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ABSTRACT

Ascending paper chromatography of Hg+2 has been performed with mixed acids as
developing mobile phase. Effects of temperature, concentration, and composition of the
mobile phase on Rf values have been investigated. Hg+2 has been selectively separated from
several synthetic binary and multicomponent mixtures containing the toxic and heavy metal
ions. Often these metal ions remain associated with it in its ores and alloy samples. Hg+2 in
trace level has been separated and detected from blood serum containing the congeners
Zn+2, Cd+2, Pb+2, Bi+3, Th+4, Tl+3, and Cu+2. On the basis of the difference in the migration
of the spots on the paper, twenty difficult separations have been achieved. Several
thermodynamic parameters, DG, DH, and DS have been determined by differential variation
of radii of the spot with respect to temperature utilizing the thermodynamic relationship.
The partition equilibrium constant was also determined. Metal ions were detected by
borohydride reduction on the paper strip. Separation factors have been correlated in terms of
DesityFunctional (corrected hardness, g⁄) Index. From g⁄, hydrated radii of the metal ions
have been determined. A plausible mechanism for the differential migration of diverse metal
ions has been suggested.

Keywords: Hg(II); Paper chromatography; Selectivity factor; Hydrated radii; Sorption energy;
Hardness index

1. Introduction

Mercury is a heavy and relatively rare element,
but it is well known because of its multivariate techni-
cal importance as well as its detrimental effects. It is
used in thermometers, barometers, mercury vapor
lamps, in electrical devices, as an amalgam with other
metals in dental fillings, in manufacturing some
drugs, paints, and explosives, and by hatters and

furriers [1]. Mercury compounds have been used as
catalysts, fungicides, herbicides, disinfectants,
pigments and for other purposes. The world produc-
tion was about 10,000 tonnes in 1973 [2] and about
6,500 tonnes in 1980 [3]. In addition to the production
of pure mercury by industrial processes, mercury is
released into the environment by human activities
such as the combustion of fossil fuels, waste disposal
and by industry. Recent estimates of anthropogenic
emissions are in the order of 2,000–3,000 tonnes per
year [4]. Mercury and its compounds are considered*Corresponding author.
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health hazards, and reports of Hg poisoning because
of industrial, agricultural, and laboratory exposure as
well as its suicidal/homicidal uses are numerous.
Persons concerned are liable to get poisoned during
fingerprinting by gray powder (hydrargyrum cum
creta that contain 30% mercury), mining and in dead-
ening during the manufacturing of mercurial ointment
and emplastrum [1]. Mercury accumulated in the tis-
sues of fish is usually in the form of methylmercury, a
highly toxic form. Along with massive human intoxi-
cation at Minamata, Japan, and in Iraq, new mercury
pollution cases in developing countries have resulted
from the use of amalgamation in gold mining and
changes of chemical form in the environment have
been reported [5]. Thus, from this toxicological point
of view, separation and detection of mercury in all its
forms at micro level is warranted. However, absorp-
tion spectroscopy [6], neutron activation analysis [7],
anode stripping voltametry [8], colorimetry [9], poten-
tiometry [10], laser-induced plasma spectroscopy [11],
are the most effective and accurate methods for the
detection of mercury in trace level, but these are very
much sophisticated, costly and not affordable in
developing countries. Heavy metals have been sepa-
rated from mercury in their multicomponent synthetic
mixtures using extraction chromatography [12–14],
but selective eluents are required for each metal ions
and these varied for different mixtures of metal ions,
as well. Mercury has been separated from binary mix-
tures by paper chromatography using organic solvents
as one of the components [15–20], but these methods
are not selective in the presence of chemically corre-
lated congeners of multicomponent versatile systems
and the metal ions are not detected by a unique detec-
tor. Moreover, the separation factors (Rf values or
selectivity factors) in linear solvation free-energy rela-
tionships (LSERs) based on the solvatochromic param-
eters [20], plate theory [21], rate theory [22] and
Kielland [23], affinity order have not been quantita-
tively correlated with any Density Functional Index.
Global hardness is a definite quantum mechanical
descriptor and it is the cardinal index of chemical
reactivity as well as stability of atoms and ions [24].
Paper chromatography is as an effective alternative,
when the metals are in large volumes of relatively
low concentrations [15]. The present paper reports the
systematic investigation for the selective separation
and detection of mercury from several synthetic multi-
component mixtures containing toxic and heavy metal
ions like Zn+2, Cd+2, Pb+2, Bi+3, Th+4, Tl+3, Cu+2, Fe+3,
Co+2, and Ni+2, associated with it in ores and alloy
samples by paper chromatography utilizing a unique
mobile phase. It is an inexpensive and powerful
analytical tool that requires very small quantities of

