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Abstract The protonation and complex formation equilibria of two biodegradable ami-
nopolycarboxylate chelants {pL-2-(2-carboxymethyl)nitrilotriacetic acid (GLDA) and 3-
hydroxy-2,2'-iminodisuccinic acid (HIDS)} with Ni**, Cu®*, Zn*>", Cd*" and Pb>" ions
were investigated using the potentiometric method at a constant ionic strength of
I = 0.10 mol-dm ™ (KCI) in aqueous solutions at 25 £ 0.1 °C. The stability constants of
the proton—chelant and metal—chelant species for each metal ion were determined, and the
concentration distributions of various complex species in solution were evaluated for each
ion. The stability constants (log;q Kyy) of the complexes containing Ni?*, Cu*t, Zn?*,
Cd** and Pb** ions followed the identical order of logig Kcur > logio Knir > logjo
Kpr > lOglO KZnL > logw KCdL for either GLDA (1303 > 12.74 > 11.60 > 11.52 >
10.31) or HIDS (12.63 > 11.30 > 10.21 > 9.76 > 7.58). In each case, the constants
obtained for metal-GLDA complexes were larger than the corresponding constants for
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metal-HIDS complexes. The conditional stability constants (logig KI’\,IL) of the metal—
chelant complexes containing GLDA and HIDS were calculated in terms of pH, and
compared with the stability constants for EDTA and other biodegradable chelants.

Keywords Stability constant - Biodegradable aminopolycarboxylate chelant - GLDA -
HIDS - Ecotoxic ions

1 Introduction

Aminopolycarboxylate chelants (APCs) have been and continue to be used extensively in a
variety of industrial processes [1, 2], including the treatment of toxic metal-contaminated
solid waste materials [3-5]. APCs are commonly employed to restrict metal ions from
playing their normal chemical roles through the formation of stable and water-soluble
metal complexes [6, 7]. Because ethylenediaminetetraacetic acid (EDTA) forms stable
water-soluble chelant complexes with the majority of toxic metals [2], of the APCs it has
been utilized most often. The environmental consequences of the release of APCs to the
surroundings has become an issue of concern despite their excellent metal-binding
capacities [8]. Remobilization of metal ions from soils and sediments into the aqueous
phase may occur when APCs are released into aquatic environments [2]. Lethal exposures
resulting from the presence of APCs are likely to persist for a longer period of time because
of their poor photo-, chemo- and biodegradability [9—-11]. In most cases, an increase in the
threshold values of the toxic effects may be observed upon metal complexation [12, 13].
APCs raise the total nitrogen content and phosphate solubility in interstitial waters, and
thereby contribute to eutrophication [14, 15].

Legislative regulations have become increasingly stringent about the environmental
release of APCs [16, 17], resulting in a wide range of proposals for the treatment of APC-
containing wastewater [18, 19]. Alternatively, the search for alternatives to classical APCs
in the form of eco-friendly biodegradable variants has become a topic of interest for the
treatment of solid waste materials [20-22] or application in the chelant-enhanced phy-
toextraction of toxic metals [23, 24]. Several biodegradable chelating agents, such as
nitrilotriacetic acid (NTA), iminodisuccinic acid (IDSA), [S,S]-ethylenediaminedisuccinic
acid (EDDS), methylglycine diacetic acid (MGDA) are considered potential alternatives to
EDTA for the aforementioned operations, and the corresponding formation and stability
data about their metal-chelant binary complexes are available [25]. The development of
the new eco-friendly chelants and the study of their complexation behavior are critical for
evaluating the usefulness of these chelants in specific treatment operations [26—29]. pL-2-
(2-carboxymethyl)nitrilotriacetic acid (GLDA) and 3-hydroxy-2,2’-iminodisuccinic acid
(HIDS) (Fig. 1) are two new commercially available APCs that are supposed to possess
eco-friendly characteristics. Furthermore, improved biodegradability of GLDA [30] and
HIDS [31], relative to EDTA, has been proposed. The complexation properties of these
chelants have not been reported in detail in the standard reference databases of critically
selected stability constants of metal complexes. This fundamental information is necessary
for assessing new biodegradable chelants for use in a variety of chelant-based industrial
cleanup and environmental remediation processes. Therefore, we report on the complex-
ation behavior of GLDA and HIDS with some divalent ecotoxic ions (Ni, Cu, Zn, Cd, and
Pb) in aqueous solutions, which will be useful for the design of eco-friendly waste man-
agement processes.
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Fig. 1 The chemical structures of pL-2-(2-carboxymethyl)nitrilotriacetic acid (GLDA) and 3-hydroxy-2,2’-
iminodisuccinic acid (HIDS)

