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ARTICLE INFO ABSTRACT

Keywords: In this work, a new series of carboxyl-functionalized bis(carbamoylcarboxylic) acid ligands (bCCAs) was syn-

C”‘rb‘”‘yl'f“r"ﬁi"""‘lfZ"‘i thesized to evaluate their performance as coagulant-flocculant agents. The interaction of these ligands with metal

I(\:/Iarb:;r-noylcarboxyhc ions was evaluated in solution by UV-Vis spectroscopy in organic media finding 1:2 and 1:1 (metal:ligand)
etal ions

complexes. Zeta potential (pZ) analysis demonstrate the negative charge of these ligands at low pH, as well as the
charge neutrality adding metal ions reaching the isoelectric point (IEP) due to the complexation in aqueous
media. The Log K, values (2.517 to 3.887) indicate a strong metal-ligand interaction in water. These new bCCAs
demonstrate outstanding performance in the simultaneous removal of metal ions such as Ca2+, Cd2+, Cu2+, Ni2+,
Pb?* and Zn?*, acting as both coagulant and flocculants in a coagulation-flocculation process, and showing
excellent removal capacities (308 to 533 mg M“*/g of L or 1.94 to 3.68 mol M™*/mol of L), clarification kinetics
(48.6 to 136.8 T%/h) and sedimentation ratios (96 to 156 mm/h). Comparing with the bCCAs type ligands
previously studied, these carboxyl-functionalized analogues perform the fastest coagulation-flocculation process.

Coagulation-flocculation
Zeta potential

These results indicate a high potential for effectively removing metal ions from industrial wastewater.

1. Introduction

Water is one of the most important natural resources on Earth, since
it is not only essential for life existence, but it is also fundamental for the
functioning of our societies. However, water scarcity has been a
persistent problem throughout history. It is one of the main challenges
because, throughout the 20th century, the demand for water increased
at a rate twice as the population growth rate, and, as a consequence, a
large number of the population are living in areas with water scarcity
[1-3]. There is enough water to satisfy the demand of the entire popu-
lation. Nevertheless, the water is distributed unevenly, contaminated, or
wasted. This has led to the search for methods to treat water and miti-
gate the impact of scarcity. Water treatment methods have been devel-
oped throughout the history, but with the increase in water demand, it
has been necessary to implement new and more efficient methods.
Water treatment methods consist of the contaminants removal
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improving water physicochemical and organoleptic qualities, so that it
becomes suitable for consumption or use in some processes [4-6].
Water treatment using the coagulation-flocculation method is a
chemical method carried out before a physical separation process, such
as filtration or decantation [7-9]. It is used to treat water contaminated
with colloidal particles and consists of adding a coagulant agent that
neutralizes the charges of these particles so they agglomerate and form
larger particles called micro-flocs. Subsequently, a flocculation process
follows adding a flocculant agent, the mixture is slightly stirred to
facilitate the micro-flocs’ agglomeration, the formation of larger parti-
cles and their settlement [10,11]. Then, the mixture is allowed to rest for
a time, and a two-phase system is formed with a solid phase of sludge at
the bottom, which contains all the removed contaminants, and a liquid
phase or clarified water at the top. Finally, this system is separated by a
physical method [11]. The coagulation-flocculation method has the
advantages of simplicity, cost-effectiveness, the ability to remove
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Fig. 1. Best performing functionalized bCCAs previously studied as coagulant-flocculant agents in wastewater treatment.

different types of particles, and improved filtration efficiency [12-14].
However, it also has the disadvantage of being a very slow process;
contaminants are transferred to a sludge, which must be treated later
and the use of chemical products is required [15-17].

The development of industry and human activities, such as the metal
coating industry, batteries, pesticides, the mining industry, metal
washing processes, the textile industry, metal smelters, petrochemicals,
paper manufacturing, and electrolysis applications, had increased the
presence of heavy metals in wastewater. Wastewater contaminated with
metallic ions spreads up in the environment, compromising human
health and different ecosystems. Heavy metals are not biodegradable,
and the presence of these metals in wastewater results in severe health
problems for living beings [18]. Heavy metals are elements with high
atomic weight and density. These elements have multiple applications in
different fields of human activity, which contribute to their environment
distribution and raise potential effects on the health of living beings and
the environment [16,19]. There are several factors that influence their
toxicity, such as dose, exposure route, chemical species involved, as well
as, the affected individual characteristics such as age, gender, genetics,
and nutritional status. Because of their high toxicity, metal ions such as
arsenic, cadmium, chromium, lead, and mercury are considered the
highest-priority contaminants causing severe health problems. These
metallic elements are considered systemic toxic agents that, although
they are detected in trace amounts still dangerous [20,21]. Heavy metals
can cause damage to the body’s organs even with minimal exposure and
are also classified as carcinogens [21,22].

In the treatment of wastewater containing heavy metals, coagulation
consists in destabilizing metal ions by neutralizing the positive charges
and keeping them separated using a chemical agent with an opposite
charge [23,24]. At the same time, flocculation is the agglomeration of
the resulting particles formed in the coagulation. Traditional coagulants
are aluminum, ferrous sulfate, and ferric chloride, which are used to
neutralize the charges of the ions [8,25]. Flocculation is the process in
which particles join to form large agglomerates due to the action of
coagulant-flocculant agents, such as poly aluminum chloride (PAC),
polyacrylamide (PAM), poly ferric sulfate (PFS), and other flocculating
macromolecules. Polyelectrolytes are the most practical flocculants, but
the sludge resulting from the process is toxic. The most of
coagulating-flocculating agents are non-natural and non-biodegradable
[10,26,27]. These processes have several drawbacks, including the
toxicity and health risks of inorganic coagulants, a large volume of
sludge, selectivity for some metals, and inefficiency with emerging
contaminants. Additionally, natural coagulants are ineffective, and it is

challenging to scale up the process. Common metals targeted by this
approach include Cu?*, Pb?*, and Ni®* [11,18].

