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Synthesis and Characterization of Copper Impregnated Mesoporous Carbon
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Abstract: Carbon dioxide (CO,) is a compound that can potentially be used as a carbon
source in the synthesis of fine chemicals. However, the utilization of CO; is still
constrained due to its inert and stable nature. Therefore, the presence of a catalyst is
needed in CO; conversion. This study aims to synthesize copper impregnated mesoporous
carbon (Cu/MC) as a catalyst for phenylacetylene carboxylation reaction with CO; to
produce phenylpropiolic acid. The synthesis of mesoporous carbon was performed via the
soft template method. The as-synthesized Cu/MC material was characterized by FTIR,
SAA, XRD, and SEM-EDX. BET surface area analysis of mesoporous carbon showed that
the material has a high surface area of 405.8 m*/g with an average pore diameter of
7.2 nm. XRD pattern of Cu/MC indicates that Cu has been successfully impregnated in
the form of Cu(0) and Cu(I). Phenylacetylene carboxylation reaction with CO, was carried
out by varying reaction temperatures (25, 50, and 75 °C), amount of catalyst (28.6, 57.2,
and 85.8 mg), type of base (Cs;CO;, K,COs, and Na,COs), and variation of support. The
reaction mixtures were analyzed by HPLC and showed that the highest phenylacetylene
conversion of 41% was obtained for the reaction at 75 °C using Cs,COjs as a base.

Keywords: carbon dioxide; mesoporous carbon; copper; catalyst; phenylacetylene;
carboxylation reaction

m INTRODUCTION

Carbon dioxide (CO,) is a compound that can
potentially be used as a carbon source and an attractive C1
building block in organic synthesis due to its intriguing
features, such as being non-toxic, renewable, inexpensive,
and readily available [1]. But in reality, utilization and
large-scale CO, conversion are still limited due to
thermodynamic stability and inert nature, making CO,
difficult to react with other compounds. Thus, a low-
valence metal is needed as a catalyst to activate CO, [2].

Various types of transition metals have been
extensively studied in their capacity as catalysts for CO,
utilization in fine chemical synthesis. Nickel is one of the
most studied in the carboxylation reaction using CO; as a
carbon source. Various types of substrates have been
investigated in carboxylation reactions using nickel
catalysts such as alkynes [3], ynamides [4-5], alkenes [6],
and alkyl halides [7], and the results show that the nickel

works well in catalyzing the reaction. However, the
instability of Ni(0) becomes an obstacle in the use of Ni
as a catalyst. In nickel as a catalyst, reducing agents such
as reactive metals or pyrogenic organozinc are often
added in large quantities to keep the Ni(0) species in
existence during the reaction [3-4,6]. Other transition
metals from noble metals such as Au, Pt, Ag, and Pd are
also known to have good activity as catalysts in
carboxylation reactions [8-11]. However, the use of
these metals in industrial-scale applications is
constrained by high production costs. Another
transition metal that is quite promising as a
carboxylation reaction catalyst is copper. It is known
that catalysts containing Cu or Ag are suitable for
activating the C-C triple bond generally for
carboxylation with CO,, and Cu is also the only element
that can make C-C bonds directly from CO,RR with
good selectivity [2,12-15]. In this context, the direct

Putri Nurul Amalia et al.



78 Indones. I. Chem., 2021, 21 (1), 77 - 87

carboxylation of terminal alkynes with CO; is the simplest
and most straightforward way to access alkynyl carboxylic
acids [1]. Recently, Wang et al. [16] reported that CuCl is
an efficient catalyst for carboxylation of terminal alkynes
in the presence of quaternary ammonium salts as a CO,
activator. The reaction proceeded well under ligand-free
conditions to give high to excellent yields of various
propionic acids. However, the catalytic system is still
homogeneous, which is relatively less preferred for
industrial applications than the heterogeneous one.

