emission (SEM-
FEG) was performed using FEI Inspect F50 equipment in the mode of
secondary electrons (SE). The films were placed in a stub and covered
with a gold foil.

2.3.3. BET

The specific surface area was calculated based on the Brunauer-
Emmet-Teller (BET) method. The pore size and the pore volume were
determined by the Barret-Joyner-Halenda method. Before all analysis,
samples were degassed at 150 °C for at least 3 h.

2.3.4. FTIR-UATR
The chemical structures of supported catalysts and activated carbon
were assessed by infrared spectroscopy technique using a Perkin - Elmer
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100 Spectrum at wavenumber range 4000-650 em ™! with accessory
UATR (universal attenuated total reflectance). All samples were
analyzed in the form of powder.

2.3.5. XRD

The samples were placed in the sample holder of the Shimadzu
model XRD 7000 (X-Ray Powder Diffraction) equipment and analyzed
between 2 and 70 degrees (the region where the most intense peaks can
appear). Copper k alpha radiation was used for analysis, and parallel
geometry support was used for the surface analysis.

2.4. DMC synthesis

A 120 mL reactor (made of a titanium alloy) with constant magnetic
stirring was used to perform the experiments. The temperature was
controlled using a thermocouple connected to a temperature controller
and kept steady using a resistive thermal band in both reactors. The
reactor was equipped with metallic compartment support in the gas
phase filled with molecular sieves [4]. For a typical reaction, 213 mmol
of methanol, 0.7 g metal impregnated activated carbon, 20 mmol of
CHsl, 2.0 g of molecular sieves, and 40 bar of CO, were used. The reactor
was pressurized with CO at 40 bar and heated at 80 °C. At the end of the
reaction, the reactor was cooled to room temperature and slowly
depressurized.

The best-performance catalyst was used to optimize the temperature
(80, 105, and 130 °C) and pressure (40, 45, and 50 bar) parameters in
direct DMC synthesis. Finally, an analysis of 4 recycles was performed
using the best catalyst supported on the activated carbon. After each
reaction, the catalyst was washed several times in methanol and dried in
an oven overnight. Catalyst reuse evaluation was performed using three
different systems, namely A: 3A molecular sieve (dehydrating agent); B:
DMP (dehydrating agent); C: molecular sieve (gas phase) combined with
DMP (liquid phase), as described in previous work [4]. The reaction
conditions were as follows: pressure: 40 bar; temperature: 120 °C; time:
24 h; 0.7 g of AC-Fe; 2.0 g molecular sieve; 10 mmol of DMP; 213 mmol
of methanol; 20 mmol of CHsl.

All reaction tests were performed in triplicate and analyzed by gas
chromatography (GC) to determine yield, conversion, and selectivity
[4]. The equipment used was the Gas Chromatograph Shimadzu
GC-2014 with SH-Rtx-5 column and the programming of 31 °C for 0.5
min, rate of 10 °C / min to 50 °C for 1 min, rate of 20 °C / min to 100 °C
for 2 min and rate of 50 °C / min to 220 °C for 2 min. The samples were
diluted with a concentration of 4 % (v/v) in ethyl ether and injected into
the GC to determine the DMC peak area (2.4-2.7 minutes). The calcu-
lations performed to determine conversion, selectivity, and yield were
achieved according to Faria et al. [4].

Methanol conversion was calculated using Eq. 2.

Methanol conversion (%) = ((Methanol reacted) (Methanol total)) * 100
(2)
DMC selectivity was obtained by Eq. 3.
DMC selectivity (%) = ((DMCY(DMC + (by — products))) * 100 3
DMC yield was determined using Eq. 4.

DMC yield (%) = ((Methanol conversion (%)) x (DMC selectivity(%)))/100
4

2.5. Statistical analysis

Minitab 18 Statistical Software-ANOVA was used to do statistical
analysis to assess the standard deviation of tests performed in triplicate
and analyze the Tukey test with 95 % reliability. Equal letters show
statistical equivalence of the sample averages. Also, temperature and
pressure parameters were optimized by analyzing the surface and con-
tour graph.
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2.6. Simulation methodology

Electronic-structure calculations and potential energy minimum
search for multiple molecular structures were conducted using the
GAMESS-US (2014) package of programs [44], Atomic Simulation
Environment Toolkit (ASE) [45], Gabedit 2.8 [46], Visual Molecular
Dynamics (VMD 1.9.1) [47], Avogadro [48], and in-home programs
[49-51]. Molecular geometries corresponding to local-minimum struc-
tures (only positive vibrational frequencies) were subject to the calcu-
lation of thermochemical properties at different conditions.

