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Abstract

Aromatic nitro compounds, which have good water solubility, are one of the essential industrial pollutants,
highly toxic and non-biodegradable, and adversely affect human health, aquatic life, and the environment. In
this study, we have investigated the adsorption of m-toluidine on three types of eggshells characterized by FT-
IR and FT-Raman spectroscopy. Also, the theoretical analysis of this harmful organic was determined using
density functional theory on GAUSSIAN 09W software program. Molecular electrostatic analysis, Infrared and
Raman vibrational bands, frontier molecular orbitals, and molecular geometry were investigated for this
purpose. After the adsorption process, the NH, groups were observed at 3423-3347 cm™! and 3433- 3350 cm™!
in CCJ-mT and C-CCJ/mT samples, respectively in FTIR spectrum. While these bands were not seen in CCJ-
mT in the Raman spectrum, they were observed in C-CCJ-mT at 3429 and 3375 cm!. After adsorption, C-H
bands were observed at 3216, 3036, 3013, 2978, 2919, 2865 cm™! in CCJ/mT sample and at 3216, 3034, 3011,
2978, 2947, 2917, 2856 cm™ in C-CCJ/mT sample. The C-C bands in the FTIR spectra of CCJ/mT and C-
CCJ/mT samples were observed at 1591 and 1590 cm’!, respectively, but they were not seen in the Raman
spectrum after the adsorption.
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m-Toluidin'in Kuantum Kimyasal Hesaplar1 ve Yumurta Kabuklarina
Adsorpsiyonunun Incelenmesi

Oz

Suda ¢oziiniirliigii iyi olan aromatik nitro bilesikleri, temel endiistriyel kirleticilerden biridir, olduke¢a toksiktir
ve biyolojik olarak par¢alanamaz ve insan sagligini, su yagamini ve ¢evreyi olumsuz etkiler. Bu calismada, FT-
IR ve FT-Raman spektroskopisi ile karakterize edilen ii¢ tip yumurta kabugu iizerinde m-toluidinin
adsorpsiyonu nu arastirdik. Ayrica GAUSSIAN 09W yazilim programinda yogunluk fonksiyonel teorisi
kullanilarak bu zararli organigin teorik analizi yapilmistir. Bu amagla molekiiler elektrostatik analiz, Kizilotesi
ve Raman titresim bantlari, sinir molekiiler orbitalleri ve molekiiler geometri incelenmistir. Adsorpsiyon iglemi
sonrasinda FTIR spektrumunda CCJ-mT ve C-CCJ/mT 6rneklerinde NH; gruplar sirastyla 3423-3347 cm™! ve
3433- 3350 cm™'de gdzlendi. Bu bantlar CCJ-mT nin Raman spektrumunda de goriilmezken C-CCJ-mT' nin
Raman spektrumunda 3429 ve 3375 cm™''de gdzlendi. Adsorpsiyon sonrast CCJ/mT &rneginde 3216, 3036,
3013, 2978, 2919, 2865 cm™!" de ve C-CCJ/'de 3216, 3034, 3011, 2978, 2947, 2917, 2856 cm™!" de C-H bantlar1
gozlendi. CCJ/mT ve C-CCJ/mT &rneklerinin FTIR spektrumundaki C-C bantlar sirasiyla 1591 ve 1590 cm™
de gézlemlenmis, ancak adsorpsiyon islemi sonrasinda Raman spektrumunda goriilmemistir.

Anahtar Kelimeler: m-toluidin, Kuantum Kimyasal Hesaplamalar, Adsorpsiyon, Molekiiler Elektrostatik
Potansiyel
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1. Introduction

Today, recycling waste materials in the economy is a topic that attracts much attention and is
being studied. The main reason why this subject attracts attention is that it is low cost and high
gain. In addition, using natural waste material in any work also ensures minimized damage to
the environment. Eggshells are a solid waste material, especially in the food industry. After the
inner part of the egg is used, the shell parts are usually thrown away. However, these eggshells
can now be used in many areas. On the one hand, it is used as a supplement due to the rich Ca
content in its structure [1] [2] [3]; on the other hand, it is used as a biodiesel [4] [5]. It can even
be used as a molecular adsorbent [6] [7] [8] while allowing it to adsorb heavy metals that cause
environmental pollution due to the pores in its structure [9] [10]. There are studies in the
literature about eggshells can be calcined and their ability to adsorb heavy metals or molecules
can be increased [11] [12] [13] [14].

