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Abstract

A new functionalized calix[6]crown hydroxamic acid is reported for the speciation, liquid–liquid extraction, sequential separation and
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race determination of Cr(III), Mo(VI) and W(VI). Chromium(III), molybdenum(VI) and tungsten(VI) are extracted at pH 4.5, 1.5
nd 6.0 M HCl, respectively with calixcrown hydroxamic acid (37,38,39,40,41,42-hexahydroxy7,25,31-calix[6]crown hydroxamic
hloroform in presence of large number of cations and anions. The extraction mechanism is investigated. The various extraction
ppropriate pH/M HCl, choice of solvent, effect of the reagent concentration, temperature and distribution constant have bee
he speciation, preconcentration and kinetic of transport has been investigated. The maximum transport is observed 35, 45 an
hromium(III), molybdenum(VI) and tungsten(IV), respectively. For trace determination the extracts were directly inserted into the p
nductively coupled plasma atomic emission spectrometry, ICP-AES, measurements of chromium, molybdenum and tungsten whi
he sensitivity by 30-fold, with detection limits of 3 ng ml−1. The method is applied for the determination of chromium, molybdenum
ungsten in high purity grade ores, biological and environmental samples. The chromium was recovered from the effluent of ele
ndustries.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Chromium, molybdenum and tungsten are important
onstituents of modern alloys and these elements are quite
bundant in untreated waste waters of iron, steel, leather

anning, metal plating, battery, electro wiring, metal finish-
ng, aerospace and electronic industries. The heavy metal
missions are of increasing importance is assessment of risks
ssociated with a combustion system. Metal contributes
bout 7–9% of a typical waste by weight, a significant

raction of incombustible matter in hazardous waste. Atmo-
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spheric emission of Cr, Mo, As, Cu, Ni etc. and their s
are regulated under the clean act. Many of these, like
Mo emitted into the atmosphere pose serious health haz
The bioinorganic chemistry of chromium, molybdenum
tungsten plays an important role in biological systems[1].
Since these are the essential elements contributing t
function of 11 known enzymes, their accurate determina
in blood plasma is important to obtain an insight into th
metabolism. It passes continuation risk to natural env
ment concern because of its toxicity[2]. In contrast, Cr(VI)
is carcinogenic and can diffuse through cell membrane
oxidize molecules with toxic results[3,4].

In recent year, it has become recognized that trace m
analysis must involve the metal speciation in addition to
tal metal analysis. Biomedical, biological and toxicolog
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Fig. 1. 37,38,39,40,41,42-hexahydroxy-7.

properties depend upon the specific form in which, the metal
is present and combinations of metals have different effects
on the environment depending on the nature of the mixture.
Hard chrome and molybdenum alloys plating of gun barrels
release these metals on firing rounds and transport of these
aerosol particles to different environmental conditions causes
a health hazard. Number of papers on chromium speciation
analysis has significantly increased in recent years because
of the wide spread contamination of environment due to in-
dustrial, fungicides, magnetic tapes and metallurgy.

Various reagents have been used for the extraction, sepa-
ration and determination of chromium[5–15], molybdenum
[16–20] and tungsten[21–25]; however, these methods are
tedious, time consuming, non specific and difficult to separate
sequentially chromium, molybdenum and tungsten from each
other. Recently, macrocyclic compounds like crown ethers
and calixarenes are reported for the chromatographic separa-
tion of chromium[26].

On the other hand, atomic spectroscopic method (AAS),
inductively coupled plasma atomic emission spectrometry
(ICP-AES) and ICP-Mass spectrometry do not distinguish
Cr(III) and Cr(VI) but gives the total concentration. Dicyclo
18-crown-6 is reported for the extraction of molybdenum and
tungsten as thiocyanates[27–29]. However, no systematic
studies for their separation are reported.

Calix-crown ethers[30] are the new class of ligands hav-
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is directly inserted into plasma, which produces a 30-fold
increase in sensitivity and detection limit.