The electronic structure of the simulated species was optimized by
the hybrid density functional theory (M11 functional) [52] that includes
dispersion interactions [53] and provides a generally decent quality of
results in the case of organic moieties. The MIDI split-valence basis set
[54] was used to construct molecular wave functions for every reactant
and product. The electronic wave function convergence criterion was set
to 1 x 1073 kJ mol ™. The steepest descent geometry optimization cri-
terion was set to 0.5 kJ mol ™! for potential energy surface investigation
and to 0.05 kJ mol ! to derive thermochemical parameters. Frequency
analysis was performed for optimized molecular structures, and the
absence of negative frequencies in the profile was assured.

The Gibbs free energy of the reaction was calculated as a difference
of the total Gibbs free energy of the products and the total Gibbs free
energy of the reactants.

3. Results
3.1. Metal impregnated support characterization

3.1.1. TGA

Fig. 3 presents TGA analysis. All samples showed two stages of mass
loss. In the first stage, moisture evaporation occurs (temperatures below
150 °C) [55-571, and AC presented the most significant loss of mass (18
%), followed by AC-Fe (14 %), AC-Ni (12 %) and, AC-Cu and AC-Mg (10
%). In the second degradation stage, the sample AC started the degra-
dation at T = 420 °C, but the other impregnated metal-containing
samples began the second degradation stage near T = 400 °C, which
may be related to the loss of components from the lignin present in the
coal [58]. The bare activated carbon (AC) sample showed a total mass
loss of approximately 35.51 % due to structural decomposition. Samples
mass loss were as follows: AC-Fe 17.13 %, AC-Cu (22.10 %), AC-Mg
(27.34 %), and AC-Ni (29.48 %). Therefore, metals impregnation in
the activated carbon is following the order: AC-Fe (18.38 + 1.2 %)>
AC-Cu(13.41 £ 0.7 %)>AC-Mg (8.17 £ 1.1 %)>AC-Ni (6.03 £ 0.9 %) in
close agreement with ICP-OS analysis (see Table S1).
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Fig. 3. TGA analysis of samples containing pure support and metals impreg-
nated with activated carbon.
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3.1.2. SEM-FEG

Different metal nitrates were impregnated in the activated carbon
sample to evaluate their anchoring capacity with the support surface.
Fig. 4 shows the SEM-FEG images of activated carbon (AC) and AC
impregnated with different metals.

The micrographs of pure AC showed a surface with pores (meso-
pores/macropores/micropores). Such regions are essential because they
serve to anchor metals on the support surface [59]. Activated carbon can
be considered a very efficient support due to porous channels in its
structure, facilitating metal impregnation [60]. Yet, dispersed and
agglomerated particles in the activated carbon structure were observed
in all samples. However, the anchoring of metals tends to occur more
efficiently in the pores of the support structure, avoiding the anchored
metal being leached as the catalyst is reused. EDS analysis for all samples
is presented in Fig. S1 [61,62].

Metal insertion in the activated carbon porous cavities could cause
changes in its structure [63]. One noticed particle agglomerates from the
added metals in the impregnated activated carbon samples, indicating
that the impregnation occurred satisfactorily [64-67]. The literature
describes AC as a support with a relatively high surface area. Pore
presence in AC is responsible for this morphological and structural
characteristic facilitating CO5 diffusion through the structure, benefiting
its use when applied in catalysis [64,67,68].

3.1.3. BET

The specific surface area, pore-volume, and pore radius analysis are
essential to determine the ability of the materials to impregnate the
metal ions used as catalysts in the DMC direct synthesis [69,86]. Table 1
shows the specific surface area, pore-volume, and pore radius of syn-
thesized samples analyzed by BET (Brunauer, Emmett, and Teller).

