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Abstract The complexation of the Fe3? ion with 2-hydroxybenzamide (salicylamide, HL)

has been studied, at 25.0 �C, by potentiometric measurements with a glass electrode in

1 mol�dm-3 NaClO4 medium. The concentration of salicylamide (CL) has been varied

between (1 9 10-3 and 10 9 10-3) mol�dm-3, while the concentration of metal cation

(CM) ranged within (0.5 9 10-3 and 10 9 10-3) mol�dm-3. The ligand to metal con-

centration ratio has been varied between 1 and 10 and the hydrogen ion concentration was

decreased stepwise until the incipient precipitation of a basic salt of the metal, which

occurred at different values depending on the specific ligand to metal ratio. The experi-

mental data were consistent with the formation of the complexes FeL2?, Fe(HL)L2? and

FeLþ
2 . Equilibrium formation constants have been given for the investigated ionic medium

as well as for the infinite dilution reference state, evaluated according to the Specific

Interaction Theory. The predominant species in neutral solution are FeLþ
2 and Fe OHð Þþ2 .

Keywords 2-Hydroxybenzamide � Iron(III) � Complexation equilibria � Constant
ionic medium � Infinite dilution reference state

1 Introduction

During the past two decades, our interest has been addressed to a systematic study of the

complexation of some bioavailable metal cations with 2-hydroxybenzoic acid (salicylic

acid) and its derivatives [1–5], which are the group of drugs extensively used for anti-

inflammatory, analgesic and antipyretic activities [6–9]. Research in the literature show

that the complexation behavior of salicylic acid towards several metal cations has been

evaluated in a very wide range of experimental conditions (i.e., ionic strengths, media and
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temperature) [10]. On the contrary its derivatives have been primarily studied in non-

aqueous solvents due to lower solubility in aqueous media. Among these, 2-hydroxy-

benzamide (salicylamide, HL), whose structure is shown in Scheme 1, is an aromatic

compound used in different pharmaceutical fields, due to its antimicrobial, analgesic and

anti-inflammatory properties [11].

The biochemical characteristics of this ligand have led us to consider it as a possible

chelating agent towards bioavailable and toxic metal cations. The chelating agent for a given

metal is a drug able to bind it; however, that used is not necessarily the best but only the most

common,while specificity and stability are really important in the choice of a chelator. An ideal

chelating agent should exhibit low toxicity and weak affinity towards essential metal cations to

avoid metal depletion, have low molecular mass to facilitate oral administration, and form

hydrophilic complexes with toxic metal ions to improve its urinary elimination. The metal’s

toxicity can be classified in three different categories: acute intoxication which derives from

direct ingestion of the toxic metal; chronic intoxication which depends on environmental

contamination [12];metal overload due to genetic diseases [13]. The last category includes iron

and copper; in particular, iron overload is a common adverse consequence of the chronic

transfusion therapies for thalassemic patients. In a previous work [1] the complexation of the

Cu2? ionwith salicylamidewas studied, at 25.0 �C inNaClO4media for ionic strength ranging

from 0.5 to 3 mol�dm-3; a comparison with results obtained by using salicylic acid as ligand

[14] showed that no significant differences exist between the two ligands, which show similar

behavior. The purpose of this work was to study the complexing power of salicylamide toward

iron(III) at 25.0 �C in 1 mol�dm-3 NaClO4 medium and then to evaluate differences and

similarities in behavior with the system Fe(III)–salicylic acid (H2Sal), already investigated

under the same experimental conditions [3]. The constant ionic medium method has been

demonstrated to be indispensable in equilibrium studies of complicated ionic reactions. The

method, which consists of using, as a solvent, concentrated solutions of inert salts, has

remarkable effectiveness for the minimization of variations in activity coefficients [15]. The

equilibrium constants, calculated frommeasurements in a givenmedium, are strictly valid only

in thatmedium; thus, for practical applications, it is necessary determine constants in eachof the

conditions prevailing in the natural conditions. For this reason, equilibrium formation constants

have been given for the investigated ionic constant medium and for the infinite dilution ref-

erence state, evaluated according to the specific interaction theory (SIT) [16, 17]. The theory

allows a linear extrapolation to zero ionic strength of equilibrium constants determined in the

ionic strength range from 0.5 to 3.5 mol�kg-1.

2 Experimental Section

2.1 Chemical Used

Salicylamide has been obtained from Sigma-Aldrich as analytical reagent grade (99%).

The purity has been controlled as reported in literature [18], and has been used without

Scheme 1 Chemical structure of
salicylamide
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further purification. Iron(III) perchlorate has been prepared and standardized as reported by

Ciavatta et al. [19]. Perchloric acid, sodium perchlorate and sodium hydroxide stock

solutions were prepared and standardized as previously described [14]. All solutions were

prepared with doubly distilled water.