2 Experimental Section
2.1 Instrumentation

A KEM AT-610 automatic titrator (Kyoto Electronics, Kyoto, Japan), equipped with a pH-
combination electrode and a temperature probe, was used for potentiometric measure-
ments. The electrode system was calibrated with standard buffer solutions (pH 4.0, 7.0 and
9.0) prepared from buffer powders (Horiba, Kyoto, Japan) at 25 4+ 0.1 °C, before and after
each series of pH measurements. A 100 cm® titration vessel, equipped with a magnetic
stirrer and a water-jacket-type thermostat with a TAITEC EL-8F Coolnit bath water cir-
culator (Saitama, Japan), was used to stir and maintain constant temperature during the
titrations. The vessel was sealed with a special cover containing inlets for the electrode,
temperature probe, and dosing nozzle for the titrator, in addition to a nitrogen gas inlet and
an outlet. Nitrogen gas was used to eliminate the ingress of CO, and maintain an inert
atmosphere.

An iCAP 6300 inductively coupled plasma optical emission spectrometer from Thermo
Fisher Scientific (Waltham, MA) was used to determine the metal concentration. The
GLDA and HIDS concentrations were validated using an automated TOSOH 8020 high-
performance liquid chromatography system from Tosoh (Tokyo, Japan). The Arium® Pro
water purification system from Sartorius Stedim Biotech GmbH (Géttingen, Germany) was
used to produce the ultrapure water (resistivity >18.2 MQ-cm).

2.2 Materials

GLDA from AkzoNobel (Amsterdam, Netherlands) and HIDS from Nippon Shukubai
(Tokyo, Japan) were used in this study (Fig. 1). Both products were aqueous solutions of
their sodium salts, GLDA 40 wt % and HIDS 51.5 wt %. The products are commercially
available and were used without any additional treatment.

All of the chemicals and solvents used were of analytical reagent grade. Carbonate-free
potassium hydroxide (Kanto Chemical, Tokyo, Japan) was standardized potentiometrically
with potassium hydrogen phthalate (Wako Pure Chemical, Osaka, Japan). The solution of
hydrochloric acid (Kanto Chemical, Tokyo, Japan) was standardized prior to use. Potas-
sium chloride from Wako Pure Chemical (Osaka, Japan; >0.99 mass fraction purity) was
used to adjust the ionic strength of the system. Cadmium(II) chloride, copper(Il) chloride
dihydrate, and nickel(IT) chloride hexahydrate from Kanto Chemical (Tokyo, Japan; >0.99
mass fraction purity), and Titrisol® ampoules of lead and zinc chlorides from Merck KGaA
(Darmstadt, Germany), were used to prepare stock solutions of the metals. “CO,-free”
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water, used to prepare the working solutions, was obtained by boiling and cooling ultrapure
water under a stream of nitrogen.

2.3 Software for Computation

The computer program GLEE [32] was used to obtain an estimate of the carbonate
concentration of the base by analyzing the results of strong acid—strong base titrations.
GLEE was also used to confirm the concentration of the base and the pK,, value of water
(pKy, = 13.78 at 25 £ 0.1 °C, I = 0.1 mol-dm ™). The titration conditions were simu-
lated with the HySS2009 program [33] prior to performing the titrations. The potenti-
ometric data were analyzed using the HYPERQUAD 2008 program [34] to calculate the
protonation and metal—-chelant stability constants. The HYPERQUAD program facilitates
the visual interpretation of refinement, in addition to providing a best fit for the titration
data.

