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The thermodynamics of interaction of trans-aconitate %) with proton, sodium and potassium cations was
studied by means of potentiometric titration performed at different temperatures, ionic strengths, and aqueous
plos ionic media (NaCl, KCI and (C2Hs)4NI). Three protonation constants and corresponding enthalpy changes are
Pure water model PP s . . L
. reported at infinite dilution together with their dependence parameters on temperature and ionic strength ac-
Potentiometry . R . . . .
. cording to van’t Hoff and Extended Debye Hiickel equations, respectively. Enthalpy changes resulted slightly
Thermodynamic parameters . o o o AR o
Citric and tricarballylic acid endothermic at infinite dilution and values decrease with increasing ionic strength. Proton binding resulted
always entropic in nature. Weak association constants of Na*/L> and K*/L% species were determined using the
pure water model approach. Formation constants of trans-aconitate with Cd**, Pb2* and Mn2* were determined
in KClaq) at different ionic strength values and at 298.15 K. Three complex species were found with all metal
cations (ML, MHL?aq), MH,L "), whose formation constant values at infinite dilution and at T = 298.15 K were log
B = 4.54, 9.94, 13.77 for cadmium, 5.00, 10.57, 14.81 for manganese and 4.97, 10.44, 14.13 for lead. The as
found values resulted unexpectedly high. The sequestering ability of trans-aconitate towards M2+ was evaluated
by determining pLo 5 (the ligand total concentration required to bind 50% of the metal cation), and the results
show that, throughout the investigated pH range, trans-aconitate shows the highest sequestering ability towards
Mn?*. Data reported in this paper were critically compared to other tricarboxylic acid, namely citric and tri-
carballylic acid.

1. Introduction negative effects on the environment [7]. Due to its low biodegradability,

EDTA showed the tendency to accumulate in the environment, thus fa-

Toxic metals can pollute water sources [1-3] through industrial
discharge, agricultural runoff, and leaching from landfills [4] and min-
ing sites [5]. As it is well known, these pollutants can harm aquatic
ecosystems and display serious health effects on both humans and
wildlife. Analysis of the data reported in the work of Zhou et al. [6],
showed a steady increase in the concentration of metal cations, partic-
ularly lead, manganese and cadmium, in rivers and lakes. As a matter of
fact, once toxic metals reach the environment, due to their non-
biodegradability, their removal becomes a key issue.

Traditional approaches for the recovery of metal cations involved
chelating agents such as EDTA that is a potential responsible for various
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voring the formation of soluble complexes with dangerous metal cat-
ions, increasing their bioavailability, and indirectly contributing to the
eutrophication of water [8].

Some examples of new sustainable approaches to recover toxic
metals from contaminated water sources contemplated the use of living
biosorbents [9-11] (algae, fungi, and bacteria), as well as sorbent
coming from agricultural waste products [12-14]. These approaches are
currently of great interest since such materials efficiently adsorb metal
ions and can be easily separated from liquid phases.

Another strategy involved the employment of a new generation of
chelating agents, namely discrete molecules with a good sequestering
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ability towards target cations. Compared to traditional chelating agents,
such molecules have the advantage of being featured by a good biode-
gradability, thus they do not accumulate in the environment. Generally,
they are naturally occurring species, such as citric or oxalic acid [15,16],
or synthesized starting from L-amino acids [17-19].

It is important to note that when dissolved chelating agents or solid
biosorbent are used in multicomponent solutions, they may modify the
mobility and bioavailability of all metal cations they come into contact
with. Moreover, their removing efficiency may change upon experi-
mental conditions such as pH, temperature and ionic strength. Addi-
tionally, while on one side they may be effective in removing toxic
metals from the environment, they may also display counter effects due
to the lowering of essential metal cations (e.g., Ca®") levels. For these
reasons, the evaluation of the thermodynamic properties and the
sequestering ability of such sorbents or chelating agents in different
experimental conditions should be undertaken to assess a risks/benefits
balance before their use for metal ions recovery applications.

Among naturally occurring chelating agents, an excellent candidate
to be exploited in metal ions removing from water is trans-aconitic acid
(HsL, Scheme 1), a molecule largely present in sugar cane (about 60 %
w/w), or that can be isolated from by-products of the sugar industry. It
was found that the amount of trans-aconitic acid available in the
molasses is between 7.1 and 23.4 g kg of dry product [20]. As high-
lighted in the review of Bruni et al. [21] aconitic acid has enormous
potential in several industrial and biological applications. For instance,
it was used for synthesis of polyesters for tissue engineering [22], as a
precursor for preparing high performance carbon dots by hydrothermal
reaction [23], as bio-derived plasticizer [24], for the chemical conver-
sion to itaconic acid (high value-added compound) [25], as a plasti-
cizing and cross-linking agent to enhance the elastomeric properties of
starch-based composite films [26], as a grafting agent for the modifi-
cation of chitosan [27], and as antioxidant [28].

Recently, due to its ability to form particular architectures with
different topologies and to act as multidentate ligand, trans-aconitic acid
was used as a linker to synthesize metal-organic frameworks (MOFs) for
selective carbon dioxide adsorption [29], and in the formation of rare
binodal four-connected 3D MOF possessing a moganite topology, in
which four connected nodes adopt distorted configurations [30]. Simi-
larly, trans-aconitate showed a peculiar feature, compared to other tri-
carboxylate ligands, such as citric acid (CA) and tricarballylic acid
(TCA), to favor strong particle-bridging interactions [31].

However, despite the scientific interest towards aconitic acid is
noticeable, a robust study on trans-aconitic acid thermodynamics in
solution is still missing, except for an investigation on its acid-base
properties [32].

Scheme 1. Trans-aconitic acid (HsL).
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As a part of a wider project aimed at carrying out a systematic study
on low molecular weight carboxylic acids of environmental interest, in
this study the thermodynamic of interaction of trans-aconitic acid with
proton, sodium and potassium cations are reported, providing data in a
standard state (i.e., infinite dilution) and parameters to calculate con-
ditional protonation constants in different ionic media (NaCl, KCl, and
(CoHs)4NI) at different temperatures and ionic strength values. More-
over, formation constants and sequestering ability of trans-aconitate
towards environmentally relevant elements (namely Cd**, Mn?* and
Pb%*) are assessed in a wide range of experimental conditions and
compared to data reported for other chelating agents.

This study will provide key information to predict the chemistry of
trans-aconitate in aqueous solutions in different conditions (i.e., pH,
medium, etc.) also in the presence of toxic metal cations, so that the best
conditions suitable for their selective recovery can be designed. This last
aspect is very intriguing since trans-aconitic acid is a bio-based com-
pound that can be recovered from a waste biomass, thus allowing a
virtuous recycling.