The design of easily synthesized compounds for metal ions detection
and removal has attracted attention in the area of environmental
chemistry, due to the biological and environmental importance of ions
[23,28-30]. The bis(carbamoylcarboxylic) acid ligands have been
studied as chelating agents for metal ions to achieve the formation of
complexes in organic and aqueous medium [25,31,32]. The N,
N-dibenzyl, N,N-dinaphthyl, and N,N-dinaphthylmethyl bCCAs can bind
with Pb%*, cu?t, and Hg?" in a 1:1 ratio. Interestingly, the formed
complexes with Pb?" precipitate in water, achieving a removal effi-
ciency of up to 95 % with an average removal capacity of 950 mg of Pb**
per gram of ligand A (1.3 mol Pb?* per mol of A) (Fig. 1). The clarifi-
cation kinetic is 146.9 T%/h, and the sedimentation ratio is 27.5 mm/h
[25]. Additionally, twelve aniline- and pyridine-functionalized bCCAs
are capable to simultaneously remove seven metal ions (Cr>*, Pb2*,
cu®*, cd**, Ni?t, zn?*, and Ca®") from water with good average
removal efficiencies and capacities ranging from 124 to 937 mg of metal
ions per gram of ligand [33]. Ligands B-F showed the best performance
as coagulant-flocculant agents in removal of metal ions from water,
particularly ligand E showed an 80.3 % average removal efficiency, a
removal capacity of 937 mg of M""/g of E (7.33 mol of M"*/mol of E), a
clarification kinetic of 55.9 T%/h and a sedimentation ratio of 117.6
mm/h at the optimal dosage of 300 mg/L. These ligands have the
characteristic that they act at the same time as a coagulant and floccu-
lant agents in the cation removal process. It has been proposed that their
ditopic nature and chelating properties induce to form coordination
polymers that, as increase in weight and size, they separate from water
[25,31].

Furthermore, chitosan grafted with N-benzyl bCCA performed the
simultaneous removal of a mixture of cations with good efficiency (66 %
to 99 %) [16,24], but a high dose of grafted polymer was required (1.12
to 1.15 g of M™ /g of grafted chitosan). The performance parameters
were improved grafting the chitosan with aniline and pyridine func-
tionalized bCCAs, this grafted chitosan showed good removal effi-
ciencies (73 % to 99 %) and excellent removal capacities of metal ions
(43.5 to 50 g of M™" /g of grafted chitosan) [34].

Based on the previous results obtained with bCCAs ligands, the
interaction of new carboxyl-functionalized bCCAs with metal ions was
analyzed by UV-vis spectroscopy and pZ to evaluate their complexation
properties. Also, a micro-Jars test was developed to stablish their metal
ions removal capacities and potential as coagulant-flocculant agents. It
was expected that the additional carboxylic groups would enhance the
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strength of the interaction and improve their performance in the
coagulation-flocculation process.

2. Experimental
2.1. Instruments

The reagents and solvents used were commercially available and
were not further purified. NMR spectra were recorded on a Bruker
Avance 400 spectrometer in DMSO-dg at a probe temperature of around
23°C, using TMS as the internal standard. UV-Vis absorption spectra
were measured with a Perkin Elmer Lambda 365 UV-Visible spectro-
photometer, employing a 1 cm optical pass quartz cell. Zeta potential
analysis was conducted using a Meinsberger Zeta Stabino instrument
and a porcelain cuvette. Inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis was performed with a Perkin Elmer
Optima 8300. Fourier transform infrared spectroscopy spectra were
recorded using a Perkin FTIR Spectrum Two spectrophotometer in the
400-4000 cm! frequency range.

2.2. General procedure for the synthesis of carbamoylcarboxylic acids

Benzophenone-3,3',4,4 -tetracarboxylic dianhydride (200 mg, 0.62
mmol) was dissolved in 50 mL of dry acetonitrile (ACN) in a single-neck
round-bottom flask. The solution was stirred at 0°C under an argon at-
mosphere for 10 min. Following this, 2.2 molar equivalents of the cor-
responding primary amine, previously dissolved in 5 mL of dry ACN, was
added, and the reaction mixture was continually stirred for 8 h at room
temperature. After this time, the solvent was removed under reduced
pressure. The resulting solid was washed with ACN (2 x 25 mL) and with
diethyl ether (3 x 25 mL). Subsequently, the solid was dried at room
temperature to obtain a pure solid product [31].

4,4’-carbonylbis(2-((2-carboxyethyl)carbamoyl)benzoic) acid
(3a). Pale yellow viscous liquid, 279.8 mg, 0.56 mmol, 89 % yield. FTIR:
3478, 2925, 1695, 1625, 1275, 1234 cm™’. 'H NMR (400 MHz, DMSO-
dg): 5 8.44 (s, 1H), 8.25 (d, J = 8.1 Hz, 1H), 7.88 (dd, J = 8.1, 2.0 Hz,
1H), 7.69 (s, 2H), 3.01 (t, J = 6.8 Hz, 2H), 2.58 (t, J = 6.8 Hz, 2H). 13C
NMR (101 MHz, DMSO-dg): 6 172.41, 167.80, 167.58, 138.79, 138.32,
131.52, 35.34, 31.95, 31.14.

