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Abstract: Carbon dioxide (CO,) capture and storage is a critical issue for mitigating climate change. Porous
aromatic Schiff base complexes have emerged as a promising class of materials for CO, capture due to their
high surface area, porosity, and stability. In this study, we investigate the potential of Schiff base complexes
as an effective media for CO, storage. We review the synthesis and characterization of porous aromatic Schiff
bases materials complexes and examine their CO, sorption properties. We find that Schiff base complexes exhibit
high CO, adsorption capacity and selectivity, making them a promising candidate for use in carbon capture
applications. Moreover, we investigate the effect of various parameters such as temperature, and pressure on
the CO, adsorption properties of Schiff base complexes. The Schiff bases possessed tiny Brunauer-Emmett-
Teller surface areas (4.7-19.4 m?/g), typical pore diameters of 12.8-29.43 nm, and pore volumes ranging from
0.02-0.073 cm®/g. Overall, our results suggest that synthesized complexes have great potential as an effective
media for CO, storage, which could significantly reduce greenhouse gas emissions and contribute to mitigating
climate change. The study provides valuable insights into the design of novel materials for CO, capture and

storage, which is a critical area of research for achieving a sustainable future.
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1. Introduction

Carbon dioxide (CO,) capture and storage is a key
strategy to mitigate greenhouse gas emissions and
combat climate change. One of the major challenges
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in this area is to identify cost-effective and efficient
materials for CO, capture and storage.> Porous
organic materials (POMs) have emerged as one of
the most promising materials for CO, capture due to
their high surface area, tunable functionality, and
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controllable pore size.> POMs are organic compounds
that have a highly porous structure and contain
functional groups that can selectively adsorb CO,.
The design and synthesis of POMs for CO, capture
is a rapidly growing research area, and various POMs,
including porous aromatic frameworks (PAFs), porous
organic polymers (POPs), and covalent organic frame-
works (COFs), have been developed.* PAFs are a
subclass of POMs that have a rigid and stable
framework with a high degree of conjugation, which
allows for strong interactions with CO, molecules.’
PAFs have shown promising results for CO, capture
due to their high CO, adsorption capacity, selectivity,
and excellent stability under a wide range of conditions.
POPs are another class of POMs that have tunable
properties, including pore size and surface area, which
can be tailored for CO, capture. COFs are a subclass
of POMs that have a well-defined crystalline structure,
and their properties can be precisely controlled by
design.’ The development of POMs for CO, capture
has been driven by the need for highly efficient and
cost-effective materials for industrial-scale CO, capture.”
The conventional CO, capture technologies, including
amine-based absorption and adsorption technologies,
have several limitations, including high energy con-
sumption, corrosion issues, and low CO, adsorption
capacity.® POMs offer several advantages over
conventional CO, capture technologies, including
high CO, adsorption capacity, high selectivity, and
low energy consumption. Additionally, POMs can be
regenerated by simple processes, making them ideal
for large-scale industrial applications.” The development
of POMs for CO, capture is a highly interdisciplinary
research area that involves the synthesis of novel
materials, fundamental studies of their properties and
mechanisms, and optimization of their performance
for real-world applications. In recent years, several
studies have reported the synthesis and characterization
of novel POMs for CO, capture, including PAFs,
POPs, and COFs. The properties of these materials
have been investigated using various techniques,
including X-ray diffraction (XRD), nitrogen adsorption-
desorption isotherms, Fourier transform infrared spec-
troscopy (FTIR), and solid-state nuclear magnetic
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resonance (SSNMR) spectroscopy.'®!! Despite the
significant progress made in the development of POMs
for CO, capture, several challenges remain. One of the
key challenges is the optimization of the performance of
POMs for real-world applications, including their
stability under harsh operating conditions, their
scalability, and their cost-effectiveness. Additionally,
the development of POMs for CO, capture requires a
deep understanding of the fundamental mechanisms
of CO, adsorption and desorption, which is still an
active area of research.'>!?