material usually present in real samples. Sorption
energy, acid–base-binding energy and hydrated radii
in solution phase have been calculated from Density
Functional Index. After separation, in most of the
cases the detection of mercury and other metal ions
have been performed by the single detector, borohy-
dride.

2. Experimental

2.1. Apparatus

Chromatographic paper (Whattman 1), 23� 1.5 cm
and 28� 6 cm chromatography glass jar and pH meter
(Digital Elico LI-120, India).

2.2. Test solutions

Standard aqueous (10�2M) of nitrate, sulfate, and
chloride of Hg+2, Pb+2, Cu+2, Cd+2, Bi+3, Al+3, Fe+3,
Cr+3, Ni+2, Co+2, Zn+2, Mn+2, In+3, Tl+3, and VO+2

were used for the present work.

2.3. Mobile phase

Different acid solutions (H2SO4, HNO3, CH3COOH,
HCl, and HClO4) of different concentrations and
CH3COCH3 were mixed in different proportions to
have the suitable mobile phase for clean separation of
Hg+2 in multicomponent synthetic and real samples
(Table 1).

2.4. Detection

Colored metals (Hg+2, Pb+2, Cu+2, Cd+2, Bi+3, Fe+3,
Cr+3, Ni+2, Co+2, Mn+2, In+3, Tl+3, and VO+2) were
detected by sodium borohydride reduction (E. Merc,
Bombay, India), and in other cases, Al+3, Zn+2 were
detected by xelynol orange (BDH, Bombay, India) as
indicator.

2.5. Procedure

Test solutions (spiked or un-spiked metal ion
solutions) were spotted separately on paper strip
(in lg) using micro capillary about 2 cm above the
lower edge of the paper strip. The spots were-air
dried (precaution was taken to minimize spreading of
applied spots by frequent drying in air) and then the
paper strip developed in the chromatographic glass
jars with chosen mobile phase by the ascending
technique up to the ascent of 20 cm from its point of
application. After development, the chromatograms
were taken off and air-dried. The positions of the
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analytes were detected using suitable detectors. The
Rf values and the selectivity factors (a) for individual

analytes were determined. For the separation of Hg+2,
equal volumes of metal ion solutions were mixed and
was taken (in lg) on the paper strip. The paper strip
was developed with suitable mobile phase, and the Rf

values were determined. The areas of spot on the
Chromatogram of Hg+2 at different temperatures were
determined for the investigation of different thermo-
dynamic parameters (DG, DH, and DS).

2.6. Analysis of real samples

(i) Different ternary mixtures of Hg+2 containing
toxic metal ions (Pb+2, Cu+2, Cd+2, Bi+3, Fe+3, Cr+3,

Ni+2, Co+2, Mn+2, In+3, Tl+3, and VO+2) in raw water
(well, pond, and tap) were prepared for their separa-
tion. (ii) In view of the forensic serological sample
analysis, human blood samples were collected from
pathological laboratory (PM Hospital, Visva-Bharati,
India). Hg+2 and two other metal ions (such as Pb+2,
Cu+2, Cd+2, Bi+3, Zn+2, Co+2, Mn+2, In+3, Tl+3, and
VO+2) were added in to the blood samples to prepare
different ternary mixtures. The blood samples were
then digested with 1:1 HNO3 and centrifuged at room
temperature with the help of Laboratory Centrifuge
(REMI R-4C DX,) at 10,000 rpm for 10min to obtain
the metal containing blood serum. The supernatants
(blood serum) were collected in small vials, and the
separation of Hg+2 in different ternary mixtures were
obtained on chromatogram. The water samples (pond,
well, and tap) were collected using a long glass tube
from different places of Santiniketan, Birbhum
District, West Bengal, India (24˚32´30´´N-24˚35´´N and
87˚01´´-87˚05´2´´E), and different multi-component
mixtures were prepared by adding metallic toxicant.
The samples were stored in sample vials. Unless
otherwise stated, all chemicals and solvents used in
this work were of analytical grade (BDH/E Merck).