2. Materials and methods
2.1. Chemicals

All chemicals were purchased from Merck (Darmstadt, Germany) at
the highest purity available and were used without further purification,
except for tetraethylammonium iodide [(CoHs)4NI] that was re-
crystallized from methanol as described by Perrin et al. [33]. Potas-
sium hydroxide, sodium hydroxide, tetraethylammonium hydroxide
and hydrochloric acid solutions were prepared from concentrated so-
lutions and standardized against potassium hydrogen phthalate (for
bases) and sodium carbonate (for acid), previously dried in oven at
383.15 K for 2 h. The concentration of trans-aconitic acid in the solutions
was determined by alkalimetric titrations. Sodium and potassium chlo-
ride solutions were prepared weighing the solid previously dried in oven
at 383.15 for 2 h. Metal solutions were prepared weighing the salt and
standardized against EDTA. Strong base solutions were stored in dark
bottles and soda lime traps were used to prevent dissolution of carbon
dioxide. All solutions were freshly prepared, using grade A glassware
and twice-distilled water (p > 18 MQ cm). All chemicals used are listed
in Table 1.

2.2. Apparatus and procedure for the potentiometric measurements

Potentiometric titrations were carried out using a Metrohm 809
Titrando equipped with an automatic burette (total volume 10 cm®) and
a combined glass electrode (Metrohm, model 6.0262.100). The esti-
mated accuracy was £+ 0.2 mV and + 0.003 mL for e.m.f. and titrant
volume readings, respectively. The apparatus was connected to a PC and
controlled by Tiamo 2.5 software to set titrant delivery, data acquisition
and to check for e.m.f. stability. All titrations were carried out under
magnetic stirring; water presaturated Na) was bubbled through the
solution to exclude/prevent Oa) and COy dissolution. For each
measurement aimed to the determination of the ligand protonation
constants 25 cm® of titrant solution containing suitable amount of trans-
aconitic acid (analytical concentration, C;: 1.2 to 6.2 mmol dm™3),
HCl(aq) and ionic medium (NaCl(aq), KCl(agy or (CoHs)4NI(aq)) was added
to reach pre-established values of pH (~2.0) and ionic strengths (0.1 <I
/ mol dm~3 < 1.0). For the measurements aiming to determine the
stability constants of the Mm%t/ systems, MXs (X = Cl' or NO3)
(analytical concentration, Cy;: 0.7 to 2.6 mmol dm~3, generally, Cy <
Cp) was also added into the cell. The proton analytical concentration
(Cp) is the sum of sum of protons coming from HCI plus three times C;,
(trans-aconitic acid is bearing three protons). For example, in a solution
containing HsL (at C;, = 5 mM) and HCI (at a concentration 10 mM), Cy
= 25 mM. The titrant solutions were titrated with COo-free standard
base (NaOH(aq), KOH(aq) or (C2Hs)4NOH(,q)) solutions up to pH ~ 10.0
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Table 1
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Chemicals used in this work, purchased from Merck (Darmstadt, Germany). Purity (mass) as stated by the supplier.

Chemical Formula CAS n° Purification Assay (mass)
Sodium chloride NaCl 7647-14-5 NO > 99%
Potassium chloride KCl 7447-40-7 NO > 99%
Tetraethylammonium iodide (CoH5)4NI 68-05-3 recrystallisation 98%
Hydrochloric acid HCl 7647-01-0 NO > 99%
Tetraethylammonium hydroxide (CoHs)4NOH 77-98-5 NO ~10% *
Sodium hydroxide NaOH 1310-73-2 NO > 99%
Potassium phthalate monobasic CgHs04K 877-24-7 NO > 99.95%
Sodium carbonate Na,COs3 497-19-8 NO 99.995%
Cadmium chloride hydrate CdCl,-H,0 654054-66-7 NO > 98%
Manganese (II) chloride tetrahydrate MnCl, -4 H,O 13446-34-9 NO > 99%
Lead (II) nitrate anhydrous Pb(NO3), 10099-74-8 NO > 99%
Trans-aconitic acid CeHeOp 4023-65-8 NO > 98%

# Value refers to the concentration in the solutions. On the dry basis, the assay is > 99.5 % (on the mass basis);

or until the electrode started drifting towards lower pH values which
indicated the onset of precipitation of sparingly soluble species that are
hardly detectable by the naked eye in the initial state.

Before each measurement, the electrode was calibrated in terms of
free hydrogen ion concentration [H'] (not activity) by means of a strong
acid (HCI) - strong base (NaOH(aq), KOH(aq) or (C2Hs)4NOH(yg)) titration
in the same pH and ionic strength conditions of the measurement. The
fitted parameters in such titrations were E® and log Ky (provided in the
MS Excel Spreadsheets in supplementary material). Such configuration
allowed to convert measured potential (e.m.f.) into pH on a free scale,
thus pH = -log[H']. Measurements were performed in thermostatted
cells at different temperatures (288.15 K, 298.15 K, 310.15 K, and
318.15 K), controlled by a water circulation thermocryostat, model D1-
G Haake (uncertainty + 0.1 K). Further details on the potentiometric
measurements are reported in Table 2.

2.3. Calculations

The experimental data represented by titrant volume (cm?®) vs. e.m.f.
(mV) obtained for all the potentiometric titrations, together with the
electrode calibration parameters (E® and log Ky), analyzed in this work
are reported as supplementary material (MS Excel Spreadsheet), how-
ever not all recorded points were used during the data analysis (dis-
carded ones are marked in red). Such experimental data were inputted
into the BSTAC4 software [34] together with the mass balance equation
of each component involved into the equilibria. The results of the data
analysis correspond to the values of the unknown equilibrium constants,
expressed as follows:

JM™T i HT 4k L = MjHLOT0 Biik €}

where M, H and L are the metal cation of interest, the proton and
trans-aconitate anion, respectively; when k = 0 and i < 0 eq. (1) refers to
metal cation hydrolysis, when j = 0, eq. (1) refers to trans-aconitate

Table 2
Summary of the potentiometric titrations performed in different ionic media at
different temperatures, ionic strength values and at p = 0.1 MPa.

