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ABSTRACT. Metal ion poisoning in water and industrial effluents threatens ecosystems and human health. The
development of efficient metal ion removal technologies has garnered attention in recent years. This work
synthesizes and characterizes dithiocarbamate complexes as metal ion scavengers. Used to make dithiocarbamate
ligands. Different metal salts were added to carbon disulfide and the proper amines to initiate substitution reactions.
The complexes were characterized using FTIR, UV-Vis, mass spectroscopy, °C-, "H-NMR, magnetic susceptibility,
melting point, and electrical conductivity molar EC. Data from spectroscopy and analysis indicate the development
of two-type macrocyclic complexes with the formula [M(L)],, where M = Fe'l, Co", and Zn" ions. Tetrahedral
geometries around the metal core and the second general formula [M(L)(H,0),],, where M = Mn", Ni", Cu",
suggested octahedral structures. Heavy water pollution has been removed using this essential ligand. Metal ion
scavenging of 96-98% was possible with the produced dithiocarbamate complexes. This work developed unique
and efficient strategies for metal contamination removal from aquatic settings, promising environmental remediation
and human health protection. Optimizing synthesis conditions and scaling up operations are needed to fully use
these compounds in real-world applications.

KEY WORDS: Dithiocarbamate ligand, Transition metal complexes, Spectral characterization, Coordination
chemistry, Dithiocarbamate complexes, Scavenger heavy metal ions

INTRODUCTION

Scavenging metal ions by the use of dithiocarbamate complexes has garnered a lot of interest in
recent years owing to the fact that it has the potential to be used in a variety of disciplines, such
as environmental remediation, wastewater treatment, and metal recovery. Metal ions, including
heavy metals, are recognized to provide major dangers to both human health and the environment
when they are present in large quantities. In light of this, there is an immediate need for
technologies that are both effective and kind to the environment for the removal of these metal
ions [1]. Dithiocarbamate ligands may be found in at least nine distinct coordination modes,
resulting in the creation of a diverse array of geometries. The structural variations mostly arise
from the substitution control exerted on the nitrogen atom of the dithiocarbamate group. The
morpholinyl dithiocarbamate ligand responds with metal ions (Ni, Cu", and Zn") to generate
thiocarbamate complexes [2]. This procedure yielded dithiocarbamate chemicals. Cu!
dithiocarbamate molecules were manufactured using N-butyl-N-phenyl dithiocarbamate
([Cu(L1)2]) and N-ethyl-N-ethanol dithiocarbamate ([Cu(L,),]). The determination of this study
was to catch a profounder understanding of the compound structural characteristics under
different conditions [3]. The researchers exposed that complexes of di-isobutyl-dithiocarbamate
(M(S2CNiBuy)n) serve as precursors to ternary sulfides. The sulfides contain of Fe-Ni, Fe-Cu, and
Ni-Co. In addition, the compounds contained of both complexes [4]. Many pharmaceutical
companies used organogold compounds to produce antibacterial drugs. This work inspected the
structure and properties of a cyclometallated Au(III) dithiocarbamate complex that has potential
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therapeutic applications [5]. Pt-(phenanthroline) (tertamyl dithiocarbamate) is prepared using
these compounds. The subject of this discussion will be pharmacology. The chemical which
consists of 1,10-phenanthroline (phen) and tertamyl-dithiocarbamate, was prepared. The
compound was analyzed using UV-Vis, FT-IR, 'H NMR, and '*C NMR techniques. This study
investigated the distinctive characteristics of a platinum compound in order to ascertain its
properties [6]. During this process, dithiocarbamate-sugar compounds have similar effects to TB
medicines [7]. The dithiocarbamate moiety's usage in agriculture as an antibacterial and antiviral
agent [8].

EXPERIMENTAL
Materials

Ethylene diamine, m-hydroxybenzaldehyde, ethanol, hydrogen bromide, methanol, sodium
borohydride, potassium hydroxide, carbon disulfide, and dimethyl sulfoxide were used.