2.4 Estimation of Protonation Constants and Metal-Chelant Stability Constants

Aqueous solutions (A-D) of 50 cm’ (total volume) were titrated with 0.1 mol-dm > KOH
at 25 + 0.1 °C. The ionic strength of the solutions was maintained constant at
0.1 mol-dm™> by the addition of an appropriate amount of 1.0 mol-dm™> KCIl stock
solution.

Solution A: HCI (1.0 x 1072 mol-dm™>) + GLDA (1.0 x 107> mol-dm ™)
Solution B: HCI (1.0 x 1072 mol-dm™>) + GLDA (1.0 x 10~% mol-dm~>)
+ M(ID) ions (M = Ni, Cu, Zn, Cd, or Pb) (1.0 x 10~ mol-dm™)
Solution C: HCI (1.0 x 1072 mol-dm™>) + HIDS (1.0 x 107> mol-dm ™)
Solution D: HCI (1.0 x 1072 mol-dm~%) + HIDS (1.0 x 10~ mol-dm™)
+ M(I) ions (M = Ni, Cu, Zn, Cd, or Pb) (1.0 x 10~ mol-dm™)

Each solution was allowed to equilibrate for at least 30 min at 25 + 0.1 °C prior to
performing the titration. The auto-titrator recorded the data at constant volume increments
and at pre-set intervals, producing real-time titration curves. Each titration was repeated at
least three times, and more than 100 points for the potentiometric measurements were
utilized in the data analysis.

3 Results and Discussion
3.1 Protonation Constants

The protonation constants for GLDA and HIDS were calculated from the potentiometric
pH profiles of the GLDA- and HIDS-spiked solutions in the absence of metal ions. Raw
data for each titration were treated with a non-linear least-squares refinement using the
HYPERQUAD program, wherein the weights of the titrant are the independent variables
and the pH values are the dependent variables. The percentage distributions of different
protonation stages of GLDA and HIDS in the aqueous medium (/ = 0.1 mol-dm ) at
25 £ 0.1 °C are provided in Fig. 2. The proton—chelant constants for the overall reaction,
B, can be described by the following relationship:
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Fig. 2 The percentage distribution of different protonation stages of GLDA and HIDS in aqueous media at
the ionic strength I = 0.1 mol-dm™ and at 25 + 0.1 °C

Table 1 The overall protonation constants (logo ;) for GLDA and HIDS in aqueous media at the ionic
strength / = 0.1 mol-dm ™~ and at 25 =+ 0.1 °C

Protonation equlibria p q r logio Bpgr SD
GLDA*” + H" = HGLDA*" 0 1 1 9.39 (9.36) 0.04
HGLDA*™ + H" = H,GLDA>~ 0 2 1 14.40 (14.39) 0.03
H,GLDA>™ + H" = H;GLDA™ 0 3 1 17.89 (17.88) 0.03
H,GLDA™ + H" = H,GLDA 0 4 1 20.45 (20.44) 0.03
HIDS*~ + H™ = HHIDS*" 0 1 1 9.61 0.02
HHIDS*™ + H" = H,HIDS*~ 0 2 1 13.68 0.02
H,HIDS>~ + HY = H3HIDS™ 0 3 1 16.76 0.02
H;HIDS™ + HT = H,HIDS 0 4 1 18.90 0.03
H,HIDS + Ht = HHIDS™ 0 5 1 20.50 0.04

All values were calculated from the potentiometric data using HYPERQUAD 2008 (n = 3). The symbols p,
g and r are the coefficients indicating the stoichiometry associated with the possible equilibria in solution.
The values in the parentheses are from the NIST database of critically selected stability constants of metal
complexes [25]

[H,L]

By =Ka1 - Kup - - Kap = L] (1)

where K,1, Ky....K,, define the stepwise acid dissociation constants.