System medium T/K 1 Cy" C" Cum” n.

tit

H/L* NaCl 298.15 0.1 to 13 to 1.8 to 12
1.0 28 4.4

H/L* KCl 288.15 to 0.1 to 14 to 1.2 to 49
310.15 1.0 22 6.2

H/L* (C2Hs)4NI 288.15 to 0.1 to 11 to 2.4 to 11
310.15 1.0 22 6.0

M2t/ KCl 298.15 0.1 to 11 to 1.1to 0.7 to 45

> 1.0 22 3.7 2.6

@ analytical concentration (mmol dm—®); standard uncertainties (w): u(T) =

0.1 K; u(l) = 0.001 mol dm~3; u(p) = 1 kPa; u(Cy) = u(Cr) = u(Cy) = 102 mmol
dm=2.

overall protonation constants and are generally indicated as g!. Step-
wise protonation constants are indicated as K}{ (eq. (2).

H* 4+ H_, LV = H,L) Kt 2

i

The conversion from the molar (I.) to the molal (I,) concentration
scale was performed using the appropriate density values.

The dependence of protonation constants on ionic strength was
studied according to two approaches; the first considering the variation
of activity coefficients using the extended Debye-Hiickel type equation
(EDH) and the Specific ion Interaction Theory [35-39] and the second
taking into account the formation of weak species between trans-aco-
nitate and the ions of the supporting electrolyte using the so-called “Pure
water model” [40-44].

A dedicated section containing all the equations used to derive the
fitting ones is given as supplementary material. As for the first approach,
the ionic strength and temperature dependence of protonation constants
was modeled using eq. (3)

. VI .
logh = log" Be — oA TT15e i \/7+ Aej oI+ ( TAHgk —zz ®A
o)+ (577)
oe— —  tAc.,el)e|=-——)e52.23
1+15e/1 o 6 T
3
= Z(charge)im - Z(chargc);md (3a)
0.856 ¢ (T —298.15 0.00385 o (T — 298.15)*
A= (0.51 ;0856 ( ) 1*000 l ) > (3b)
C oA
A= RT* o1n(10) o 57 = 15+ 0.024 o (T~ 298.15) (30)
. 0A¢g;;

A&, = RT” ¢ In(10) o % (3d)

where g and Tpy, are the stoichiometric (or conditional) and
thermodynamic equilibrium constants at the reference temperature 0 =
298.15 K, respectively, Ag;; is the summation of the specific interaction
coefficients of all the species involved in the equilibrium and the ions of
the supporting electrolyte; TAHg.k is the enthalpy variation of the
equilibrium at infinite dilution; 52.23 is equal to 1/R:In10, and Ae;jk
accounts for the ionic strength dependence of protonation enthalpy.

Conventionally, the thermodynamic parameters refer to the molal
concentration scale (m = mol kg(HZO)'l), so the symbolism referring to
the molar concentration scale are superseded by “c” (e.g., the proton-
ation enthalpy change at infinite dilution in the molar concentration
scale is indicated as T AHS).

The second approach was applied only to data at 298.15 K and the
fitting equation is given in eq. (4):
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logB;, =log" By —A ez @ D.H.+ Cyclo + Dyy-I2/* + Ey- I @
where
T
DH. = v (4a)
14 1.5V
Cijk = Co'p;k + C 'Z:'(jk (4b)
Dy = do-pyy +dy -z (40)
Ey = e0~p;.k + el-z;.k (4d)
Zj = Y_(charge)y, — > (charge)y, g (4e)

p;k = Zpreavr - prmd (4f)

z and p are the charge and the stoichiometric coefficients of the
components of the species, respectively; fjx can be the protonation
constant (ﬂf’ ) or the weak complex formation constant with Na* and K*
(/ig/f(). If the conditions of pure water model hold (see supplementary

material and ref. [40]), co, c1, do, dy, €9, €1 become constant and are valid
for all MjH;Lx species (eq. (1)) of the ca*t/* species (including pro-
tonation, metal cation hydrolysis) together with their weak complexes
(further species that must be included in the new model) with ions of the
supporting electrolytes (i.e., Na*, KT, CI),

The sequestering ability of L% towards M2" was computed by
calculating pLg s, a semi-empirical parameter that allows comparisons
among different ligands. It represents the antilogarithm of the ligand
total concentration required to sequester 50% of the metal cation pre-
sent at trace level.

Rigorously, pLos is not a true constant since it depends on the
calculation conditions (pH, ionic strength and temperature), and,
mainly, on the analytical concentration of the metal cation (Cy). Espe-
cially in the presence of polynuclear M;L species a general derivation of
pL is not straightforward directly from mass balance equations and de-
pends on case to case. However, as Cy tends to 0, pLg 5 tends to become a
constant. Further details are given in ref [45].

Briefly, the higher the pLos value, the greater the sequestering
ability. Additional details and applications can be found in references
[19,46-52].

Distribution diagrams were drawn by using HySS software [53].
BSTAC [34] program was used for the calculation of equilibrium con-
stants and the other relative parameters. The non-linear least square
computer program LIANA [34] was used to fit different equations.
ES2WC [34] was used for the calculation of the pure water model
approach. Throughout the paper, uncertainties are given as a 95 %
confidence interval.

3. Results and discussion
3.1. Acid-base properties of trans-aconitic acid

Protonation constants were fitted analyzing potentiometric titrations
(all datapoints are listed in MS Excel Spreadsheet in Supplementary
Material) with BSTAC4 software in the molar concentration scale at
different ionic strengths, temperatures and in different ionic media, and
then converted to molal concentration scale. Since the amount of data is
very large, the complete dataset, both in the molar and molal concen-
tration scales, is reported as supplementary material (Table S1). As ex-
pected, three protonation constants were obtained (see Table 3). The
first protonation constant should be assigned to carboxylate bond to the
methylene bridge, whereas the others to the fumarate-like carboxylates.

From the data collected it appeared that the protonation constants
values obtained in (CoHs)4NI were higher than those detected in sodium
and potassium chloride, with a trend that can be summarized as follows:
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Table 3

Parameters obtained fitting stepwise protonation constants to eq. (3) in the
molal (SIT) and in the molar (EDH) concentration scales at T = 298.15 K and p =
0.1 MPa.

