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Complexation of N-tris[(1,2-dicarboxyethoxy)ethyl]amine
with Ca(IT), Mn(II), Cu(Il) and Zn(II) in aqueous solution

HELENA HYVONEN*}, MARJATTA ORAMA¥, PETRA ALENt,
HEIKKI SAARINENY, REIJO AKSELA} and AARTO PAREN?

tDepartment of Chemistry, Laboratory of Inorganic Chemistry,
University of Helsinki, Finland
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In a search for environmentally friendly metal chelating ligands for industrial applications, the
protonation and complex formation equilibria of N-tris[(1,2-dicarboxyethoxy)ethyllJamine
(TCA6) with Ca(Il), Mn(II), Cu(Il) and Zn(Il) ions in aqueous 0.1 M NaCl solution were
studied at 25°C by potentiometric titration. A model for complexation and stability constants
of the complexes were determined. With all of the metals, complex formation was dominated
by ML*". Comparison of TCA6 and six other chelating agents showed TCA6 to be suitable
for applications where strong calcium binding is essential.

Keywords: N-tris[(1,2-dicarboxyethoxy)ethyllamine; Complexes; Equilibria; Stability
constants; Chelating agents

1. Introduction

The ability of aminopolycarboxylates and aminopolyphosphonates to form stable
metal complexes has been widely used in analytical chemistry and industry. Aminopoly-
carboxylates such as ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid
(NTA) and diethyleneaminepentaacetic acid (DTPA) have been used for decades as
effective chelating agents in a variety of large-scale industrial applications, from deter-
gents to agrochemicals. During the past few years, the non-biodegradability of most
of these ligands and their accumulation in the environment have been a cause for
concern [1]. There is another environmental aspect to take into account. As the chelat-
ing agents are a source of nitrogen in wastewater, the nitrogen content of the ligands
should be as low as possible. More environmentally friendly chelating agents, with com-
plex forming properties comparable to those of EDTA, NTA and DTPA, are desirable.

For pulp bleaching applications, where EDTA and DTPA are commonly used,
possible alternative ligands are ethylenedisuccinic acid (EDDS) and iminodisuccinic
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acid (ISA). Their suitability for pulp bleaching has been proven [2] and their
complexation with Fe(III), Cu(Il), Zn(I) and Mn(II) ions has been described [3, 4].
In continuation of our studies of environmentally friendly chelating agents, we
report here the aqueous complexation of a new, low-nitrogen ligand, N-tris[(1,2-
dicarboxyethoxy)ethyllamine (TCA6) with Ca(II), Mn(II), Cu(Il) and Zn(II).

HOOC /COOH
H,C —CH
>o
HOOC ~ HQC\ /COOH
CH, CH, H,C
CH gz N/ 22 CH
HooC - \o/ \cH:Z/ \S 2/ \o/ \COOH
TCA6

2. Experimental

2.1. Preparation of TCA6 and stock solutions of metal ions

TCAG6 was synthesized by a lanthanide-catalysed Michael addition of triethanolamine
to maleic acid [5-7]. The purity of the preparations was checked by '*C NMR and
"THNMR and potentiometric titration. Aqueous Cu(II), Mn(II), Zn(II) and Ca(II)
chloride solutions were prepared by dissolving CuCl, and MnCl, hydrates in distilled
water and ZnO and CaO in aqueous hydrochloric acid. Metal contents of stock
solutions were standardized by EDTA titration. The Cu(II) concentration was also
determined electrogravimetrically. Acid contents of metal solutions were determined
by titration with 0.1 M NaOH solution after liberation of H' ions by cation exchange.

2.2. Potentiometric measurements

Protonation and complex formation equilibria were studied in aqueous 0.1 M NaCl
at 25.0°C through a series of potentiometric EMF titrations carried out with a
Schott—Gerdte GmbH TPC2000 titrator using TR600 version 5.00 titration software.
The cell arrangement for the measurement of the hydrogen ion concentration, [H*],
was as in equation (1):

—RE | equilibrium solution | GE+ (1)

where GE denotes the glass electrode (Schott N2680) and RE is Hg, Hg,Cl,||0.1 M
NaCl.
Assuming activity coefficients to be constant, expression (2) is valid,

E = Ey+ 59.157 log[H*] + ju[H"] + jou[OH] 2)
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The cell parameter, E,, and the liquid junction coefficient, jj;, valid in acidic solutions,
were determined for each titration by addition of a known amount of HCI to the back-
ground electrolyte. The value of the liquid junction coefficient, joy, valid in basic
solutions, was determined periodically. Only stable emf readings (0.2mV/2—3 min)
were used in the calculations.