The overall (log;o B,,-) and successive (log;o K) protonation constants for GLDA and
HIDS, as calculated by the HYPERQUAD program, are provided in Tables 1 and 5,
respectively. The species distribution curves of GLDA and HIDS (Fig. 2) demonstrate that
the first protonation of L*~ to HL?™ occurs at the amino nitrogen atoms in alkaline
solutions, and HL*>~ remains as the dominant species at pH 5.5-8.5 for HIDS (90-99.5 %)
and pH 6.0-8.4 (90-98.5 %) for GLDA. The next protonations for GLDA (H2L2* to H4L)
and HIDS (H,L>~ to HsL™) take place at the oxygen atoms of the carboxylate groups in
acidic pH. In GLDA, association of the last proton occurs at pH 2, which is the lower limit
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Fig. 3 The predicted scheme of the protonation equilibria for GLDA in aqueous media at the ionic strength
I =0.1 mol-dm™ and at 25 £+ 0.1 °C
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Fig. 4 The predicted scheme of the protonation equilibria for HIDS in aqueous media at the ionic strength
I'=0.1 mol-dm™> and at 25 £ 0.1 °C

of the pH range studied and therefore was not considered in the calculations. The predicted
schemes of the protonation equilibria for GLDA and HIDS are provided in Figs. 3 and 4,
and are found to be comparable with those reported for other chelants that have analogous
structures [35-39]. The formation equilibria and protonation schemes of GLDA and HIDS
demonstrate that the respective equilibrium constants depend on either or both of the
following factors: (a) the effect of substituent groups, and (b) the space between the
functional groups in the chelant structures.

The experimental protonation constant data for GLDA are fairly consistent with data
reported for the critically-selected stability constants of metal complexes (shown in
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parentheses of Table 1) in the NIST database [25], in spite of the variation in the exper-
imental conditions such as ionic strength, background medium and methods of calculation.
There are no data for HIDS in the NIST database.

3.2 Metal-Chelant Stability Constants

The overall formation constants (log;o f3,,,) for the binary systems containing metal ions
(Ni**, Cu**, Zn>*, Cd** and Pb>") and a chelant (GLDA or HIDS), at a molar ratio of
metal ion (M) to chelant (L) of one-to-one, were computed from the potentiometric
titration data (Tables 2, 3). The hydrolytic behavior (Table 4) of each metal species was
taken into account when calculating the metal-chelant stability constants. The overall
reactions can be represented by the following general equation:

[M,H,L,]

pM + qH + L= MPHqu ﬁpqr = W

(2)

where p, ¢ and r are the coefficients for metal ions, protons and chelants, respectively,
which indicate the stoichiometry associated with the possible equilibria in solution.

Table 2 The overall formation constants (logo f,,,) for M(II) + GLDA (M = Ni, Cu, Zn, Cd, Pb) in
aqueous media at the ionic strength / = 0.1 mol-dm > and at 25 & 0.1 °C

Formation reactions p q r 1og10 Bpgr SD
Ni2+
Ni*" + GLDA*™ = NiGLDA>~ 1 0 1 12.74 0.07
Ni*" + H" + GLDA*™ = NiHGLDA™ 1 1 1 17.12 0.06
Ni** 4+ 2H" + GLDA*~ = NiH,GLDA 1 2 1 19.33 0.06
Cu2+
Cu®* + OH™ 4+ GLDA*™ = Cu(OH)GLDA*" 1 -1 1 3.12 0.04
Cu®* + GLDA*™ = CuGLDA*~ 1 0 1 13.03 0.04
Cu’* + H" + GLDA*" = CuHGLDA™ 1 1 1 17.16 0.05
Zn2+
Zn** + OH™ + GLDA*~ = Zn(OH)GLDA*~ 1 -1 1 0.88 0.04
Zn*" + GLDA*™ = ZnGLDA>~ 1 0 1 11.52 0.05
Zn** + HY + GLDA*” = ZnHGLDA™ 1 1 1 16.12 0.06
Zn** 4+ 2H" + GLDA*~ = ZnH,GLDA 1 2 1 18.70 0.08
C d2+
Cd** + OH™ 4+ GLDA*™ = Cd(OH)GLDA*~ 1 -1 1 0.06 0.06
Cd** + GLDA*™ = CdGLDA*~ 1 0 1 10.31 0.05
Cd** + H' + GLDA*™ = CdHGLDA™ 1 1 1 15.03 0.04
Cd** + 2H" 4+ GLDA*~ = CdH,GLDA 1 2 1 18.49 0.04
Pb2+
Pb>" + OH™ + GLDA*™ = Pb(OH)GLDA*"~ 1 -1 1 0.95 0.08
Pb>* + GLDA*~ = PbGLDA*" 1 0 1 11.60 0.06
Pb’>* + H" + GLDA*~ = PbHGLDA™ 1 1 1 16.29 0.08
Pb>* + 2H" 4+ GLDA*~ = PbH,GLDA 1 2 1 18.40 0.10