Activated carbon (AC) has a specific surface area value of 985 m? / g,
a pore volume of 0.58 cm® /g, and an average pore radius of 1.5 nm. Yet,
the Ny adsorption-desorption isotherm (Fig. S2) is a type IV isotherm
and type H4 hysteresis following Teng et al. [70]. The narrow hysteresis
curve corresponds to the moderate presence of micropores in the ma-
terial structure and a more important number of mesopores [71]. For all
samples, metal impregnation promoted the increasing or maintenance of
the pore radius, except for the case of copper impregnation, where we
noticed an increase in the pore radius caused by the support structure
disruption during impregnation [73,74]. A decrease in the AC-specific
surface area and pore volume is expected due to metals impregnation
in the micropores and deposition in the mesopores, causing channel

Journal of CO2 Utilization 53 (2021) 101721

Table 1

Specific surface area, volume, and radius of pores of AC and impregnated iron
nitrate (AC-Fe), copper nitrate (AC-Cu), magnesium nitrate (AC-Mg), and nickel
nitrate (AC-Ni) samples.

Sample BET (m?%/: 2) Pore volume (cm3/g) Average pore radius (nm)
AC 985 0.58 1.5
AC-Fe(NO3)3 620 0.48 1.6
AC-Cu(NO3), 177 0.22 2.5
AC-Mg(NO3), 797 0.57 1.5
AC-Ni(NO3)» 569 0.42 1.5

blockage that decreases the pore volume. This behavior agrees with
SEM-FEG results, indicating metal impregnation in porous channels and
deposition on the support surface [39,60,72].

3.1.4. FTIR

Fig. 5 presents FTIR spectra for the pure AC and AC-impregnated
metal samples.

All samples showed bands around 3500 cm™! attributed to OH (hy-
droxyl) groups. The AC sample showed a band at 900 - 1200 cm™,
attributed to silicon present in the activated carbon structure (Fig. S1)
related to two types of bonds (Si-OH and C-O). The band at approxi-
mately 3333 cm™! for activated carbon indicates ~OH bonds, and small
bands at 1582 cm ™! and 1192 cm™ C=C and C-O bonds, respectively
[63,75-771.

For AC support impregnated with iron nitrate, bands close to 1550
cm ™! and 1400 cm™! can indicate the presence of iron hydroxide par-
ticles, FeO(OH). Bands in the range of 701-709 cm ! indicate hematite
(Fe203) formation due to the support structure-metal interaction. Bands
at 1000-1200 cm ™! show CO-type bonds present in the activated carbon
support [78,79]. For AC-Cu, bands between 2100-2200 cm ' can
indicate C-H, and small bands close to 3000 cm ™! refer to the Cu-N bond
[80]. A band around 1400 em~! is attributed to the metal (copper)
attached to the hydroxyl group [81,87].

In the case of magnesium nitrate, the metal is in its oxidized form. A
small absorption band around 1635 cm! refers to the Mg-NO; bond,
vibrations of the carbonate groups on the surface were identified at 1384
cm’l, and bands referring to MgO at 825 em! [82,83]. For the com-
posite AC-Mg, the -OH and —CH bonds are seen at 3427 cm ™! and 2921
em ™, respectively [84]. Vibration bands from carbonate groups of
MgCOg3 appear at 1466, 1384, and 1124 em! [84,85]. The band of
metal in the oxidized form appears in the range of 900-400 cm ! [85,

Fig. 4. MEV-FEG image of samples AC and AC-Fe, AC-Cu, AC-Mg, AC-Ni (augmentation 1000x and insert 10000x).
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to the hydroxyl group; 14:oxidation state (+2) of impregnated Ni;15: region of
the conjugation of the di-aryl group.

99].

For AC samples impregnated with nickel nitrate, a band at 3459
cm ! can evidence the oxidation state (+-2) of the impregnated nickel.
Methylene (-CH3) and the methyl (~CHs) groups stretching bands ap-
pears at 2848-3032 cm L. Around 1450-1650 cm ™%, one can see the
band referring to C=C, and at 670-900cm ™!, the -CH bond. Carbonyl
and carboxyl group bands appear between 1860-1650 em™! [67,101].
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Fig. 6. XRD of activated carbon (AC) and AC impregnated with metals.
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3.1.5. DRX

The XRD analysis samples of pure AC and AC impregnated with iron
nitrate, copper nitrate, magnesium nitrate, and nickel nitrate is shown in
Fig. 6.