3. Results and discussion

3.1. SEM analysis

Scanning electron microscopy (SEM) images of the
exchanger (cellulose paper, for both unloaded and
loaded with Hg(II)) were taken by SEM-S-530 Hitachi,
Japan using Image Management System Software of
Quartz PCI Version, shown in Fig. 1. The paper strips
and its loaded form were kept in vacuum for 2min
and placed for gold coating in an ion coater, IB-2
(EIKO Engineering, Hitachi, Japan) to prevent any
burning during its analysis. The photograph confirms
that the material is porous (Fig. 1(a)). After reduction
of the spot on the developed chromatogram with
borohydride (Fig. 1(b)), the metallic Hg was found to
be present inside the pores of the exchanger. Here, the
exchanger matrix consists of large number of pores
connected by channels. Sieve action of these channels
combined with surface adsorption activity of the
matrix make it possible to separate the species
smaller/bigger than the size of the channels.

3.2. Effect of the nature of mobile phases on Rf values and
selectivity factors

Chromatography of ten metal cations was
performed using mono- and multicomponent mobile-
phase system (M1–M29), and the mobility pattern of

Table 1
Mobile phases of different compositions

Symbol Composition

One-component system

M1 0.1M HCl

M2 0.2M HCl

M3 0.5M HCl

M4 1M HCl

M5 0.01M H2SO4

M6 0.02M H2SO4

M7 0.04M H2SO4

M8 0.5M H2SO4

M9 0.005M HNO3

M10 0.05M HNO3

M11 0.2M HNO3

Two-component system

M12 1M HCl+ 10mL acetone

M13 1M HCl+ 20mL acetone

M14 1M HNO3+ 20mL acetone

M15 2M HNO3+ 20mL acetone

M16 0.01M HNO3+ 20mL acetone

M17 0.01M HNO3+ 40mL acetone

M18 0.01M HNO3+ 60mL acetone

M19 0.01M HNO3+ 100mL acetone

M20 0.5M H2SO4 + 0.1MCH3COOH

M21 0.5M H2SO4 + 0.2MCH3COOH

M22 0.1M H2SO4 + 0.3MCH3COOH

M23 0.1M H2SO4 + 1MCH3COOH

Three-component system

M24 1M HNO3+ 1M CH3COOH+40mL acetone

M25 0.1M H2SO4 + 1MCH3COOH+10mL acetone

M26 0.1M H2SO4 + 1MCH3COOH+20mL acetone

M27 0.1M H2SO4 + 1MCH3COOH+40mL acetone

M28 1M H2SO4+ 1MCH3COOH+50mL acetone

Four-component system

M29 0.1MHCl+ 0.1M H2SO4 + 0.1M
HNO3+ 0.1MCH3COOH
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the cations was found to depend on the composition
of the mobile phase system. From chromatogram the
Rf values and selectivity factors of the cations with

respect to Hg+2 were determined. The following
important observations have been obtained from the
results presented in Tables 2 and 3:

(1) There is no dispersion of metal ions on the
developed chromatogram for one component
mobile phase system (except 0.05M HNO3

where Zn+2, Mn+2, and Bi+3 have been
dispersed).

(2) Except M29, in all the mobile-phase systems
(M1–M28), either Hg+2 becomes dispersed or the
selectivity factors were found to be< 1.15 for
metal ions with respect to Hg+2 indicating a
poor separation.

(3) Almost all the metal ions (except Bi+3, Fe+3,
Tl+3, and Zr+4) have dispersed in M13 (1M HCl
+ 20mL acetone) and M19 (0.01M
HNO3+ 100mL acetone).

(4) The dispersed area on each chromatogram was
extracted in CCl4 and FTIR studies (Fig. 2) of
extracted mass indicated the appearance of a
peak at lower range (1602.74 cm�1), which was
originally present at a higher frequency at
1622.02–1629.74 cm�1 in the spectra of pure
CH3COCH3. This shifting of the peaks clearly
indicates the formation of metal acetone com-
plex on the chromatogram [25]. The formation
of kinetics is very fast, and each of these

molecules so produced moves with the mobile
phase. So, the spots become dispersed on the
chromatogram.

