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Abstract—The burning of fossil fuels produces carbon dioxide emissions, increased levels of which cause serious envi-
ronmental problems. Therefore, the design and use of new materials as media for capturing carbon dioxide and other
gases, such as hydrogen and methane, has attracted significant research attention. In this work, three metal complexes
containing a fusidate moiety were synthesized and tested as storage media for gases. By reacting sodium fusidate and
metal chlorides in boiling ethanol, the corresponding metal complexes were obtained with 69-76% yields. The fusidate
moiety acts as a bidentate ligand with variable geometry (distortion octahedral, square planner, or tetrahedral) depend-
ing on the metal (manganese, copper, or zinc, respectively) it is associated with. The elemental composition of the
metal complexes was confirmed via energy dispersive X-ray spectroscopy and their surface morphology was inspected
via field emission scanning electron microscopy. The Brunauer-Emmett-Teller surface area of the metal complexes var-
ied from 31.2 to 46.9 m*/g, with pore volume and diameters of 0.035-0.049 cm’/g and 3.02-3.18 nm, respectively. The
gas uptake at 323 K for carbon dioxide, hydrogen, and methane depended on the metal, gas, surface pore volume, and
pore diameter. Reasonable carbon dioxide uptake (6.3-7.2 wt%) was achieved with fusidate metal complexes at high
temperature and pressure, whereas hydrogen and methane slowly permeated throughout the complexes.
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INTRODUCTION

Over time, the consumption of natural gas and oil has increased
with rising energy demands, raising carbon emissions to unaccept-
able levels. High concentrations of carbon dioxide (CO,) in the air
are linked to several serious problems [1], particularly global warm-
ing and its associated climate changes, pollution, and worldwide
natural disasters [2]. Therefore, several strategies have been devel-
oped to generate energy while mitigating the problems associated
with high carbon emissions. Renewable sources of energy such as
solar, biomass, and wind are low-carbon and environmentally friendly
[3:4]. In principle, the exclusive use of these sources could cut CO,
emissions to zero [5,6]. The energy produced from these renewable
sources has many advantages compared to that produced from fossil
tuels. However, it suffers from high startup or installation cost, inter-
mittent availability throughout the year, geographic constraints,
and limited long-term storage capacity [7]. In addition, these sources
are not yet capable of providing enough energy to meet global
needs. Although nuclear energy could fulfill the global requirement
for clean, reliable, and cost-effective electricity, post-fission waste,
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the high cost of its disposal, and the possibility of leaks or other
catastrophic accidents hinders its use [8].

Another strategy to reduce environmental CO, levels is to cap-
ture and store it [9-12]. However, the development of efficient and
reliable materials as storage media for CO, has been a persistent
challenge [13,14]. The emitted CO, is captured via physical or chemi-
cal adsorption over a certain absorber. These two most common
adsorption approaches are both highly dependent on the interaction
between adsorbent and gas. Physical adsorption involves trapping
of the gas within the pores of a porous material, whereas chemi-
cal adsorption involves the formation of hydrogen bonds between
the gas and the adsorbent. Chemical adsorption using ammonia
or ethanolamine has had limited success given the high operating
costs and energy inputs required [15,16]. These problems persist
across amines as a class of sorbents because they are expensive, prone
to degradation in the presence of oxygen or sulfur dioxide and are
volatile. Research has made some progress in reducing the cost
and temperature required for amine-based systems, but such sys-
tems remain only partially effective [17,18]. Thus, other materials
have been designed and synthesized to be used as effective CO,
capturing media.

Activated carbons, silica, zeolites, covalent organic frameworks,
conjugated microporous polymers, and cross-linked polymers have
all been studied as adsorbents for CO, [19]. The pore size and ad-
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sorption capacity of these porous materials determines their effi-
ciency as gas storage media [20,21]. Limited success has been achieved
using highly hydrophilic materials (e.g, silica, and zeolites); in con-
trast, activated carbons have demonstrated poor gas selectivity and
require the use of an activator [22-24]. Greater success has been
achieved using metal organic frameworks (MOFs) and porous
organic polymers (POPs) as gas storage media owing to their high
surface areas [25,26]. However, the synthetic pathways for these
materials require extreme conditions and precious metal-based cata-
lysts, rendering them expensive and challenging to synthesize [27].