Instrumentation

The prepared compounds were identified by melting points of all synthesized compounds were
recorded on an Electro thermal DMP-500 melting-point device. FTIR was measured using
Shimadzu (FTIR) —8400S spectrophotometer in the 4000-200 cm ' spectrum range. Spectra were
performed as Csl and KBr discs. The electronic spectra for the ligand and its complexes were
determined on a UV-Visible JASCO-V-650 device spectrophotometer, in DMSO solutions with
10 M. concentration. "H- and *C- NMR spectra were recorded on Bruker 400MHz SWISS.TS
AG using DMSO and CDCl; as solvents. The metal content of the complexes was examined using
a Nov (A.A.) 350 atomic absorption spectrophotometer. A magnetic susceptibility balance
(Sherwood Scientific) was used to measure magnetic moments.

Preparation

Preparation of the Schiff Base and secondary amine [9, 10]. The chemical Schiff base was
synthesized by combining 1.98 g (16.70 mmol) of m-hydroxybenzaldehyde with continuous
stirring to 0.5 g (8.31 mmol) of ethylene diamine dissolved in 40 mL of ethanol. Subsequently, 3-
4 drops of HBr acid were added to the solution. After 3 hours of stirring, the precipitate was
collected, filtered, rinsed with solvent, and dried under vacuum pressure. This process yielded a
yellow-colored chemical weighing 1.59 g, which corresponds to a yield of 71.62%. The melting
point was 206-208 °C.

The preparation of the secondary amine obtained by dissolving 0.75 g (2.79 mmol) of Schiff
base, which had been synthesized earlier, in 40 mL of a combination of dichloromethane and
methanol at a ratio of 1:3 resulted in the preparation of the compound secondary amine. With each
successive addition, 0.51 g (13.48 mmol) of NaBH,s was added to the solution. After that, the
combination was allowed to sit undisturbed for a period of twelve hours. Through the addition of
water and dichloromethane to the solution, the organic layer was successfully separated. After
being rinsed with water four times at a ratio of four times fifty milliliters, the organic layer was
dried with magnesium sulfate. After filtering and evaporating the solution under vacuum pressure,
a white precipitate with a purity of 83.22% and a temperature range of 175-176 °C was obtained.

Ligand preparation. The ligand [L] was synthesized by dissolving 0.369 g (1.47 mmol) of the
previously obtained secondary amine in 35 mL of ethanol. Then, 0.164 g (2.54 mmol) of KOH
dissolved in 3 mL of ethanol was added to the mixture with continuous stirring. The concoction
was maintained in a frigid bath. After a duration of 15 min, a volume of 0.44 mL (equivalent to
7.28 mmol) of CS; was introduced into the solution, which was then subjected to stirring for a
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period of two hours. Filtration was used to gather the potassium dithiocarbamate salt.
Subsequently, it underwent a washing process using 5 mL of methanol (MeOH) and 10 mL of
ether. Afterward, it was subjected to vacuum drying, resulting in a yield of 0.55 g (75.34%) and
a melting point range of 190-192 °C.

The general method for preparing a macrocyclic complexes [11]. In order to create the
complexes, one mole of potassium dithiocarbamate salt (KDTC) is used as a ligand, and one mole
of the metal salt is utilized as the central ion. Mn", Fe", Co", Ni, Cu", and Zn" are the six metals
that are used in the process of producing the macrocyclic complexes. In order to finish the
precipitation process, the combination that contains the ligand salt, the metal, and its solvents is
agitated for three hours. When adding distilled water, it is done so only when it is absolutely
essential. In the process of filtering, washing with the solvent, and drying the precipitate, a
macrocyclic complex is produced. The color of this complex varies depending on the kind of
metal that is being used. The complexes (I) [Mn(L)(H,0):] given deep brown color, 67.10%, and
over 300 °C; (II) [Fe(L)]» given deep red color, 65.68% and 280 °C decomposed; (III) [Co(L)]»
given deep green, 77.63% and m.p. over 300 °C; (IV) [Ni(L)(H20)2]. given green color, 71.06%
and 197-199 °C; (V) [Cu(L)(H20)]. given Deep red color, 84.41% and190-192°C; (VI) [Zn(L)]»
given white color, 62.33% and 200-202 °C.

The efficiency of ligands in ecosystems

The ligand was used for the purpose of removing heavy element ions from contaminated settings,
particularly in industrial waste water, where these ligands are responsible for removing heavy
metals from waste environments. Because of the presence of enterprises that create water that is
contaminated with Fe'' and Cu", we are dependent on two ions, namely iron and cupper. These
companies are involved in the copper and iron industries.