3.3. Effect of temperature on the development of the spot on
chromatogram

Systematic studies have been made on the develop-
ment of the spots on the chromatogram using M29 as
the mobile phase at the range of temperature
290–313K and plot of log V0

V

� �
vs 1,000/T gives a linear

relationship (y=�1267X+ 5,014; R2 = 1.0) (Fig. 3).
Where V and V´ are volumes of spots on the

chromatogram at temperatures T and T´, respectively.
The area/volume of the spots was found to

increase with the increase in temperature at constant
time, analyte character (amount and composition),
and character of the stationary and mobile phases.
The concentrations of the final states (developed spot)
decreased with increase in temperature due to the
increased tendencies of diffusion at higher tempera-
tures. The effect of temperature on variation in vol-
umes of spots of Hg+2 has been exploited for the
determination of the enthalpy change (DH) and log K
for this diffusion process from the slope (DHR ) and
intercept (ln K) of Eq. (1) [26], respectively. The
analyte (Hg+2) during its forward movement enters
alternately into both phases (stationary and mobile)
and its behavior is well executed by the temperature-
independent parameter K (here, the value of intercept

at 1
T = 0 is the ln K; Fig. 3), the partition constant.

High resolution

(a) SEM image of pure cellulose paper   

(b) SEM image of  the reduced Hg on the chromatogram  

Low resolution

High resolutionLow resolution

Fig. 1. SEM image of the exchanger (a) SEM image of pure cellulose paper; (b) SEM image of the reduced Hg on the
chromatogram.
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ln
V 0

V

� �
¼ lnK þ DH

RT
ð1Þ

i.e.

ln
A0 � l

A� l
¼ lnK þ DH

RT
ð1aÞ

where R is the gas constant = 8.314 JK�1mol�1. A and
A´ are the initial and final area of the spot, and l is
the thickness of the paper strip.

The free energy change (DG) and entropy change
(DS) at room temperature (298K) were calculated
using Eqs. (2) and (3).

DG ¼ �2:303RT logK ð2Þ

and

DS ¼ ðDH � DGÞ=T ð3Þ

The high equilibrium constant (102) and negative
DH (�10.53 kJmol�1) indicate the exothermic nature of
this liquid–liquid partition process [22], the high
negative value of DG (�12.52 kJmol�1) suggests the
spontaneity of the process [26], and small positive DS
(6.63 kJmol�1) implies that the process is not much
disordered but confined to a definite area/volume.

3.4. Interference of foreign ions on Rf values

Systematic studies on Rf values for Hg+2 on the
developed chromatogram have been made in the pres-
ence of foreign ions like of Na+, K+, Ca+2 and Mg+2 in
the range concentration 50–400lgmL�1 but consider-
able interferences were not found (standard devia-
tion = 1.22). These alkali and alkaline earth metal ions
on reduction with sodium borohydride produce color-
less stains. Thus, even the presence of those ions can
not impede the detection of metallic mercury.

3.5. Binary and multicomponent separations

The Rf values and the selectivity factors of metal
ions were determined on chromatogram (Tables 2 and
3) using M29 as the developing solvent. Result shows
that under this recommended condition the lighter
metal ions (Zn+2, Cu+2, Fe+3, Mo+3, Zr+4, Mn+2, Co+2,
and Ni+2) having molecular mass 55–91, are very
weakly bound (Rf value �0.9), metal ions like Bi+3,

Tl+3 and Hg+2 (molecular mass �200) are moderately

Fig. 2. FTIR spectra of pure acetone and acetone-Hg complex.

Fig. 3. Plot of log ðV0
V Þ vs. 1,000/T.
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bound (Rf value 0.7–0.8), while Pb+2 is very tightly

bound (Rf value <0.05) with the stationary phase.

These weakly and moderately bound metal ions are
present as [M(H2O)]+2 in 0.1M acidic condition [27],
while Pb+2 present as a tetramer, [Pb4(OH)4]

+4.
Because of its very high molecular mass, tetrameric
Pb+2 (�1,000) practically remains unmoved.