4,4’-carbonylbis(2-((4-carboxybuthyl)carbamoyl)benzoic) acid
(3b). Yellow viscous liquid, 279.1 mg, 0.50 mmol, 80.8 % yield. FTIR:
3482, 2937, 1698, 1654, 1604, 1270, 1237 cm™. 'H NMR (400 MHz,
DMSO-dg): 6 8.53 (d, J = 2.0 Hz, 2H), 8.34 (d, J = 8.1 Hz, 2H), 7.86 (dd,
J = 8.1, 2.0 Hz, 2H), 2.76 (m, 2H), 2.25 (d, J = 13.1 Hz, 2H), 2.08 (m,
2H), 1.55 (p, J = 3.8 Hz, 10H). *C NMR (101 MHz, DMSO-dg): &
138.31,135.54, 134.37, 133.49, 131.27,39.06, 33.84, 31.14, 27.11,
21.92

4,4'-carbonylbis(2-((6-carboxyhexyl)carbamoyl)benzoic) acid
(3c). Yellow solid, 344.1 mg, 0.56 mmol, 90.5 % yield. Mp 115-117°C.
FTIR: 3467, 2930, 1702, 1652, 1604, 1277, 1239 cm™’. 'H NMR (400
MHz, DMSO-dg): 6 8.53 (d, J = 2.0 Hz, 2H), 8.34 (d, J = 8.1 Hz, 2H),
7.87 (dd, J = 8.1, 2.0 Hz, 2H), 2.78 (t, J = 7.5 Hz, 2H), 2.21 (t,J = 7.3
Hz, 2H), 2.08 (s, 1H), 1.51 (dtd, J = 14.2, 11.0, 9.1, 5.6 Hz, 5H). 13¢
NMR (101 MHz, DMSO-de): & 174.91, 167.59, 139.02, 138.32, 135.54,
134.40, 133.52, 131.28, 39.32, 33.99, 28.42, 27.30, 25.92.

4,4'-carbonylbis(2-((7-carboxyheptyl)carbamoyl)benzoic) acid
(3d). Pale yellow solid, 310.6 mg, 0.48 mmol 78.2 % yield. Mp 120-
122°C. FTIR: 2952, 1681, 1628, 1610, 1290, 1250 cm™. NMR H (400
MHz, DMSO-de): 8.53 (d, J = 2.0 Hz, 2H), 8.34 (d, J = 8.1 Hz, 2H), 7.87
(dd, J = 8.1, 2.0 Hz, 2H), 2.74 (m, 2H), 2.20 (t, J = 7.4 Hz, 4H), 2.08 (d,
J = 5.9 Hz, 4H), 1.58 (m, 10H). NMR '3C (101 MHz, DMSO-d¢): &
195.17, 174.93, 167.61, 167.55, 139.00, 138.33, 135.52, 134.40,
133.51, 131.29, 39.34, 34.11, 28.78, 27.42, 26.08.

4,4’-carbonylbis(2-((3-carboxyphenyl)carbamoyl)benzoic) acid
(3e). Pale yellow solid, 367.7 mg, 0.61 mmol, 96.3 % yield. Mp 213-
215°C. FTIR: 3477, 2927, 1696, 1658, 1602, 1267, 1239 cm™. 'H NMR
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(400 MHz, DMSO-dg): 6 8.06 (d, J = 1.8 Hz, 2H), 7.95 (dd, J = 7.9, 1.8
Hz, 2H), 7.85 (d, J = 7.9 Hz, 2H), 7.20 (t, J = 1.6 Hz, 2H), 7.12 (m, 4H),
6.79 (dt, J = 6.7, 2.5 Hz,2), 3.39 (q, J = 7.0 Hz, 4H), 1.09 (t, J = 7.0 Hz,
6H). >C NMR (101 MHz, DMSO-dg): & 193.89, 168.74, 168.29, 167.87,
148.85, 138.31, 137.77, 132.76, 132.59, 131.83, 130.24, 129.36,
129.23, 118.71, 117.44, 115.17, 65.37.
4,4’-carbonylbis(2-((4-carboxyphenyl)carbamoyl)benzoic) acid
(3f). Pale yellow solid, 362.7mg, 0.61 mmol, 98.0 % yiled. Mp 215-
217°C. FTIR: 3456, 2936, 1683, 1649, 1602, 1284, 1240 cm’’. NMR 'H
(400 MHz, DMSO-dg): 6 8.04 (d, J = 1.8 Hz, 2H), 7.96 (dd, J = 7.9, 1.8
Hz, 2H), 7.83 (d, J = 7.9 Hz, 2H), 7.62 (m, 4H), 6.56 (m, 4H). RMN '3C
(101 MHz, DMSO-dg): & 168.78, 167.94, 167.89, 153.33, 138.31,
137.73, 132.67, 131.67, 130.11, 129.10, 117.46, 113.09.
4,4’'-carbonylbis(2-((4-carboxybenzyl)carbamoyl)benzoic) acid
(3g). Pale yellow solid, 380.8 mg, 0.61 mmol, 98.2 % yield. Mp 314-
316°C. FT-IR: 3347, 2959, 1682, 1625, 1608, 1292, 1255 cm™’. 'H NMR
(400 MHz, DMSO-dg): & 8.52 (d, J = 2.0 Hz, 2H), 8.32 (d, J = 8.1 Hz,
2H), 7.99 (dd, J = 8.3, 1.8 Hz, 4H), 7.87 (dd, J = 8.1, 2.0 Hz, 2H), 7.58
(d, 4H), 4.14 (s, 4H), 3.39 (q, J = 7.0 Hz, 1H), 2.08 (d, J = 5.6 Hz, 6H),
2.07 (s, 1H), 1.09 (t, J = 7.0 Hz, 1H). 13¢ NMR (101 MHz, DMSO-dg): &
195.13, 167.55, 139.18, 138.32, 134.23, 137.34, 131.33, 132.59,
130.00, 129.35, 42.48, 31.14.
4,4’-carbonylbis(2-((4-carboxyphenylethyl)carbamoyl)ben-
zoic) acid (3h). Pale yellow solid, 401.5 mg, 0.61 mmol, 96.5 % yield.
Mp 312-314°C. FTIR: 3465, 2930, 1702, 1649, 1602, 1275, 1237 em’l.
1H NMR (400 MHz, DMSO-de): & 8.13 (s, 4H), 8.04 (d, J = 1.7 Hz, 2H),
7.93 (m, 4H), 7.84 (d, J = 7.9 Hz, 2H), 7.40 (m, 4H), 3.07 (td, J = 8.6,
6.8, 3.9 Hz, 4H), 2.99 (m, 4H). '3*C NMR (101 MHz, DMSO-de): 5 168.74,
167.86, 167.60, 143.05, 138.30, 137.36, 132.72, 132.61, 130.16,
129.80, 129.39, 33.31.
4,4’'-carbonylbis(2-(hexylcarbamoyl)benzoic acid (3i). Yellow
solid, 251 mg, 0.48 mmol, 77.3 %. Mp 120-122°C. 'H NMR (400 MHz,
DMSO-dg): 6 8.53 (d, J = 2.0 Hz, 2H), 8.34 (d, J = 8.1 Hz, 1H), 7.86 (dd,
J=8.1, 2.0 Hz, 2H), 2.22 (d, J = 5.2 Hz, 4H), 1.55 (d, J = 3.4 Hz, 1H),
1.54 (s, 4H), 1.52 (s, 4H), 1.37 (s, 10H). 13C NMR (101 MHz, DMSO-dp):
5 138.31, 135.54, 134.37, 133.49, 131.27, 39.06, 33.84, 31.14, 27.11,
21.92.
4,4’-carbonylbis(2-(benzylcarbamoyl)benzoic acid (3j). White
solid, 289 mg, 0.57 mmol, 91.9 % yield. Mp 156-158°C. 'H NMR (400
MHz, DMSO-dg): & 8.54 (d, J = 2.1 Hz, 2H), 8.35 (d, J = 7.9 Hz, 2H),
7.93 (m, 2H), 7.43 (d, J = 7.9 Hz, 4H), 7.38 (d, J = 7.9, 4H), 7.30 (m,
2H), 3.96 (s, 4H). 13¢ NMR (101 MHz, DMSO-dg): 6 194.7, 167.3, 167.2,
138.6, 137.8, 133.9, 132.9, 130.8, 128.5, 128.3, 127.8, 43.3.