2.2 Procedure and Measurements

The potentiometric apparatus and Ag| AgCl electrodes were prepared as described in a

previous work [20]. The glass electrodes, manufactured by Metrohm, acquired a constant

potential within 15 min, after the addition of the reagents, which remained unchanged

within ±0.1 mV for several hours. The titrations were carried out with the same instrument

described in a previous work [21]. To avoid the carbonate interference a slow stream of

nitrogen gas was passed through three bottles (a–c) containing: (a) 1 mol�dm-3 NaOH,

(b) 1 mol�dm-3 H2SO4 and (c) 1.0 mol�dm-3 NaClO4, and then into the stirred test

solutions through the gas inlet tube. During the EMF measurements, the cell assembly has

been placed in a thermostat kept at (25.0 ± 0.1) �C.
The complexation equilibria have been studied, at 25 �C and in 1 mol�dm-3 NaClO4, by

measuring, with a glass electrode (GE), the competition of the salicylamide, HL, for Fe3?

and H? ions. Measurements have been performed as potentiometric titrations with cell (G)

REjTest SolutionjGE ðGÞ

in which RE, is the reference electrode (Ag|AgCl| 0.01 mol�dm-3 NaCl|0.99 mol�dm-3

NaClO4| 1 mol�dm-3 NaClO4) and the Test Solution contained CM mol�dm-3 Fe(ClO4)3,

CL mol�dm-3 HL, CA mol�dm-3 HClO4, CB mol�dm-3 NaOH, and (1 – 3CM – CA – CB)

mol�dm-3 NaClO4. The EMF of cell (G) can be written, in mV, at the temperature of

25 �C, as Eq. 1:

E ¼ E0 þ 59:16 log10 H
þ½ � þ Ej ð1Þ

where E0 was constant for each series of measurements and Ej is the liquid junction

potential, which is a function of [H?] only [15]. Ej in the range of hydrogen concentration

investigated was at most ±0.2 mV, which represents the reproducibility of the EMF

measurements. The concentration of salicylamide (CL) has been varied between (1 9 10-3

and 10 9 10-3) mol�dm-3, while the concentration of metal cation (CM) ranged within

(0.5 9 10-3 and 10 9 10-3) mol�dm-3. The ligand to metal concentration ratio was varied

between 1 and 10 and the hydrogen ion concentration was decreased stepwise until the

incipient precipitation of a basic salt of metal, which occurred at different values

depending on the specific ligand to metal ratio. Each titration was divided in two parts. In

the first part, E0 was determined in the absence of Fe3? and HL, as reported in literature

[22]. In the [H?] range 10-4–10-2 mol�dm-3 values constant to within 0.1 mV have been

calculated according to the Gran’s method [23, 24]. In the second part, after the addition of

the reagents, the acidity was stepwise decreased by adding known volumes of NaOH

standard solution. The primary CM, CL, CA, CB and [H?] data form the basis of the

treatment to obtain the stability constants.

1598 J Solution Chem (2017) 46:1596–1604

123



3 Results and Discussion

The complexation between Fe(III) and HL was evaluated assuming that the reagents act

according to the following general equilibrium, Eq. 2:

pFe3þ þ rHL � Fep Hð Þ�q HLð Þð3p�qÞ
r þ qHþ bpqr ð2Þ

that takes into account the formation of simple (q = r), mixed (q = r), mononuclear

(p = 1) and polynuclear (p[ 1) species. The most probable p, q, r values and the cor-

responding constants bpqr have been determined by processing the primary data (CM, CL,

CA, CB, [H
?]) through graphical [25] as well as numerical procedures [26]. In the attempt

to explain the data in the simplest way, the presence of two mononuclear and simple

complexes (p = 1 and r = q) FeL2? and FeLþ
2 , formed according to Eq. 3, was assumed:

Fe3þ þ rHL � FeLð3�rÞ
r þ rHþ b1rr ð3Þ

The validity of this assumption was verified by constructing the graphs Z against log10
[HL]/[H?], Eq. 4:

Z ¼ CL� HL½ ��½L��ð Þ=CM ¼ Rrb1rr ½HL�=½Hþ�rð Þ
�

1þ Rb1rr HL½ �=½Hþ�ð Þr
� �

ð4Þ

where [HL] = CL ? CA - CB - [H?] ? KW/[H
?] and [L-] = b011 [HL]/[H

?].