Molal concentration scale (SIT)

KCl NacCl (C2Hs)4NI
i log"kH TAHY, Aéior
1 6.32 £ 6.9 + 0.6 0.174 + 0.204 + 0.737 +
0.01 0.014 0.018 0.033
2 4.40 + 1.4+0.5 0.216 + 0.184 + 0.068 +
0.01 0.011 0.026 0.026
3 2.96 + -0.2 + 0.128 + 0.122 + —0.02 + 0.01
0.01 0.4 0.011 0.017
Molar concentration scale (EDH)
KCl NaCl (C2Hs)4NI
i log"kH TAHY, Cio1
1 6.32 £ 7.0 £ 0.6 0.192 + 0.221 + 0912 +
0.01 0.014 0.020 0.032
2 4.40 £ 1.5+0.4 0.230 + 0.194 + 0.127 +
0.01 0.012 0.026 0.030
3 2.95 + -0.1+ 0.159 + 0.170 + 0.062 +
0.01 0.3 0.012 0.026 0.019

a + s (standard deviation); standard uncertainties (w): u(T) = 0.1 K; u(p) = 1 kPa;

(C2Hs)4NI > KCI ~ NaCl. This may be attributed, as expected, to the
weaker interaction between tetraalkylammonium cations and carbox-
ylate with respect to sodium and potassium cations [42,54,55]. As an
example, in Fig. 1 the trend of the first protonation constant is reported
at T = 298.15 K. Similar trends are observed for the other protonation
constants even though to a lower extent (ie., differences are within
experimental errors).

The selected set of ligand protonation data was fitted to eq. (3) and a
series of parameters useful to calculate log K!! values at any condition (I,
T, medium) within experimental domain was obtained (Table 3) both in
the molal (SIT) and in the molar (EDH) concentration scales. During the
refinement process, it was found that Ae;-jk parameter resulted not sig-
nificant at 95% (C.1.), therefore it was fixed at 0 in all cases. Literature
about acid-base properties of trans-aconitic acid is quite poor, in fact, no
recommended data are reported in the most relevant databases [56,57]
and only two papers may be considered reliable [30,32]. Kostakis
determined the protonation constants in KNO3 at I = 0.1 mol dm >, with
values of log K} = 5.61, log K} = 3.95, and log K} = 2.72, while Berto in
KCl atI= 0.1 mol dm 3, with values of log Ki' = 5.56, log K} = 3.94, and
log Kl = 2.74. Values here reported are very close, being 5.67, 3.98 and
2.74 (same order), in KCl at I = 0.1 mol dm™3.

H
1

log K

T T
0.0 0.2 0.4 0.6 0.8 1.0
I/mol dm”

Fig. 1. Dependence of the first protonation constants of trans-aconitate on
ionic strength (in mol dm~%) at T = 298.15 K in (C2Hs)4NIaqy (A), KCl(aqy (OD,
NaCl(aq) (0). Solid lines represent the model obtained by eq. (3).
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As far as other carboxylate ligands are concerned, the protonation
constants of TCA, that has the same structure of aconitic acid but the
unsaturation, are remarkably higher than trans-aconitate being log Ki' =
6.45, log K} = 4.91 and log K!! = 3.68 (KCl 0.1 mol dm™~3). This can be
likely interpreted considering the more rigid structure of aconitic acid
(only one sp® carbon atom out of six) compared to TCA (3 sp® carbon
atoms and 3 sp?).

Using the data listed in Table 3 in the molal concentration scale (SIT)
for KCl, thermodynamic parameters (AGO, AH®, and TASO, inkJ mol™)
were calculated at different ionic strength values. The data given in
Table 4 reveal that the first protonation step is slightly endothermic,
whereas the second and the third are exothermic in all conditions. The
main contribution to the proton binding is always entropic in nature for
the three protonation steps.

The values of protonation enthalpy changes here found for aconitic
acid, namely T AHS), = (6.9 + 0.6) kI mol ™!, T AHS), = (1.4 £ 0.4) kJ
mol ! and T AHY,; (-0.2 + 0.4) kJ mol 2, display a comparable order of
magnitude with respect to the ones reported [57] for TCA, i.e. T AHO, =
3.5kJmol !, T AHS), = 4.18 kJ mol !, T AHY;, = 0 kJ mol . A similar
behavior was observed for molecules with the same functional groups
[18,47,48,58].

The data analysis performed according to the “Pure Water Model”
(eq. (4)) was done with ES2WC software [59]. For this approach only the
data reported at T = 298.15 K were used and (CyHs)4NI was selected as
the baseline electrolyte. The protonation constants obtained at infinite
dilution (Table 3) were kept fixed. Moreover, to avoid correlation be-
tween cg and c; parameters during the refinement, it was chosen to fix
the value of ¢y (at ¢p = 0.165) and refine only c;. This strategy was
adopted since the variability of 2 (variable related to ¢;) is higher than
that of pi*jk (related to co).

The best fit (mean deviation 0.04 in log K units) was obtained
refining the equilibrium constants of four weak species, namely NaL?,
NaHL’, KL% and KHL; results are given in Table 5.

Equilibrium constants of the weak species here reported for trans-
aconitate with Na™ and K are of the same order of magnitude as other
carboxylate with the same charge [60,61]. Despite the relatively low
values of such stability constants, their assessment is crucial since in all
natural water systems the concentration of alkali metal cations is quite
high. Moreover, this information is particularly useful when modeling
the chemical speciation in multicomponent solutions, where Na" and K*
coexist. An extensive discussion about this point is reported in ref [54].

Table 4

Thermodynamic parameters (—AGl%l, AH%l, and T AS?OI, in kJ mol™!) for the
three trans-aconitate protonation steps (i) at different ionic strength values in
KCl(aq) and at T = 298.15 K and p = 0.1 MPa.

I° i —AGY, AHY, T ASY,
0.15 1 31.9 4.7 36.6
0.15 2 22.4 0.4 22.1
0.15 3 15.4 -0.9 14.5
0.25 1 31.3 4.3 35.6
0.25 2 22.1 -0.6 21.5
0.25 3 15.3 -1.0 14.2
0.50 1 30.6 3.8 34.4
0.50 2 21.7 -0.9 20.8
0.50 3 15.2 -1.2 14.0
0.75 1 30.2 3.5 33.8
0.75 2 21.7 -1.1 20.5
0.75 3 15.2 -1.3 13.9
1.00 1 30.1 3.3 33.4
1.00 2 21.7 -1.3 20.5
1.00 3 15.3 -1.4 14.0

2 in mol kg(HZO)'l; standard uncertainties (u): u(T) = 0.1 K; u(I) = 0.01 mol
kg’l; u(p) =1 kPa; u(AG®) = 0.1 kJ mol™%; u(AH®) =1 kJ mol ™ u(TAS®) =1 kJ
mol L.
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Table 5
Equilibrium constants of the trans-aconitate species according to the pure water
model at T = 298.15 K and p = 0.1 MPa.