Porous aromatic Schiff bases materials have gained
significant attention as a promising class of materials
for CO, capture and storage applications due to their
high surface area, porosity, and chemical stability.'*!*
Porous aromatic Schiff base materials are a type of
porous organic polymers that are synthesized by the
condensation of aldehydes and amines under
appropriate conditions.'® These materials possess a rigid
and stable framework consisting of interconnected
pores and channels, which offer high surface area
and high porosity. The unique chemical structure of
Porous aromatic Schift base materials provides them
with a large number of adsorption sites, which can
selectively bind CO, molecules over other gases.'”"
Recent studies have shown that Porous aromatic
Schiff base materials exhibit exceptional CO, sorption
properties, making them a potential candidate for
carbon capture applications.”**! Porous aromatic Schiff
base materials can capture CO, through a range of
mechanisms such as physisorption, chemisorption,
and even reversible covalent bonding. Furthermore,
porous aromatic Schiff base materials can be easily
synthesized with tunable properties, making them highly
versatile and suitable for a range of applications.”” In
this context, this study aims to investigate the potential
of porous aromatic Schiff base materials as a highly
effective media for CO, storage. The study will
review the synthesis and characterization of porous
aromatic Schiff base materials, their CO, sorption
properties, and the effect of various parameters such
as temperature, pressure, and gas composition on their
CO, adsorption properties.*** Overall, this study is
expected to provide valuable insights into the design
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Scheme 1. Steps of preparation of malonic acid dihydrazide.

of novel materials for CO, capture and storage, which
is a critical area of research for achieving a sustainable
future.”® The use of porous aromatic Schiff base
materials as an effective media for CO, storage could
contribute to reducing greenhouse gas emissions and
mitigating climate change.”**” The results of this study
could be useful for developing new carbon capture
technologies that are cost-effective and efficient.
This study, we present the utilization of Schiff bases,
which are highly aromatic and porous, as an effective
CO, capture media at 40 bars and 323 K.

2. Experimental

All chemicals utilized in this study were of the
highest quality possible and were used directly from
the metal chloride salts (CoCl,.6H,O, NiCl,.6H,O,
CuCl,.2H,0, and ZnCl,) rather than undergoing any
additional purification steps.

2.1. Instrumentation

Micrometric Surface Area and Porosity Analyzers,
the nitrogen adsorption-desorption isotherms for gas
storage samples (Co(Il), Ni(I), Cu(Il), and Zn(II))
complexes of synthesized Schiff base, in Tehran Iran,
were analyzed using a Micro Active for TriStar II Plus
Version 2.03 micrometric analyzer. Using Barrett-
Joyner-hypothesis, Halenda's analyzer determined the
pore volume, diameter, and pore size distribution of
the sample under investigation (BJH). Field emission
scanning electron microscopy (FESEM) and gas
storage of Schiff base complexes (Co(II), Ni(II), Cu(Il),
and Zn(IT) were performed using a ZEISS system
model: Sigma VP from the USA at an accelerating
voltage of 10Kv. When it comes to ligand's gas storage
of Schiff base complexes (Co(II), Ni(II), Cu(Il), and

Malonyldihydrazide

Zn(1D)), tests for EDX and mapping were conducted
by Oxford Instruments, UK.

2.2. Synthesis of malonic acid di hydrazide
The first step of the ligand synthesis process includes

making malonic acid di hydrazide, as explained here.
Malonic acid diethylester (10 g, 0.062 mol) was
dissolved in 10 ml of ethanol and left to stir at room
temperature. Aqueous hydrazine (10 g, 0.25 mol) was
added dropwise while being constantly stirred, then
the reaction was refluxed for 6 hours before being
stopped and cooled down to ambient temperature.
The formed residue was filtered and the precipitate
was washed with dry ether and methanol. Absolute
ethanol was used to recrystallize the product giving a
white precipitate 80 % yield (7.1 g), m.p. 159 °C.
Malonic acid di hydrazide preparation is shown in
Scheme 1.