The AC sample showed carbon and graphite carbon planes at an
angle of 20 close to 25° and 43°. Diffraction peaks below 25° and close
to 44° are probably related to the carbonic graphite hexagonal structure.
The absence of diffraction peaks below 25° is most likely due to a
disturbance of the graphitic carbon structure due to the iron interaction
with carbon atoms [88].

For AC-Fe samples, the graphite structure formed by the catalytic
action of iron particles (ion Fe*') impregnated in carbon appears at
26.2° [89]. Diffraction peaks around 59° and 62.5° correspond to (511)
and (440) planes of Fe3O4 [88,90-93]. Besides, a peak near 25° corre-
sponds to goethite (120) (JCPDS Card n°. 29-0713), at 35° and 45° to
hematite (104) (JCPDS Card n°. 33-0664) or goethite (021), at 45° and
55° to hematite (024) and (116) [94]. According to Ramirez et al. [95],
peaks at 26° and 43° are associated with AC typical turbostratic struc-
ture and, close to 35°, FeO (111) (JCPDS Card n°. 74-1886) phases may
be present.

Copper impregnation caused interference in the structural plane due
to copper in the form of copper oxide at 35.4° and 38.6°, which corre-
spond to CuO (JCPDS Card n°. 48-1548) [96]. The small peak around
44.2° corresponds to the metallic copper plane (111) (JCPDS Card
n°.4-836). Besides, the peak around 25.0° is attributed to the plane (002)
of amorphous carbon [97].

The X-ray diffractogram of AC-Mg showed no significant difference
to the pure support, presenting a broad peak between 20° and 30°
attributed to activated carbon. The absence of peaks in the AC-Mg
sample is attributed to the amorphous MgO structures formed in the
activated carbon [98].

For the AC-Ni sample, peaks around 22° and 27° were attributed to
carbon structures of activated carbon. The peak at 45° corresponds to
the crystalline plane (200) of NiO (JCPDS Card n°. 04-0835) [100].

3.2. DMC synthesis reactions

3.2.1. DMC synthesis reactions using activated carbon impregnated with
metals as catalysts

Table 2 presents methanol conversions, DMC yield, and selectivity
values for reactions using the supported catalysts.

Surprisingly, bare AC is active in the DMC synthesis resulting in a
yield of 5.5 % (Entryl, Table 2). The catalytic activity occurred most
likely due to metals present in the pure coal structure, mainly iron, ac-
cording to the ICP-OS analysis performed on the samples (Table S1). The
AC-Fe sample obtained the highest yield, reaching 23.5 % with 100 %
selectivity (Entry 2, Table 2). The AC-Cu also showed an acceptable

Table 2

Conversions, yields, and selectivity of reactions using catalysts supported on
activated carbon. Reactions were performed using 213 mmol of methanol, 20
mmol of CH3 I, 2.0 g of molecular sieves, 40 bar pressure, the temperature of 80
°C and the time of 24 h. The letters refer to the Tukey Test, where the same
letters mean the statistical equality between the samples.

ENTRY CATALYST  DMC METHANOL DMC
SELECTIVITY (%)  CONVERSION (%) YIELD (%)