The acidic constant, b011, of HL was determined in 1 mol�dm-3 NaClO4 and at 25.0 �C
in a previous work [1] while KW in our experimental condition has been taken from

literature [27]. Thus, if complexes of general formula FeLr
(3-r) predominate, the points Z

against log10 ([HL]/[H
?]), at different CL and CM, should fall on a unique curve. As Fig. 1

shows, all of the experimental points fall on a unique curve which tends to 2, therefore the

main complexes are FeL2? and FeLþ
2 . The confirmation of the existence of these equilibria

Fig. 1 Z as a function of log10 ([HL]/[H?]). (CM/mmol�dm-3, CL/mmol�dm-3): open circle (1/10), open
square (1/10 back titration) and open triangle (1/1). The curve was calculated with the constants obtained by
numerical treatment and reported in Table 1
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in solution was the reversibility of these equilibria during the back titration (symbol h in

Fig. 1).

The most probable values b111 and b122 were calculated by comparing the experimental

graphs with the family of model functions [25]. The best fit was found with the values

given in Table 1. The uncertainty, r, was evaluated taking into account the shift along x

axes that still gave an acceptable fit.

A careful inspection of the graph shows that small deviations from the model including

FeL2? and FeLþ
2 are observed. These deviations are an indication that some additional

species are present. The probable composition of the species responsible of the deviations

was obtained by numerical treatment [26]. In the numerical evaluation, the acidic constant

of salicylamide [1] and the equilibrium constants for the hydrolytical species of metal ion,

Fe(OH)2?, Fe OHð Þþ2 and FeLþ
2 Fe2 OHð Þ4þ2 , have been kept fixed [28]. The results are

reported in Table 2.

The distribution diagrams reported in Fig. 2 give some confidence to the real presence

of such species. As can be seen in Fig. 2a, when the analytical concentration of the ligand

is greater than that of the metal, FeLþ
2 and Fe(HL)L2? are the predominant complexes over

the whole pH range investigated, while none of the hydrolytic species reaches significant

percentages. When the analytical concentrations of ligand and metal are comparable

(Fig. 2b) the predominant complex, above pH = 3.5, is the hydrolytic species Fe OHð Þþ2
while the others reach percentages lower than 30%, indicating that ligand is competitive

with the hydroxide ion only when its concentration is greater than that of the metal cation.

Modelling in natural systems requires knowledge of the formation constants valid in the

dilute reference state. Extrapolation to zero ionic strength was carried out by assuming the

validity of the SIT [16, 17]. Since the theory is formulated in terms of molal units, the

equilibrium constants and the other quantities in the following treatment have been con-

verted on the molal scale. The conversion factors have been assumed from Baes and

Mesmer [28]. According to the theory the activity coefficient, ci, of the species i with

charge zi can be expressed at 25 �C in aqueous solutions as Eq. 5:

Table 1 Survey of the formation constants of complexes between iron(III) and salicylamide by graphical
method (log10 b1rr ± r)

(p,q,r) (log10 b1rr ± r)graph

(1,-1,1) ?0.28 ± 0.05

(1,-2,2) -0.35 ± 0.05

Table 2 Survey of the formation constants of complexes between iron(III) and salicylamide by numerical
method, (log10 bpqr ± 3r)

(p,q,r) (log10 bpqr ± r)num

(1,-1,1) ?0.22 ± 0.03

(1,-2,2) -0.2 ± 0.3

(1,-1,2) ?3.4 ± 0.2
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log10 ci ¼ �z2i Dþ
X

b i; kð Þmk ð5Þ

where D = 0.2063, and b(i,k) is the specific interaction coefficient of i with species k of

molality mk. Interaction coefficients depend on the ionic strength but the variation in the

range 0.5 B I B 3.5 mol�kg-1 is sufficiently low that they may be assumed to be constants.

As a further simplification, interaction coefficients of ions with the same charge type are

nearly zero. According to Eq. 2 and indicating with bopqr the constant at zero ionic strength,
the variation of the various equilibrium constants determined in this work can be expressed

as Eqs. 6–8:

log10 b
o
1�11 ¼ log10 b1�11 þ 4D

þ 1:05 b FeL, NaClO4ð Þ þ b Hþ; ClO�
4

� �
� b Fe3þ; ClO�

4

� �� �
� log10 cHL

ð6Þ

log10 b
o
1�22 ¼ log10 b1�22 þ 6D

þ 1:05 b FeL2; NaClO4ð Þ þ 2b Hþ; ClO�
4

� �
� b Fe3þ; ClO�

4

� �� �

� 2 log10 cHL ð7Þ

log10 b
o
1�12 ¼ log10 b1�12 þ 4D

þ 1:05 b Fe HLð ÞL, NaClO4ð Þ þ b Hþ; ClO�
4

� �
� b Fe3þ; ClO�

4

� �� �

� 2 log10 cHL ð8Þ

Some b(i,k) values, needed for the calculations, have been deduced from various sources.