Equilibrium i j k log Tﬂ,-jk Pik  Zx Co c1
HY + 1% = HL* 1 0 1 6315 1 6 0.165° 0.13¢
+0.01
2H" +IL¥=H, L’ 2 0 1 10711° 2 10 0165 013+
0.01
BHT+L¥=Hsl® 3 0 1 13.660° 3 12 0.165 0.13+
0.01
log Tﬂ% P;}k ijk Co 1
K"+ L% = KL* 0 1 1 083+ 1 6 0.165  0.13 +
0.21" 0.01
K'+H+I¥ = 1 1 1 616+ 2 10 0165 013+
KHL 0.44° 0.01
Na® + L% = 0 1 1 097+ 1 6 0.165  0.13 +
NaL* 0.17" 0.01
Na"+H'+I*= 1 1 1 650+ 2 10 0.165 0.13+
NaHL 0.25" 0.01

@ Taken from Table 3 and kept constant during calculations;

b 959% C.L;

¢ kept fixed during calculations;

4 fitted during the fitting of the protonation constants obtained in NaCl, KCI,
and (C,Hs)4NI. Standard uncertainties u are u(T) = 0.1 K, u(p) = 1 Kpa.

3.2. Interaction of trans-aconitic acid with Cd2+, Pb2+, Mt

Interaction of trans-aconitic acid with Cd>*, Pb?>*, Mn?* was studied
by means of potentiometric titrations in KCluq) at different ionic
strength values and at T = 298.15 K. The data analysis was performed
using the feature of BSTAC4 computer program to analyze simulta-
neously titrations carried out at different ionic strength values to obtain
formation constants of M;H;Lx species together with the relative ionic
strength dependence parameters Cjx (using eq. (S6)). Data relative to the
protonation constants of L% in KCl medium (Table 3), as well as those
relative to the formation of M**/OH™ (taken from refs [62,63]) were
kept fixed during calculations. On the contrary, the stability constants
for M%*/Cl’ complexes were not included; therefore, the retrieved sta-
bility constants values here reported are strictly valid only in KClg).
Different speciation models were tested, yet the most suitable was
selected on the basis of typical selection criteria [64], being also
consistent with literature data for similar ligands [65]. The data fitting
featured quite low mean deviations (i.e., the average deviation, in ab-
solute value, for all points considered) being 0.6 mV, 0.9 mV, 0.5 mV for
Cd%t/L%, Pb?*/L% and Mn**/L% systems, respectively. These values,
expressed in the same unit of measured quantity (e.m.f.) are only slightly
higher than the experimental uncertainty (0.2 mV), thus indicating a
satisfactory fit. The most reliable speciation model for M2*/L% systems
includes three main species, namely MH,L ™, MHL?aq) and ML". However,
in the current investigated conditions the formation of species as
CdsHL3 for Cd%*, Pb(OH)L’ for Pb?*, MnsHL3 and Mn,HL5 for Mn?* was
evidenced, yet with a low formation percentage (i.e. < 5%).

In detail, the results of the data analysis performed in the pH range 2
< pH < 8 are summarized in Table 6, where the formation constant of
the species at infinite dilution (log T Piji)» the ionic strength dependence
parameters (Cy), the maximum of formation of each species (Max (%))
together with the pH value at which it is achieved (pHpax), are listed.
Such data may be used to calculate equilibrium constants of those spe-
cies in KCl,q) at 298.15 Kand up to I = 1.0 mol dm 3. The use of a wider
pH range resulted in less reliable fit results, due to the concurrent hy-
drolysis of the metal cations and precipitation of scarcely soluble hy-
drolytic species. Nevertheless, for those measurements where
precipitation was not observed some tests were performed, but no fitting
improvements were achieved, nor species with stoichiometry M;(OH);L
were found, except for Pb?*.

As it can be noticed, regardless of the metal cation considered, the
equilibrium constants of species with the same stoichiometry are very
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Table 6

Overall metal ligand complex formation constants, ionic strength dependence
parameters (valid in KCl(,q)) in the molar concentration scale, Cj values and
details on the formation percentages (at I = 0.15 mol dm>; analytical con-
centrations: Cgq = 1 mmol dm™3; C; = 3 mmol dm™>) of M2*/L% species for the
selected speciation model obtained in the pH range 2.0 < pH < 8.0 at T =
298.15 K and p = 0.1 MPa.

Equilibrium zv p* log"py Ciik Max PHimax
(%)
Ccd* + 1% = cdI 12 1 4.54 + —0.36 + 65 7.0
0.02*° 0.06"
cd*t +H + 1% = 14 2 9.94 + 0.25 + 38 4.6
CdHL{,q) 0.02 0.03
Cd** +2H" + 1% = 14 3 13.77 + —0.42 + 28 3.0
CdH,L* 0.01 0.05
3Cd* +H +21%= 30 5 19.95 + 1.8+0.1 4 5.0
CdsHL3 0.07
Pb%t + I3 = PbL 12 1 5.00 + 0.97 + 69 6.4
0.02 0.03
Pb? + H' + 1% = 14 2 10.57 + 0.34 + 46 4.5
PbHL{,q 0.02 0.02
pb*t +2HY + 13 = 14 3 14.81 + -1.36 + 46 3.0
PbH,L" 0.04 0.06
Pb%t + Hy0 + L% = 8 0 —4.9 + 2.6 +£0.4 0.6 6.8
Pb(OH)L* 0.1
Mn?" + ¥ = MnL 12 1 4.97 + 0.68 + 80 6.5
0.02* 0.04°
Mn*t + HY + L% = 14 2 10.44 + 0.65 + 53 4.6
MnHL{,q) 0.02 0.03
Mn*t +2H+1% = 14 3 14.13 + 0.37 + 0. 41 3.0
MnH,L" 0.01 02
3Mn®* +H" +21%= 30 5 21.6 + 1.2+0.1 4.1 5.1
MnzHL3 0.1
2Mn?t +HY +21%5= 26 4 17.55 + 1.0 + 0.1 3.2 5.3
Mn,HL} 0.08

@ s (standard deviation); standard uncertainties: u(T) = 0.1 K, u(p) = 1 kPa, u
(Max) = 1 %; u(pH) = 0.01.

similar as an indication that the complex formation does not depend on
the nature of metal cation, even if those reported for Cd?* are slightly
lower; Cyjx values obtained for Pb?* and Mn?* are higher than those for
Cd?*, suggesting that upon increasing chloride concentration trans-
aconitate would form complexes with Mn?* and Pb?* to a greater extent
compared to Cd>*, since the latter interacts with chloride thus leading to
a lowering of the conditional formation constant of Cd%*/L% species. To
clarify this behavior, in Figure S1 the difference (Alog Ko11) between the
stability constants of ML species (for Cd%*, Pb%* and Mn?*) at various
ionic strengths (log T Ko11) and their corresponding values at infinite
dilution (logT Ko11) is displayed as a function of the ionic strength (KCl).
Remarkably, the trend found for CdL™ species is significantly different
with respect to the one displayed by the other metal cations, since with
the increase of the ionic strength, CdL™ formation constant markedly
decreases and, consequently, the difference between cadmium and the
other metal cations increases.