1 AC 100 5.5 £ 0.6° 5.5 + 0.6°

2 AC- Fe 100 23.5 + 0.8% 23.5 +
(NOs)s 0.8°

3 AC-Cu 100 18.4 + 0.9° 18.4 +
(NO3), 0.9°

4 AC-Mg 100 4.0 £0.2¢ 4.0 £0.2°
(NO3)2

5 AC-Ni 100 4.8 £ 0.6° 4.8 £ 0.6°
(NO3)2

6 Fe(NO3)s 100 2.8 + 0.6¢ 2.8 + 0.6¢

7 Ni(NO3)s - Traces Traces
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catalytic activity resulting in a DMC yield of 18.4 % and selectivity of
100 % (Entry 3, Table 2). AC -Mg (Entry 4, Table 2) and AC -Ni (Entry 5,
Table 2) showed low catalytic activity resulting in 4.0 % and 4.8 % of
DMC yields with 100 % selectivity. We also tested pure iron nitrate as a
catalyst (see Entry 6, Table 2), resulting in low DMC yield (2.8 %) and
100 % of selectivity and Ni(NOs); (see Entry 7, Table 2), producing only
DMC traces. As seen in Table 2, the selectivity was 100 % for all catalytic
systems. Fig. S3 shows a typical chromatographic analysis for Ac-X
samples exemplified when using Ac-Fe as catalyst (Table 2, entry 2),
evidencing only the peaks belonging to methanol in 1.7 min, the solvent
in 2.0, and DMC close to 2.6 min. These results corroborate that metal
impregnation in AC improves the catalytic activity in DMC direct syn-
thesis. Simulation results confirmed the need for the catalyst to foster
the reaction (see Table 4), decreasing the reaction barrier due to the
electrostatic interaction of the oxygen atom and the metal ion.

The letters above the results represent the Tukey Test to demonstrate
statistical equality among the supported catalyst performance. As seen,
AC, AC-Mg, and AC-Ni are statistically equal and, AC-Fe and AC-Cu are
statistically different from the others. Therefore, among the evaluated,
supported catalysts, AC-Fe proved to be the best. Thus, the catalytic
performance follows the order: AC-Fe > AC-Cu > AC = AC-Mg = AC-Ni
> Fe(NOs)s> Ni(NOg)z.

TGA findings showed that the iron nitrate impregnation on activated
carbon was more satisfactory than Cu, Mg, and Ni (Fe = 18.38 %; Cu =
13.41 %; Mg = 8.17 %; Ni = 6.03 %). The higher catalytic performance
is most likely related to the higher metal-impregnated content in the
support, corroborated by simulation founds (see section 3.2.3). Yet,
metal acidity is a determining factor for catalytic activity. Fe3* presents
a hard acid character reacting efficiently with a hard base (methanol)
[102-104]. On the other hand, Cu?*, Mg?*, and Ni?* have an inter-
mediate acid character, making them less susceptible to react with a
hard base (methanol) [102-104].

Table 1 shows no concrete relation between the specific surface area
and the supported catalyst activity. Therefore, the impregnated support
structure analysis may indicate that metals are present on the support
surface and pores. However, it does not show direct influence on the
catalytic action [38,39,63,67,75,105].

Li et al. [106] evaluated the combination of iron and zirconia, in
different proportions, as a catalyst in the DMC direct synthesis (110 °C, 5
bar, and 4 h of reaction). They evidenced that the increase in the number
of iron particles increases DMC yield. Therefore, the use of Feq 7Zro 30y
presented a DMC yield of 4 % and 100 % selectivity, concluding that the
combination of zirconia with iron was fundamental to increase yield and
selectivity. Chen et al. [38] evaluated the use of copper chloride
impregnated in activated carbon in the DMC direct synthesis (25 °C and
140 bar), reaching around 5.0 % of methanol conversion and up to 90 %
selectivity. Therefore, the combination of copper with the activated
carbon structure influenced the increase in conversion and the product
selectivity, obtaining a DMC yield of 4.5 %. Table 3 presents some
literature related to DMC synthesis and different catalysts used to in-
crease DMC yield.

We noticed that several studies refer to catalysts and dehydrating
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Table 4

Gibbs free energies computed from electronic wave functions and vibrational
frequencies for different reaction pathways at different conditions correspond-
ing to the experimental setups in this research work. DMC and HI are produced
out of CH30H, CH3sl, and CO». Thermochemistry for DMC and H,0 produced out
of two methanol molecules and one carbon dioxide molecule (alternative
transformation) was computed to show that this reaction is less energetically
favorable at all physically sound conditions, as compared to the reaction
involving the methyl iodide promoter: CH30H + CH3l + CO, = DMC + HI. The
precise procedure of thermochemistry calculation is described elsewhere [120].

Conditions Gibbs free energy for different products, kJ mol~*

T,°C P,bar CH30H + CH3l + CO,=DMC + HI  2CH30H + CO5 =DMC + H,0
25 1 46 69

25 50 36 60

80 50 43 67

130 50 49 74

80 1 54 79

80 40 44 68

80 100 41 65

80 200 39 63

agents in the DMC direct synthesis (Table 3). The present work (Entry 1
and 2, Table 3) presents good DMC yield values compared to the liter-
ature. Each catalyst interacts differently in the reaction, so pressure and
temperature parameters influence DMC yield and selectivity, as
demonstrated by simulation results (see Section 3.2.3). Entry 1 and
Entry 2 showed that a combination of the temperature of 80 °C and a
pressure of 40 bar was efficient to promote an effective yield, however,
we expect that changing these two parameters can lead to a considerable
improvement in DMC yield.

