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INTRODUCTION 

The speciation study of toxic metal ion 

complexes is useful to understand the role 

played by the active site cavities in biological 

molecules and the bonding behavior of protein 

residues with the metal ion. The species refined 

and their relative concentrations under the 

experimental conditions represent the possible 

forms of dicarboxylic acids in biofluid. Calcium 

metal is prepared commercially by heating lime 

with aluminium in a vacuum. Calcium metal is 

used as a reducing agent in preparing other 

metals such as thorium and uranium. It is also 

used as an alloying agent for aluminium, 

beryllium, copper, lead and magnesium alloys. 

Calcium compounds are widely used [1-6]. Milk 

and the dairy products are the important food 

sources of calcium for human populations.   

Calcium absorption will be affected by the 

calcium status of the body, vitamin D status, 

age, pregnancy and plant substances in the diet. 

Net calcium absorption is as high as 60% in 

infants and young children, who need 
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ABSTRACT 

Equilibrium study on complex formation of Maleic acid with Ca(II), Mg(II) and Zn(II) has been 

investigated pH metrically in Ethylene glycol-water mixtures (0–60% v/v) at 303 K and 0.16 mol L−1 

ionic strength. The predominant species detected for Ca(II), Mg(II) and Zn(II) are ML, ML2 and ML3. 

The appropriateness of experimental conditions is verified by introducing errors intentionally in the 

concentrations of ingredients. The models containing different numbers of species were refined by 

using the computer program MINIQUAD75. The best-fit chemical models were arrived at based on 

statistical parameters. The trend in variation of stability constants of the complexes with dielectric 

constant of the medium is attributed to the electrostatic and non-electrostatic forces. The species 

distribution and the plausible equilibria for the formation of the species are also presented. 
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substantial amounts of the mineral to build 

bones. Absorption decreases to 15-20% in 

adulthood and continues to decrease with age 

especially for the age ≥ 51 years [7, 8]. Vitamin 

D obtained from food and produced by skin 

when exposed to sunlight of sufficient intensity, 

improves calcium absorption [9]. Research 

showed that taking spinach and milk at the 

same time reduced absorption of the calcium 

from milk [10]. The three major regulators of 

blood calcium are parathyroid hormone (PTH), 

vitamin D, and calcitonin. PTH acts in three 

main ways: It causes (1) the gastrointestinal 

tract to increase calcium absorption from food, 

(2) the bones to release some of their calcium 

stores and (3) the kidneys to excrete more 

phosphorous, which indirectly raises calcium 

levels. Vitamin D works together with PTH on 

the bone and kidney and is necessary for 

intestinal absorption of calcium. Insufficient 

vitamin D from these sources can result in 

rickets in children and osteo-malacia in adults, 

conditions that result in bone deformities. 

Calcitonin, a hormone released by the thyroid, 

parathyroid and thymus glands, lowers blood 

levels by promoting the deposition of calcium 

into bone. Some individuals are allergic to dairy 

products; there are many other good sources of 

calcium for such people. These include: 

seaweeds such as kelp, wakame, and hijiki; nuts 

and seeds, including almonds and sesame; 

beans; seafood, such as oysters and shrimp; 

soft-boned fish; amaranth; whole wheat; 

collard greens; okra; rutabaga; and broccoli. In 

addition, several products are fortified with 

calcium, including soya milk, rice milk, orange 

juice, and bread. Short-term intake of large 

amounts of calcium generally produces 

constipation and an increased risk of kidney 

stones. More severe toxicity can occur when 

excess calcium is ingested over long periods, or 

when calcium is combined with increased 

amounts of vitamin D, which increases calcium 

absorption. Toxicity is manifested by abnormal 

deposition of calcium in tissues and by elevated 

blood calcium levels (hypercalcemia). Very high 

levels of calcium can result in appetite loss, 

nausea, vomiting, abdominal pain, confusion, 

seizures and even coma. 

Magnesium is a silvery white metal that ignites 

easily in air and burns with a bright light hence 

it is used in flares, fireworks and sparklers. It is 

also added to cattle feed and fertilizers. 

Magnesium hydroxide (milk of magnesia), 

sulfate (Epsom salts), chloride and citrate are all 

used in medicine [1-6]. Nucleic acids have an 

important range of interactions with Mg2+. The 

binding of Mg2+ to DNA and RNA stabilizes the 

structure which can be observed in the 

increased melting temperature (Tm) of double-

stranded DNA in the presence of Mg2+ [11]. 