During measurements of the metal complex equilibria, aqueous NaOH or HCI was
added to the solution. The ratio of the total concentrations of metal, Cy,, to ligand,
C1, was usually held constant. Initial concentrations were varied within the limits
0.0007M < Cy <0.0065M and 0.0013M < ;. <0.0020 M, covering the metal-to-
ligand ratios 3:1 to 1:2. In some runs aqueous metal chloride was used as the titrant;
3-5 independent titrations were carried out for each system. The number of data points
used in the calculation of the stability constants varied between 240 and 367 in the pH
(= —log[H™]) ranges 5.1-10.8 Ca(II), 4.0-10.6 Mn(II), 2.6-10.2 Cu(Il) and 3.2-10.3
Zn(II). In some titrations the upper pH values were limited by the appearance of a
precipitate or very slow attainment of equilibrium. Reproducibility and reversibility
of the equilibria were tested by performing forward (increasing pH) and backward
(decreasing pH) titrations.

2.3. Data treatment

Protonation/deprotonation of the ligand was controlled with HClI/NaOH additions.
Curves of Zy versus pH were drawn to visualize the experimental data sets. Zy
describes the average number of H* ions added or liberated per mol of ligand and is
given by equation (3):

Zy = (Cu — [H']+ ko[HT]))/Cu 3)
where Cy denotes the total concentration of protons calculated over the zero level
HL>~, H,O and M"". In evaluating the equilibrium constants the two-component
equilibria (4) and (5) were considered,

HL™ =L +pH*, p=1; B, 4)
pHY + HLB U = H, 175, p=1-6; B, 5)

Metal complex formation can be characterized by the general three-component
equilibrium (6),

pHT + gM"" 4 r(HL’") = (H"),(M"") (HL*"),; B,,, (6)

and hydrolysis of metal ions can be written as in equation (7):
PHY 4 gM™ = (H"),(M"™),; B0 )
Protonation constants of the ligand and hydrolysis constants of the metal ions [8]

were considered as known parameters in the evaluation of the three-component
system (6).
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Mathematical analysis of the systems involves a search for complex models
(pgr-triplets) and equilibrium constants of complexes that best fit the experimental
data. Calculations were carried out with the computer program SUPERQUAD [9].
Sample standard deviation, s, and the x* statistics used as criteria in selection of
complex models were those given by the program.

2.4. Chelation of calcium: TCA6 compared with EDTA,
DTPA, MGDA, NTA, EDDS and ISA

The chelating effectiveness for calcium was also tested for comparison of TCA6 with six
other ligands, ethylenediaminetetraacetic acid (EDTA), diethyleneaminepentaacetic
acid (DTPA), methylglycinediacetic acid (MGDA), nitrilotriacetic acid (NTA),
ethylenedisuccinic acid (EDDS) and iminodisuccinic acid (ISA). Chelating agents
were tested in NH4CI-NHj; buffer at pH 9.5 at a hardness level of 1000 ppm (calculated
as CaCOj;). Each chelating agent was added to buffered calcium solution until the
mol ratio Ca:ligand was 1:1. At the same time free calcium concentration was
measured by using an ion selective electrode.

3. Results and discussion

3.1. Protolytic properties of TCAG6

Neutralization titrations showed the stepwise deprotonation of H;L™ to HL>™ to occur
in the pH range from 2 to neutral (Zy from 6 to 0). HL>™ is the major species in the pH
range 6-9 when Zy=0. Negative Zy values, reached in the pH range from necutral
to 11, showed that one proton (from amino nitrogen, HL>~ to L®7) can leave the
ligand in alkaline solution (figure 1, the curve for free ligand). Equilibrium constants
for reactions (4) and (5) obtained in the final refinements are listed in table 1

(@ 67
5_' C./mM Cg,/mM
] o 1.419 1.432
ad o 1.329 2.681
| A 1311 3.970
3 o 2.014 1.432
v 1.912 6.456
Z, 2
14
04
—1 4
T
2 3

pH

Figure 1. Zy vs. pH for complexation of (a) Ca(II), (b) Mn(1I), (c) Cu(ll) and (d) Zn(1I) with TCA®6 (solid
line: Zy vs. pH for TCAG®).
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Figure 1. Continued.
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Table 1. Protonation and complex formation data for
TCAG6 with Ca(1l), Mn(II), Cu(Il) and Zn(II) in aqueous