2.3. Study of the interaction of carboxyl-functionalized bCCAs with metal
ions by UV-Vis spectroscopy

The metal complexation studies were performed using stock solu-
tions at 1 x 10 M of each bCCA prepared by dissolving the corre-
sponding amount of each ligand in acetonitrile HPLC grade. Stock
solutions of Cu(NO3)5, Pb(NO3)s, Ca(NO3),, CA(NO3)s, Zn(NO3)o, and
Ni(NO3), were each prepared at a concentration of 1 x 102 M. Next, 3
mL of the ligand stock solution was added to a quartz cuvette, and then
successive 3 pL aliquots of the salt stock solution were added to achieve
the desired concentration range. The resulting solutions were stirred for
3 min, and their spectra were recorded. Throughout the measurements,
the absorption spectrum was consistently found to be unchanged over
time [20,25,26,33].

2.4. Zeta potential ({) = f (pH) trends for carboxyl-functionalized bCCAs

The surface charge properties of the bCCAs were determined by
obtaining their zeta potential profiles at room temperature in a porcelain
cuvette. The Zeta potential of the bCCAs (0.1 % w/v) was measured over
a pH range of 2-11 by adjusting the pH of the solutions with 0.1 M HCl
and 0.1 M NaOH while keeping the sample concentration constant [8,
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Scheme 1. Preparation of carboxyl-functionalized bCCAs 3a-3h.

27].

2.5. Study of the interaction of carboxyl-functionalized bCCAs with metal
ions by pZ

The effect of different metal cations (Cu®*, Ca®", Ni**, cd®>*, pb®",
and Zn®*") on the pZ variation of carbamoylcarboxylic acids was
examined in aqueous solutions at pH 4.6. The carbamoylcarboxylic
acids were prepared as 0.1 % w/v stock solutions in ultrapure (MilliQ)
water. Separate 0.16 M stock solutions of each metal ion (in the form of
nitrate salts) were also prepared. A 10 mL initial volume of each com-
pound solution was titrated with successive 0.02 mL additions of the
cation solutions, and the resulting zeta potential was measured [33,35].
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2.6. Metal ions removal efficiencies with carboxyl-functionalized bCCAs

The micro-Jar test was conducted to assess the coagulation-
flocculation process [8]. A model wastewater solution was prepared
by dissolving the metallic nitrate salts in 1000 mL of ultrapure water.
The tests were performed in 20 mL vials filled with 5 mL of the model
wastewater. Progressive additions of 1, 2, 3, 4, and 5 mL of each bCCA
solution were made. Water was added to reach 10 mL final solutions at
300, 600, 900, 1200 y 1500 mg/L, respectively, and a final metal ions
concentration of Cu?" (54.8 mg/L), Ca?" (55.3 mg/L), Ni** (47.5
mg/L), Cd?* (39.5 mg/L), Pb** (51.7 mg/L) and Zn?** (39 mg/L). The
solution contained metal ions with a final concentration of 288.4 mg/L
at pH 4.6. Each mixture was stirred for 2 min and then left to settle for
another 2 min. Then, the mixture was filtered to measure the metal ion
concentration in the supernatant after the treatment. The analysis was
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Fig. 2. A) UV-Vis spectra obtained in the titration of 3¢ [1 x 10> M] with Zn(NO3), in acetonitrile. B) Spectra obtained in the titration from 0 to 0.5 molar
equivalents. C) Spectra obtained in the titration from 0.5 to 1.0 molar equivalents. D) UV-Vis spectra for 3¢, 3c-Zn (2:1) and 3c-Zn (1:1).
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done in axial mode, and the wavelengths for 327.39 nm -Cu®*, 317.93
nm -Ca2*, 267.71 nm -Cr®*, 231.60 nm -Ni?*, 228.80 nm -Cd*", 220.35
nm -Pb?*, and 206.20 nm-Zn®*. To ensure accuracy, all samples were
analyzed three times [33].

2.7. Metal ions separation rates with carboxyl-functionalized bCCAs

The instability phenomenon was examined by measuring changes in
transmittance and backscattering every 25 s over 1 h. This was carried
out from the bottom to the top of the sample during the coagulation-
flocculation process using a TURBISCAN LAB Expert instrument [27,
35]. In the experiments, 10 mL of a bCCA solution at a concentration of
600 mg/L and pH 4.6 were combined with 10 mL of the cations solution
to make a total volume of 20 mL. The sample was shaken for 1 min prior
to analysis.