2.3. Synthesis of Schiff base ligand (L)

In mole ratio 1:2, 2-hydroxy-1-naphthaldehyde (2.6 g,
0.015 mol) in 10 mL of methanol was added slowly
with stirring to prepared malonic acid dihydrazide
solution (1.0 g, 0.004 mol), in 10 mL of methanol.
Then 2-3 drops of glacial acetic acid were added to
the reaction mixture. The mixture was left to react
under reflux conditions for 5 hr, then yellow crystals
glossy precipitate was formed which was collected
by filtration, washed, and recrystallized by hot ethanol.
The product was dried over anhydrous CaCl, in a
vacuum to give 80 % (2.88 g) yield, m.p 244 °C see
Scheme 2 for the reaction Scheme.

2.4. Synthesis of Schiff base metal complexes
The copper complex was synthesized by dissolving

0.2 g, 0.001 mole of the Copper chloride dehydrate
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Scheme 2. Steps of Preparation of Schift base ligand.
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Scheme 3. Preparation of Schiff base Metal Complexes.

in 10 ml methanol and dissolving (0.5 g, 0.0001 mol)
of the synthesized ligand in 10 ml of methanol with
continuous stirring for about (10 min) and adding
few drops of DMF to complete solubility, followed
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Table 1. The physical properties of the prepared compounds

Compound Color M.P °C Yield%
Ligand Yellow 240-244 80
Cu Dark green >285 75
Ni Green yellowish ~ 258-260 70
Zn yellow 240-248 d 83
Co Green brownish ~ 240-245 72

by adding the solution of the dissolved metal salt
onto a solution of the dissolved ligand in the mole
ratio (1:1) of (metal-ligand) and adding 1-2 drops of
trimethylamine. The mixture was stirred under reflux
for 5 hr until the precipitate was formed. The colored
complexes were separated by filtration, washed with
methanol, recrystallized, and left to dry at room
temperature for 24 hours. All other complexes (CoClL.
6H,0, NiCL.6H,O, and ZnCl,) were prepared using
the same procedure as shown in Scheme 3 with good
to very good percentage yield see Table 1.

3. Results and Discussion

The ligand was synthesized in two steps firstly
malonyldihydrazide was synthesized from a reaction
of malonic acid with two moles of hydrazine. The
crude product was purified by recrystallization from
absolute ethanol. The pure product was reacted with
two moles of 2-hydroxy-1-naphthaldehyde to produce
the target ligand which was purified as well by
recrystallization. Finally, the prepared ligand was
used to synthesized five new complexes by reacting
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Fig. 1. "H NMR of synthesized ligand.

it with corresponding metallic chloride. The percentage
yields and physical features of prepared molecules were
summarized in 7able 1. Various techniques were used
to characterize the chemical structure of syn- thesized
materials as will be explained in the next sections.

3.1. Characterization of Schiff Bases ligand

by ™H-NMR Spectroscopy
The synthesized ligand chemical structure was

characterized using '"H NMR spectroscopy. Hence
the "H NMR spectrum shows all needed peaks at the
corresponding environments, integrations, and multi-
plicity to demonstrate the chemical structure of the
ligand. The proton of the imine group (N = CH) gives a
strong sharp singlet peak at 8.43 ppm with the
integration two because the structure has two symme-
trical imine groups. The exchange protons of (NH
and OH) groups have shown singlet peaks at chemical
shifts 10.88 and 8.11 ppm. It is suggested that 10.88
ppm belongs to the NH group because it is next to
the carbonyl group which causes the de-shielding of
protons. On the other hand, the protons of aromatic
regions show peaks at regions between 7.15 to 7.69 ppm
which is the aromatic region with required integration

Table 2. '"H NMR data of synthesized ligand
'H-NMR

6 =3.07 ppm (2H, CH,), 7.15 ppm (s, 2H, Ar-H),
7.20-7.32 ppm (m, 4H, Ar-H), 7.47 ppm (s, 2H,
Ar-H), 7.60-7.69 ppm (m, 4H, Ar-H), 8.11 ppm
(s, 2H, OH) from the phenolic proton, 8.43 ppm to
azomethine (s, 2H, HC=N), 10.88 ppm (s, 2H, NH).