Sample preparation for the contaminated water

A sample of industrial wastewater was collected from the State Company for Copper, Iron, and
Plastic Industries (Amiriyat Al-Fallujah) in Iraq. The sample was sent to the laboratory for the
purpose of quantifying heavy metals using atomic absorption technology (A.A.). The
measurement of these components was conducted using atomic absorption spectrometry at the
Market Research and Consumer Protection Center at the University of Baghdad. Upon concluding
the measurements, the concentration of iron was determined to be 30.4440 mg/L, whereas the
concentration of copper was discovered to be 5.5479 mg/L.

Retrieval of heavy metal lons by the prepared ligand [12]

The pre-made ligand (0.10 g, 0.2 mmol) was combined with 5 mL of pure ethanol. Subsequently,
the solution was introduced gradually into 30 mL of water containing heavy metals, creating a
mildly alkaline environment. The solution was produced as a solid that settled at the bottom of
the beaker. The filtrate was subjected to filtration and then re-measured using atomic absorption
spectroscopy (A.A.) to determine the concentrations of the remaining contaminated substances.
The concentrations of iron (Fe) and copper (Cu) were found to be 0.4139 mg/L and 0.1897 mg/L,
respectively. The elimination efficiency was 98% for Fe and 96% for Cu, as shown by the
following equation: E(%) = [(Co - Ce/Cy)/Co]x100.

The variable E(%) indicates the capture percentage, Co denotes the beginning concentration
of iron or copper ions, and Ce represents the end concentration of iron or copper ions.
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RESULTS AND DISCUSSION

The synthesis of organic molecules, namely Schiff bases, was achieved by reacting primary
amines (ethylene diamine) with m-hydroxybenzaldehyde in the presence of ethanol. The Schiff
base compound was dissolved in methanol and then reacted with NaBH4 to yield the secondary
amine. The ligand salt was formed by adding carbon disulfide (CS;) and potassium hydroxide
(KOH) to the dissolved secondary amine. A satisfactory amount of the ligand salt was obtained
by reacting a secondary amine with carbon disulfide (CS,) in the presence of KOH (Scheme 1).
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Scheme 2. The preparation of cyclic complexes.

As a result of the reaction between the ligand salt and metal chloride in a ratio of one to one,
the complexes were effectively produced. In this approach, the metal ion played a crucial role in
the self-assembly of binuclear cyclic complexes, which resulted in the formation of two general
formulae which were tetrahedral and octahedral respectively. There is one atom in the center of
the tetrahedral structure, and there are four atoms on the five sides. By forming bond angles of
109.5° with each of the surrounding atoms, the center atom forms bonds with each of the
surrounding atoms. Octahedral bond angle values of 90° and 180° are what distinguish the
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octahedral form from other shapes. The angle that exists between any of the four atoms that make
up the square base of the two pyramids in the octahedral structure is 90°, and the angle that exists
between any of those atoms and any of the vertex atoms is also 90°. The values and structures of
angles are consistent with these theoretical values for angles, which are in accord with the values.
This is shown in Schemes 1 and 2.