In order to assess the possible analytical appli-
cations, the proposed method was applied to sepa-

rate Hg+2 from multi-component synthetic mixtures
containing Hg+2 with different metal ions
commonly associated with it in same analytical
group, ores and alloy samples. Fifteen difficult and
analytically important separations of Hg+2 from
diverse metal ions in binary and multi-component
synthetic mixtures follow the Rf values and selec-
tivity factors (>1.2). Important separations are
shown in Fig. 4.

Fig. 4. Chromatogram of multicomponent separations (synthetic samples).

Table 4
Correlation of Rf values of diverse metal ions with their radii and hardness (gM) values

Metal ions Radii (pm) Hardness of metal (gM) eV Hardness of exchanger (gex) eV Dg ¼ ðgM � gexÞ eV Rf value

Zn+2 74 10.88 6.34 4.54 0.99

Ni+2 83 8.50 2.16 0.97

Fe+3 79 12.08 5.74 0.94

Co+2 79 8.22 1.88 0.93

Cu+2 87 8.27 1.83 0.93

Zr+4 76 11.25 4.91 0.92

Bi+3 117 3.96 2.38 0.84

Hg+2 116 7.70 1.36 0.76

Tl+3 103 10.40 4.06 0.70

Pb+2 133 (a532) 8.46 2.12 0.05

aRadii in [Pb4(OH)4]
+4.
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3.6. Correlation of Rf value with Desity-Functional
(hardness) Index (g)

Whatmann paper contains glucose as the building
block of cellulose. The glucose units are stacked one
after another one through hydrogen bonding and
produce the capillary of radius 500 pm. Metal ions in
mobile phase move throgh these capillaries during the
chromatographic development. Here, glucose units
having O-as binding sites interacted with metal ions
according to Pearson’s [28], hardness principle. Opti-
mization of the structure of glucose was performed by

AMI semi-emperical method. HOMO (�10.7487 eV)—
LUMO (1.9266 eV) gap is calculated on the basis of
the results obtained using the optimized structure.
Utilizing Koopman’s theorem (Eq. (4)), the global
hardness (gex = 6.34 eV) of the glucose unit is deter-
mined [29–31]. Among the studied metal ions, Hg+2

having closest g (Table 4) should most strongly bind
(lowest Rf value) with the glucose unit. With respect
to the g values, metal ions like Co+2, Cu+2, Ni+2, Pb+2

and Bi+3 (Dg= 1.88–2.38 eV) should have the moderate
Rf values. Due to higher differences in g values

(Dg= 4.06–5.74 eV), metal ions like Tl+3, Zn+2, Zr+4

and, Fe+3 should be placed at topper end on the
developed chromatogram. But, the order is not regular
probably the solvated metal ions do not interact with
their absolute hardness (gM). Regarding the radii of
metal ions and exchanger site, Co+2, Cu+2, Ni+2, Fe+3

and Zn+2 (r= 0.69–0.88 pm) should passes through the
cellulose pore with higher mobility ,while Pb+2 in its
tetrameric form (r= 532pm) having highest radii (and

(a) (b)

Fig. 5. Interaction pattern of acid–base pair.

Fig. 6. Plot of Rf values vs. Dg.

Table 5
Correlation of Rf values of diverse metal ions with
corrected hardness (g�M) values (values for oxo-species are
given in parenthesis)

Metal
ions

(d) =
[1� (r/ri)]

g⁄= g� g� d
(eV)

Dgc ¼ ðg�M � gexÞ
(eV)

Rf

value

Zn+2 0.88 1.30 5.04 0.99

Ni+2 0.86 1.19 5.15 0.97

Fe+3 0.86 1.69 4.65 0.94

Co+2 0.87 1.07 5.27 0.93

Cu+2 0.86 1.20 5.14 0.93

Zr+4 0.84 1.57 4.76 0.92

Bi+3 0.77 (0.51) 0.91 (1.94) 5.43 (4.40) 0.84

Hg+2 0.80 1.54 4.80 0.76

Tl+3 0.83 1.77 4.57 0.70

Pb+2 0.77 1.95 4.39 0.05

Fig. 7. Plot of dr vs. g⁄.