Compound

Ligand

(12). Finally, the CH, group showed a singlet peak at
the aliphatic region 3.07 ppm, this is because it is
next to two carbonyl groups as shown in Fig. 1.
From all the above, it can be said that the ligand has
been synthesized successfully with a high percentage
of purity. The 'TH NMR data of the syn- thesized
ligand were summarized in Table 2.

3.2. Characterization of Schiff Bases ligand

by ®*C-NMR Spectroscopy
The synthesized ligand chemical structure was

characterized using *C NMR spectroscopy. Hence
the >C NMR spectrum shows all needed peaks at
the corresponding environments to demonstrate the
chemical structure of the synthesized ligand. The
carbon atom of the imine group (N = CH) gives a

Analytical Science & Technology
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Fig. 2. C NMR of synthesized ligand.

peak at 148.10 ppm where Schiff base groups spouse
to be. On the other hand, carbonyl groups show a
peak at 167.11 ppm because oxygen has a higher
electronegativity than nitrogen which causes more
de-shielding. However, there is still a peak above the
aromatic region (157.37 ppm) which could belong to
aromatic carbon atoms next to the oxygen. Thus, the
carbon atoms of aromatic regions show nine peaks at
regions between 112.79 to 135.89 ppm which is the
aromatic region. Finally, the CH, group showed a
peak at the aliphatic region 48.89 ppm, this is because it
is next to two carbonyl groups as shown in Fig. 2.
From all the above, it can be said that the ligand has
been synthesized successfully with a high percentage
of purity. The *C NMR data of the synthesized ligand
were summarized in Table 3.

Table 3. °C NMR data of synthesized ligand
BC-NMR

8 =48.89 ppm (1C, CHy), 112.79, 123.15, 124.19,
126.44,127.61, 128.14, 129.49, 131.47, 135.89
ppm (18C, Ar naphthalene), 148.10 ppm (2C,
CH=N azomethine group), 157.37 ppm (2C,
Ar-OH) and 167.11 ppm (2C, C=O carbonyl
group).

Compound

Ligand

3.3. Characterization of Schiff Bases ligand
and its complexes by FTIR

Fourier Transform Infrared Spectroscopy is a valuable
method to determine the functional groups and the
creation of new bands in the manufactured compounds.
Table 4 reports the FTIR spectroscopy results for the
ligand and their produced complexes. Figs. 3-7 shows

Table 4. FTIR Spectroscopy Measurements of ligand, and its Complexes

Compound O-H Phenol N-H C-HAr C-H Alp C=0 C=N C=C M-N M-Cl
Ligand 3409 3330 3109 2889 1700 1613 1596 - -
Co(IT) 3479 3355 3110 2893 1702 1623 1598 422 351
Ni(II) 3450 3203 3186 2896 1701 1623 1539 422 333
Cu(II) 3461 3423 3109 2925 1704 1621 1542 420 351
Zn(II) 3479 3359 3053 2925 1703 1620 1577 476 352

Vol. 36, No. 5, 2023
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the FTIR spectrums of synthesized ligand and its
complexes.

The tetradentate Schiff base ligand displays a
sharp band at 3109 cm™, and 1596 cm™ assigned to
V(C-H)Ar, and v(C = C) respectively.® A strong band
appeared at 1613 cm™ assigned to the stretching band
of the azomethine group. The coordination of the
metal ions to the nitrogen azomethine leads to a shift-
up in the frequency of v(C = N) value due to the
decreases in the electron density on the azomethine
after donating electrons of nitrogen to the partially
filled d-orbitals of the metal ions(IT).> The IR-spectra