IR spectrum

The FTIR spectrum of the Schiff-base is compared to the FTIR spectra of the main amine (ethane-
1,2-diamine) and m-hydroxybenzaldehyde the starting ingredients. The FTIR spectrum of the
Schiff-base does not exhibit a band at 1700 cm™ that may be attributed to v(C=0) stretching, in
contrast to the spectrum seen in the m-hydroxybenzaldehyde spectrum. Contrary to ethane-1,2-
diamine, the spectra exhibit no peak at 3390 cm! as a result of the stretching of the v(NH,) group.
Nevertheless, the spectra exhibited a distinct band. The presence of the v(C-H) aromatic stretching
vibration at a wavenumber of 3059 ¢m™ is confirmed. The spectra exhibited two well defined
peaks, suggesting the presence of aldehydic v(C-H) bonds with greater lengths. The peaks attained
their highest levels at 2870-2818 cm'. Band detected at 2731 cm'! is referred to v(C-H) stretching
of the aldehydic moiety. The spectrum recorded bands at 1615 and 1076 cm™! assigned to v(C=N)
and v(C-N), respectively. The appearance of (C=N) imine band and the disappearance of the
amine (NH>) band in the spectrum confirmed the formation of the Schiff base [14]. Band at 1585
cm! is referred to v(C=C) aromatic stretching. The FTIR spectra of the secondary amine
compounds shows prominent bands related to the formation of secondary amine. The appearance
of the amine (N-H) band in the spectrum confirmed the formation of secondary amine [14]. The
spectrum shows no band around 1635 cm™ that may be assigned to v(C=N) stretching compared
with that reported in Schiff-base spectrum. Further, the spectrum shows band around 3286 ¢cm™!
which could be related to v(N-H) band in the spectrum confirmed the formation of the secondary
amine [15]. The FTIR spectrum of ligand is compared with the FTIR spectrum of the secondary
amine. The spectrum of L shows no band around 3390 cm™ which could be related to v(N-H)
stretching, compared with that observed in the secondary amine spectrum. The spectrum shows a
band at 3367.71 cm™! which corresponds to v(O-H) [16]. Moreover, the new band at 1454 cm™ is
assigned to v(C-N) stretching of (N-CS;) moiety. The FTIR spectrum reveals two new bands at
1126 and 1087 cm! attributed to vas(CS,) and vs(CS2) of carbon disulphide [17], respectively.
Fourier transform infrared spectra are detected the coordination shape of dithiocarbamate metal
complexes. To identify the appropriate regions for spectra, observe the bands at 400460, 950—
1190, and 1450-1500 cm™!. The M-S bond vibration is also associated with bands in the range of
400-460 cm™ [18]. The vas,s(CS,) vibration is characterized by its stretching frequencies, which
distance from 950 to 1190 cm™.. The third area, ranging from 1450 to 1500 cm!, corresponds to
the v(C-N) vibration of the v(N-CS;) band [18]. The occurrence of a band at around 1500 cm™ is
anticipated to originate from a polar structure, such as ("N=CSS%), as stated in reference [19]. The
alkyl group's growing electron-donating nature would stabilize this structure and raise the v(C-N)
wave number. The other bands are obsolete and included in Table 1.

Mass spectrometry

Mass spectrum of Schiff base. The electrospray (+) mass spectrum of Schiff base revealed the
presence of the parent ion peak (M)+, which was (CisHisN20O,) and belonged to the basic
molecular ion. This peak was located at m/z = 268. It is necessary, in addition to other pieces, that
m/z =236 belonged to CisHi6N», m/z = 148 belonged to CoH;>2N,, m/z = 134 belonged to CoH;N,
and m/z = 120 belonged to CgHoN. This is because relative abundance and fragmentation pattern
demand that these fragments belong to them.
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Table 1. FTIR spectral data (wave number) cm™ of ligand and its complexes.

Compound U‘E‘V‘iue Var(C-H) | vai(C-H) [var(C=C) [V(N-CS2)| 8(CHz) | Y(C-N) | vass(CS2) [N(M-S)
Schiffbase | (C=N) | 3059 - 1076 - -
1516
Secondary v(N-H) - -- -
amine 3286
Ligand (L) 3035 | 2958 | 1604 | 1492 | 1438 | 1315 |1150970| --
[Mn(L)(H20)2]2| Broad | 3043, | 2978, | 1604 | 1448 | 1446 | 1295 |1150-1005| 460
3001 | 2951
[Fe(D)]2 3043, | 2951, | 1604 | 1482 | 1450 | 1270 |1104-930| 440
3016 | 2897
[CoD)]2 3082 | 2943, | 1604 | 1482 | 1442 | 1360 |1148-993| 429
2885
[Ni(L)(H20)2: | v(O-H) | 3051 | 2958, | 1604 | 1482 | 1446 | 1309 |1152-997| 438
2897
[Cu(LY(M20)]2| W(O-H) | 3047, | 2951 | 1604, | 1486 | 1438 | 1355 |1179-959| 449
3005 1554
[Zn(D)]2 3039 | 2997, | 1612 | 1486 | 1450 | 1366 |1189-999| 451
2978

Mass spectrum of secondary amine. The electrospray (+) mass spectrum of a secondary amine
exhibited a dominant ion peak (CisH20N,O5), (M)+ at m/z = 272.1, indicating the presence of the
parent basic ion. Several pieces associated with the structure of secondary amines are observable.
The molecular ion has a mass-to-charge ratio of 256 due to chemical formula CisH20N>O and had
a mass-to-charge ratio (m/z) of 236. The compound with the molecular formula C;sHisN> has a
mass-to-charge ratio (m/z) of 212.3 for the compound C;4H;¢N,, but the m/z value of 136
corresponds to the compound CsH2Na.