0.1 M NacCl at 25°C.

pqr log (Bygr % 30) Formula

H+

-101 —9.87+0.05 Lo

101 5.40 +0.03 H,L*

201 10.08 £ 0.02 H5L*~

301 14.2540.03 H,L*>

401 17.87+0.03 HsL~

501 20.8140.05 HeL

601 23.5640.05 H,L*

/s 148.81/0.46

Points/Titrations 364/3

Ca2+

211 —15.27+0.17 Ca(OH)L>~
—111 —3.7240.05 CaL*~

011 2.0240.49 CaHL*~
111 7.58 £0.30 CaH,L*~
—121 —0.97+0.13 Ca,L>~

021 4.8140.17 Ca,HL
—131 1.65+0.19 CasL

K/s 10.22/0.58

Points/Titrations 240/5

Mn2+

211 —13.74+0.28 Mn(OH)L>~
—111 —2.4040.03 MnL*~

011 2.9940.07 MnHL3~
—121 0.514+0.06 Mn,L>~

021 5.76+0.11 Mn,HL—
2/s 19.37/0.87

Points/Titrations 263/4

Cu2+

211 —9.44+0.10 Cu(OH)L*>~
—111 0.39 +£0.05 CuL*~

011 5.68+0.06 CuHL3~
111 10.08 +0.10 CuH,L*~

211 14.2240.05 CuH;L~

311 17.36 +0.10 CuH4L
—321 —10.53+£0.24 Cuy(OH),L*~
221 —2.3040.31 Cuy(OH)L*~
—121 5.024+0.07 Cu,L>™

021 9.40+£0.12 Cu,HL™

/s 48.38/1.60

Points/Titrations 367/4

Zn2+

211 —11.70£0.25 Zn(OH)L>~
—111 —1.15+0.02 ZnL*~

011 4.19+0.02 ZnHL?~
111 8.68 +0.05 ZnH,L>~

211 12.81+0.03 ZnH;L

311 15.94+0.39 ZnH,L
221 —4.9740.46 Zn,(OH)L3~
—121 1.794£0.07 Zn,L>~

s 28.80/0.56

Points/Titrations 342/4
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Table 2. Protonation and complex formation constants for TCA6 compared to EDTA, DTPA, NTA, MGDA, EDDS and ISA (25°C, u=0.1; 20°C, ®u = 1.0).

Reaction TCA6 HL  EDTA H,L[10] DTPA HsL[10] NTA HiL[10] MGDA HsL[10] EDDS H,L[3]  ISA HyL [4]
L+H=HL 9.87 9.52-10.37 9.90-10.79 9.46-9.84 (9.85) 10.1 10.52
HL+H=H,L 5.40 6.13 8.40-8.60 2.52 (2.58) 6.94 4.55
H,L+H=H,L 4.68 2.69 4.28 (1.81) (1.5 3.85 3.53
HiL+H = H,L 4.17 2.00 2.70 (1.0) 3.08 243
H,L+H=H;L 3.62 (1.5) 2.0 1.6 1.52
HsL +H = HgL 2.94 (0.0) (1.6) 1.6
HL+H=H,L 2.75 (0.7)
H,L+H=HL (—0.1)
Ca(Il)
M(OH)L +H = ML 11.55
M+L=ML 6.15 10.65 10.75 6.3-6.64 6.97* 4.58 [10] 4.3 [10]
ML +H = MHL 5.74 3.1 6.11 6.8 [10]
MHL + H = MH,L 5.56
ML +M = M,L 275 1.6
ML +H = M,HL 5.78
M>L +M=M;L 2.62
M +2L = ML, 8.81-9.27
Mn(II)
M(OH)L +H = ML 11.34 11.26
M +L=ML 7.47 13.89 15.2 7.27-7.46 8.69 7.26
ML + H = MHL 5.39 3.1 445 5.0
ML +M = M,L 291 2.09°
ML +H = M,HL 5.25
M +2L = ML, 10.44-10.94
MHL + HL = M(HL), 4.0
Cu(Il)
M(OH)L +H = ML 9.83 (11.4) 9.2 11.0 10.40
M+L=ML 10.26 18.78 21.2 12.7-13.3 13.88% 18.3 12.88
ML +H = MHL 5.29 3.1 4.80 1.6 3.8 439
MHL + H = MH,L 4.40 2.0 2.96 25 3.13
MH,L +H = MH;L 4.14
MH;L + H = MH,L 3.14
M,(OH),L + H = M,(OH)L 8.23

(Continued)
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Table 2. Continued.