All values were calculated from the potentiometric data using HYPERQUAD 2008 (n = 3). The symbols p,
g and r are the coefficients for metal ions, protons and chelants, respectively, indicating the stoichiometry
associated with the possible equilibria in solution
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Table 3 The overall formation constants (logyo f,4,) for M(I) 4+ HIDS (M = Ni, Cu, Zn, Cd, Pb) in
aqueous media at the ionic strength / = 0.1 mol-dm> and at 25 =% 0.1 °C

Formation reactions P q r log;o ﬁpq, SD
Ni2+
Ni®* + OH™ + HIDS*~ = Ni(OH)HIDS*~ 1 -1 1 1.80 0.15
Ni** 4+ HIDS*~ = NiHIDS*~ 1 0 1 11.30 0.14
Ni?* + H* + HIDS*~ = NiHHIDS™ 1 1 1 14.82 0.13
Ni?* + 2H" + HIDS*~ = NiH,HIDS 1 2 1 17.06 0.14
Cu2+
Cu*™ + OH™ + HIDS*~ = Cu(OH)HIDS*~ 1 -1 1 3.68 0.15
Cu>" + HIDS*~ = CuHIDS*~ 1 0 1 12.58 0.12
Cu’* + H' + HIDS*™ = CuHHIDS™ 1 1 1 16.23 0.11
Cu’* + 2H" 4+ HIDS*~ = CuH, HIDS 1 2 1 18.80 0.11
Zn2+
Zn>t + OH™ + HIDS*~ = Zn(OH)HIDS>~ 1 -1 1 0.8 0.04
Zn>t + HIDS*~ = ZnHIDS*~ 1 0 1 9.76 0.03
Zn** + H'Y + HIDS*” = ZnHHIDS™ 1 1 1 13.68 0.06
Cd2+
Cd** + OH™ + HIDS*~ = Cd(OH)HIDS>" 1 -1 1 -2.62 0.09
2Cd*" + HIDS*~ = Cd,HIDS 2 0 1 10.22 0.29
Cd** + HIDS*™ = CdHIDS*~ 1 0 1 7.58 0.08
Cd** + H' + HIDS*~ = CJdHHIDS ™ 1 1 1 12.69 0.17
Cd** + 2H" 4+ HIDS*~ = CdH,HIDS 1 2 1 16.46 0.12
Pb2+
Pb>* + OH™ + HIDS*~ = Pb(OH)HIDS*~ 1 -1 1 0.87 0.05
Pb>" + HIDS*~ = PbHIDS*~ 1 0 1 10.21 0.05
Pb>* + H' + HIDS*~ = PbHHIDS™ 1 1 1 14.34 0.06
Pb>* + 2H" + HIDS*~ = PbH,HIDS 1 2 1 16.75 0.08

All values were calculated from the potentiometric data using HYPERQUAD 2008 (n = 3). The symbols p,
q and r are the coefficients for metal ions, protons and chelants, respectively, indicating the stoichiometry
associated with the possible equilibria in solution

Table 4 The overall formation constants (logo ﬁpq) for M(IT) (M = Ni, Cu, Zn, Cd, Pb) complexes with
OH™ at 25 £+ 0.1 °C [47]

Species p q logio Bpg

M = Ni, Cu, Zn, Cd, Pb Ni?*+ Cu** Zn*t cd** Pb**
M(OH)* 1 -1 —10.06 —8.22 —9.15 —10.31 —~7.86
M(OH), 1 -2 —19.22 —17.53 —17.10 —20.59 —17.27
M(OH)5 1 -3 —13.01 —27.80 —28.39 —33.30 —27.99
M(OH);~ 1 —4 —43.54 —39.12 —40.71 —46.91 -
M,(OH)** 2 —1 —10.45 - —8.89 -9.16 —6.16