Mass spectrum of free ligand. The electrospray (+) mass spectrum of the ligand [L] shows a
sequence of fragments that are associated with the ligand. The ligand's parent ion peak is observed
at m/z = 498, which corresponds to the sum of the molecular weight and the percentage
composition of the compound C;sH;7K,N>0,S4. Additionally, there are other fragments detected
at m/z = 466, which can be attributed to the compound C;gH;sK;N>S4. Another fragment at m/z =
344 is associated with the compound C;1Hi7KN>S4, while m/z = 272.13 corresponds to the
compound CgH;3KN,Ss3. Lastly, the fragment at m/z = 256.4 is attributed to the compound
C7H9KN2$3.

UV-Vis spectral and magnetic moment measurements

The ligand and its complexes were analyzed using UV-Vis spectroscopy, with DMSO serving as
the solvent and reference. The ligand exhibits absorption at 230 nm, attributed to (m—m+*) and at
291 nm, attributed to (n—n*) [21]. Regarding the electronic spectra, the produced compounds
exhibited absorption bands within the range of 260-322 nm, which are associated with intra-ligand
transitions. The presence of bands at around 400 nm indicates the occurrence of charge transfer
(M-L) between the metal and the ligand, providing evidence for the development of the
complexes. The Mn"" d-d transitions exhibit peaks at 412 nm, known as Alg — *Tlg uc), and
741 nm, known as °Alg — “Eg, “T1g @p). The effective magnetic moment value of peff is 1.33
B.M., indicating the presence of a deformed octahedral structure around the core atoms [22]. The
Fe' complex exhibited an absorption peak at 559 nm, indicating an electronic transition of the
d-d type known as the >Eg—°>T,g transition. The complicated tetrahedral structure of the complex
was a result of this change throughout development. The electronic spectra [23] indicate that the
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effective magnetic moment (peff) is 5.20 B.M. This validates the hypothesis. The Co" complex
exhibited a maximum intensity at 633 nm while undergoing the transition from *A,g) to *Tigp).
The change occurred precisely at this moment. This transition was accompanied by a tetrahedral
form. The Co atom structure in a tetrahedral arrangement results in an effective magnetic moment
of 4.67 B.M. (ueff) [23]. The transition from >Axg to 3Tigy) in Ni'' exhibited a peak at 440 nm.
This summit signifies the transition. The presence of a peak at 559 nm signifies the transition from
the 3A,g state to the *Tgg state. This transition started with the introduction of tetrahedrons.
Reference [24] establishes a correlation between the tetrahedral structure of the Ni'! complex and
its magnetic moment value (ueff = 3.18 B.M.). The Cu" molecule exhibited a peak absorption at
741 nm, suggesting a transition from *Eg to “T»g energy levels. The change was activated by the
complex's complicated octahedral structure [22]. The magnetic moment value peff of 1.9 B.M.
for the Cu'-complex, as well as this value agreement with structures geometry [25]. As for the
Zn" complex, a peak not appeared (d-d ) transition because it has d'° orbital, therefore attributed
to the tetrahedral shape [21] The magnetic moment value peff of 0.00 B.M for the Zn" complex,
diamagnetic properties d'°, as for as normally prefer tetrahedral coordination [26].

'H-NMR for ligand and its Zn-complex

The peak with the maximum intensity in the "H-NMR spectra of the ligand corresponded to the
'H proton of the hydroxyl group (OH), with a chemical shift of 13.38 ppm. The peak between &
= 6.55 and § =7.14 ppm was attributed to the aromatic ring protons (Hz,2:, H3,3», Hs,4 and He,e’).
The Hg,s-position in the methylene group, is responsible for the peak that is seen at § = 4.25 ppm.
The proton H7,7 belonging to the aliphatic group is responsible for the apparent peak situated at &
= 3.77 ppm. One may attribute the apparent signal at § = 3.22 ppm to the water that is present in
the residue. As seen in Figure 1, the peak that occurred at 3 = 2.50 ppm was a reference to the
protons that were present in the DMSO.