2.8. SEM analysis of recovered solids from a model wastewater treatment

The flocculated complex was separated using a filter membrane,
dried in a convection oven, dispersed in ethanol, and then transferred to
a microscopy support for observation [27]. The particulate with
removed metal complex underwent analysis using a scanning electron
microscope (Vega3, Tescan) equipped with secondary and backscattered
electron detectors (BSE).

3. Results and discussion
3.1. Synthesis and physicochemical characterization

The synthesis of new carboxyl-functionalized bCCAs was done
reacting benzophenone-3,3',4,4'-tetracarboxylic dianhydride (1) with
several alkyl (2a-2d) and aryl (2e-2h) amino acids in acetonitrile. This
resulted in eight new carboxyl-functionalized bCCAs (3a-3h) obtained in
high yield (90 to 99 %) and purity (Scheme 1) [31,32].

Compounds 3a-3h were characterized by Nuclear Magnetic Reso-
nance (*H and '3C NMR) and Infrared Spectroscopy (FTIR). The FTIR
spectra for the eight carboxyl-functionalized bCCAs show similar vi-
brations due to they have the same core structure and functional groups
[30]. The N-H stretching band is observed in the interval 3347 to 3482
crn'l, a characteristic wide band from 2100 to 3700 cm’! is observed for
the O-H vibration as well as in the range of 1630 to 1740 cm™! the
overlapped vibration bands corresponding to the carbonyl groups.
Additional vibrations are identified at 1602-1610 cm™, 1267-1292 cm™
and 1234-1255 cm™ intervals corresponding to C=C, C-N and C-O
functional groups, respectively (see Table S1). The 'H NMR spectra
obtained in DMSO-dg show three doublet signals for the benzophenone
core hydrogens at around 8.50, 8.25 and 7.97 ppm. The spectra of
compounds with N-carboxyalkyl substituents (3a-3d) show two triplet
signals at around 2.80 and 2.20 ppm which correspond to the methylene
groups attached to nitrogen and carbonyl groups, respectively. The full
assignment of the 'H NMR signals for all compounds is provided in
Tables S2 and S3. In the >*C NMR spectra for all compounds are observed
the characteristic signals at around 194 ppm assigned to the ketone
carbonyl and two signals around 168 ppm assigned to the carba-
moylcarboxylic functionality (amide and carboxylic carbonyls), but also
there is observed a signal at 174 ppm (3a-3d) or 169 ppm (3e-3h) which
corresponds to the carboxylic carbonyl at the N-substituent. The full
assignment of the *C NMR signals for all compounds is provided in
Table S4.

3.2. Study of the interaction of carboxyl-functionalized bCCAs with
cations by UV-Vis spectroscopy

The electronic absorption spectroscopy method described in the
experimental section was used to analyze the interaction between
carboxyl-functionalized carbamoylcarboxylic acids 3(a-h) and various
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Fig. 3. pZ profiles as a function of pH for carboxyl-functionalized bCCAs 3a-3d
(A) and 3e-3h (B) at 0.1 % w/v.

metal ions such as Ca®", cd**, cu®*, Ni**, Pb>*, and Zn?* [25,31].
Fig. 2 shows the UV-Vis spectra of 3¢ obtained by titration with Zn
(NO3), in acetonitrile. The increased cation amount causes noticeable
effects in the electronic transitions at 250 to 325 nm. Interestingly, the
course of the titration clearly shows at least two different chemical
species in equilibrium, from O to 0.5 molar equivalents of cation added
to the solution three isosbestic points are observed at 274, 297, and 326
nm, indicating the formation of a coordination complex with 1:2 (metal:
ligand) stoichiometry [31,33]. Then, there is a hypochromic change in
the band by the addition of 0.5 to 1 molar equivalents of cation and it is
observed a different isosbestic point at 312 nm. No significant change is
observed in the absorption band beyond this amount of metal ion,
suggesting the formation of a complex with a 1:1 (metal:ligand) stoi-
chiometry. In general, compounds 3a-3d form 1:2 metal-ligand com-
plexes at low metal ion concentration, but at higher concentration
predominant the 1:1 metal-ligand complexes (Figs. S1 to S23). The 1:1
metal-ligand stoichiometry suggests the formation of coordination
polymers as occurs with other studied bCCAs. On the contrary, the
titration of compounds 3e-3h with metal ions does not show significant
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Table 1
Association constants (Log K,) for metallic complexes derived from carboxyl-
functionalized bCCAs 3a-3h and metal ions calculated from ¢ profiles.

—e—Cd(ll)

N 25 —e—cCa(ll)
- —e—Ni(ll)
—e—Cu(ll)

—e—2Zn(ll)

%5 —e—Ph(ll)

[MY/[3d]

B)

—e—Cd(ll)

25 —e—Ca(ll)
N 20 o— Ni(ll)
—e—Cu(ll)

-35 —e—2zn(ll)
40 —e— Ph(ll)

[MY/[3g]

Fig. 4. pZ profiles obtained by titration of carboxyl-functionalized bCCAs 3d
(A) and 3g (B) at 0.1 % w/v.

changes in the absorption bands, even at higher amounts of metal ion.