Table 6
Overview of hydrated radii, correlation of calculated
values with literature values [23]

Metal
ions

g⁄ Hydrated radii
(calculated) pm

Hydrated radii
(literature values)
pm

Zn+2 1.30 (1.25)a 553.7 (575.9)a 600

Ni+2 1.18 610.0 600

Fe+3 1.69 (1.16)a 425.9 (620.5)a 600

Co+2 1.07 672.7 600

Cu+2 1.20 599.9 600

Zr+4 1.57 459.0 1,100

Bi+3 1.58 470.0 –

Hg+2 1.46 493.0 500

Tl+3 1.79 402.1 –

Pb+2 1.94 (1.70)a 371.0 (423.4)a 590

aValues obtained from plot are given in parenthesis.
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greater than pore radii, 500 pm) should remain
unmoved. And metal ions like Tl+3, Hg+2, and Bi+3

(r= 1.03–1.17 pm) should have the moderate mobility.
Thus, the radius factor plays an anchoring role on the
movement (Rf value) of the metal ions on the chro-

matogram.

g ¼ 1

2
feLUMO � eHOMOg ð4Þ

3.7. Correlation of Rf value with corrected hardness (g⁄)

Radii of the metal ions are very much smaller
(<120 pm) than the core radius of glucose ring
(500 pm). During equilibration, a definite solvent shell
exists in between the metal ion and glucose ring as
per following suggested path (Fig. 5(b)). Hardness of
the hydrated metal ion depends on the aggregation of
water shell with the metal ion and may be repre-
sented by Ghosh et al. additivity formula [32], or by
Dutta’s product formula [33].

Thus, the operative hardness of diverse ions for
Pearson acid–base interaction [24] would differ from
their absolute values. In this case, the relative
deviation (d) of the radii ratio (i.e. d= 1� r/ri; Where
r is the radii of any metal ion under consideration, ri
[ideal radii] is the radii of the glucose core) is an
index of proximity of acid–base pair with respect to g
and which in turn reflects the closeness between the
absolute radii and solvated ionic radii. Mathemati-
cally, as r! ri, rs (solvated radius)! ra (absolute
radius), d! 0 and so, g⁄! g Eq. (5). With the
decrease in the d value, the acid–base pair will come
closer to introduce the better acid–base interaction.
At a limiting value of d= 0 (i.e. when ri= r) the close-
ness of the acid–base pair is highest, and thus, inter-
action is highest with almost 100% of their absolute
hardness values. Based on the above argument, the
working empirical formula for the calculation of
corrected hardness (g⁄) for the metal ions could be
proposed as:

Fig. 8. Probable attachment of metal ions into the glucose
moities during equlibration. The shaded area represents
the back side of the ring.

Fig. 9. AFM image of developed chromatogram after borohydride reduction. (a) Diposition pattern of Hg and (b)
diposition pattern at high resolution (c) FFT profile (d) height profile of (a & b).
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Table 7
Separation of Hg+2 from real samples

Sample Separation parameters

Sl. no Metal ion (added) aRf values (cm) Selectivity factors (a) Standard deviation