The symbols p and g are the coefficients for metal ions and protons, respectively, indicating the stoichi-
ometry associated with the possible equilibria in solution
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Table 5 The protonation and complexation of GLDA and HIDS with the metal ions (Ni2+, Cu**, Zn*t,
Cd**, Pb>™) compared with the corresponding values of NTA, IDSA, EDDS and EDTA complexes in
aqueous media at the ionic strength / = 0.1 mol-dm ™ and at 25 + 0.1 °C

Equilibria GLDA HIDS NTA IDSA EDDS EDTA
(H4L)* (H4L)* (H;L)° (H,L)° (HL) (HL)
logio K logio K logio K logio K logio K logio K
[HL)/[H][L] 9.39 9.61 9.46-9.84 10 10.01 9.52-10.37
[H,L]/[HL][H] 5.01 4.07 2.52 4.24 6.84 6.13
[H5L)/[H,L][H] 3.49 3.08 (1.81) 3.24 3.86 2.69
[H4L]/[H5L][H] 2.56 2.14 (1.0) 1.97 2.95 2
[HsL]/[H4L][H] - 1.6 - - - (1.5)
[HeL)/[HsL][H] - - - - - (0.0)
Ni2+
[ML]/[MOHL][H] - 9.5 10.86 - - (11.9)
[MLJ/[M][L] 12.74 11.3 11.51 11.68 16.7 18.4
[MHL]J/[ML][H] 4.38 3.52 — 4.14 3.22 3.1
[MH,L)/[MHL][H] 2.19 2.24 - - - 0.9)°
[ML,1/[M][L]* - - 16.32 - _ _
Cu2+
[ML]/[MOHL][H] 9.91 8.9 9.2 10.38 (11.4)
[MLJ/[M][L] 13.03 12.58 13 12.69 18.4 18.78
[MHL]J/[ML][H] 4.13 3.65 1.6 4.01 3.48 3.1
[MH,L]J/[MHL][H] — 2.57 — 2.65 1.95 2
[ML,1/[M][L]® - - 174 - _ _
Zn2+
[ML]/[MOHL][H] 10.64 8.96 10.06 - - (11.6)
[MLV/[M][L] 11.52 9.76 10.65 9.88 13.4¢ 16.5
[MHL]/[ML][H] 4.6 3.92 - 4.29 6.68 3
[MH,L])/[MHL][H] 2.58 — — — 2.48 (1.2)°
[ML,]/[M][L]? - - 14.27 - - -
Cd2+
[ML]/[MOHL][H] 10.25 10.2 11.25 — - (13.2)°
[MLJ/[M][L] 10.31 7.58 9.76 8.33 10.9¢ 16.5
[MHL]/[ML][H] 4.72 5.11 — 4.68 4.5 2.9
[MH,L]/[MHL][H] 3.46 3.77 — 3.28 - (1.6)°
[ML,}/[M][L]® - - 14.47 - _ _
[M,L]/[ML][M] - 2.64 — — - -
Pb2+
[ML]/[MOHL][H] 10.65 9.34 — — — -
[MLJ/[M][L] 11.6 10.21 11.48 9.75 12.7¢ 18
[MHL]/[ML][H] 4.69 4.13 2.3¢ — 5.9 2.8
[MH,L])/[MHL][H] 2.11 2.41 — — - 1.7)¢
[MH;L]/[MH,L][H] - - - - - (1.2)°
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Table 5 continued

Equilibria GLDA HIDS NTA IDSA EDDS EDTA
(H,L)* (HL)* (HsL)° (H,L)® (HyL)® (HL)®
logio K logio K logio K logio K logio K logio K
[ML,J/[MI[L]® - - 12.8° 16.27 -

? Calculated values from the experimental potentiometric data using HYPERQUAD 2008 (n = 3)
® From the NIST database of critically selected stability constants of metal complexes [25]

¢ I =1moldm™3
4 7=0.5 mol-dm™
¢ At 20 °C

The stepwise formation constant (log;o K) for each of the species can be obtained from
the differences among the various log;o f§ values. The log;o K values of GLDA and HIDS
are provided in Table 5 and compared with those of NTA, IDSA, EDDS and EDTA. The
stepwise formation equilibria are defined by the following equations:

A KML:% 3)
B _ [MHL]

ML+ H=MHL Ky = o ’

MHL +H=MHL K = % .