Reaction TCA6 H(L ~ EDTA H,L [10]  DTPA HsL[10]  NTA H5L[10]  MGDA H;L [10]  EDDS H4L [3]  ISA H,L [4]
ML +M = M,L 4.63 6.79 2.2
M,L +H = M,HL 4.38
M +2L =ML, 17.4
ML + HL = ML(HL) 2.4
ML(HL)+H = M(HL), 7.4
M(HL), + H = M(HL)(H,L) 4.0
M(HL)(H,L) +H = M(H,L), 3.3
Zn(II)
M(OH)L +H = ML 10.54 (11.6) 10.06-10.1 11.1 11.26
M+L=ML 8.72 16.5 18.2 10.45-10.66 10.98° 13.15 10.15
ML+ H=MHL 5.34 3.0 5.60 4.18 4.41
MHL +H = MH,L 4.49 (1.2)°
MH,L +H = MH;L 4.13
MHL + 2H = MH;L 6.0
MH;L +H = MH,L 3.13
M,(OH)L+H = M,L 6.76
ML +M = M,L 2.94 4.48
M +2L =ML, 14.24
MHL + HL = M(HL), 5.4

(440!
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Figure 2. Percentage distribution of the different (a) Ca(II), (b) Mn(II), (c) Cu(II) and (d) Zn(II) complexes
of TCAG6 as a function of pH (Cyy=Cp=1mM).



12: 48 23 January 2011

Downl oaded At:

1124 H. Hyvonen et al.

(d) 1009 -------. ..

%

Figure 2. Continued.

-0~ EDTA
—H—DTPA

v MGDA
—v—NTA

- O~ EDDS
—e—EDDS, SS
& |SA, LL
—A—|SA, DL

Hardness left %

Added chelating agent (100% = Ca:L = 1:1)

Figure 3. Chelation of Ca(II) at a hardness level of 1000 ppm.

(pH range 2.6-10.9). For comparison with conventionally used ligands EDTA, DTPA,
NTA and MGDA [10] and alternative ligands EDDS and ISA [3, 4], the protonation
of TCAG is rewritten in the form given in table 2.

3.2. Complexation with Ca(Il), Mn(11), Cu(Il) and Zn(II)

Analysis of the data was started by drawing curves of Zy versus pH (figure 1). In all
systems Zy attains the value —1 with increasing pH, indicating the coordination of
TCAG6 to metal in the form of L®". The formation of species ML*~ is dominant in
all systems. A Zy; value lower than —1 was obtained, indicating the presence of hydroxo
complex species for all metal ions. The formation of acidic species MHL*~ was found
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in all systems and MH,L*~ was found for all metal ions except Mn(II). In addition, the
species MH;L™ and MH4L were found for Cu(Il) and Zn(II). Aqueous complexation of
the polydentate ligand can be characterized mainly by the formation of stable, mono-
nuclear, 1:1 metal-to-ligand complexes as the major species. For all metal ions the
complexation model was complemented by binuclear species M,L>", for all other
metal ions except Zn(II) by M>HL™, for Zn(II) by M,(OH)L*~ and for Cu(Il) by
M,(OH)L?*~ and M,(OH),L*". For Ca(Il), M;L was also found. The proposed
formulas of the species, with corresponding formation constants from equation (6)
found in the equilibrium analysis of the different H*—M"*—HL>~ systems, are shown
in table 1. Comparison with the findings of earlier studies carried out with EDTA,
DTPA, NTA, MGDA, EDDS and ISA [3, 4, 10] was facilitated by rewriting the com-
plexation of TCA6 with Ca(Il), Mn(II), Cu(Il) and Zn(II) in the form given in table 2.
TCAG6 formed moderately strong ML*~ complexes with all the metal ions studied here.
The stability of the complexes follows the Irwing—Williams order: log Kynr, (7.47) <
log Kcur (10.26) > log Kz, (8.72).

Figure 2 shows the percentage distribution of the metals among the different
complex species as a function of pH in the millimolar concentration area
(Cpm=CpL=1mM). It can be concluded that, in dilute solution, TCAG6 is an effective
chelating agent (over 80% of metal is bound to complexes) over the pH ranges 8§-12
for Ca(Il), 7-11 for Mn(II), 5-11 for Cu(II) and 6-11 for Zn(II). In the micromolar
concentration area, dilution of the solution increases the lower pH limit of the effective
chelation region to more basic values.

Figure 3 shows TCAG6 to be more effective as a chelating agent for calcium compared
with the widely used ligands EDTA, DTPA, MGDA and NTA and biodegradable
alternatives EDDS and ISA. Thus TCA6 seems to be a suitable, easily prepared
ligand for calcium binding applications, such as in detergent formulations. Although
the biodegradability of TCAG6 [11] is not much better than EDTA, for example, its
nitrogen content is substantially lower than in EDTA, DTPA, MGDA, NTA, EDDS
and ISA. Its ability to chelate calcium is also much better than the more biodegradable
ligands EDDS and ISA. The stabilities of the chelates of the new ligand, TCA6, appear
to be high enough for practical applications. Use of this low-nitrogen ligand is also
recommended from an environmental perspective.
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