Three types of eggshells were used in this study. These were Anser answer (AA), Denizli Hen
(DH), and Coturnix Coturnix Japonica (CCJ) eggshells. The reason for choosing these three
samples is that the 44 eggshell is very thick, the DH eggshell is of medium thickness, and the
CCJ eggshell is thin. Figure 1 shows the consistency of these eggshells.

Figure 1. Photograph of the thickness of the eggshells (From left to right A4, DH, and CCJ)

m-Toluidine (m-methylaniline) is a simple aromatic amine compound bonded to the 1st carbon
atom of the benzene ring with NH» (amine) and the 3rd carbon atom CH3 (methyl) [15]. Its
chemical formula is C7HoN. Its molecular structure is shown in Figure 2. m-Toluidine is used
in dyestuffs, photochemicals, and antioxidants [16] [17]. In addition, an increase in m-toluidine
was observed in smoking environments [ 17]. Aromatic amine group compounds are considered
a compound in the severely destructive group for environmental and ecological balance [17,
18]. In addition, aniline and its derivatives can have a toxic and carcinogenic effect on human
health, even if exposed in very low amounts [17] [19] [20].
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1

Figure 2. Molecular structure of m-Toluidine.

Apart from that, aromatic amine groups can easily mix with soil and water by decomposition
of various insecticides, pesticides, and paint polyurethane classes. Thus, it can pose a threat to
both the environment and human health [21]. Furthermore, in national and international
environmental platforms, m-Toluidine is defined as a chemical threatening the environment and
human life [22].

These aromatic amine groups can be easily analyzed by gas chromatography or liquid
chromatography, but since high amounts of organic solvents will be used, they will be
environmentally unfriendly methods [21]. Therefore, we used Raman and FTIR spectroscopic
analysis in this study and obtained excellent results. These were also low cost, high analysis
speed, low sample requirement, and environmentally friendly methods.

In this study, the adsorption properties of the m-toluidine molecule, which is densely present in
the environment and may cause harm to human health on the one hand and environmental
pollution on the other, were demonstrated by Raman and FTIR spectroscopy and theoretical
calculations.

2. Materials and Methods

Eggshell samples AA, DH, and CCJ were obtained from Isparta University of Applied
Sciences, Educational Research, and Application Farm. Eggshell samples were taken from the
incubation wastes of the farm. m-Toluidine (mT) in liquid phase was bought from MERCK
company. And they were used without purification. FTIR spectroscopic analysis was taken by
JASCO FTIR 4700 Spectrometer.

2.1. Experimental Procedure

The cleaning procedure for eggshells was applied like the previous study, as in our last study
[13]. They were put in a mortar. We used pure and calcinated powdered shells of each sample.
The calcination process was performed by heating at 900°C for 2 hours. In the rest of the study,
the calcination process is shown abbreviated with the letter “C.” 0.5 gram of each sample treated
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by 10 mL mT was used. They were shaken for 48 hours on stirring magnetic equipment. The
samples were filtered and dried. It was then analyzed by FTIR spectroscopy.

2.2. Theoretical Details

Theoretical calculations had been done before another study [23].

3. Results and Discussion
3.1. Molecular Geometry

In this part of this work, bond lengths and angles for mT molecules were calculated to explain
the molecular geometry. The optimized parameters of mT are presented in Table 1. The N1
atom in the amine molecule attached to the C4 atom in the benzene ring, which shows the
characteristic geometry of the molecule, forms bonds with the H16 and HI17 atoms,
respectively. The bond length between N1-C4 is 1.411 A. The bond lengths between N1-H16
and N1-H17 are 1.011 A.