3.3. Zeta potential (pZ) vs pH profiles for carboxyl-functionalized bCCAs

The pH effect on the pZ of compounds 3a-3h was examined at a pH
range from 2 to 10. Fig. 3A and B illustrate the charge density changes of
compounds with N-carboxyalkyl 3a-3d (derived from alkyl amino acids)
and N-carboxyaryl substituents 3e-3h (derived from aromatic amino
acids), respectively. The profiles of pZ = f (pH) for compounds 3a-3d
show a positive charge density (3-10 mV) at pH 2.2, the isoelectric
points (IEPs) are in the range 2.5 to 2.9, reaching a minimum pZ of -42,
-38, -37 and -33 mV at pH= 7, respectively (Fig. 3A). As it can be seen,
the pZ limit increases as the alkyl chain of the substituent increases.
Likewise, the profiles of pZ= f (pH) for compounds 3e-3h show a posi-
tive charge density (7-17 mV) at pH 2.2, the IEPs are located at 2.75 to
3.7, reaching a minimum pZ of -41, -39, -39 and -33 mV at pH= 7,

Metal ion

Ligand  Ca%t cd** Cu®* Ni* Zn%t Pb%+

3a 2.752 2.580(9) 2.810(6)  2.810 2.695 ND
(23) 1) (18)

3b 2.932 3.116 3.240 2.804 2.799 ND
(30) (32) (42) (28) (38)

3c 2.900 3.356 3.887 3.075 2.705 ND
31) (58) (96) (32) 12)

3d 2.648 2.560 2.947(7)  2.517 2.577 ND
(20) 12) 15) an

3e 2.928 3.195 3.128 2.676 3.109 3.470
13) (25) (12) an (23) (40)

3f 3.096 3.190 3.216 2.996 2.804 ND
(68) (33) 14 (56) (28)

3g 2.575 2.550(5)  2.943 2.536 2.695 3.038
@s) (10 14 a18) (35)

3h 2.928 2.764(6)  2.987 2.879(5)  3.008 ND
(10) (16) (19)

ND= not determined.

respectively (Fig. 3B). All these compounds have anionic character at
low pH and their pZ limits are similar. Also, the IEPs of these carboxyl-
functionalized bCCAs are similar to those found in the aniline- and
pyridine-functionalized bCCAs previously reported, but their zeta po-
tential limits are, in general, more positive [33]. The compounds exhibit
a negative charge density at low pH, which is desirable for their use in
the removal of metal ions through a coagulation-flocculation process.

3.4. Study of the interaction of carboxyl-functionalized bCCAs with metal
ions analyzed by pZ

The interaction of ligands 3a-3h with metal ions such as Pb2t, cu?t,
Ca%*, Ni?t, Zn*, and Cd?>" was evaluated in an aqueous solution at pH
4.6. This pH was chosen because at pH 4.6, the ligands have significant
negative charge density (pH>IEP). In the experiments, the ligand solu-
tions were prepared at 0.1 % (w/v) and were titrated with successive
aliquots of metal ion solutions at 1.6 x 10" M until they reached 10
molar equivalents of the metal ion. The pZ profiles obtained from the
titrations show an outstanding response with Pb?>" with all ligands
reaching the IEP or going beyond showing an electropositive character
at different molar equivalents (1.5 to 7.0), indicating a high affinity
towards this metal ion, but variable depending on the ligand structure
(Figs. 4 and S24 to S29) [34]. Interestingly, sigmoidal profiles are
observed with Pb?" instead of the typical asymptotic profiles obtained
with the other ions; two complexation stages are observed with Pb%",
which suggests a different complexation fashion as the concentration of
metal ion increases (Figs. S31 and S32). This behavior was also observed
in the titrations by UV-Vis in organic solvent. Also, some ligands such as
3b, 3¢, and 3f reach the IEP with Cu?" and Cd?>* at higher molar
equivalents than Pb?*, and in the titration of ligand 3h, the IEP is
reached with all the metal ions. Finally, there is a general response trend
in the order Pb?t >> Cu?t > Cd*" > Zn?" ~ Ca®" ~ Ni?*.

Thordarson’s non-linear 1:1 model was employed to calculate the
association constants (Log K,) for metallic complexes formed with the
eight ligands and six metal ions in an aqueous environment using the ¢
profiles [20,25,36]. Table 1 shows that the association constants are in
the range of 102 to 10° M}, which are high values for an L-M"" inter-
action in water. The Log K, for most of the L-Pb%* complexes could not
be determined due to the pZ profiles not fitting with this model because
of the abrupt change observed in the pZ caused by a strong interaction or
a probable different complexes stoichiometry [33]. In general, ligands
3b, 3c and 3f have the higher Log K, values and therefore the higher
affinity toward metal ions. Also, it is observed that higher K, were ob-
tained for complexes with these carboxyl-functionalized bCCAs and
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Table 2
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Efficiency in the removal of metal ions with carboxyl-functionalized bCCAs at 300 mg/L and pH= 4.6.

Ligand Removal efficiency ( %)

Removal average mg M""/ g of L mol M™ / mol of L

CaZt cd*r Cu?* NiZt

Pb2+

Zn2+

3a
3b
3c
3d
3e
3f
3g
3h

24
31
30
25
17
18
24
28

68
68
61
66
16
32
46
55

50
45
26
17
28
19
21
25

48
49
44
42
15
24
34
41

98
98
95
98
94
93
94
95

49
48
43
43
14
22
32
39

56
57
50
48
31
35
42
47

533
539
473
456
308
340
401
450

3.23
3.68
3.48
3.35
1.94
2.14
2.87
3.48

Ca?*, Zn?" and Cd?* compared to the aniline- or pyridine-functionalized
bCCAs, which may result in an improvement of the removal capacity of
these metal ions.

3.5. Metal ions removal efficiencies with carboxyl-functionalized bCCAs

The ability of ligands 3a-3h to act as coagulant-flocculant agents in
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treatment of a model wastewater with metal ions such as Cu®t (54.8
ppm, 0.86 mmol/L), Ca?* (55.3 ppm, 1.38 mmol/L), Ni®* (47.5 ppm,
0.81 mmol/L), Cd** (39.5 ppm, 0.3514 mmol/L), Pb?>* (51.7 ppm, 0.25
mmol/L) and Zn?* (39.6 ppm) frequently present in industrial effluents
was tested by a micro-Jars test [8]. The metal ion solution was treated
with the ligands 3a-3h at 300, 600, 900, 1200 and 1500 mg/L in order to
evaluate their removal performance and determine the optimal doses.
The quantification of metallic content in the treated model wastewater
by ICP-OES spectroscopy showed that at 300 mg/L (0.46 to 0.60
mmol/L) of ligands 3d, 3f and 3h, and at 600 mg/L (0.92 to 1.20
mmol/L) of ligands 3a, 3b, 3c, 3e and 3g were achieved the maximum
metal ions removal, at higher concentrations it is observed a
re-dispersion and stabilization of the flocs (see Tables S5 to S11). In
order to compare the performance among these carboxyl-functionalized
bCCAs and with previously studied aniline- and pyridine-functionalized
bCCAs in wastewater treatment, a dose of 300 mg/L of ligand was
selected for further experiments.