The speciation diagrams of the Cd%t/L% system in Fig. 2 show the
different behavior at low (I = 0.15 mol kg(Hzo)'l, solid line) and at high
ionic strength (I = 1.00 mol kg(HZO)'l, dashed line) values. In the
selected experimental conditions (analytical concentrations: Ccq =
0.001 mol kg™'; C; = 0.003 mol kg™!) at I = 0.15 mol kg%, the
maximum percentages of formation at I = 0.15 mol kg ! are achieved at
pH = 3.40 (29 %) for CdH,L™, at pH = 4.65 (39 %) for CdHL?aq) and at
pH > 7.2 (70 %) for CdL™ species. At I = 1.00 mol kg(Hgo)'l, the
maximum formation percentages are found at pH = 3 (4 %) for the
CdH,L™, at pH = 4.5 (19 %) for CdHL?aq) and at pH ~ 7 (15 %) for CdL
species. At high ionic strength, the formation percentages of the Cd**/
L% species are quite low, likely as result of the competition between
trans-aconitate and chloride for the cadmium complexation, also
explaining the presence of a relative minimum in the free Cd** con-
centration at pH ~ 5. Moreover, at low ionic strength the complexation
is shifted to more alkaline pH values (i.e., ~ 0.2 pH units).
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% formation relative to Cd

Fig. 2. Speciation diagrams of the Cd**/L% system are given at low I = 0.15
mol kg’1 (solid line) and high ionic strength 1 mol kg’1 (dashed line) at T =
298.15 K and p = 0.1 MPa. Analytical concentrations: Ccq = 0.001 mol kg’1 ; CL
= 0.003 mol kg~". Species: 1 CdL", 2 CdHL®, 3 CdH,L", 4 CdsH,L*, 5 free Cd>*.

The speciation diagram of the pb2t/L> system is depicted in Fig. 3 in
the same experimental conditions. In this case, at I = 0.15 mol kg(H20)"
1, the percentage of maximum formation is reached at pH = 3 (69 %) for
PbH,L" species, at pH = 4.6 (56 %) for PbHL?aq) and at pH ~ 6.5 (80 %)
for PbL™ species. At I = 1.00 mol kg(H20)'!, percentages of maximum
formation are detected at pH = 3 (4.5 %) for PbH,L", at pH = 4 (41 %)
for PbHL?aq) and at pH = 6 (80 %) for PbL’ species. In this system, a
relevant formation is achieved by the Pb(OH)"' species at pH = 8,
namely 55 % and 35%, respectively at I = 0.15 and 1.00 mol kg(H;0) .
As stated, in the selected conditions, Pb(OH)L? is a minor species.

In the case of Mn?'/L% system, the distribution diagrams of the
species are not strongly affected by ionic strength, very likely due to the
negligible impact of the manganese chloride species in the speciation.
Accordingly, for all species no substantial difference in the formation
percentages can be detected, as represented in Fig. 4. In particular, at I
= 0.15 mol kg(H,0)"!, maximum formation percentage is reached at pH
= 3 (50 %) for MnHsL™ species, at pH = 4.5 (63 %) for MnHL?aq) and at
pH > 7.5 (90 %) for MnL species. At I = 1 mol kg™, percentages of

% formation relative to Pb

Fig. 3. Speciation diagrams of the Pb**/L> system are given at low I = 0.15
mol kg’1 (solid line) and high ionic strength 1 mol kg’1 (dashed line) at T =
298.15 K and p = 0.1 MPa. Analytical concentrations: Cp, = 0.001 mol kg’l; Cr
= 0.003 mol kg *. Species: 1 PbOH", 2 Pb(OH)3 3 PbL", 4 PbHL?, 5 PbH,L", 6
free Pb>", 7 Pb(OH)L?".
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100

% formation relative to Mn

Fig. 4. Speciation diagrams of the Mn?*/L% system are given at low I = 0.15
mol kg’1 (black solid line) and high ionic strength 1 mol kg’1 (red dashed line)
at T = 298.15 K and p = 0.1 MPa. Analytical concentrations: Cy;, = 0.001 mol
kg™%; C, = 0.003 mol kg™!. Species: 1 MnL", 2 MnHL®, 3 MnH,L™, 4 free Mn?*.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

maximum formation are detected at pH = 3 (27 %) for MnH,L ™", at pH=
4.3 (50 %) for MnHL?aq) and at pH > 7.5 (80 %) for MnL™ species.

The inclusion of chloride complexes was tested for Cd2*/L% system
according to a pure water model approach. This means considering
protonation of trans-aconitate and K*/L> complexes (see data in
Table 5) in a not interacting medium. Moreover, Cd** hydrolysis and
Cd%*/CI in not interacting medium were calculated from literature in
ClO3 medium [3,66] and are listed in Table S2. In such a way, the
analysis of the potentiometric titrations of the Cd**/L® system (MS
Excel Spreadsheet in Supplementary Material) can be performed in a
Pure water model fashion (eq. (4) by fixing c¢ and c; values reported in
Table 5 also for the CdL", CdHL and CdH,L" species, whose log T Biik
values were kept fixed to those listed in Table 6. This allowed the
determination of the stability constants of three further quaternary
CdLH;Cl species, with the same number of protons as the ternary CdLH;
ones (Table 7).

This result looks plausible if one considers that quite strong Cd**/Cl
complexes may lead CACl™ (other than free Cd2+) to directly interact
with differently protonated trans-aconitate H;L. In terms of speciation,
the two models (i.e., conditional and pure water) are fully equivalent:
the formation percentages of the each CdH;L species in the conditional
model is equivalent to the sum of relative ternary and quaternary species
in the pure water model within the uncertainty of the fitted constants

Table 7

Equilibrium constants and ionic strength dependence parameters of the Cd%*/
trans-aconitate species according to the pure water model at T = 298.15 K and p
= 0.1 MPa.