Recently, we synthesized several porous materials and explored
their potential use in capturing CO, [28-32]. In this work, we report
the synthesis of three new metal complexes containing a fusidate
moiety and their use as storage media for carbon dioxide, meth-
ane (CH,), and hydrogen (H,). Our precursor, sodium fusidate, is
stable, non-toxic [33], commercially available, has a high molecular
weight with a high oxygen content (ca. 18%), and possesses differ-
ent oxygen-containing functional groups (ester; and hydroxy moi-
eties). These properties enable the fusidate metal complexes to exhibit
similar behavior to MOFs and POPs as gas storage media.

EXPERIMENTAL

1. General

Sodium fusidate (99.5%), metal chlorides (analytical grade), and
solvents were purchased from Merck (Schnelldorf, Germany). A
Vario EL III elemental analyzer (Elementar Analysensysteme GmbH;
Langenselbold, Germany) was used to determine the elemental com-
position of the complexes. The metal content was determined
using an AA-6880 Shimadzu atomic absorption flame spectropho-
tometer (Shimadzu Corporation; Tokyo, Japan). The Fourier trans-
form infrared (FTIR) spectra were recorded on an FT-IR 8300
Shimadzu spectrophotometer (Shimadzu Corporation; Tokyo, Japan).
The ultraviolet-visible (UV-Vis) spectra were measured in dimethyl
sulfoxide (DMSO) using a Shimadzu UV-1601 spectrophotometer
(Shimadzu Corporation; Tokyo, Japan). The conductivity was meas-
ured on a ProfiLine Oxi 3205 instrument (Xylem Analytics; Wein-
heim, Germany). The energy dispersive X-ray (EDX) and field emis-
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Scheme 1. Synthesis of the Mn(II) complex.
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sion scanning electron microscopy (FESEM) images were recorded
using a Tescan MIRA3 LMU instrument (Tescan Orsay Holding;
Brno-Kohoutovice, Czech Republic).
2. Synthesis of Metal Complexes

A mixture of sodium fusidate (1.08 g, 2.0 mmol) and appropri-
ate metal chloride (1.0 mmol) in ethanol (EtOH; 10 mL) was refluxed
for 3h. The solid formed was collected via filtration, washed with
water (3x10 mL), dried, and recrystallized from EtOH to give the
corresponding metal complex.
3. Nitrogen Gas Adsorption Measurements

A vacuum oven was used to dry the samples for 4h at 60°C
prior to the measurements. The Brunauer-Emmett-Teller (BET)
method was used to measure the specific surface area from the nitro-
gen (N,) adsorption isotherms. Pore size and pore volume were meas-
ured via the Barrett-Joyner-Halenda (BJH) method [34].
4. Gas Storage Measurements

The gas uptake of the complexes was determined using an H-
sorb 2600 high-pressure volumetric adsorption instrument. The
complexes (1 g) were degassed in a vacuum oven (50 °C) for 1 h to
remove any water or solvent trapped within the pores. The gas
uptake experiment was then replicated several times under identi-
cal conditions for each complex to determine the optimum pressure.
The adsorption experiments system includes the use of a gas com-
pressor and a gas cylinder that are connected via a pipe based on
previous reports [35,36]. The detailed method and apparatus dia-
gram for gas uptake experiments have been previously reported
35,36].