1750

31438

- - 1273877

23337
4 23337

N T R
1500 1250 1000 750 500 250
1lem

of the complexes, exhibit characteristic bands around
(1613-1623) ecm™ showing that the metal ions coor-
dinate to the ligand via the azomethine nitrogen
atom.”® The stretching vibrations of the phenolic
hydroxyl group cause a large band at 3409-3479 cm™
in the IR spectra of the ligands. Intermolecular
hydrogen bonding between the phenolic and azome-
thine groups accounts for the broadness. New stretching
modes were observed in the far-infrared spectra of
the complexes that didn't exist in the spectrum of
ligand at (420-476) cm™', (526-563), and (327-352)
cm’! which are attributed to v (M-N), v (M-O) and
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v (M-CI) as evidence on the formation bonds between 3.4. Energy dspersive X-ray (EDX) Analysis of
the metal ions(II) and the nitrogen azomethine, hydroxyl ~ Synthesized Schiff base Complexes

group and chloride, respectively. Energy dispersive X-ray (EDX) was used for
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Fig. 8. EDX graphs of (a) Cu(ll), (b) Zn(Il), (¢) Ni(Il), and (d) Co(Il) complexes.
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synthetic Schiff base complexes to offer details on
the elemental composition of solid surfaces.’! Field
emission scanning electron microscopy (FESEM), a
standard chemical microanalysis technique, and EDX
are coupled to derive the chemical formula of produced
compounds. The EDX mapping of the complexes, as
seen in Fig. 8, reveals the elemental chemical com-
positions of the produced complexes.

3.5. Inorganic complexes as gas storage
materials

3.5.1. Surface area determination

Complexes were subjected to 77 K nitrogen gas
adsorption and desorption experiments using a surface
area measuring equipment. By using the Brunauer,
Emmett, and Teller (BET) approach, specific surface
areas of complexes were measured and gas volume-
relative pressure isotherms were generated. The
“nitrogen adsorption method”, which made it easier
to analyze micro-, meso-, and macropore sizes and
specific surface areas of the pores, yielded complicated
pore diameters and sizes, which were presented in
Table 5 and Fig. 9-12.

According to categorization in The International

Table 5. Surface area and pore size distribution of metal
complexes obtained by N, Adsorption

Complex Sl;F_T Pore v91ume Average pore
(m7/g) (cm’/g) diameter (nm)
Co(II) 4.7 0.02 16.9
Ni(ID) 6.2 0.04 29.3
Zn(IT) 8.7 0.028 12.8
Cu(Il) 19 0.07 15

Va/cm3(STP) g-1
NN oW ow B R oo
8 & 8 & 8

S

0 02 04 06 08 1 12
p/PO
—e—ADS —@—DES

Fig. 9. N, Adsorbed isotherm of Co(Il) complex.
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Fig. 12. N, Adsorbed isotherm of Cu(ll) Complex.

Union of Pure and Applied Chemistry (IUPAC),
which correlates to meso pore size generally, results
in Table 4 reveal the typical pore diameter is in the 2
to 50 nm range. According to Table 5, rather than the
size of the particular pore volume, the size of a
specific surface area is dependent on the size of the
pores. Because the wall surface area increases with
decreasing pore size of used materials. Additionally,
it was shown that the specific surface area and pore
volume were connected to the complexes' structure
and adsorption capacity.’? There were no monolayers
and only very weak interactions between the gas and
adsorbents, as shown by the type III isotherms seen
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in (Fig. 2, Fig. 3, Fig. 4 and Fig. 5). The fact that the
isotherms began at the origin indicates that the heat
of adsorption and condensation were equivalent in
intensity. Positive CO, gas adsorption on the surface
of metal complexes resulted in a significant rise in
adsorption as the pressure rose.’*** The potency and
effectiveness of metal complexes in gas storage are
enhanced by the strong stacking interactions, which
also regulate the 2D solid-state packing and obstruct
interpenetration, according to measurements of CO,
gas sorption at high pressures (up to 40 bar).

3.5.2. FESEM of metal complexes

The FESEM method was used to assess the
morphology, porosity, and particle size of the produced
Schiff base Co(II), Ni(II), Cu(Il), and Zn(IT) complexes.
Images produced by the FESEM demonstrate superb
resolution, clarity, and minimal distortion of the

200 nm EHT = 10.00 kV Signal A = SE2 Date 21 Aug 2022 ZEISS|
—

Mag= 2000KX  UserText=

Fig. 13. Field emission scanning electron microscopy (FESEM)
image of Cu(Il) complex.