Taking into consideration the zinc complex, a peak was seen at = 9.66 ppm, which was
attributed to the 'H proton of the hydroxyl group (OH). It has been determined that the aromatic
ring protons H, Hs 3, Has, and He ¢ are responsible for the apparent peaks that occur between &
= 6.78 and 6 =7.12 ppm. When the apparent peak is measured at 4 = 5.03 ppm, it is determined
the H7,7 proton is located position in the methylene group. Figure 2 illustrates that the peaks at 6
= 3.94 ppm, which correspond to the Hsg proton of the aliphatic group, 8 = 3.35 ppm, which
corresponds to the residue of water, and 6 = 2.51 ppm, which corresponds to the protons of the
DMSO had been assigned to them. This comparison is made between the peaks that are displaced
downfield and those that are found in the ligand. Possible explanations for this phenomenon
include the presence of metals that have electron-withdrawing groups (CS%).

BBC-NMR spectrum for ligand and its Zn-complex

The ligand's *C-NMR spectra exhibited a peak at a chemical shift of § = 206.90 ppm, which was
attributed to the C9,9’ atoms in the NCS, group. The carbon atoms in the aromatic ring were
attributed to the peaks ranging for C1,1” and CS5,5” correspond to & = 147.15 and 8 = 153.96 ppm,
respectively. The other aromatic peaks corresponded to C2,2°, C3,3’, C44’, and C6,6’ appear
between 6 = 110-125 ppm.. The peaks are located at 6 = 53.30 ppm, which are ascribed to the
(8,8’ atoms in the aliphatic group. The peaks at 6 = 48.10 ppm are assigned to the C7,7” atoms
in the methylene group at the 7,7’- position. Lastly, the peaks at § = 42.49 ppm are assigned to
the DMSO [29]. This chemical shift for C9.9” supported by its complicated form, seen at the & =
195 ppm in Figure 4, which was ascribed atoms in the NCS; group. The peaks ranging for C1,1’
and C5,5’ combined in complex correspond to 6 = 148 ppm correspond to the carbon atoms
located. The other aromatic ring, namely for C2,2°, C3,3’, C4,4°, and C6,6’ due to chemical shifts
at & = 110.75-125 ppm. Moreover the C8,8” atoms in the aliphatic group due to & = 57 ppm,
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whereas the chemical shifts at 6 = 54.92 ppm correspond to the C7,7’ atoms in the methylene
group. The point at chemical shifted 6 = 43.50 ppm is attributed to the solvent DMSO [27], as
seen in Figure 4.
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Figure 1. "TH-NMR proton spectrum of the salt ligand.
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Figure 2. "H-NMR proton spectrum of the zinc complex.

Atomic absorption to capture heavy elements

Immediately after the addition of the ligand, an investigation of the atomic absorption of water
that included components of iron and copper was carried out. Before the addition of the ligand,
the concentration of iron was 29.9940 mg/L; however, after the addition of the ligand, the
concentration of iron dropped to 0.4098 mg/L. Taking into account the concentration of copper,
it dropped to 0.2000 mg/L, which is a significant reduction from the 5.5500 mg/L that it was
before the ligand was added. As a result, the equation that was described indicated that the
percentage of iron capture was (98%) and the percentage of copper capture was (96%). This was
a clear evidence that the ligand that was generated had the ability to grab metallic elements and
form complexes [28].

Bull. Chem. Soc. Ethiop. 2024, 38(6)



Heavy metal ions in polluted water removable by synthesising a new compounds 1591

T a0 i saama & - g EEER o
B | = 8

T 44 — p—
. . g ]11
w i i e R
4’1\ )\ U' | %
5 Sk 5 2k _JJ VL =
N : T
1 [T
- - ' TTY I T T o
T ! T i LI T T T T T T T T
200 160 1E0 AFC 1B0 15D 14D 130 120 110 00 @2 €0 7O BO 50 an 1 20 1w =10

Figure 3. The *C-NMR proton spectrum of the salt ligand.

Figure 4. The *C-NMR proton spectrum of the zinc complex.

CONCLUSION

Through the preparation and characterization of the ligand and its interaction with metal ions, as
well as the verification of the stereoscopic shape of the resultant complexes using physical and
chemical measures, it was determined that two distinct structural forms were observed: tetrahedral
and octahedral. The presence of scavenging heavy metal ions (Fe'' and Cu') in the western water
at concentrations of 98% and 96%, respectively resulted in the formation of these stable structures.
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