Table 1. Optimized parameters for mT

Atoms Bond Atoms Angle (°) Atoms Angle (°)
length (A)

N1-C4 1.411 C4-N1-Hl16 120.04 C7-Ce6-H11 119.30
N1-H16 1.011 C4-N1-H17 120.04 C5-C7-Coé 120.01
N1-H17 1.011 H16-N1-H17 119.93 C5-C7-H12 120.00

C2-C3 1.395 C3-C2-C5 120.00 C6-C7-H12 120.00

C2-C5 1.395 C3-C2-C8 120.02 C2-C8-H13 111.09

C2-C8 1.491 C5-C2-C8 119.98 C2-C8-H14 110.07

C3-C4 1.395 C2-C3-C4 120.00 C2-C8-H15 111.23

C3-H9 1.088 C2-C3-H9 119.98 H13-C8-H14 108.73

C4-Co 1.395 C4-C3-H9 120.02 H13-C8-H15 106.97

C5-C7 1.395 N1-C4-C3 120.02 H14-C8-H15 108.64
C5-H10 1.087 N1-C4-C6 119.98

C6-C7 1.395 C3-C4-Co6 120.00
Co-H11 1.087 C2-C5-C7 120.00
C7-H12 1.086 C2-C5-H10 120.72
C8-H13 1.096 C7-C5-H10 119.29
C8-H14 1.095 C4-Co-C7 120.00
C8-H15 1.095 C4-C6-H11 120.71

At the same time, the bond length of the N1 atom with both H16 and H17 forms the shortest
bond in the molecule. In addition, the bond length between the C2 atom in benzene to which
the methyl group is attached is 1.491A, and this bond is the longest in the m-toluidine molecule.
The bond lengths of H13, H14, and H15 atoms in the methyl group with C8 are equal and
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1.095A. The bond lengths between C3-H9, C5-H10, C6-H11, and C7-H12 atoms are 1.088,
1.087, 1.087, and 1.086A, respectively. There are slight differences in the bond lengths between
the carbon and hydrogen atoms. The reason for this can be explained as adding an amine
molecule and methyl molecule to the benzene ring affects the C-H bond lengths in the benzene
ring. The C-C bond lengths in the benzene ring are equal. Even though methyl and amine groups
were added to the benzene molecule, it was observed that these additions did not disrupt the
hexagonal structure of the benzene molecule.

When the CH3 substitution was added to the C2 atom in the benzene ring, the angle between
C3-C2-C5 was calculated to be 120.00°. The grades between the C8 atom attached to the C2
atom and the H13, H14, and H15 atoms were calculated as 111.09, 110.07, and 111.23°,
respectively. The computed values here differ from each other. This difference is thought to be
due to the geometry of the methyl group. The bond angles between the N1 atom attached to the
C4 atom of the benzene ring and H16 and H17 were calculated as 120.04°. The angles between
C-C-H in the benzene ring were estimated to be approximately 120° for each. When the C-C-
C curves in the benzene ring were compared, it was seen that the angles in all the benzene rings
had the same value. According to this result, it was seen that the angles between the carbon
atoms in the ring were not affected even if methyl and amine groups were added to the benzene
ring, just like the bond lengths.

3.2.Vibrational Analysis

In the first stage of this study, the %PED distributions of the theoretical vibrational bands of
the mT molecule were calculated in detail. FTIR analysis was done experimentally, and the
work of Puranik and Ramiah was used for the assignment of the Raman vibration bands [24].
Three eggshells were selected in the second stage (CCJ, AA, DH). Each of these eggshells was
divided into two parts. While no treatment was applied to one part, calcination was applied to
the other. mT adsorption was performed on untreated and treated eggshell samples, and then
the vibration bands were reconsidered to prove the adsorption process. The intensities and
detailed %PED assignments of the IR and Raman bands calculated by the B3LYP/6-
311++G(d,p) method are given in Table 2. Since B3LYP vibrationalwavenumbers are known
to be higher than the exper-imental wavenumbers, they were scaled down by auniform scaling
factor of 0.983 for wavenumbers up t01700 cm™' and of 0.958 for wavenumbers greater
than1700 cm™' [23]. The experimental FTIR and Raman vibrational bands of CCJ, mT/CCJ are
presented in Figure 3.