Additionally, ribosomes contain large amounts 

of Mg2+ and the stabilization provided is 

essential to the complexation of this ribo-

protein [12]. A large number of enzymes 

involved in the biochemistry of nucleic acids 

bind Mg2+ for activity, using the ion for both 

activation and catalysis. Finally, the 

autocatalysis of many ribosomes (enzymes 

containing only RNA) is Mg2+ dependent (e.g. 

the yeast mitochondrial group II self-splicing 

intron) [13]. 

Zinc is also required for the optimum activity of 

growth hormone.  Zinc markedly enhance [14] 

the affinity of human growth hormone for the 

extra-cellular binding domain of the human 

prolactin receptor. In addition, there are over a 

dozen types of cells in the human body that 

secrete zinc ions, and the roles of these 

secreted zinc signals in medicine and health are 

now being actively studied.  Zinc is also recycled 

through the pancreas, which secretes zinc-

containing enzymes into the intestines at meal 

times in a process called enteropancreatic 

circulation. Red meats, especially beef, lamb, 

and shell fish have highest concentration of zinc 

in food [15].  Zinc is also present in low 

concentrations in potatoes, wheat (20-60 ppm), 

sweet corn (about 20 ppm) apples and oranges 

(1ppm). Zinc is also found in beans, nuts, 
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almonds, whole grains, pumpkin seeds and sun 

flower seeds. The higher concentration of Zn in 

human body causes vomiting, diarrhea (acute 

poisoning) and kidney damage (chronic 

poisoning). The medical reports show no side 

effects if normal zinc uptake of 15 mg has been 

increased by 10 fold.  People who supplement 

their diets with extra zinc usually have 

potentially harmful changes in lipoprotein 

metabolism [16].  

Maleic acid (Ma) is an organic compound that is 

a dicarboxylic acid, a molecule with two 

carboxyl groups. Maleic acid is the cis isomer of 

butenedioic acid, whereas fumaric acid is the 

trans isomer. It is mainly used as a precursor to 

fumaric acid, and relative to its parent maleic 

anhydride, maleic acid has few applications. In 

industry, maleic acid is derived by hydrolysis of 

maleic anhydride, the latter being produced by 

oxidation of benzene or butane. The major 

industrial use of maleic acid is its conversion to 

fumaric acid. This conversion, an isomerization, 

is catalysed by a variety of reagents, such as 

mineral acids and thiourea. Again, the large 

difference in water solubility makes fumaric 

acid purification easy. Conversion of the cis 

isomer into the trans isomer is possible by 

photolysis in the presence of a small amount of 

bromine. Maleic acid is an industrial raw 

material for the production of glyoxylic acid by 

ozonolysis [17]. Maleic acid can be converted 

into maleic anhydride by dehydration, to malic 

acid by hydration, and to succinic acid by 

hydrogenation (ethanol / Palladium on carbon) 

[18]. Maleic acid, being electrophilic, 

participates as a dienophile in many Diels-Alder 

reactions. 

Ethylene glycol (EG) has a dielectric constant 

[16] of 30.2.  The dielectric constant of the 

medium decreases with increase in the mole 

fraction of EG. Hence, this medium is chosen to 

study the acido-basic equilibria to mimic the 

physiological conditions where the concept of 

equivalent solution dielectric constant for 

protein cavities is applicable [17]. The present 

study is useful to understand (i) the role played 

by the active site cavities in biological 

molecules, (ii) the type of complex formed by 

the metal ion and (iii) the bonding behavior of 

the protein residues with the metal ion. The 

species refined and their relative 

concentrations under the present experimental 

conditions represent the possible forms of 

these amino acids in the biological fluids. Hence 

Mal is selected for speciation studies of its 

complexes with Ca(II), Mg(II) and Zn(II) in 

ethylene glycol (EG)-water mixtures. The 

protonation constants of Phe and Mal in EG- 

and AN- water mixtures were reported earlier.  

 

EXPERIMENTAL 

Materials 

Ethylene glycol (Merck, Mumbai) was used as 

received. Aqueous solutions of Maleic acid and 

sodium chloride (E-Merck, Germany) were 

prepared. Metal solutions of Ca(II), Mg(II), Zn(II) 

chlorides were prepared. To increase the 

solubility of Mal and to suppress the hydrolysis 

of metal salts, the mineral acid concentration in 

the above solutions was maintained at 0.05 M. 