Additional deprotonation reactions involving the coordination of water molecules are

defined by the following equation:
_ _ [M(OH)LJ[H]
ML(H,0) = M(OH)L +H  Kyjon)L ML(H,0)] (6)

The stoichiometries and stability constants of binary metal-chelant complexes were
determined from a composition model that was consistent with the titration data, made
sense from a chemical point of view, and offered a better statistical fit in comparison with
other possible compositions. A good overlap was observed between the experimental and
calculated pH values (graphical representations are available as the Supplementary
Material), and the refinements of the data sets were obtained throughout the pH range for
all the complexes.

Information about the actual metal—chelant species present in aqueous systems under
different equilibrium conditions, which are controlled by the pH of the solution, describes
the bioavailability of the metals and their corresponding physiological and toxicological
behaviors [40]. The formation of protonated MH,GLDA (M = Ni**, Zn>*, Cd** and
Pb>") and MH,HIDS (M = Ni*", Cu**, Cd*" and Pb*") complexes at various pH values
can be observed in the graphical distribution diagrams shown in Figs. 5a (I, III-V) and 5b
(1, IL, IV, V), respectively. MHGLDA ~, MHHIDS ~, MGLDA?~ and MHIDS>~ species are
formed under acidic conditions in the presence of Ni**, Cu®", Zn>*, Cd*" and Pb>". The
formation of stable mono-hydroxo complexes, M(OH)GLDA’*~ and M(OH)HIDS®",
began under neutral conditions, except in the case of Ni*" with GLDA (Fig. 5a-I). The
formation of Cd,HIDS was observed and is attributed to the coordination number of the
metal ion being lower than the number of the donor atoms in the HIDS chelant, or
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alternatively, as a result of steric hindrance [41]. The stability constant data obtained for
the complexation between Cu(Il) and GLDA are comparable to the values in the NIST
database [25]. However, in the NIST database, there are no data for GLDA complexation
with Ni%T, Zn**, Cd*>* and Pb%. Furthermore, the data for HIDS are not included in the
same database.

The stabilities of the metal-chelant complexes depend on a number of factors, including
the oxidation state and coordination number of the metal ion, as well as the electronic
structure and character of the chelant. These factors determine the nature of the bond
between metal and chelant, which may be either electrostatic or covalent interactions [42].
The stability of different ML complexes is in the order log;g Kcur > log;o Knir > logio
Kppr > logig Kz >1ogio Kcar in the presence of both GLDA (13.03 > 12.74 >
11.60 > 11.52 > 10.31) and HIDS (12.63 > 11.30 > 10.21 > 9.76 > 7.58). The constants
obtained for the metal-GLDA complexes were found to be larger than the corresponding
constants for the metal-HIDS complexes.

The stability sequence for the Cu®", Ni*" and Zn>" complexes with GLDA or HIDS
follows that of the Irving—Williams series [43]: Ni(II) < Cu(Il) > Zn(II). The stabilities of
the Pb>* complex with GLDA or HIDS are higher than those of the corresponding Zn>" and
Cd>* complexes. A similar trend was also observed for other chelants containing oxygen (of
the carboxylic group) as the donor atom, such as TMS (1-hydroxy-3-oxapentane-1,2,4,5-
tetracarboxylic acid) and TDS (3,6-dioxaoctane-1,2,4,5,7,8-hexacarboxylic acid) [44].