3.2.1. NH: Vibration

Characteristic N-H vibrational bands are observed at 3500-3300 cm™ [25]. The N-H
asymmetric and symmetric vibration bands for mT were theoretically calculated at 3536 and
3443 cm’!, respectively. These vibration bands were observed at 3450 and 3349 cm! in the

experimental FTIR spectrum and 3455 and 3370 cm™ in the Raman spectrum. N-H vibration
bands were observed at 3423-3347 cm™! and 3433-3350 cm™ in the FTIR spectra of CCJ-mT
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and C-CCJ/mT samples after the adsorption process. While these bands were not seen in CCJ-
mT in the Raman spectrum, they were kept in C-CCJ-mT at 3429 and 3375 cm™.

3.2.2. C-H Vibration

C-H vibrational bands are observed at 3200-3000 cm™' in aromatic and heteroatomic structures
[26]. The C-H vibration bands of the investigated molecule were calculated as pure modes at
3069, 3055, 3044, 3033, 2991, 2967, and 2915 cm™! with PED values of 93-97%. While these
bands are observed at 3215, 3036, 3013, 2978, 2917, and 2857 in the IR spectrum, they are
attributed to 3036, 2919, and 2865 cm™' in the Raman spectrum. After adsorption, these bands
were observed at 3216, 3036, 3013, 2978, 2919, and 2865 cm™' in the CCJ/mT sample and at
3216, 3034, 3011, 2978, respectively 2947, 2917, 2856 cm™ in C-CCJ/mT sample.

In-plane aromatic C-H bending vibrations occur as weak to moderate bands in the range of
1400-1000 cm™ (C-H in the plane). In this study, these bands for mT were calculated at 1474,
1439, 1363, 1301, and 1150 cm™. It is assigned to 1467, 1432, 1376, 1311, 1170, and 1076 cm"
Uin the experimental FTIR spectrum and 1431, 1377, 1157, 1077 cm™! in the Raman spectrum.
After adsorption, these bands are in the FTIR spectrum of the CCJ/mT sample at 1379, 1310,
1169, and 1080 cm™!, and in the Raman spectrum at 1364, 1294, and1154 cm™'. It was observed
at 1469, 1364, 1312, 1292, 1170, 1090, and 1467, 1430, 1360, 1156 cm™ in the FTIR and
Raman spectrum, respectively of the C-CCJ/mT sample.

The out-of-plane C-H vibration bands are assigned to the 984-971 cm™! range [27]. For the mT
molecule, these vibration bands were observed at 995 and 928 cm™ in the FTIR spectrum, while
they were observed at 996-926 and 996-927 cm” in CCJ/mT and C-CCJ/mT samples,
respectively.

3.2.3. C-C Vibration

In FTIR/ Raman Spectra, C=C and C-C vibration bands are observed in the range of 1650-1430
and 1614-1352 cm’!, respectively [28]. While these bands were observed at 1588, 1491 cm™! in
the FTIR spectrum of the mT molecule, they were kept at 1585 cm™ in the Raman spectrum.
After adsorption, it was observed in the FTIR spectra of CCJ/mT and C-CCJ/mT samples at
1591 and 1590 cm™!, respectively, but not in the Raman spectrum.

Similar assignments were made in AA/mT, DH/mT, C-AA/mT, C-DH/mT samples. Details are
presented in the attached file.
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Figure 3. (a) FTIR spectrum of CCJ (b) FTIR spectrum of mT/CCJ (c) Raman spectrum of
mT/CC]J in the range of 3500-2080 cm™' (d) Raman spectrum of mT/CCJ in the range of 1800-96
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Table 2. Detailed assignments of experimental and theoretical wavenumbers (cm™) of mT, CCJ/mT, C-CCJ/mT, along with potential energy

stribution.

mT DFT | Scaled Iir Ir Exp. mT CCJ/mT C-CCJ/mT Assignment
IR Raman * IR Raman IR Raman