catalyst
mesoporous carbon is a material known to have several

Meanwhile, in terms of support,
advantages, such as a large pore diameter (2-50 nm),
regularly arranged pores, and high thermal stability [17-
18]. These advantages make mesoporous carbon good
catalyst support. It can assist the loading process of active
catalyst species, facilitate good reactant transport, and
expand the temperature range in reaction applications. It
is known that mesoporous carbon can be impregnated
well with various types of metals for multiple applications
such as Ag [19-20], Pd [20], Ni [21-22], Co [23], Ru [24],
and Cu [25]. In addition, mesoporous carbon is also a
potential material to be used as a CO, adsorbent [26-27].
Based on previous studies, it can be seen that mesoporous
carbon is good solid catalyst support as well as a potential
CO, adsorbent. Thus, the present work was aimed to
synthesize Cu impregnated on mesoporous carbon
prepared by the soft-template method. Structural changes
that occur in mesoporous carbon after the impregnation
process was studied through several characterizations
such as SEM-EDX, XRD, and SAA and are compared with
the phenomenon that occurs in activated carbon as a
comparison. Furthermore, we also tested the catalytic
activity of the impregnated Cu on mesoporous carbon
(Cu/MCQ) in the carboxylation of phenylacetylene with
CO: to produce carboxylic acid under mild conditions.

m EXPERIMENTAL SECTION
Materials

Pluronic F-127, phloroglucinol (>99.0%), HCI (37%),
formaldehyde (37%), Cu(NOs),-3H,O, phenylacetylene
(98%), DMF (99.8%), Cs,COs, K,COs, and Na,CO; were
obtained from Sigma Aldrich, while ethanol, methanol,

and acetic acid were from Merck. All materials were used
directly without any further purification. All ultra-high
purity gases (CO,, Ha, and N,) were purchased from CV
Retno Gas, Jakarta.

Procedure

Preparation of mesoporous carbon (MC)

The synthesis of mesoporous carbon as catalyst
support was done through the soft-template method
using Pluronic F-127 as a pore-forming, formaldehyde
and phloroglucinol as carbon sources, and HCI as an
acid catalyst [28]. Approximately 1.25 g of phloroglucinol
and 1.25 g of Pluronic F127 were dissolved in a mixture
of ethanol: water (10:9 wt.%). Then, 0.08 mL of 37% HCI
was added, and the mixture was stirred for 30 min,
followed by adding 1.25 mL of 37% formaldehyde still
under stirring. After 30 min, the solution's color became
cloudy, and after 1-2 h, the mixture was separated into
two phases. The lower phase was taken and stirred for
12 h to form a monolith, which then was heated at 100 °C
for 24 h. Furthermore, the material was carbonized in
tubular furnaces under N, gas flow with heating profile
as follow: from 100 to 400 °C with a flow rate of 1 °C/min;
from 400 to 850 °C with a flow rate of 5 °C/min; and
finally with a temperature of 850 °C for 2 h.

Preparation of Cu/MC catalysts

The as-synthesized mesoporous carbon was then
impregnated with copper metal (Cu/MC) according to a
previously reported method [13]. The procedure was
carried out by dissolving 0.592 g of Cu(NOs),-3H,O in
24.5 mL of water, and then 1.4 g of mesoporous carbon
was added to the solution. The mixture was stirred for 1 h
while heated at 80 °C. The mixture was further dried in
an oven at 110 °C for 24 h, followed by reduction with
H, gas with a flow rate of 15-20 mL/min at 300 °C for 3 h
in a tubular furnace. In addition to mesoporous carbon
as catalyst support, commercial activated carbon (AC)
was also tested as a comparison. Prior to use, the
activated carbon was modified using HNO; acid
according to the previously reported method [29]. The
impregnation of Cu on AC was conducted using the
same method as that of Cu/MC. The prepared catalysts
(Cu/MC and Cu/AC), as well as the supports (MC and
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AC), were characterized using X-ray diffraction (XRD
PANalytical X’Pert PRO, K-a Cu of 1.54 A), SEM-EDX
(JEOL JED-2300 SAA
(Quantachrome Quadrasorb-Evo Surface Area and Pore

Analysis ~ Station), and

Size Analyzer). The average crystallite size of Cu on
Cu/MC was calculated using the Scherer equation as

follows,
D= 0.9A (1)
BcosO

where D is the average crystallite size (nm), A is the
wavelength of the X-rays (0.154 nm), 8 is the broadening
of the diffraction peak measured at full-width half-
maximum in rad.