To assess the errors that might have crept into 

the determination of the concentrations, the 

data have been subjected to analysis of 

variance of one way classification (ANOVA). The 

strength of alkali has been determined using 

the Gran plot method [19, 20]. 

 

Apparatus 

The titrimetric data were obtained with a 

calibrated ELICO (Model L1-120) pH-meter 

(readability 0.01) which can monitor the 

changes in H+ concentration. The pH meter was 

calibrated with 0.05 M potassium hydrogen 

phthalate in acidic region and 0.01 M borax 

solution in basic region. The glass electrode was 

equilibrated in a well-stirred EG-water mixture 

containing inert electrolyte. All the titrations 

were carried out in the medium containing 

varying concentrations of EG (0-60.0 % v/v) 

maintaining an ionic strength of 0.16 M with 

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Dicarboxylic_acid
http://en.wikipedia.org/wiki/Carboxyl
http://en.wikipedia.org/wiki/Cis_isomer
http://en.wikipedia.org/wiki/Fumaric_acid
http://en.wikipedia.org/wiki/Hydrolysis
http://en.wikipedia.org/wiki/Maleic_anhydride
http://en.wikipedia.org/wiki/Organic_oxidation
http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Butane
http://en.wikipedia.org/wiki/Isomerization
http://en.wikipedia.org/wiki/Catalysis
http://en.wikipedia.org/wiki/Mineral_acid
http://en.wikipedia.org/wiki/Thiourea
http://en.wikipedia.org/wiki/Bromine
http://en.wikipedia.org/wiki/Maleic_anhydride
http://en.wikipedia.org/wiki/Dehydration_reaction
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sodium chloride at 303.0 ± 0.1 K. The effect of 

variations in asymmetry potential, liquid 

junction potential, activity coefficient, sodium 

ion error and dissolved carbon dioxide on the 

response of glass electrode were accounted for 

in the form of correction factor [21]. 

 

Procedure 

For the determination of stability constants of 

metal-ligand binary species, initially titrations of 

strong acid with alkali were carried out at 

regular intervals to check whether complete 

equilibration was achieved. Then the calomel 

electrode was refilled with EG-water mixture of 

equivalent composition as that of titrand. In 

each of the titrations, the titrand consisted of 

approximately 1 mmol mineral acid in a total 

volume of 50 mL. Titrations with different ratios 

(1: 2.5, 1: 3.75 and 1: 5.0 for Ca(II), Mg(II) and 

Zn(II)) of metal-to-ligand were carried out with 

0.4 mol L−1 sodium hydroxide. Other 

experimental details are given elsewhere [22]. 

 

Modeling strategy 

The computer program SCPHD [23] was used to 

calculate the correction factor. By using the pH-

metric titration data, the binary stability 

constants were calculated with the computer 

program MINIQUAD75 [24] which exploits the 

advantage of the constrained least-squares 

method in the initial refinement and reliable 

convergence of Marquardt algorithm. During 

the refinement of binary systems, the 

correction factor and the protonation constants 

of maleic acid are fixed. The variation of 

stability constants with the dielectric constant 

of the medium was analyzed on electrostatic 

grounds on the basis of solute-solute and 

solute-solvent interactions.  

 

RESULTS AND DISCUSSION 

Alkalimetric titration curves in EG-water 

mixtures revealed that the acido-basic 

equilibria of Maleic acid were active in the pH 

range 2.0-12.0. Based on the active forms of the 

ligands in this pH range, models containing 

various numbers and combinations of complex 

species were fed to MINIQUAD75 along with 

the alkalimetric titration data. Exhaustive 

modeling was performed for a typical system 

(Table 1).  