Equilibrium i j k logTBi Py % <o o’

Cd** + 2H" +1% = 2 1 1 1377° 14 3 0.165 0.13
CdH,L*

cd*t +H + 1% = 1 1 1 995° 14 2 0.165 0.13
CdHL{g)

Cd** + 1% = cdL 0 1 1 454% 12 1 0.165 0.13

cd* +2H +CI'+L* 2 1 1 1570+ 16 4 0.165 0.13
= CdHoLClGqg 0.02

cd®>*+H ' +Cl+1¥= 1 1 1 1187+ 14 3 0.165 0.13
CdHLCI 0.04

Cd* +Cr + 1% = 0 1 1 615+ 10 2 0.165 0.13
cdLcr* 0.04

@ data from Table 6,
b data from Table 5.
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(always below 10 %, which can be considered fairly acceptable for so
complex systems). For example, at I = 0.15 mol dm™3, the formation
percentage, fixing Cyy = 1 mmol dm~2 and C;, = 3 mmol dm~3, in the
conditional model (data of Fig. 2) is 29 % (CdH,L™), 39 % (CdHL?aq)),
and 70 % (CdL"), while in pure water it is 36% (32 % CdH.L™ + 4 %
CAH,LCl,q)), 49 % (46 % CAHLYq) + 3 % CAHLCL), and 75 % (68 % CdL
+ 7 CALCI®); at I = 1.00 mol dm’?’, the formation percentage in the
conditional model (data of Fig. 2) is 4 % (CdH,L™), 19 % (CdH.L?aq)), and
15 % (CdL), while in pure water it is 12% (only 12 % CdeLCI?aq)), 17 %
(only 17 % CdHLCI), and 25 % (only 25 CdLClZ').

Similar considerations could be done also for Pb** and Mn?*, even if
the importance of chloro complexes for Pb2* is less relevant compared to
Cd?* and fairly negligible for Mn2*.

3.3. Literature comparisons

Direct literature comparisons regarding the M2*/L> systems can be
made only for Cd** and Mn?*.

As far as cadmium is concerned, in the paper of Kostakis et al. [30]
stability constants were determined in aqueous KNOg solution at I = 0.1
mol dm~> and at 298.15 K by potentiometric titrations (analytical
concentrations: Cyy = Cj, = 4 mmol dm™3). Authors reported the for-
mation of four complex species, namely CdHyLg,), CdsHoL3 ", CdsHL,
Cdng. By means of ESI-MS and 113cq NMR measurements, the forma-
tion of CdH4L; species was confirmed, whereas the occurrence of the
other species was only suggested. In this work, although several tests
have been carried out to verify the potential presence of minor or
polynuclear species, only the CdsHL3 species was determined, with a
maximum formation percentage of 4 % at pH = 5 at I = 0.1 mol dm>.
This may be interpreted considering that in this study the metal to ligand
ratio was always in favor of the ligand. Moreover, as shown before,
chloride of the ionic medium (KCl) used in this investigation is
competing with trans-aconitate for Cd®" complexation likely dis-
advantaging the formation of polynuclear species as, for example,
CdsLoH; determined by Kostakis et al. [30].

Regarding the Mn?*/L% system, Li et al. [67] determined the stability
of manganous complexes (using >*MnCly) for a series of organic acids by
means of ion and solvent extraction. For trans-aconitic acid, authors
determined log K = 2.27 for the MnL" species at pH =7.2-7.3,1=0.16
mol dm~2 (in Veronal buffer, namely sodium diethyl barbiturate and
sodium acetate) and T = 298.15 K. The cited value likely refers to a
Schwarzenbach conditional constant. Computing the same quantity at
the same pH and ionic strength values using our dataset, a value of 3.8 is
obtained.

Some comparisons of the stability of similar carboxylate ligands with
metal cations can also be drawn. For example, TCA has the same
structure as trans-aconitic except for the absence of the double bond. For
TCA, Ajayi et al. [68] reported (in NaClO4 at I = 1 mol dm2and T =
298.15 K), nine different species for Pb(II), namely PbL’, PbLé’, PbZL%",
PbHL*, Pb,HL;, PbH,L*, PbHLS, PbHsL3, PbyHL; whose formation
constants values were 3.17, 4.70, 8.68, 7.9, 14.69, 11.59, 9.96, 18.81
and 13.46, respectively. The comparison of the stability constants of the
common species between Ajayi et al. and this study is quite satisfying, as
in this work log § = 3.57, 8.11 and 10.65 were found for PbL’, PbHL® and
PbH,L" species, respectively.

For CA, in which the double bond of trans-aconitic acid is saturated
with a hydrogen atom and a hydroxyl group, the following values were
reported: i) for Mn?*, log Ko11 = 3.72 for the ML species (I = 0.15 mol
dm~3 in NaCl and 298.15 K) [69]; ii) for Cd?*, log Ko11 = 3.71 and log
K11 = 7.85 for the CdL and CdHL species (at I = 0.15 mol dm~3in KNO3
and 298.15K) [70], and iii) for Pb>*, log Ko11 = 4.44 and log Ko12 = 5.92
(atI=1.00 mol dm~3in NaClO4 and T = 298.15 K) [57]. Some relevant
values critically analyzed by NIST [57], together with the corresponding
values computed for trans-aconitic acid in the same conditions of ionic
strength are reported in Table 8.

As a general trend, citrate complexes are always more stable than
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Table 8
Equilibrium constants reported in the literature for various metal cation-ligand
systems at different ionic strength values (T = 298.15 K, p = 0.1 MPa).

Ligand MnL ¢ PbL ¢ cdL ©
Trans-aconitic acid” 3.75 3.57 3.22
Tricarballylic acid 2.06 © 3.17

Citric acid ” 3.72°¢ 4.44' 3.76 ¢

2 This work (KCI);
b from ref. [57];

¢ 1=0.1 mol dm 3
d7=1.0mol dm~3;
¢ in NaCl;

fin NaClOg4.

trans-aconitate ones, that in turn are characterized by a higher formation
constant than tricarballylate. If data for citrate were quite easy to
explain due to the extra hydroxyl group, the difference in the stability of
the complexes between trans-aconitate and tricarballylate is less
obvious. The presence of unsaturation, as for trans-aconitate, generally
lowers the affinity of a ligand towards metal cations, as can be easily
demonstrated by looking for relevant data of succinic and fumaric acid
in dedicated stability constant databases [56,57]. This uncommon
behavior may be likely explained considering that the double bond in
trans-aconitic acid provides a certain rigidity to the molecule so that the
coordination towards metal cations may occur in different and peculiar
ways. For example, some studies [71,72] claim that trans-aconitic acid
has an inherent T-shaped structure and multi-coordination modes to-
wards Zn?" and Cu®" whereas, for the coordination of Cd**, a distorted
mog net with tetrahedral nodes has been found [30].