3664 3536 15.01 57.89 3450 3455 3423w 3433 w 3429 w vnH (100)
3567 3443 16.74 205.88 3349 3370 3347w 3350 w 3375w vnH (100)
3180 3069 17.34 215.7 3215 3216w 3216 ven (93)
3165 3055 21.36 65.35 3032 3036w 3034 w ven (93)
3154 3044 4.93 72.89 3017 3011 3013 vw 3011w ven (93)
3143 3033 20.92 80.18 2982 2978 vw 2978 vw ven (99)
3099 2991 17.65 62.20 2950 2947 vw ven (96)
3074 2967 20.36 83.03 2917 2915 2919w 2917 w ven (95)
3020 2915 31.41 242.30 2857 2869 2865w 2807 2856 w 2810 s ven (97)
1662 1604 152.59 22.35 1628 1612 1621 m Sunu (70)+ tance (10)
1646 1589 53.67 17.85 1588 1585 1591sh 1583 w 1590sh vee (41)+ unm (12)
1627 1570 25.45 9.09 1491 1480 1493 m vee (41)+ Scec (28)
1527 1474 38.28 1.64 1467 1469 m 1467sh ducc (47)+dccc (15)
1491 1439 6.95 9.97 1432 1431 1429sh 1430 w Sucu (71)+ theee (21)
1412 1363 1.04 14.39 1376 1377 1379 sh 1364 s 1364sh 1360 ducu (91)
1348 1301 4.58 1.19 1311 1310 vw 1312 sh Succ(49)+vee (30)
1339 1292 9.42 2.15 1292 1295 1291 m 1294 sh 1292 m 1291 sh vee (32)+ Sunc (25)
1192 1150 2.14 1.91 1170 1157w 1169w 1154 s 1170 m 1156 s Snec(63)+tvee (12)
1131 1092 2.13 3.62 1076 1077 s 1080 1090 1085 s Succ(30)+ dmne (25)+ vece (19)
1092 1054 1.98 1.34 1036 1038 1035 1053 dunc (34)+ vee (26)+ ducc(10)
1058 1021 8.33 1.69 995 996 w 996 w Theec(62)
1009 974 2.22 42.71 968 s 963 sh 961 sh dcce (57)+ vee (35)
973 939 0.03 0.22 928 927 sh 926 w 927 w Thcee(88)
860 830 6.94 0.33 773 776 773 m 774 m 715w THeee(64)
747 721 0.54 19.15 736 711 m 712 m 735 w Sccc(48)+vec (26)
702 678 18.84 0.19 663 669 sh 666 sh Treec(63)+yccec(12)

v=stretching; 6=deformation (bending); T=torsion; vs= very strong; s=strong; m=medium; w=weak; vw= very weak; sh=shoulder, PED: Potential energy distribution

* [24]
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3.3.  Molecular electrostatic potential surface (MEP) analysis

Molecular electrostatic potential surface maps (MEP) reveal the charge distribution of
molecules along with different charge regions. It is convenient to guess the charge distribution,
electrophilic feature, molecular behavior, activity, and details of hydrogen bonding [29]. In
addition, MEP maps pave the way for new chemical synthesis methods by clarifying active
sites between intramolecular bonds. The color codes of the electrostatic potential surface map
are depicted in Figure 4. The decrease in potential continues in the order of
blue>green>yellow>orange>red [30] [31].

-0.0156 a.u. 0.0156 a.u. -0.017 a.u. 0.017 a.u.

Figure 4. Molecular electrostatic potential mapped of m-Toluidine and CaCO3

In the MEP map of the molecule, the electron deficient region is coded in blue, and the region
with high electron density is coded in red. Regions with the most positive and negative potential
for m-Toluidine are 0.156 to -0.156 a.u. The relatively red region in the center of the ring is the
most electronegative but is localized to the N atom. Blue region is the most nucleophilic region,
a concentrated Hydrogen atom in NH>. On the other hand, the region with the most positive to
most negative potential is between 0.017 to -0.017 a.u. for CaCOs. The most nucleophilic region
is concentrated on the Calcium atom and is coded in blue, while the most electronegative region
is coded in red and located on the O atoms. The graph of Mulliken' s atomic charges is given in
Figure 5.
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Figure 5. Mulliken Atomic Charges of m-Toluidine

Mulliken population analysis supplements MEP analysis in identifying electronegative sites
within a molecule. MEP and Mulliken population analysis are very convenient methods to
explain the reactive behavior of all chemical systems in electrophilic and nucleophilic reactions.
Detailed Mulliken population analysis for the title molecule is shown in Figure 5. It is seen that
the results are in good agreement with the MEP results and among themselves.