Blood samples Blood serum 1. Hg+2 0.68 0.12

Pb 0.04 17.0 0.08

Zn 0.99 1.45 0.22

2. Hg 0.70 0.31

Pb 0.04 17.5 0.09

Cu 0.99 1.41 0.07

3. Hg 0.70 0.08

Pb 0.05 14.0 0.24

Bi 0.97 1.39 0.26

4. Hg 0.70 0.09

Pb 0.05 14.0 0.42

Cd 0.98 1.40 0.08

5. Hg 0.73 0.22

Pb 0.05 14.6 0.23

Ni 0.97 1.33 0.26

Raw water 1. Hg 0.78 0.32

Pb 0.04 19.5 0.22

Ni 0.95 1.22 0.18

2. Hg 0.78 0.16

Pb 0.04 19.5 0.33

Bi 0.94 1.21 0.08

3. Hg 0.75 0.16

Pb 0.04 18.75 0.28

Cd 0.97 1.29 0.25

4. Hg 0.74 0.32

Pb 0.04 18.5 0.41

Zn 0.99 1.34 0.08

5. Hg 0.75 0.16

Pb 0.04 18.75 0.08

Cu 0.95 1.27 0.26

6. Pb 0.04 17.5 0.14

Cd 0.97 1.39 0.08

Tl 0.70 0.22

7. Hg 0.75 0.32

Pb 0.04 18.75 0.18

Co 0.93 1.24 0.26

Distilled water 1. Hg 0.75 0.16

Pb 0.04 18.75 0.06

Mn 0.99 1.32 0.08

2. Hg 0.79 0.18

Pb 0.04 19.75 0.24

Th 0.98 1.24 0.28

3. Tl 0.80 0.44

Pb 0.04 20.0 0.18

Co 0.98 1.23 0.08

(Continued)
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Relative deviationðdÞ ¼ ½1� ðr=riÞ�; and g�

¼ g� g d ð5Þ

Thus, when, d= 0, (at ri= r), g⁄= g; metal ions
having ideal radius interacts with their absolute
hardness with the exchanger.

The corrected hardness, g⁄ has been determined
(Table 5) from the empirical formula. In terms of
hardness, Pb+2 and the binding site of the exchanger
match best (i.e. smallest Dg) and Pb+2 is tightly bound
(lowest Rf value). Metal ions with higher Dg values

are loosely bound and placed at the topper end of the
chromatogram. While moderately bound metal ions
(Dg= 4.60 ± 0.2) are placed at the middle part of the
chromatogram. Probably, the oxo-species of Bi+3 and
Zr+4 have different radii value and show their anoma-
lous behavior.

3.8. Sorption energy and acid base binding energy

Plot of Rf values vs. Dg (=gex� g⁄) gives a linear
plot (Fig. 5) (y= 4.811x+ 0.325; R2 = 0.956) with an
intercept of 0.325. At x=0 (i.e. Rf =0), exchanger—metal

Table 7
(Continued)

Sample Separation parameters

Sl. no Metal ion (added) aRf values (cm) Selectivity factors (a) Standard deviation

4. Tl 0.75 0.14

Pb 0.04 18.75 0.12

Ni 0.92 1.23 0.22

5. Tl 0.74 0.32

Pb 0.04 18.5 0.29

Cu 0.94 1.27 0.18

6. Tl 0.70 0.18

Pb 0.04 17.5 0.22

Bi 0.87 1.24 0.09

7. Tl 0.70 0.16

Pb 0.04 17.5 0.32

Fe 0.94 1.34 0.08

8. Tl 0.71 0.18

Pb 0.04 17.75 0.22

Zn 0.99 1.39 0.31

9. Tl 0.75 0.28

Pb 0.04 18.75 0.16

Mn 0.97 1.29 0.09

10. Bi 0.85 0.28

Pb 0.04 21.25 0.14

Mn 0.97 1.14 0.22

11. Tl 0.75 0.12

Pb 0.04 18.75 0.33

Cd 0.99 1.32 0.41

12. Bi 0.86 0.16

Pb 0.04 21.50 0.09

Cd 0.99 1.15 0.18

13. Bi 0.88 0.32

Pb 0.04 22.00 0.18

Th 0.99 1.12 0.26

14. Tl 0.85 0.06

Pb 0.04 21.25 0.18

Th 0.99 1.16 0.32

aAverage of five determinations.
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binding becomes maximum, and Dg should become
zero [28]. But, at x= 0; Dg= 0.325 eV (Fig. 6) indicating
that at this recommended condition, exchanger—metal
is not perfectly bound, and metal ion should be in
motion with an equivalent value of energy 0.325 eV.
So, acid–base interaction behavior is not the sole fac-
tor so far as the movement of the metal ions is
concerned. And, due to some sort of sorption behavior
(act in opposite direction) it remains unmoved (Rf = 0)

with a threshold energy (sorption) of 0.325 eV
(31.3 kJmol�1) and agreed well with literature values
(45.67–68.72 kJmol�1 for the sorption of bivalent ions
on single walled carbon nanotube having o-binding
site) [34]. At x= 1 (i.e. Rf = 1), Dg= 5.136 eV is the

amount of total energy (Esorption +Eacid–base) required
for free movement of metal ions. The slope is the
desorption tendency (Kdesorption) with a constant value
of 0.048� 102. Here, Eacid–base is a function of move-
ment of metal ions (Rf values) on the chromatogram.