Application of Cu/MC as catalyst for carboxylation
reaction with CO;. Into a 30 mL batch reactor,
phenylacetylene (98.8 uL; 0.9 mmol), Cu/MC (28.6 mg;
0.045 mmol), Cs,CO;s (58.6 mg; 1.8 mmol) and DMF
(9 mL) were added. Then a CO, gas balloon was attached
to the reactor. Prior to the attachment of the CO, balloon,
CO, gas was flowed into the reactor to remove the air in
the reactor. The mixture was then stirred for 4 h under
CO; pressure of 1 atm. The carboxylation reactions were
conducted by varying the reaction temperature (25, 50,
75 °C), the amount of catalyst (28.6; 57.2; and 85.8 mg),
the type of base (Cs,COs, Na,COs, and K,CO:s), and the
type of support (mesoporous carbon and activated
carbon). The reaction mixtures were then acidified with
HCI and analyzed using HPLC (Shimadzu Prominence
10) with the following measurement conditions:
methanol and 1% acetic acid as solvent (volume ratio of
55:45, respectively), column C18 Diamonsil, the flow rate
of 1.5 mL/min, and detected with UV-Vis detector at a
wavelength of 254 nm. Prior to HPLC analysis of reaction
mixture, some phenylacetylene, phenylpropionic acid,
and cinnamic acid standard solutions have been injected
into the HPLC column to provide a calibration curve for
determination of phenylacetylene conversion and the
yield of the product. The carboxylation products were also
characterized using FTIR (Shimadzu IR Prestige 21) to
obtain functional group information of the samples.

Study of phenylacetylene adsorption on Cu/MC
The adsorption isotherm model was determined by
conducting adsorption of phenylacetylene at various

on Cu/MC. The
concentrations used were 500, 750, 1500, and 2000 ppm
in DMF solvent. A total of 50 mg of Cu/MC catalyst was
added to each 5 mL of phenylacetylene solution, and the
mixture was stirred for 4 h. The mixture was filtered, and
the filtrate was analyzed by HPLC. The obtained data
were then fitted to Langmuir, Freundlich, and Temkin

concentrations phenylacetylene

isotherm adsorption model to find the most appropriate
model for adsorption of phenylacetylene on Cu/MC.
The isotherm equations are described as follows:

K;C
Langmuir qe:M or 1 ! + ! (2)
1"'_KLCe 9e qmaxKLCe Qmax
Freunlich qe=KzCY™ or logq, =logKp, +llogCe (3)
n
Temkin qezI;—Tln(KTCe) or qezanT+llj—TlnCe (4)
T T

where C. (mg/L) is the equilibrium concentration of
phenylacetylene in DMF solvent, q. is the amount (mg)
of phenylacetylene adsorbed per gram Cu/MC, Qmax
(mg/g) is the maximum adsorption capacity, K, K, and
1/n, Kr and br are the constant values related to each
isotherm models.

m  RESULTS AND DISCUSSION

Characterization of Cu/MC Catalyst

The Cu/MC catalyst was characterized using SEM-
EDX, XRD, and SAA. Scanning Electron Microscopy
(SEM) analysis was used to determine the morphology
of the as-synthesized mesoporous carbon. Fig. 1(a)
shows that the morphology of mesoporous carbon is
quite smooth, and there are uniform pores on the
surface. Meanwhile, Fig. 1(b) shows the impregnated Cu
attached to the surface of mesoporous carbon. The
figure also shows a change in the morphology of
mesoporous carbon after the impregnation process,
which indicates the partial closure of the MC pores by
copper. Fig. 1(c) shows the impregnated Cu on activated
carbon. The morphology of Cu/AC is rougher than that
of Cu/MC. Based on the characterization with Energy
Dispersed X-Ray (EDX) spectroscopy, it is known that
MC has a composition of 94.87% carbon and 5.13%
oxygen, while Cu/MC consists of 58.97% carbon, 4.84%
oxygen, and 36.19% copper by mass (Fig. 2). The low
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Fig 1. SEM micrograph of (a) MC, (b) Cu/MC in x1000 magnification, and (c) Cu/AC in x5000 magnification
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Fig 2. EDX spectrum of (a) MC and (b) Cu/MC

oxygen content of Cu/MC indicates that copper has been
successfully deposited on mesoporous carbon as Cu(0)
metal as the dominant species.