a b

Fe
3+

FeL
2+

FeL
2

+

Fe(HL)L
2+

Fe(OH)
2+

Fe
2
(OH)

2

4+

Fe(OH)
2

+%

pH

Fig. 2 Distribution diagrams calculated with the values of the constants reported in Table 2.
a CL = 10 9 10-3 mol�dm-3, CM = 1 9 10-3 mol�dm-3; b CL = 1 9 10-3 mol�dm-3,
CM = 1 9 10-3 mol�dm-3

Table 3 Survey of the formation constants at the infinite dilution reference state

(p,q,r) (log10 b
o
pqr ± r)num

(1,-1,1) ?1.0 ± 0.1

(1,-2,2) ?1.2 ± 0.5

(1,-1,2) ?4.2 ± 0.3
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From Ref. [16] b(H?, ClO�
4 ) = 0.14 and b(Fe3?, ClO�

4 ) = 0.56, and from Ref. [1] b(Na?,

L–) = 0.108. The b(i,k) values for the complexes of stoichiometry (1,-1,1), (1,-2,2) and

(1,-1,2) have been evaluated on the basis of empirical rules, suggested elsewhere by

Ciavatta [17]. The activity coefficient of the ligand, cHL, was taken from Ref. [1]. Results

of the extrapolation have been collected in Table 3 and the uncertainties assigned to the

constants arise mainly from the interaction coefficients of complexes, which are estimated

as probable within ±0.05.

The constants given in Table 3 have been used to construct the distribution diagram

reported in Fig. 3 to evaluate the predominant species present in the natural conditions.

Figure 3 shows that complexes with salicylamide can be present in significant amounts

in conditions similar to those in natural systems. The prevalent species in neutral solution

Fig. 3 Distribution diagram calculated with the values of the constants valid at the infinite dilution
reference state and reported in Table 3. CL = 5 9 10-4 mol�dm-3, CM = 1 9 10-5 mol�dm-3

Table 4 Comparison between the formation constants at zero ionic strength of the Fe3?–HL system at
25 �C proposed here and those previously reported

This work Ref. [29]

log10 b
o
1�11 ?1.0 ± 0.1 ?2.03 ± 0.05

log10 b
o
1�22 ?1.2 ± 0.5 ?0.6 ± 0.1

Table 5 Comparison between
the formation constants of the
Fe3?–HL and Fe3?–HSal- sys-
tems in 1 mol�dm-3 NaClO

4
and

at 25 �C

(p,q,r) log10 bpqr

This work Ref. [3]

(1,-1,1) ?0.22 ± 0.03 ?0.217 ± 0.006

(1,-2,2) -0.2 ± 0.3 -2.25 ± 0.06

(1,-1,2) ?3.4 ± 0.2 0.216 ± 0.009

(1,-3,3) – -6.48 ± 0.06

(2,-3,2) – -2.2 ± 0.2
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are FeLþ
2 and Fe OHð Þþ2 . It is well-known from the literature [28] that the ferric ion

hydrolyzes in highly acidic media (pH = 1); however, complexation with salicylamide

reduces the percentage of hydrolytic complexes which is approximately 35%.

A comparison was made with results obtained at 25 �C by Ågren [29]. Due to the

difference of the ionic strength, the previously reported data have been extrapolated to the

infinite dilution reference state (see Table 4).

As can be seen, the value of the stability constant for the complex FeLþ
2 obtained in this

work is in good agreement with those obtained by Ågren in a previous study. As concerns

log10 bo1�11 the difference is remarkable. A plausible reason resides in the different spe-

ciation profile obtained in this work compared to those of the previous studies. In Figs. 2

and 3, it is evident that the two complexes FeL2? and Fe(HL)L2? have the same existence

domain and the metal cation is distributed between these two species.

In a previous work [3] it was found that iron(III) ion forms complexes with hydrogen

salicylate ion with similar stoichiometry (Table 5).

According to results obtained by Hernández–Gutiérrez and Pulido–Cuchi [30], the

complexes between iron(III) ion and salicylamide are more stable than that with salicylic

acid, but the low solubility of salicylamide with respect to that of salicylate ion restricts the

complex formation to FeL, FeL2 and Fe(HL)L.

4 Conclusions

In this work the complexing power of salicylamide toward iron(III) at 25.0 �C in

1 mol�dm-3 NaClO4 medium was evaluated. The equilibrium constants of the complexes

have been calculated at the infinite dilution reference state also. By comparing these results

with that previously obtained in the same experimental conditions by studying the system

Fe(III)–salicylate ion it was verified that salicylamide forms more stable complexes with

this metal cation.
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