Stoian et al. [110] used Mg-Al hydrotaleite on silica Lyogel at 130 °C
and 10 bar, reaching a yield of approximately 16 %. On the other hand,
Wang et al. [112] and Chen et al. [112] chose to insert dehydrating
agents (DMP and molecular sieves), achieving low DMC yields (3.2 %
and 5.0 %).

Thus, parameters such as pressure, temperature, time, catalyst
amount, and the presence of dehydrating agents and promoters influ-
ence the catalytic activity of catalysts in the direct DMC synthesis.

3.2.2. Parameter optimization for direct DMC synthesis

As seen, AC-Fe is the most effective catalyst; however, factors such as
catalyst amount, temperature, and pressure parameters can improve the
reaction yield [6,8,10,12,42,85,113]. Fig. 7 shows the conversion and
selectivity when using the AC-Fe catalyst in different quantities.

We noticed that the use of 0.4 g of AC-Fe showed a low methanol
conversion (~4.0 %), whereas the increase of catalyst content to 0.55 g
increased the conversion to ~16.0 %. When expanding to 0.7 g, a sig-
nificant methanol conversion increase was observed, reaching 23.5 %.
Also, a decrease in conversion was observed when increasing the AC-Fe
catalyst content to 1.0 g and 1.3 g. The addition of a more significant
amount of AC-Fe does not increase the methanol conversion. The
selectivity was 100 % in both reactions. Al-Darwish et al. [114] observed
the same behavior for cobalt oxide, showing that concentrations in the

Table 3
Available literature data in the area of DMC synthesis.
Entry Catalyst Promoter/ dehydrating agent Temperature (°C) Pressure (bar) Yield (%) Literature
1 AC-Fe CH;zl/molecular sieves 80 40 235 This work
2 AC-Cu CHsl/molecular sieves 80 40 18.4 This work
3 Cu-Ni/graphene - 110 30 13 Deerattraku et al. [107]
4 K,CO3 - 120 50 ~3 Liu et al. [91]
5 Feo.7Zr0.30y - 110 50 ~4.0 Li et al. [106]
6 Tig.04Ce0.9602 - 120 80 ~4.0 Fu et al. [108]
7 Cu-Ni/Zeolitic Imidazolate - 110 20 ~7.0 Poungsombate et al. [109]
8 Mg-Al Hydrotaleite/Silica Lyogel - 130 10 ~16.0 Stoian et al. [110]
9 CeO, DMP 140 50 3.2 Wang et al. [111]
8 Cu-Ni/molecular sieves Molecular sieves 4A 120 110 5.0 Chen et al. [112]
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Fig. 7. Methanol conversion and selectivity using different amounts of the
supported catalyst (AC-Fe). Reactions were performed using 213 mmol of
methanol, 20 mmol of CHjs I, 40 bar pressure, the temperature of 80 °C and the
time of 24 h.

range of 2.5 %-10.0 % were efficient in the DMC synthesis; however,
higher values decrease the DMC yield. Thus, with the use of 0.7 g of
AC-Fe, the study of temperature and pressure parameters optimization
was carried out. Fig. 8 presents the contour chart for DMC direct syn-
thesis at different pressures and temperatures.

To achieve the highest DMC yield (above 25 %), a higher tempera-
ture (120 °C) and pressure around 40 bar will be needed, as seen in
Fig. 8. The response surface graph (Fig. S4) proves that higher temper-
atures and medium pressures favor DMC yield when using AC-Fe as a
catalyst (0.7 g) and 24 h of reaction time.