200 nm EHT = 10.00 kV
g WD = 43 mm

Signal A = SE2
Mag= 2000KX  UserText=

Date:21 Aug 2022 ZEXSS

Fig. 14. Field emission scanning electron microscopy (FESEM)
image of Ni(II) complex.
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WD= 43mm

Fig. 15. Field emission scanning electron microscopy (FESEM)
image of Zn(Il) complex.
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—
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Fig. 16. Field emission scanning electron microscopy (FESEM)
image of Co(Il) complex.

investigated particles.>*¢ Schiff base complexes'
homogeneous, amorphous, and rough surfaces are
exposed in Fig. 13-16, and these characteristics make
them an ideal surface for CO, gas extraction. The
complexes' images show minute particles creating
various shapes and sizes through homogeneous agglo-
meration. According to the TUPAC pores classifi-
cations,’” the FESEM pictures indicate that the com-
pounds have a mesoporous structure, supporting the
findings of the BJH method. Macro-pores are those
with a diameter more than 50 nm, Meso-pores have
pores that range in size from 2 nm to 50 nm, and
Micro-pores are those with a diameter of under 2 nm.
The sorption of porous aromatic Schiff base
complexes (Co(I), Ni(Il), Zn(I), and Cu(Il)) was
studied at fixed pressure and temperature 50 bars and
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Fig. 17. CO, adsorption isotherms of metal complexes.

Table 6. CO, capacity for metal complexes

Complex CO, uptake cm’.gm™
Co(Il) 15.5
Ni(ID) 183
Zn(IT) 20.6
Cu(ln 33.1

323 K. Fig. 17 shows the adsorption isotherms of
CO, on metal complexes and the gases uptakes are
recorded in Table 6.

Because they have a high capacity to create van
der Waals and dipole-dipole interactions between the
adsorbent and adsorbate, porous aromatic Schiff base
complexes (Co(II), Ni(II), Zn(II), and Cu(Il)) exhibited
the effectiveness of CO, adsorption. According to
Fig. 17, the CO, adsorption capacities for Co(Il),
Ni(IT), Zn(II), and Cu(I) complexes, respectively, were
15.5, 18.3, 20.6, and 33.1 cm®/g. Evidently, when
compared to the other investigated compounds, Cu(Il))
complex showed the greatest efficiency of CO,
adsorption capacity. Other ways to boost adsorption
effectiveness include strong dipole-dipole interactions
and heteroatoms found inside molecules. Therefore,
porous materials with oxygen and nitrogen atom
units are efficient at trapping CO, gas in a specific
manner.

4. Conclusions

In conclusion, Carbon Dioxide (CO,) storage is a
crucial challenge faced by the scientific community
today, and extensive research is being carried out to

Vol. 36, No. 5, 2023

find a viable solution to this issue. One of the promising
approaches is the use of porous aromatic Schiff Bases
as a highly effective media for CO, storage and studied
the influence of their morphologies. This technology
has shown impressive results in CO, adsorption and
storage, and it is an excellent alternative to traditional
methods of CO, storage. All spectral data from this
investigation showed that the produced Schiff base
compound acted as a tetra dentate ligand, attaching
to the metal ion via the phenolic oxygen and the
azomethine nitrogen. The analytical results also
showed that the M:L ratio is 1:1 in all the produced
complexes, which is consistent with a mononuclear
structure. porous aromatic Schiff Bases offer a high
surface area and tunable chemical properties, which
make them ideal for CO, adsorption. Furthermore,
their porous structure allows for the trapping and
storage of CO, molecules, leading to a reduction in
greenhouse gas emissions. The application of this
technology can potentially lead to the development of
cost-effective, energy-efficient, and environmentally
friendly solutions to tackle the issue of CO, storage.
In summary, the use of porous aromatic Schiff Bases
as a highly effective media for CO, storage is a
promising area of research that holds significant
potential for addressing the problem of climate change.
Further research and development in this field is
necessary to refine the technology and make it more
practical for widespread use.
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