3.4. Frontier molecular orbitals (FMOs) and chemical activity

HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular
Orbital) energies are essential properties in theoretical calculations. HOMO and LUMO surface
images and the calculated parameters are given in Figure 6 and Table 3, respectively.

LUMOT

AE=5.39 eV AE=6.42 eV AE=5.70 eV

.

HOMO i

HO

HOMO-1
w

-\

o W

W o W

Figure 6. Highest occupied molecular orbital and lowest unoccupied molecular orbital plot of
mT
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Table 3. Calculated energy values of mT

Parameters mT (eV)
Enomo -5.670
Erumo -0.280
AE 5.390
Ionization potential (I) 5.670
Electron affinity (A) 0.280
Electronegativity () 2.980
Chemical potential (p) -2.980
Chemical hardness (1) 2.700
Chemical softness (s) 0.180
Electrophilic index (w) 1.640
Maximum load transfer parameter (AN max) 0.550

m: meta form of toluidine; eV: electron-Volt; Enomo: highest occupied molecular orbital energy; Erumo: lowest

unoccupied molecular orbital energy; AE: energy differences between HOMO and LUMO

Results show that mT has high hardness and low softness parameters due to increased energy
gaps. These show that this molecule has low chemical activity and high kinetic stability, and it
can therefore be concluded that it is pretty stable. High hardness and common softness values
indicate less intermolecular charge transfer and low polarity. HOMO energy is calculated as -
5.670 eV for mT. LUMO energy is calculated as -0.280. Also, the energy gap is calculated as
5.390 eV. This low HOMO-LUMO energy gap shows that the charge transfer occurs in mT.
Electronegativity (x) and chemical hardness (n) can be calculated as used in the frontier
molecular orbital energies [32]. In a molecule, the electron will be transferred from low w to
high w (electrons flow from high chemical potential to low chemical potential). In the molecule,
x value is obtained as 2.980 eV. From the HOMO and LUMO energies, the 1 value is defined
as 2.700 eV for mT.

3.5.AFM Analyses

When the eggshells of CCJ, DH and AA are compared to each other, AFM images reveal that
the pore sizes are different. When Figure 7 is examined, it is seen that CCJ has a small circular
pore structure and AA has a channel-shaped pore structure. AFM images show that the CCJ
eggshell has the maximum number of pores per unit surface. Since the mT molecule is a
relatively small molecule, it can be said that it easily settles into these small pores. For this
reason, it was thought that adsorption was positively affected.
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(b) (c)
Figure 7. AFM Images and region histogram of Eggshell Sample (a) CCJ (b) DH (c) AA

4. Conclusion

Theoretical calculations give valuable information about bond lengths. mT molecule shows
slight differences in bond lengths between C and H atoms. Even though methyl and amine
groups were added to the benzene molecule, it was observed that these additions did not disrupt
the hexagonal structure of the benzene molecule. According to this result, it was seen that the
angles between the carbon atoms in the ring were not affected even if methyl and amine groups
were added to the benzene ring, just like the bond lengths. It can be concluded that the
adsorption was noticed more strongly in the CCJ type among the three eggshell types. The most
distinctive feature of CCJ is its thin crust and small pores. mT molecule is a relatively small
molecule. For mT, it is possible to say that as the results, mT settles in tiny pores comfortably.
Another conclusion, the adsorption process can be viewed on carbonized eggshells dominantly.
The vibrational frequencies were almost the same in FTIR spectra after adsorption on eggshells;
these results indicated that physical adsorption had taken place. 2C has a positive Mulliken
atomic charge compared to other Carbon atoms in mT. The substitute CH3 group is linked at
2C in mT. This indicates that the 2C has a more nucleophilic behavior. mT has high hardness
and low softness parameters due to its high energy gaps. These indicate that this molecule has
low chemical activity and high kinetic stability; therefore, it can be concluded that it is pretty
stable. The high stability feature of the mT molecule shows the unwillingness of any chemical
reaction. This property is the demonstration of physical adsorption on eggshells. In addition,
CaCOs, the eggshell's primary content, affects the electrical charge attraction on the surface to
adsorb the mT molecule. Mulliken' s atomic charge distribution supports the idea.
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