3.3 Conditional Metal-Chelant Stability Constants

The stepwise or overall formation constant provides fundamental information about the
stability of a metal-chelant complex in solution [45]. However, these values do not include
factors that are likely to affect the system, such as the pH or the presence of interferences
from coexisting species, and are thus rarely applicable for practical purposes [46].
Therefore, the term ‘conditional stability constant’ is defined as the effect of side
reactions that may occur during complexation of the chelant with metal ions, such as the
effect of chelant protonation and hydrolysis that may occur when a metal ion is in a
solution [41]. Various expressions are available for defining the conditional stability
constant (log;o K’'yy), although the one most frequently used is the following [46]:

IOgIOKl/\/[L = log o KmL — loggonr — loggom (7)

where log;o Ky is the formation constant of the 1:1 metal-chelant species. Side reactions
involving chelant protonation are expressed by the oy, term. Other interfering reactions, as
denoted by the term o, include the formation of metal hydroxides and the effect of buffer
constituents. The formation of metal-chelant—proton species (MLH) or metal-chelant—
hydroxide species (MLOH) may also influence the conditional constant for a particular pH
and can be taken into account with the term oy in Eq. 7:

IOgIOKJIVIL = log oKmL — loggomL — log;gom + 10go0mL (8)

The specific form of the equation used for the calculation of conditional constants
depends on the incorporation of necessary metal hydroxide species, metal-chelant—proton
species, or metal-chelant-hydroxide species in the computation at a fixed pH. Accord-
ingly, Eq. 7 is more frequently used than Eq. 8 [46].

Thelog;o K]'v[L values of the metal complexes with GLDA, HIDS and other chelants (NTA,
IDSA, EDDS and EDTA) were calculated using the binary hydrolysis constants of the metal
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Fig. 6 The conditional stability constants for M(II) + L (M = Ni, Cu, Zn, Cd, Pb; L = GLDA, HIDS,
NTA, IDSA, EDDS, EDTA) in aqueous media as a function of pH

ions (Ni*™, Cu®™, Zn**, Cd** and Pb*") (Table 4) and the experimental or literature values of
the equilibrium constants. The changes in log;q KI'\,[L values with pH are illustrated in Fig. 6.
The values of log; Ky, > 6 are considered to be in the suitable complexation range for
practical use and, according to this scale, EDTA is appropriate for the target metal ions over a
wide pH range of 3—11. GLDA forms stable complexes of practical significance in the pH
range 4—11 with Cu®" and Ni*", 5-11 with Pb>", and 6-11 with Cd** and Zn>". For HIDS,
the pH range is 4-11 with Cu?*, 5-11 with Ni?*, 6-11 with Zn>" and Pb?, and 8-11 with
Cd>*. We observe that the stabilities of these metal complexes with GLDA or HIDS are lower
than those with EDTA, and these complexes also tend to form over a narrower pH range.
However, the use of biodegradable APCs is advantageous in terms of environmental safety.
The relative stabilities of the metal-chelant complexes of GLDA, HIDS and the other bio-
degradable APCs (NTA, IDSA, EDDS) at pH 7 is EDDS > GLDA > NTA > HIDS >
IDSA for Ni**, Cu®*, Zn’* and Pb>", and GLDA > EDDS > NTA > IDSA > HIDS for
Cd*. The stabilities of metal complexes using HIDS are found to be lower than those using
GLDA, which indicates that the GLDA chelant is a better alternative to non-biodegradable
APCs in comparison with HIDS. Furthermore, under neutral conditions, the complexation
ability of GLDA with divalent metal ions is better than that of NTA and IDSA.

4 Conclusions

The complexion ability of two biodegradable APCs, namely GLDA and HIDS, with
ecotoxic metal ions (Ni**, Cu**, Zn**, Cd** and Pb>") in aqueous solutions was inves-
tigated experimentally with potentiometric analysis and simulated using the HYPER-
QUAD computer program. It was found that all of these metal ions formed 1:1 complexes
with GLDA and HIDS. The formation of mono- and di-protonated metal complexes
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occurred under acidic conditions, while mono-hydroxo complexes formed at slightly
alkaline pHs. The conditional stability constants for GLDA and HIDS were calculated over
the pH range of 2—-11, and compared with those of EDTA and other biodegradable chelants
(NTA, IDSA and EDDS). The metal-chelant complex stabilities for GLDA and HIDS are
lower than those of EDTA, and exhibit a narrower working pH range. However, GLDA
and HIDS have advantageous properties due to their lower post-operation ecotoxicity, and
are the recommended choices compared with EDTA. The use of GLDA is also advised as
the better biodegradable alternative relative to NTA and IDSA in a neutral environment.
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