As shown in Table 2, all ligands showed the highest removal of P
which is related to the high affinity of this ligands towards this metal
ion, even in the presence of a molar excess of the other cations. In
general, these ligands have a good metallic removal capacity (308 to 533
mg M""/g of ligand or 1.94 to 3.68 mol M"*/mol of ligand) and it is
observed a better performance with ligands containing N-carboxyalkyl
substituents (3a-3d) with average removal efficiencies in the range of
48-56 % compared to 31-47 % for the ligands containing N-carboxyaryl
substituents (3e-3h). Interestingly, as the length of the N-carboxyalkyl
substituent increases from two to four methylenes, there is a slight in-
crease in the efficiency and removal capacity and then it is observed a
decrease with six and seven methylenes, indicating that the distance of
the terminal carboxylic group has an important influence on the
complexation and separation process of metal ions. The lowest effi-
ciencies and removal capacities were obtained with ligands 3e and 3f,
which have an aromatic ring directly attached to the amide group, but
the efficiency and removal capacity increase with the ligands with one
and two methylenes between the amide and the aromatic ring. In fact,
ligand 3h has a performance similar to 3c. These results indicate that the
steric factor also influences the performance of these ligands because the
complexation process between the ligands and metal ions is less effec-
tive. Another important aspect of the removal performance of these li-
gands is the high removal of Ca?* achieved compared to most of aniline-
or pyridyl-functionalized analogues [33]. Based on the mass of removed
Ca2", the removal efficiency is in the range of 17 to 31 %, but in terms of
moles removed, its removal is comparable or even higher than the other
metal ions. For example, the total molar removal capacity of 3b is 3.68
mol of M™"/mol of 3b, but specifically for Ca%* is 0.79 mol/mol of 3b
and for Pb?* is 0.45 mol/mol of 3b, under the experimental conditions
employed. As it is well known, the carboxylate group has a great affinity
towards Ca®" ions which explains the removal enhancement obtained
with these ligands containing several carboxylate groups (see
Table S12). Based on their molar removal capacities, it is clear that li-
gands 3b, 3¢, and 3h have the best removal performance.

2+
b )

3.6. Metal ions separation rates with carboxyl-functionalized bCCAs

The interaction of ligands 3a-3h with metal ions leads to an insta-
bility phenomenon, which was determined by analyzing changes in
transmittance (T) and backscattering (BS) profiles over time and across
the sample. Using the TURBISCAN LAB instrument software, the clari-
fication kinetics, sedimentation rate, and Turbiscan® Stability Index
(TSI) were measured in a model wastewater treatment with each ligand
[25-27]. The charge density and the hydrophilic or hydrophobic nature
of these metallic complexes affect the destabilization process that de-
termines  the separation of metal ions through the
coagulation-flocculation process [27,34].

Fig. 5 illustrates the transmittance and backscattering delta trends
during the coagulation-flocculation process of simulated wastewater
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Table 3
Critical performance parameters in the coagulation-flocculation process with
ligands 3a-3h at 300 mg/L and pH= 4.6.

Ligand  Clarification Sedimentation Removal TSI Phenomenon
kinetics (T ratio (mm/h) capacity at
%/h) (mg M™/ 60
g) min
3a 136.8 126 533 23.8 Coagulation-
flocculation
3b 94.8* 6" 539 34.6 Coagulation-
flocculation
3c 51.8 120 473 21.3 Coagulation-
flocculation
3d 65.4 135 456 259 Coagulation-
flocculation
3e 72.6 150 308 21.3 Coagulation-
flocculation
3f 79.0 132 340 20.7 Coagulation-
flocculation
3g 48.6 96 401 17.9 Coagulation-
flocculation
3h 97.5 156 450 17.8 Coagulation-

flocculation

" This is an estimated value due to the atypical behavior observed with this
ligand.

using ligands 3b and 3h. Figs. S32 to S40 show the profiles for the rest of
the carboxyl-functionalized bCCAs and for the N,N-dihexyl bCCA 3i and
N,N-dibenzyl bCCA 3j for comparative purposes. Ligand 3b shows the
highest removal capacity among the N-carboxyalkyl analogs, while
among the N-carboxyaryl analogs is 3h. The instability caused by each
ligand is assessed by examining the percentage change in temperature
(AT %) and in sample length (ABS %) at different points along the
sample (top, bottom, and middle) [27]. Changes at the ends indicate
local particle migration, while changes in the middle indicate overall
particle size variation [20].

The destabilization phenomenon seen with all ligands 3a-3h corre-
sponds to the coagulation-flocculation process, as indicated by the
changes in AT( %) and ABS( %) in the central part of the samples
(Table 3). TURBISCAN profiles show changes in light transmittance
through the sample as a function of time or position along the sample.
This allows to observe the evolution of the stability and structure of the
dispersion. Based on this, it is notice that the structure of these three
main regions are different for ligands 3b and 3h compared to non-
carboxylated ligands 3i and 3j (Figs. S39 and S40). The profile of
ligand 3i behaves slow fluctuations in T % and BS % during the first 40
min, which is associated with the slowness colloids formation or insol-
uble metal complexes between the ligand 3i and metal ions. Conversely,
this phenomenon is observed in the profile of ligand 3b, wherein, in the
first minutes, the changes in T % decrease, and an abrupt increase occurs
in BS %, remaining up to 25 min, which may be associated with the
constant formation of insoluble complexes 3b-M™", which continuously
form aggregates.