3.9. Determination of hydrated radii from corrected
hardness (g⁄)

The Eq. (5) can be represented as:

g� ¼ g� g� ðri � rÞ=ri; i:e:g� ¼ g� g� Dr=ri ð6Þ

where Dr represent the solvent shell as per Fig. 5.
Thus, there is a linear relationship between Dr and

g⁄. Plot of Dr (difference between solvated radii and

absolute radii of metal ion, rs� ra) vs. g
⁄ gives a linear

plot (y=�0.010x+ 6.374) with an intercept of 6.374
(Fig. 7). Here, the variation of Dr has been made by
changing radii of the metal ion. At Dr= 0, solvated
radii is equal to absolute radii (Fig. 5) and at this rec-
ommended condition, g⁄ should approach to g (abso-
lute hardness). From the corrected g⁄, the hydrated
radii of the metal ions have been determined by the
following relationship (Eq. (7)), and these calculated
values (Table 6) agreed well with the Kiland values
[23],

g ¼ 1=2r ð7Þ

where g=hardness and r= radii.

Fig. 10. 12 important ternary separations from blood samples.

Fig. 11. Plot of concentration (mg mL�1) vs. area (no of
squares; each of 0.154 cm2).
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3.10. Probable mechanistic path

The morphological characters and sizes of
diposited Hg on the chromatogram were determined
by SEM and atomic force microscopy (AFM, VEECO,
dicpII). Solvated metal ions moves through the micro
capillaries so produced by the stacking of glucose
molecules one after another one as per the probable
mechanistic path (Fig. 8). During the movement metal
ions that which are present in between the two
glucose rings, interact through hard-soft nature of
binding with the oxygen sites (1, 2, 3 of one glucose
ring and 4, 5, 6 of the second glucose ring) of the
exchanger. Generally, metal ions are of lower in size
in comparison with the capillari size. In such cases,
the solvent core that is present in between the metal
ion and exchange site is dragging the ions and keeps
them in motion. Differential migration of the ions
correlates with the variation in solvent (mobile phase)
core for the diverse ions. High-resolution AFM images
of the chromatogram also unambiguously confirm the
discontinuous diposition of Hg (Fig. 9(a) and (d)) and
supports the probable mechanistic path.

3.11. Separation of mercury from real samples

The effectiveness of the proposed method was
judged by separating Hg+2 from raw water (well,
pond, and tap) samples. The feasibility of the process
was tested by separating Hg+2 from human blood sam-
ples containing diverse congeners for its serological
sample analysis. Results are given in Table 7. And the
separation profiles are given in Fig. 10.

3.12. Estimation of unknown concentration of Hg(II)

Systematic studies have been made on area of the
spot on chromatogram at the range of concentration
13.1–3.275mgmL�1 of Hg(II). The developed area on
the chromatogram was measured and plot of concen-
tration vs. area generates a straight line (y= 8.811x
+ 3.639; R2 = 0.994) (Fig. 11). The concentration of an
unknown analyte was determined from the plot. The
values (synthetic solution: 4.38; raw water: 4.52; and
tap water: 4.48mgmL�1) are compatible (relative
error: 1.60 ± 0.66 and relative standard deviation: 2.63
± 0.46) with standard values (4.42mgmL�1) obtained
complexometrically [35].

4. Conclusions

The proposed borohydride reduction method for
metal ion detection on chromatogram is simple, rapid,
selective, eco-friendly, and cost-effective. Alkali and

alkaline earths do not interfere the detection of Hg(II)
by borohydride reduction on the chromatogram. Clean
separations (aP 1.21) of Hg(II) have been achieved
from several toxic and heavy metal ions like Pb(II), Fe
(III), Cu(II), Zn(II), Ni(II), Bi(III), Tl(III), Zr(IV), and Cd
(II) in synthetic multicomponent mixtures. Clean sepa-
ration of Hg(II) has also been achieved from blood
serum and platelets containing chemical congeners
which appear to be highly applicable to forensic sero-
logical and toxicological analysis. Sorption energy,
acid-base-binding energy and hydrated radii have been
determined from Density Functional (hardness) Index
and their values agree well with the literature values.
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