RESULTS AND DISCUSSION

1. Synthesis and Characterization of Metal Complexes

The reaction of sodium fusidate (two molar equivalents) and
manganese chloride tetrahydrate (MnCl,-4H,0) in refluxing etha-
nol for 2h produced the corresponding hydrated Mn complex
(Scheme 1) with 71% yield. Similarly, the reaction of sodium fusi-
date and copper or zinc chloride (CuCl, or ZnCl,) produced the
corresponding metal complex (Scheme 2) in 76% or 69% yields,
respectively. Table 1 lists the elemental compositions and some physi-
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Scheme 2. Synthesis of the Cu (IT) and Zn(II) complexes.
Table 1. Color, melting point, yield, and elemental composition of fusidate metal complexes
Melting point Yield Calculated (Found; %)
Complex Color o
d o) (%) C H M
Mn(IT) Light pink 172-174 71 65.30 (65.64) 8.84 (8.96) 4.82 (4.86)
Cu(ID) Green 178-180 76 66.91 (67.28) 8.69 (8.71) 571 (5.75)
Zn(1I) Off-white 160-162 69 66.80 (66.82) 8.68 (8.70) 5.86 (5.87)
Table 2. Selected FTIR absorption bands of fusidate metal complexes
Complex vOH vCOO (ester) vCOO (asym) vCOO (sym) vC-OH vM-O
Mn(II) 3,410 1,708 1,530 1,377 1,269 516
Cu(II) 3,495, 3,441 1,712 1,520 1,381 1,265 451
Zn(1I) 3,483, 3,460 1,712 1,523 1,377 1,265 424
Table 3. Electronic transitions, conductivity, and suggested geometry of metal complexes
Complex Absorption (cm ™) Assignments Conductivity (nS/cm) Suggested geometry
11,111 *Ag—>"Tige
Mn(II 114 Di 1
n(II) 20920 ‘Ag—>'Tgq istorted octahedra
14,492 ’B,ig—>’Ag ‘B,g, ‘Eg
I 10. 1
(D 35,087 L—>CuCT ? Square planner
35,842
Zn(II) 40,485 ILCT 9.9 Tetrahedral
43,478

cal properties of the fusidate metal complexes.

Energy dispersive X-ray spectroscopy (EDX) was used to deter-
mine the elemental composition of the fusidate metal complexes
[37]. The EDX graphs (Fig. S1-S3) show the presence of both met-
als and the other elements contained in the fusidate moiety.

The FTIR spectra of the metal complexes (Fig. S4-S6) were re-
corded and analyzed (Table 2) to determine the nature of the func-
tional groups within the complexes [38-40]. The FTIR spectra show
broad absorption bands within the 3410-3,495 cm™ region that cor-
respond to hydroxyl groups, and the carbonyl of the ester group

(O-C=0) shows strong absorption bands at 1,708-1,712 cm™". The
absorption bands corresponding to the asymmetric (1,,,) and sym-
metric (1,,) vibrations of the C=O of the ester group appeared
between 1,520-1,530 and 1,377-1,381 cm™’, respectively (Table 2).
The difference between the v,,,, and 1;,, (Av) for the C=0O of the
ester group for all complexes ranged from 139 to 153 cm™, indicat-
ing bidentate bridging [41]. New absorption bands from the for-
mation of Mn-O, Cu-O, and Zn-O bonds were observed at 516, 451,
and 424 cm™, respectively. The broad bands around 3,610-3,224
cm™ are attributed to water molecules within the complexes, similar
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to the bands observed at 921, 860, and 848 cm™", which are associ- The UV-Vis spectra of the metal fusidate complexes are shown
ated with the rocking and wagging of water within the Mn, Cu, in Fig. S7-59. The Mn complex exhibits bands at 11,111 and 20,920
and Zn complexes. The wavenumbers of these bands indicate that cm™', which are assigned to *A,;g—"T\g;, and °A,g—>"T,gq, tran-

water is present within the field of coordination [42]. Generally, the sitions, respectively (Table 3) [43]. For the Cu complex, the UV-

variation in wavenumber for the complexes was minimal.
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Fig. 1. Field emission scanning electron microscopy images of (a) Mn(II), (b) Cu(Il), and (c) Zn(II) complexes.
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to the *B,g—>"A,g, *B,g, and “Eg transitions. Additionally; it exhib-
its a band at 35,087 cm™, corresponding to the charge transfer (CT)
states observed in the electronic spectrum [44]. The Zn complex is
diamagnetic, with no d-d transitions (d"); however, the positions
of the bands do shift upon complexation with zinc when compared
to that of sodium fusidate (i.e., free ligand) [45]. The absorption
bands at 35,842, 40,485, and 43,478 cm™' are attributed to intra-
ligand charge transfer (ILCT) [46]. The suggested geometries for
the Mn, Cu, and Zn complexes are distorted octahedral, square
planar, and tetrahedral, respectively. The conductivity of the metal
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complexes varied from 9.9 to 114 uS/cm and indicated nonionic
behavior [47].
2. Surface Morphology of Metal Complexes

The surface morphology of the fusidate metal complexes was
inspected via FESEM. Fig. 1 shows that the fusidate metal com-
plexes have heterogeneous and porous structures. In addition, the
FESEM images show tiny particle agglomerates of various shapes
and sizes. The particle sizes were found to range between 28.6-43.3,
36.8-48.8, and 39.7-49.7 nm for the Mn, Cu, and Zn complexes,
respectively.
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Fig. 2. N, adsorbed isotherms and pore size distribution of Mn(II) complex.
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Fig. 4. N, adsorbed isotherms and pore size distribution of Zn(II) complex.