Xuan et al. [115] evaluated the use of MOF-808-X as a catalyst in
DMC direct synthesis, concluding that increasing temperature up to 140
°C results in a DMC yield improvement. Also, they noticed that pressure
and catalyst amount improved process efficiency to the point of stabi-
lization. The yield curve of the synthesis remains constant. Chen et al.
[116] analyzed the use of TiyCe;.xO2, concluding that at higher tem-
peratures (120-140 °C) and mild pressures (12-24 bar), methanol
conversion becomes more efficient, enabling to reach up to 24.3 %
conversion, 70.5 % of selectivity, approximately 17 % of DMC yield (140
°C and 24 bar) and, 10.1 % conversion and 88 % selectivity, with about
8.8 % yield (100 °C and 12 bar). They also evidenced that oxygen species
from adsorbed CO can fill the catalyst surface vacancies playing a
crucial role in promoting methanol and carbon dioxide catalytic con-
version into DMC. Functional theory suggests that the cleavage of
O=C=O0 bonds is energetically less endothermic when an oxygen atom

Countour chart
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Fig. 8. Contour chart for DMC yield at different temperatures and pressures.
Reactions were performed using 213 mmol of methanol, 20 mmol of CH3l, 0.7 g
of catalyst (AC-Fe), and 24 h time.
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of CO fills an empty oxygen site [116].

According to the DMC direct synthesis thermodynamics, the exces-
sive temperature increase is unfavorable for the energetic process effi-
ciency [117]. Studies indicate that the increase in yield for carbonate
production occurs at a specific temperature. Pressure intervals need to
be optimized and other reaction parameters such as catalyst, dehy-
drating agents, among others [118,119]. Therefore, for the use of AC-Fe
as a catalyst in DMC direct synthesis, higher temperatures, and mild
pressures are necessary to achieve higher conversion, selectivity, and,
consequently, yield. In the tested system, the temperature of 120 °C
using AC-Fe as a catalyst combined with the other reaction conditions
(pressure = 40 bar, time = 24 h, catalyst = 0.7 g) is efficient for DMC
direct synthesis. Stepwise simulations of the DMC formation reaction
and the energy barrier detected (see Fig. 9 and Table 4) corroborated the
need for elevated temperatures to produce DMC as a primary reaction
product.

3.2.3. Simulation results

The major reaction steps are depicted in Fig. 9. We also exemplify
simplified models of complexes involving metallic catalysts and re-
actants (carbon dioxide and methanol). The reaction starts with CO,
attachment to CH3OH (Fig. 9a) that is fostered by the catalyst. Transfer
of the hydrogen atom becomes possible. Next, DMC and hydrogen iodide
are formed (Fig. 9b). Thanks to possessing non-zero electric moments
(dipole one in case of CH3OH and quadruple one in case of CO3), both
reactants strongly interact with the catalyst particle, see Fig. 9¢c,d, that is
adsorbed on AC.

The synthesis of DMC, despite a positive role of the metal ions, is
energetically tough (Table 4). We provide thermochemistry calculations
for DMC formation out of CH30H, CO, and CH3l along with a simplified
pathway that involves 2 methanol molecules and CO,. Comparison of
mechanisms  involving = CH30H + CH3l+ CO=DMC+HI  and
2CH30H 4 CO2 =DMC + H30 clearly reveals that the former one is
more thermodynamically favorable at all considered experimental
conditions. Thus, the presence of CHsl as a promoter in this work makes
practical sense.

Analysis of the Gibbs free energies at different confirms the principal
impossibility to achieve high yields of DMC using the proposed reaction
schemes become the reaction Gibbs free energy is directly proportional
to the reaction equilibrium constant. Pressure increase shifts equilib-
rium towards the products for both reactions, but the effect of a signif-
icant pressure increase is rather modest (Table 4). Elevated
temperatures used in our experimental setups are unfavorable for the
reaction Gibbs free energies and hence shifts equilibrium towards re-
actants. However, they were absolutely necessary to get an essential
fraction of DMC as a major reaction product in the experimental studies.
This observation allows us to hypothesize that the DMC formation re-
action is associated with rather high energy barriers that are only
partially decreased by the metallic catalysts adsorbed on AC.

3.2.4. Evaluation of the reuse of the AC-Fe catalyst

As discussed earlier, the AC-Fe catalyst at 120 °C of temperature and
mild pressures (40 bar) were the reaction conditions optimized for DMC
direct synthesis. AC-Fe catalyst recycling (4 cycles), using different
dehydrating agent systems (sieve and DMF) separately and combined,
and the optimized reaction conditions can be seen in Fig. 10.