The XRD patterns of the Cu/MC sample in Fig. 3
exhibit characteristic diffractogram peaks of the metallic
phase of Cu(0), which corresponds to 20 values of 43.47°,
50.63°, and 74.19° and of Cu(I), which corresponds to 20
value of 36.62° [13,25,29-30]. This result indicates that
two Cu species existed in Cu/MC due to the reduction of
copper(II) salt with hydrogen gas during calcination. The
result is similar to that observed by Bondarenko et al. [13]
for copper nanoparticles supported on ALO; prepared
through the reduction of copper salt with hydrogen gas.
Meanwhile, peaks of the mesoporous carbon support
show 20 values of 24.56° and 43.94°, which is typical for
carbon-based material according to JCPDS File Index No.
75-1621. Calculation using the Scherer equation from the
diffraction peak at 43.47° gives an average crystallite size
of copper on Cu/MC of 36.54 nm.

Characterization using Surface Area Analyzer
(SAA) was conducted to determine the surface character
of mesoporous carbon, such as surface area, pore
distribution, and pore diameter. In determining the surface
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Fig 3. XRD patterns of mesoporous carbon (MC) and
Cu/MC

area of a porous material, the method used is the
Brunauer-Emmett-Teller (BET) method. The principle
of measuring surface area with the BET method is based
on the adsorption and desorption of N, gas. Fig. 4(a) and
(b) show that the synthesized mesoporous carbon and
impregnated Cu on mesoporous carbon has an IV type
of adsorption isotherm curve, where there is a hysteresis
loop, which indicates that the pore is meso size [31]. Fig.
4(c) and (d) show the type of isotherm adsorption of AC
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Fig 4. N, adsorption/desorption of (a) MC, (b) Cu/MC, (c) AC, and (d) Cu/AC

and Cu/AC satisfies the type I isotherm, which indicated
the porosity is micro. Based on the BET calculation, it is
found that the surface area of the synthesized mesoporous
carbon is 405.78 m*/g, which is almost double than that of
activated carbon (242.77 m’/g). The impregnation of
copper on MC slightly lowered the surface area, mesopore
volume, and the average of pore diameter. This result
indicates that the copper species is possibly impregnated
not only on the surface of MC but also inside its mesopore
structure. Thus, the pore size distribution shifts slightly to
a narrower size range (Fig. 5(a)). The contrary
phenomenon is observed on Cu/AC. Copper impregnation
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increased the surface area from 242.77 to 307.06 m*/g,
which indicates that the presence of copper contributes
to the rough surface of the material as shown by the SEM
image, thus increasing its surface area. However, there
were no significant changes in the pore size distribution,
as shown in Fig. 5(b). This supports the previous
explanation that copper is impregnated on the activated
carbon's outer surface, and the micropore character
remains unchanged. The complete data of the textural
properties of MC, Cu/MC, AC, and Cu/AC obtained
from SAA are summarized in Table 1.
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Fig 5. The pore size distribution of (a) MC and Cu/MC and (b) AC and Cu/AC calculated by BJH Desorption Method
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Table 1. Textural properties of MC, Cu/MC, AC, and Cu/AC

Sample Sper® Sex” Smicro Vit Vineso” V micro® Pore
(m?/g) (m?/g) (m?/g) (cclg) (cclg) (cc/g)  Diameter® (A)

MC 405.78 287.44 118.34 0.67 0.60 0.06 72.32

Cu/MC 388.68 262.23 126.44 0.64 0.58 0.06 66.24

AC 242.77 20.38 222.38 0.13 0.02 0.11 19.35

Cu/AC 307.06 71.11 235.95 0.17 0.05 0.12 19.53

Note: * is determined by the BET method; ® is determined by the t-plot method; © is determined by the highest point of
P-P, (adsorption-desorption); ¢ is determined by means of Vimeso = Vot - Vimicro