Korean J. Chem. Eng.(Vol. 38, No. 1)



184

Z.N. Mahmood et al.

The adsorption capacity of adsorbent materials is commonly

Table 4. Surface area and pore size distributions of metal complexes 40 - Ciihan: dtoatie
obtained via N, adsorption —_ el
o —=— Methan
Sser Pore volume Average pore < —— Hydrogen
1 BET 330
Complex (m’/g) (cm’/g) diameter (nm) %
Mn(1I) 46.9 0.049 3.18 -3
Cu(ID) 35.5 0.039 3.05 2 20 1
Zn(ID) 312 0.035 3.02 3
]
g 10 A o
3. BET Surface Area Determination of Metal Complexes 2 e v
- . -I-";:_____‘___.____.____-n-—«-——-—-—-“‘_“

determined using their BET surface area, making it critical that the
gas adsorption capacity of porous materials is measured from their
nitrogen isotherms [48]. The porosity of adsorbents provides valu-
able information on their physical and chemical interactions with
adsorbed gas. Therefore, the nitrogen isotherms and pore size dis-
tributions of the fusidate metal complexes were determined (Fig.
2-4) using the nitrogen adsorption-desorption graphs overlaid for
all metal complexes. Based on the isotherms, the interactions between
adsorbent and adsorbate were deemed relatively weak as the metal
complexes have type IV mesoporous structures with no identifi-
able monolayer formation [49,50]. The hysteresis loops observed
are typical for H3 type mesoporous materials with the H3: hyster-
esis loop allied with slit-shaped pores. The BET surface area and
pore volumes were calculated from the nitrogen adsorption iso-
therms at P/P°=0.9 and the average pore diameters were calculated
from the desorption data using the BJH method (Table 4). The BET
surface areas of the fusidate metal complexes were 31.2-46.9 m’/g.
The pore volumes and diameters were 0.035-0.049 cm’/g and 3.02-
3.18 nm. The Mn complex was found to have the highest BET sur-
face area, pore volume, and pore diameter.
4. Gas Uptake of Metal Complexes

Gas adsorption is highly dependent on the pore size, charge of
the metal and ligand, and strength of the interaction between the
adsorbent and adsorbate (e.g., van der Waal forces or hydrogen
bonds) [51]. High energy input is required for the gas to be adsorbed
if the aperture size is small when compared to the molecular size
of the adsorbate and can allow repulsive forces to dominate [51].
The pore volumes play a vital role in determining the gas uptake
capacity of adsorbent materials as materials with large pore volumes
can store more gases [52,53]. Several conditions were attempted in
which the pressure was varied from 1 to 50 bars for optimization.
The complexes showed the highest CO, uptake at 50 bars. The CO,,
CH,, and H, uptake by the fusidate metal complexes was recorded
at 323K and 50 bars of the adsorbate of interest and is summa-
rized in Table 5. The gas adsorption isotherms for metal complexes
are shown in Fig. 5-7.

The CO, uptake capacity of the fusidate metal complexes is
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Fig. 5. Gas adsorption isotherms for Mn(II) complex.
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Fig. 6. Gas adsorption isotherms for Cu(II) complex.
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Fig. 7. Gas adsorption isotherms for Zn(II) complex.

higher than that determined for CH, and H,. Such variations could
be due to the differences between the polarizability of CO,, CH,,

Table 5. Metal complexes gas uptakes of CO,, H,, and CH, at 323 K and 50 bar

Complex CO, (cm’/ 2) CO, (wt%) H, (cm’/ 2) H, (wt%) CH, (cm3/g) CH, (wt%)
Mn(II) 34.8 7.2 0.023 8.4 0.631
Cu(II) 334 6.7 0.014 11.8 0.841
Zn(II) 322 6.3 0.026 12.2 0.887
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and H,. For example, CO, has a strong quadrupole moment, which
leads to a high adsorption capacity as it is more diffusible [54]. The
strong attractive forces, such as van der Waals forces or electro-
static forces (e.g., surface field-molecular dipole interactions and
polarization force), between the metal complexes and CO, could
also lead to higher gas uptake [25]. Generally, the adsorption pro-
cess occurs through a combination of different interactions. CH,
and H, are non-polar with weak attractions to the surface of the
metal complexes, which could lead to their low adsorption capac-
ity [54].