 

Table 1: Exhaustive modeling of Zn(II)-Maleic acid complexes in 40% v/v EG-water               mixture. 

pH-range: 2.2-7.8, Number of experimental points:63 

Ucorr = U/(NP-m) x 108, where, m = number of species; NP = number of experimental points 

 

The models indicated better statistics as the 

number of species was increased, confirming 

better fit. There was no further improvement in 

the fit on inclusion of some more species in the 

model containing ZnL, ZnL2 and ZnL3. This 

indicates that the final model appropriately fits 

Model 
number 

log βmlh (SD) Ucorr Ske- 
wness 

Kur-
tosis 

χ2 R-Factor 

110 120 130 

1. 5.11(65) --- --- 10.01 1.04 4.70 12.2 0.01201 
2. ------ 10.55(44) ---- 12.23 -0.80 2.30 11.6 0.0124 
3. ------ ------ 21.78(32) 13.42 0.16 3.24 10.3 0.0128 
4. ----- 10.37(32) 21.81(35) 8.77 1.19 4.30 25.64 0.0119 
5. 5.06(54) ------ 21.58(42) 9.62 -0.18 6.25 23.43 0.0226 
6. 5.88(19) 10.83(42) ------- 11.42 0.34 5.90 20.52 0.0117 
7. 5.52(10) 10.12(12) 21.45(12) 9.70 1.16 5.76 23.28 0.0525 
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the experimental data. Such exhaustive 

modeling was performed for all the systems. 

The best-fit model was selected using the 

statistical parameters [25] of the least squares 

residuals. The final models along with the 

statistical parameters are given in Table 2. 

 

Table 2: Best fit chemical models of Ca(II), Mg(II) and Zn(II) – Maleic acid complexes in EG-water 

mixture 

 

 
           Ucorr = U/ (NP-m) X 108; where m = number of species;  NP = Number of experimental points 

The results of the best-fit models contain the 

type of species and overall formation constants. 

A very low standard deviation in log β values 

indicates the precision of these parameters. The 

small values of Ucorr (sum of squares of 

deviations in the concentrations of ingredients 

at all experimental points corrected for degrees 

of freedom) indicate that the experimental data 

can be represented by the model. Small values 

of mean, standard deviation and mean 

deviation for the systems corroborate that the 

residuals are around zero mean with little 

dispersion. 

For an ideal normal distribution, the values of 

kurtosis and skewness should be three and 

zero, respectively. Kurtosis is a measure of the 

peakedness of the error distribution near a 

modal value. For an ideal normal distribution 

kurtosis value should be three (mesokurtic). If 

the calculated kurtosis is less than three, the 

peak of the error distribution curve is flat 

(platykurtic) and if the kurtosis is greater than 

three, the distribution shall have sharp peak 

(leptokurtic). The kurtosis values in the present 

study indicate that the residuals form 

leptokurtic as well as platykurtic patterns. The 

values of skewness recorded in the tables are 

between -0.04 and 3.92.  

These data evince that the residuals form part 

of a normal distribution. Hence, the least-

squares method can be applied to the present 

data. The sufficiency of the model is further 

evident from the low crystallographic R-value 

recorded. These statistical parameters thus 

show that the best-fit models portray the 

metal-ligand species in EG-water mixture. 

 

Effect of systematic errors on best-fit model 

In order to rely upon the best chemical model 

for critical evaluation and application under 
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varied experimental conditions with different 

accuracies of data acquisition, an investigation 

was made by introducing pessimistic errors in 

the influential parameters [26] like 

concentrations of alkali, mineral acid, ligand 

and metal (Table 3). 

 

 

Table 3: Effect of errors in influential parameters on Zn(II)-Maleic acid complex stability constants 

in 30%v/v EG-water mixture 

 

 
Ingredient 

 
% Error 

log β (SD) 

110      120 130 

 

Alkali 

0 6.82(7) 10.77(8) 22.13(9) 
-5 Rejected Rejected Rejected 
-2 7.15(12) Rejected 22.18(22) 
+2 7.11(24) 10.31(27) 22.27(14) 
+5 Rejected 11.54(38) Rejected 

 
 

Acid 

-5 Rejected Rejected Rejected 
-2 6.92(29) 10.91(26) 22.87(14) 
+2 7.19(23) Rejected 22.45(18) 
+5 Rejected Rejected Rejected 

 
Ligand 

-5 7.11(18) 11.08(21) 22.14(81) 
-2 6.56(54) 10.98(33) 22.11(12) 
+2 6.65(42) 10.83(15) 22.17(13) 
+5 7.12(12) 11.14(24) 22.16(71) 

 

Metal 

-5 6.87(66) 10.87(68) 22.58(29) 
-2 6.75(34) 10.56(28) 22.16(18) 
+2 6.62(33) 10.57(21) 22.17(16) 
+5 6.98(42) 10.88(72) 22.39(27) 

 

The order of the ingredients that influence the 

magnitudes of stability constants due to 

incorporation of errors is alkali > acid > ligand > 

metal. Some species are even rejected when 

errors are introduced in the concentrations. 