Application of Cu/MC as Catalyst for Carboxylation
Reaction with CO;

The phenylacetylene carboxylation reaction with
CO; was performed in the presence of Cu/MC catalyst by
varying reaction temperature (25, 50, and 75 °C), the
amount of catalysts (28.6, 57.2, and 85.8 mg), the types of
bases (Cs,COs, K,COs, and Na,COs), and the types of
support (mesoporous carbon and activated carbon), in
DME as solvent under CO; pressure of 1 atm for 4 h. The
reaction is provided in Scheme 1, which shows that it
could give two products: 3-phenylpropiolic acid as the
main product and cinnamic acid as the side product [13].
The typical HPLC chromatogram of the reaction mixture

\waiuuii)

co,
Z  CulMmc

_—
base, DMF, 4 h

phenylacetylene

phenylpropiolic acid

is shown in Fig. 6. Three peaks appear in the
chromatogram, which belongs to the unreacted
phenylacetylene (retention time of 11 min), cinnamic
acid as the minor product (retention time of 6 min), and
phenylpropiolic acid as the main-product (retention
time of 4 min).

The carboxylation results are summarized in Fig. 7,
in terms of percentage (%) of phenylacetylene
conversion. As shown in the graph, reaction
temperature plays a significant role in the reaction.
When the temperature is increased, the rate of
phenylacetylene conversion also increases, with the

highest conversion percentage obtained at 75 °C (41%).

COOH

Co0
4 . ©/\/ H

cinnamic acid

Scheme 1. Carboxylation reaction of phenylacetylene with CO,
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Fig 6. The typical HPLC chromatogram of the reaction mixture (reaction conditions: Cs,CO; as the base at 75 °C)
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Fig 7. The effect of reaction temperature, type of bases,
catalyst amount, and support type to phenylacetylene
conversion in carboxylation reaction with CO,

This result indicates that phenylacetylene
conversion is a thermal-dependent reaction. Compared to
the Ag catalyst for the same reaction, copper exhibits
similar catalytic activity. However, since the reaction time
used in this study was quite short (4 h), the amount of
phenylacetylene converted is lower than that of Ag
catalyst for the reaction time of 16-36 h [1,10,15].

The type of base also influences the reaction, in
which cesium carbonate provides superior results
compared to the other two bases used (Na,CO; and
K,COs). This occurred because cesium carbonate is a
stronger base than Na,COs; and K,COs; therefore, it is
stronger in abstracting a proton from the terminal alkyne
group in phenylacetylene, thus more feasible in
facilitating the reaction. In addition to that, Cs,COs also
has the highest solubility in DMF among the carbonate
salts used [32]. Surprisingly, increasing the amount of the
catalyst up to three times the original (85.6 mg) did not
increase the amount of phenylacetylene converted.
However, in the absence of catalysts, the amount of
phenylacetylene turned decreased to 28%, indicating the
catalyst's importance in the reaction.

We also compared mesoporous carbon to activated
carbon as catalyst support. Activated carbon used is a
commercial activated carbon that was modified using
acid. The purpose of an acid modification is to add some

oxygen groups, which are expected to increase
adsorption ability [29]. As predicted, the reaction
catalyzed by Cu/MC has higher phenylacetylene
conversion than that catalyzed by Cu/AC. The result is
in line with the textural properties of the two materials.
Cu/MC poses a higher surface area, larger mesopore
volume, and wider pore diameter that provides better
reactant transport and facilitates the reaction better.

We also analyzed the reaction conditions on the
formation of the products, and the results are presented
in Fig. 8. Similar results were obtained for the effect of
temperature, especially in the formation of the major
products. When the reaction is carried out at a higher
temperature, the major product (retention time of
4 min) increases significantly. However, unlike
phenylacetylene conversion, base type did not give any
different results on the products' formation. In the
absence of any base, the products are hardly observed.
Meanwhile, the amount of catalyst also did not have a
different effect on the formation of major and minor
products.