We noticed that system A (molecular sieve in the gaseous phase)
presented the highest methanol conversion since the initial recycling
(recycle 0) reached approximately 30 % methanol conversion and 100 %
selectivity. A methanol conversion decrease was observed in the first
recycle (recycle 1 = approximately 22 %). However, a slight decrease
was observed in the other cycles (recycle 2 = approximately 20 %;
recycle 3 = approximately 19 % and recycle 4 = approximately 18 %).
Selectivity in all recycles for system A remained 100 %; there was no by-
products formation during the process in all recycles.

For the B system (DMP in the liquid phase), the initial methanol
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Fig. 10. The conversion and the selectivity of DMC synthesis using the AC-Fe
catalyst. A: molecular sieve 4A (dehydrating agent); B: DMP (dehydrating
agent); C: molecular sieve (gas phase) combined with DMP (liquid phase). *
Pressure: 40 bar; Temperature: 120 °C; Time: 24 h; 0.7 g of AC-Fe; 2.0 g of
molecular sieve; 10 mmol of DMP; 213 mmol methanol;20 mmol of CH3l.

conversion (recycle 0) of approximately 18 % remained constant in the
first recycle (recycle 1). However, we noticed a drastic methanol con-
version decrease, down to 3 %, in the recycle 4. Also, DMP in the liquid
phase produces a by-product (ketone), decreasing DMC yield and
selectivity during the reuse needing a DMP purification step [4].
Therefore, the DMP in the liquid phase does not improve methanol
conversion and selectivity when used for catalyst recycling. On the other
hand, system C (sieve combined with DMP) showed similar methanol
conversion and selectivity to system B throughout the recycles. Thus, the
DMP present in the liquid phase may be preventing the action of mo-
lecular sieves in the gas phase and impairing the system’s dehydration.

Several studies on catalyst recycling are described in the literature,
aiming to reduce DMC production costs [114,117,121,122]. Al-Daewish
et al. [114], analyzed CeO; as a catalyst in different forms for DMC
synthesis, namely: CeO3, CoO/ CeO2, NiO/ CeOs, CaO/ CeOy and CuO/
CeO,. Reuse was evaluated under reaction conditions of 140 °C, 30 bar,
3 h, and 0.5 g catalyst. The maximum yield for CeO, was found to be at
1.6 mmol of DMC. Through the four recycles, the catalyst activity
decreased each cycle. CaO/CeO; only feature activity for two cycles.
CuO/CeO4 was effective only in the first one showing that each catalyst
interacts differently in the reaction medium, possibly reused or not in
the DMC synthesis [114].
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Fig. 9. Major intermediates detected during
the formation of DMC out of methanol, carbon
dioxide, and methyl iodide: (a) CH30H + CO5 =
CH;30-COO-H; (b) CH30-COO-H + CH3l = CHs-
0-C(0)-0-CH3 + HI; (c) electrostatically bound
complex of Fe®* and CH30H; (d) electrostati-
cally bound complex of Fe>* and CO,. The ge-
ometries of the depicted molecules and
molecular complexes were optimized quantum
chemically to minimize the potential energy of
the system in each case. The resulting Z-
matrices were subsequently used to calculate
Gibbs free energies for the proposed reaction
stages.

4. Conclusions

The characterization analysis of the catalysts (AC-Fe, AC-Cu, AC-Mg,
and AC-Ni) showed that the activated carbon metal impregnation was
successful, most likely due to numerous pores in its structure, and the
best impregnation occurred for AC-Fe. The catalytic reactions stressed
that the use of AC-Fe catalyst has proved to be the most efficient in the
DMC direct synthesis than other metals, with a yield of 23.5 % and
selectivity of 100 %. Simulation results evidenced the need for the metal
catalyst to foster the reaction.

The process optimization indicated that in the amount of 0.7 g of the
catalyst (AC-Fe), 40 bar of pressure, and 120 °C of temperature, the best
conversion, selectivity, and, consequently, DMC yield (approximately
30 %) occurs. Stepwise simulations of the DMC formation reaction and
the energy barrier explained the need for elevated temperatures in
experimental setups to get an essential fraction of DMC as a primary
reaction product.

The evaluation of catalytic systems A, B, and C proved that system A
is the most suitable for catalyst reuse since it does not alter the product
selectivity and does not abruptly decrease reaction yield.
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