This study confirms the appropriateness of the 

chosen best-fit models. This study also indicates 

the relative sensitivities of model parameters. 

 

Effect of solvent 

EG is an amphiprotic and coordinating solvent. 

It is a structure former and it enhances the 

water structure in EG-water mixtures; hence, it 

removes water from coordination sphere of 

metal ions, making them more reactive towards 

the ligands. As a result, the stability of the 

complexes is expected to increase. At the same 

time, it is a coordinating solvent and competes 

with the ligands for coordinating the metals. 

This decreases the stability of the complexes. 

Hence, the stability of complex is expected to 

either increase or decrease. 

The variation of overall stability constant values 

or change in free energy with co-solvent 

content depends upon two factors, viz., 

electrostatic and non-electrostatic. Born’s 

classical treatment [27] accounts for the 

electrostatic contribution to the free energy 

change. According to this treatment, the energy 

of electrostatic interaction is related to 

dielectric constant. Hence, the log β values 

should vary non linearly as a function of 

reciprocal of the dielectric constant of the 

medium [26] which is observed in the present 

study (Figure 1).  
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Fig. 1: Variation of stability constant values of metal-maleic acid complexes with reciprocal of 

dielectric constants (1/D) in EG-water mixtures at temperature = 303 K, ionic strength = 0.16 M. 

(A) Ca(II), (B) Mg(II) and (C) Zn(II) (□) log110, (○) log120,  (∆) log130 

 

 

The non linear variation indicates that non 

electrostatic forces dominate the equilibrium 

process under the present experimental 

conditions. The non linear increase indicates 

the dominance of the structure forming nature 

of EG over its complexing ability. The cation-

stabilizing nature of co-solvents, specific 

solvent-water interactions, change dispersion 

and specific interactions of co-solvents with 

solute (indicated by the changes in the solubility 

of different species in the aqua-organic 

mixtures) account for little deviation from the 

non linear relationship. 

 

 

Distribution diagrams 

Mal is a bidentate ligand that has two 

dissociable (carboxylate groups) protons. The 

different forms of Mal are LH2, LH- and L2- in the 

pH ranges 2.0-3.0, 3.0-7.0 and 7.0-12.0 

respectively. Hence, the plausible binary metal-

ligand complexes can be predicted from these 

data. The present investigation reveals the 

existence of ML, ML2, and ML3 for Ca(II), Mg(II) 

and Zn(II). The formation of various Maleic acid 

complex species is shown in the following 

equilibria. The charges of the species are 

omitted for simplicity. The species distribution 

diagrams are shown in Fig. 2.  
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Fig. 2: Distribution diagrams of maleic acid complexes in 30 % v/v EG-water mixture at    temperature = 

303 K, ionic strength = 0.16 M. (A) Ca(II), (B) Mg(II) and(C) Zn(II). 

 

At lower pH, ML3 species is formed by the 

interaction of free metal ion with LH2 form of 

the ligand (Equilibrium (a)). ML may be formed 

from free metal ion with interaction of LH and 

LH2 (Equilibria (b) and (c)). At higher pH, ML2 

species are formed from the interaction of ML 

and LH (Equilibrium (d)). Depending on the 

active sites in the ligand and the nature of the 

metal ions, the structures were proposed for 

the species detected as shown in Fig. 3. 

 

(a)  M(II) + 3LH2   ML3 + 6H+ 

(b)  M(II) + LH      ML + H+ 

(c)  M(II)  + LH2     ML + 2H+ 

(d)  ML + LH          ML2 + H+ 
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Fig. 3: Structures of binary complexes of Ca(II), Mg(II) and Zn(II) with Mal 

CONCLUSIONS 

1. The present biomimetic studies of metal ion 

complexes with Maleic acid in EG-water 

mixtures indicate that the complexes are 

non protonated in acidic pH values. 

2. The predominant species detected were ML, 

ML2 and ML3 due to the interaction of Maleic 

acid Ca(II), Mg(II) and Zn(II).   

3. The log β values are non linearly increased 

with 1/D of the medium, indicating the 

dominance of non-electrostatic forces over 

electrostatic forces. 

4. The order of ingredients influencing the 

magnitudes of stability constants due to 

incorporation of errors in their 

concentrations is alkali > acid > ligand> 

metal. 
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