Interestingly, even without the presence of Cu/MC
catalyst (but in the presence of Cs,CO; base), the
product was still formed, though with a smaller
percentage of converted reactants. A previous study by
Dingyi and Yugen [33] reported using a stoichiometric
amount of Cs,CO; in direct carboxylation of terminal
alkynes in the absence of a metal catalyst. Although the
reaction proceeded well, it requires harsh reaction
conditions such as high reaction temperature (120 °C)
and higher CO, pressure. This indicates that the catalyst
plays a role in the adsorption and activation of the
reactants, while the base plays a role in the further
reaction process (related to hydrogen abstraction). Thus,
the Cu/MC catalyst plays a role in facilitating the
reaction to take place under milder conditions.
However, further studies regarding the reaction
mechanism and each component's role need to be
studied further. Finally, as in the case of phenylacetylene
conversion, the type of support determines the amount
of the products as well as its selectivity. In this case,
Cu/MC provides a higher amount of the products with

selectivity leading to the formation of the major product.
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Fig. 9 shows the FTIR spectra of the product
obtained at various reaction conditions. Based on this
figure, it is known that there are peaks at 3200-3400 cm™
derived from O-H stretching, at 1720-1750 cm™ from
C=0 stretching of a carboxylic group, and at 1450-
1620 cm™ that possibly comes from the C=C stretching.
The presence of peak C=O stretching of a carboxylic
group indicates that the phenylacetylene carboxylation
reaction with CO; has taken place.

In this work, we also conducted the study of
phenylacetylene adsorption on Cu/MC catalysts in DMF
solvent to get some additional information on how the
reactant interacts with the surface of the catalyst. The
adsorption data were plotted using Langmuir, Freundlich,
and Temkin Adsorption Isotherm Models. The Temkin
Isotherm Models gave the most suitable result to describe
the adsorption process with an R* 0f 0.993. Calculations

O—H stretching
=0 stretching - o stretching
_._H.I'
3 . '
) %
w i
o
E |
2
[
=]
o
F=]
< .
50°C
75°C
T3 °C2x
T5°C 3=
r—r
4500 4000 3500 3000 2500 2000 1500 1000 SO0

Wavenumber (cm-1)
Fig 9. FTIR spectra of phenylacetylene carboxylation
product obtained at various reaction conditions (at 50,
75 °C, and in the presence of the double and triple
amount of the catalyst)
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Fig 10. The proposed mechanism for phenylacetylene carboxylation on the surface of copper covered by copper oxides

rewrites from Bondarenko et al. with some modifications [13]

from the linear regression equation provides the values of
binding constant (Kr) and adsorption energy (br) at 298 K
of 448 L/g and -2.696 x 107 J g mol™?, respectively. As
Temkin Models fit best the data, the result indicates that
the catalyst surface has a uniform distribution of binding
energies, and the heat of adsorption of adsorbates
decreases linearly with the increase of surface coverage
[34-35].

Based on the results of the carboxylation reactions,
the adsorption study, and the literature study, herein we
proposed a mechanism for the catalytic carboxylation on
the surface of copper covered by copper oxides. As shown
in Fig. 10, the reaction starts with interactions between
phenylacetylene, CO,, and Cu/MC catalyst through weak
hydrogen bonding and some dipole-dipole interactions.
The presence of base is important for abstracting protons
in the terminal alkyne of phenylacetylene, facilitating the
insertion of CO, to the alkyne part [13,36]. Another
cesium cation would take part in a transmetallation
reaction to produce cesium salt of the product as well as
regenerate the catalyst. Finally, acidification of the salt

would produce phenylpropiolic acid as the desired
product.

m CONCLUSION

Copper impregnated on mesoporous carbon was
successfully prepared and further tested as a catalyst for
the carboxylation reaction of phenylacetylene with CO,
in the presence of a base. The impregnation changes the
structure of mesoporous carbon, which including the
surface area, pore-volume, and average pore size, which
are found to be reduced. The carboxylation reaction of
phenylacetylene took place at an optimum temperature
of 75 °C and using Cs,COs as a base to produce 3-
phenylpropiolic acid as a major product and cinnamic
acid as a minor product.
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