The particularly high affinity of trans-aconitate towards metal cat-
ions enables the possibility of using it as a complexing agent. Therefore,
the sequestering ability of trans-aconitate toward Cd?*, Pb%*, Mn?* was
assessed by computing pL 5 at different pH values. In Fig. 5, the pLg 5 vs.
pH plot is shown at I = 1 mol kg’l. As a common feature, the pLg 5 value
increases almost linearly up to pH ca. 5. At higher pHs, a plateau is
reached for Cd®>* and Mn?*, whereas in the case of Pb%* an inversion of
the trend at pH ~ 6.5 can be clearly observed, due to the beginning of
hydrolysis phenomena. This diagram is of great interest, since it shows
how Cd?* can be separated from a solution containing also Pb*" and
Mn?*. For example, at pH ~ 7, pLo 5 ~ 1.75 for Cd>* and pLg 5 ~ 3.25 for
Mn®* and Pb?*. This means that in a solution containing the three metal
cations at a trace level, the addition of trans-aconitate, at an analytical
concentration Cy, = 10P05 = 10325 = 0.56 mmol drn’3, would complex
50 % of both Mn?* and Pb%*, but<5 % of Cd**. This can be demon-
strated by inputting altogether the equilibrium constants of the Mn2*/

0.5 : — — — .
2 3 4 5 pH 6 7 8

Fig. 5. Dependence of the pLos vs pH at I = 1 mol kg™?, T = 298.15 K and p =
0.1 MPa, for Cd** (1) Mn*" (2) and Pb>" (3).
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L*, cd*r/L%*, Pb%* /1 systems, C;, = 0.56 mmol dm >, and Cyy = Ceq =
Cpp = 10'® mol dm~2 in a software able to draw speciation diagrams (e.
&, HySS [53], PyES [40], Visual Minteq [73].

In Fig. 6, the sequestering ability of a series of different complexing
agent towards Cd?" is compared by plotting pLo 5 values calculated at T
=298.15 K and I = 0.1 mol dm ™ in the pH range 2 < pH < 8. As ex-
pected, GLDA, bearing 5 binding sites, is characterized by a higher pLg 5
than the other complexones, which have different typologies of binding
sites, generally result in a strong sequestering ability over a wide pH
range. Conversely, molecules such as trans-aconitic acid or CA, despite
having lower sequestering ability at high pH values, can display pLo s
values comparable to complexones in acidic pH conditions.

This discussion points out once again how the determination of
thermodynamic functions, such as equilibrium constants or ionic
strength dependence parameters, are the first brick not only for the base
chemistry knowledge, but also for many fields of applied chemistry,
such as for the modeling of complex matrixes and the design of strategies
for remediation purposes.

4. Conclusions

This study is focused on the determination of the thermodynamics of
interaction of trans-aconitate in aqueous solutions and on the explora-
tion of the suitability of such molecule as an efficient and sustainable
sequestering agent towards cadmium, lead and manganese. The results
of the study are based on potentiometric titrations performed in
different conditions of temperature, ionic strength, and ionic medium.
The experimental data obtained (couples of e.m.f. vs. titrant added) were
analyzed using robust software dedicated to the solution equilibria to
obtain equilibrium constants at infinite dilution and useful parameters
to model the speciation in different conditions within our experimental
domain. The proton binding process resulted to be entropic in nature
and enthalpy change values were always close to 0 kJ mol ™. From data
collected in different ionic media it was possible to determine the sta-
bility of weak species of trans-aconitate with Na* and K*; both cations
resulted to slightly interact with the ligand and their formation con-
stants are comparable, being log K = 0.83 and 0.97 at infinite dilution
for the KL> and NaL> species, respectively. As far as the interaction with
heavy metal cations is concerned, the whole of the data collected on the
M2*/1% systems evidenced the formation of three complex species in the
2 > pH > 8 range for all the cations considered, namely Cd**, Mn?** and
Pb%*, with stoichiometry ML?, MHL?aq), MH,L". The formation of some

PLy 5

T T T T T T T T T T T
2 3 4 5 pH 6 7 8

Fig. 6. Comparison of the pLos of various complexones towards Cd** at I =
0.1 mol dm™2 and T = 298.15 K at different pH values. Complexones: S,S-
Ethylenediamine-N, N’-disuccinic acid (EDDS) (1), Citric acid (2), Trans-aco-
nitic acid (3), N-(2-hydroxyethyl)iminodiacetic acid (HIDA) (4), Nitrilotriacetic
acid (NTA) (5), Methylglycindiacetic acid (MGDA) (6), L-glutamic acid N,N-
diacetic acid (GLDA) (7).
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minor species, such as CdsLyH"', and MnsL,H" was also hypothesized,
but their presence should be proved with dedicated measurements. If in
the literature the presence of polynuclear species was demonstrated for
Cd(II) by ESI-MS measurements, they were never determined for Mn(II)
nor for Pb(I). As this work was performed in aqueous KCl, and data
reported are strictly valid in this medium, ionic strength was found to
significantly influence the chemical speciation of Cd**, whereas for
Pb%* and Mn?" the presence of chloride does not exert a large effect.
Both the presence of polynuclear species and the unusually higher sta-
bility of metal cations/trans-aconitate complexes compared to the
saturated homologue (i.e., TCA) was attributed to a peculiar T-shaped
coordination mode, already reported in the literature.

The sequestering ability of trans-aconitate towards the three metal
cations was estimated by computing the pLg s values in different con-
ditions of pH and ionic strength values. Trans-aconitate resulted a quite
good sequestering agent towards the three metal cations, having higher
pLo.s values for Mn?" and Pb" compared to Cd?* (particularly at pH >
5), and featured a similar sequestering ability towards Cd** with respect
to EDTA and S,S-EDDS at pH < 5.

The correct use of pL 5 values may help in the design of strategies for
the selective sequestration of metal cations in a multicomponent solu-
tion. For example, when the difference in the value of pLg s of a ligand
towards two cations present in the same solution at a trace level exceeds
two, that ligand may be regarded to be selective for the metal cation
with the highest pLy 5 value, when C, ~ 10PLO5,

The data here reported are crucial since they can provide key in-
formation to identify the best conditions (i.e., pH, medium and ionic
strength, etc.) for toxic metals removal in real aqueous systems and to
design efficient environmental remediation processes. Moreover, trans-
aconitic acid can be obtained by the treatment of a waste biomass from
the sugar industry, that is a great opportunity to turn a waste in wealth
giving a boost towards circular economy.
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