The Mn complex has the highest BET surface area and pore
diameter of the samples studied. Notably, the Mn complex had the
highest gas uptake (Fig. 5) when compared to the Cu (Fig. 6) and
Zn (Fig. 7) complexes. The Mn complex has a significant CO, uptake
of 72 wt% compared to the 6.3 and 6.7 wt% of the Cu and Zn
complexes, respectively. This could be due to the water molecules
attached to the Mn metal centers in the framework that enhance
the pores-surfaces for adsorption [55]. The functional groups within
the fusidate unit might enhance the physical attractions with gas
molecules.

H, diftusion through the metal complexes was expected to be
higher than that observed for CO, and CH, as H, has a smaller
molecular size. However, high accumulative H, adsorption on the
surface of other metal complexes blocked the pores and prevented
diffusion [56]. Clearly; the more strongly condensable gas being pref-
erentially adsorbed within the pores of the metal complex reduces
the open porosity. The metal complexes used herein are more suit-
able for storing more strongly absorbable gases (CH, and CO,) rather
than non-condensable or weakly absorbable gases (H,) [57]. The
lack of binding sites with high affinity between the metal complexes
and hydrogen is likely the main reason for its low storage capacity.
The manipulation of pore volumes, pore diameters, and surface
areas of the adsorbents is a possible route for improving the H, stor-
age capacity and adsorption enthalpy of such systems [58].

The use of porous nanocarbons/base system led to CO, capture
as 1.9 to 4.6 mmol/g (25°C) [24]. While, the capture of CO, over
polyacrylonitrile/potassium hydroxide and resorcinol/formaldehyde/
potassium hydroxide systems (25 °C and 1 bar) was 2.74 and 4.95
mmol/g, respectively [22,59]. Similarly, zeolite 13X was used as
media for CO, storage and the gas uptake was 4.22 mmol/g (25 °C
and 1 bar) [36]. Melamine Schiff bases [31] and polyphosphate con-
taining benzidine [32] showed high CO, uptake at 10 and 14 wt%,
respectively, due to their high surface area and aromaticity content
In this work, the CO, uptake (up to 7.3 wt%) over fusidate-metal
complexes was higher than those reported over polyphosphates
containing 1,4-diaminobenzene (6.0 wt%) [28], valsartan-metal com-
plexes (6.8 wt%) [29], and telmisartan-tin complexes (7.1 wt%) [30].

CONCLUSIONS

Herein, three metal complexes containing a fusidate moiety were
synthesized and their chemical structures were established. The metal
complexes have particles that vary in shape, size, and diameter. The
manganese complex had the highest surface area (46.9 m*/g) when
compared to copper (35.5m’/g) and zinc (31.2m%/g) complexes.
Similarly, the pore volume and diameter were higher for the man-

ganese complex compared to the other two complexes. The gas
uptake depended on the type of gas, metal, and the surface pore
volume and diameter. The complexes used were inefficient hydro-
gen and methane adsorbents, as these gases slowly permeate through-
out the complexes The manganese complex was the most efficient
as a CO, storage medium (7.2 wt%).
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Fig. S1. EDX graphs of Mn complex.
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Fig. S$2. EDX graphs of Cu complex.



Fig. $3. EDX graphs of Zn complex.
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Fig. S4. FTIR spectrum of Mn complex.
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Fig. S6. FTIR spectrum of Zn complex.



1828 r T T T T
=T
1.500 [ oot =1
5 L ~/j\
Lt
1,000 -
-
< aoep
. . .
e L] ) 1"ea
0.500 .
(2] -
4 4
'oloﬂs L L L ' L
190.00 400.00 £00.00 800.00 1100.00
nm
Fig. S7. UV-Vis spectrum of Mn complex.
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Fig. S8. UV-Vis spectrum of Cu complex.
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Fig. S9. UV-Vis spectrum of Zn complex.
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