The T % and BS % profiles observed with ligand 3j have a similar
behavior to the observed with ligand 3i, there are only differences in the
time domain of each stage, the constant period with minimum fluctua-
tions in the sample is shorter (20 min) and it finally reaches a higher
level of T % and BS %, indicating that the insoluble metal complexes
formed are faster in sedimentation and achieving a greater speed of
aggregation and clarification. These trends agree with the TSI profiles
noted below. The chemical structure and the type of functional groups in
these ligands determine complexation, aggregation processes, and floc
formation. These factors translate into differences in the performance of
these ligands for treating water with metal ions.

The clarification kinetics values obtained with most of carboxyl-
functionalized bCCAs such as 3a, 3b, 3d, 3e, 3f and 3h are superior
to those obtained with aniline- or pyridine-functionalized ligands, for
example ligands D and E show clarification kinetics of 50.23 and 55.99 T
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Fig. 6. TSI trends as a function of time until 60 min for A) N-carboxyalkyl bCCAs (3a-3d) and N,N-dihexyl bCCA 3i, and B) N-carboxaryl bCCAs (3e-3h) and N,N-

dibenzyl bCCA 3j.

%/h, respectively, while ligands 3a and 3h have 136.8 and 97.5 T %/h,
respectively (Table 3). Regarding the sedimentation ratio, the values
previously reported for ligands E and D were 87.06 and 117.7 mm/h,
respectively, but ligands 3e and 3h have values of 150 and 156 mm/h,
respectively. Then, a faster coagulation-flocculation process is observed
with these carboxyl-functionalized bCCAs. The Fig. S41 shows a diagram
for the coagulation-flocculation process with ligand 3d where it is
observed that it takes only five minutes for the total flocs sedimentation
and the height of the sediment is around 3 mm.

One key parameter for evaluating coagulant and flocculant perfor-
mance in water treatment is the Turbiscan Stability Index (TSI), which
considers destabilization kinetics and other phenomena. TSI values at 60
min are compared in Table 3 to determine the ligands which perform the

best simultaneous removal of metal ions. Overall, the obtained TSI
values (TSI > 10) indicate that at the dose used all ligands promote a
high destabilization [25,33]. Fig. 6A shows the TSI profiles for N-car-
boxyalkyl bCCAs 3a-3d and for N,N-dihexyl bCCA 3i for comparative
purposes. It is notorious that carboxyl-functionalized ligands have an
abrupt change in TSI with a great slope at the very first minutes which is
not observed in the ligand 3i, followed by a less pronounced second
stage. This particular behavior was previously observed in
pyridine-functionalized ligands D and E (Fig. 1) as a consequence of a
fast complexation process between ligands and metal ions, where the
terminal functional groups are involved in addition to the carba-
moylcarboxylic functionality. Interestingly, ligand 3b presents a
multi-step destabilization process, a very abrupt change with a breaking
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Fig. 7. SEM micrographs of dry flocs obtained in the model wastewater treatment with bCCAs.

point at 2 min, followed by a less pronounced change until 30 min, then
occurs a second intense change that finishes at 50 min to finally reach
the highest TSI value observed in these ligands. Fig. 6B shows the TSI
profiles for N-carboxyaryl bCCAs 3e-3h and for N,N-dibenzyl bCCA 3j
for comparative purposes. Once again, it is notorious the effect of the
terminal carboxylic groups in the ligands over the instability process.
Ligands 3e, 3f and 3g display the two stage instability process, while

10

ligand 3h shows a multi-step instability with several smooth slope
changes. It is interesting that both non-carboxyl-functionalized ligands
3i and 3j present a slow instability process at the initial period of time,
gradually increasing the TSI value until a moment where it abruptly
increases. This behavior may be associated with a low complexation rate
with these ligands followed by an aggregation process. In general, the
instability process is faster with ligands 3a-3h than ligands D and E [2,
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25].
3.7. SEM analysis of recovered solids from a model wastewater treatment

The solids obtained in the treatment of model wastewater were
recovered to analyze them by SEM. Fig. S42 shows the treatment by
precipitation with hydroxide (blank sample) generates a turquoise color
solid, while the solids obtained with carboxyl-functionalized bCCAs
have a pale yellow color and the solid from the N,N-dihexyl bCCA has a
pale green color. The flocs were separated and dried in order to obtain a
series of solid samples (Fig. S43). SEM micrographs show the metal
complex being imaged by retro-scattered electrons on the surface
(Fig. 7). These electrons are capable of detecting variations in atomic
number, indicating the presence of chemical elements with higher
atomic weights through grayscale intensities. The contrast intensities
are visible in all irregularly shaped particles, where the bright regions
correspond to the heavy metals that have been removed [37,38]. These
images show, from different perspectives, a very uniform distribution of
the metallic elements along the particle’s surface.

4. Conclusions

In conclusion, these newly synthesized carboxyl-functionalized
bCCAs have shown promising results as coagulant and flocculant
agents for the separation of hazardous metal ions from aqueous media.
The interaction of these ligands with metal ions was successfully eval-
uated using UV-Vis spectroscopy and zeta potential analysis, demon-
strating their capability to form metallic complexes with several metal
ions. The presence of terminal carboxylic groups in these bCCAs ligands
has not only enhanced the removal capacity of Pb2*, but also other
metal ions such as Ca®* and Cd?" are considerably removed, due to their
versatile complexation capacity. In addition, these ligands display the
best clarification kinetics and sedimentation ratios obtained for this type
of ligands, achieving a very fast coagulation-flocculation process. Also,
the formation of compact solids containing metal ions removed from
wastewater was demonstrated by SEM analysis. All these characteristics
point to these carboxyl-functionalized bCCAs ligands as potential can-
didates for metal ion removal in industrial applications. These results
add to the existing knowledge of chelating agents for metal ion removal
and open up avenues for the development of more efficient and easily
synthesized compounds for environmental remediation purposes.
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