2. Experimental

2.1. Chemicals

All the chemicals and solvents used were of analytical
grade and from E. Merck unless otherwise specified.

2.2. Reagents

Stock solution (1.68× 10−3 M, 0.2%) of calix-crown hy-
droxamic acid was prepared in CHCl3.

2.3. Apparatus

The CIBA corning glass vessels were used. Electronic
spectra were recorded on a CIBA-Corning 2800 UV–visible
spectrophotometer with matching 10 mm quartz cells, pH
measurements were performed with Systronic pH meter
Model 335, equipped with a combined glass and calomel
electrode.

Plasma Scan Model 710 Sequential plasma, Inductively
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ng the binding properties towards alkali and alkaline m
ls, which can be tuned by the subtle conformation cha
round the binding region. Hydroxamic acids are the vers
nalytical reagents for the estimation and separation of m

31–38]. The introduction of the hydroxamic acid group in
he macrocycles may enhance the complexing ability tow
he metal ions. With this in a view, in the present investiga
ew functionalized calix-crown ether with hydroxamic a
roup (Fig. 1) is synthesized and used for the complexa

iquid–liquid extraction, speciation and sequential separa
f Cr(III), Mo(VI) and W(VI) from solid wastes. The prese
xtraction method removes the bulk of the major elem
nd at the same time, concentrates the desired metal s

nto a small volume of the solution. The chloroform extr

s

oupled Atomic Emission Spectrophotometer with pla
can multitasking computer and peristaltic pump was u
he following conditions were set for ICP-AES, Ref 27.12
Z, incidental power 2000 W, GMK nebulizer, Sample c
entration 1.0 ng mL−1, RF power 5 W, observation heig
4 mm, argon coolant flow 13 L min−1, wavelength set fo
hromium 262.72 nm, for molybdenum 202.30 nm and
ungsten 207.91 nm.

.4. Metal solutions

Standard solutions of Cr(III), Mo(VI) and W(VI) we
repared by dissolving 3.83 g of CrCl3·6H2O in 250 mL of
ater, 1.79 g of (NH4)6Mo7O24·4H2O in 100 mL of wa-

er and 1.84 g of Na2WO4·2H2O in 250 mL of water. Fi
al concentrations were determined spectrophotometr

9,14,15,17,36].

.5. Extraction procedure

An aliquot of sample solution containing 98.2–196.2�g
f Cr(III), 99–198�g of Mo(VI) or 99–199�g of W(VI) was

ransferred in to 25 mL separator funnel and pH or mo
ty of the HCl solution was adjusted [for Cr(III) pH 4.

o(VI) 1.5 M HCl and for W(VI) 6.0 M HCl] with buffer
r conc. HCl. The mixture was then shaken with 5.0
0.2%) chloroform solution of calix-crown hydroxamic a
or 5 min. The organic layer was separated, dried ove
ydrous sodium sulfate and transferred to 10.0 mL volu
ic flask. The organic layer was made up to 10.0 mL w
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Fig. 2. Membrane cell for the 13,25,31-calix[6]crown hydroxamic transport
of Cr, Mo and W acid; a, feed solution; b, received; phase (stirred); m,
membrane; ms, magnetic stirrer; gs, glass stirrer.

chloroform and absorbance was measured against reagent
blank.

2.6. Transport condition

The transport conditions were performed with two-glass
half diffusion cell, which were separated by the membrane
16 cm2 (Fig. 2). The membrane was impregnated with carrier
calix-crown hydroxamic acid dissolved in chloroform and
fixed between the half-cell. In support of this liquid mem-
brane transport experiments the samples were taken from the
fixed and receiving solutions at scheduled time intervals and
analyzed for the Cr, Mo and W by spectrophotometry and
ICP-AES.

3. Results and discussion

The chloroform extract of calix-crown hydroxamic
acid complexes of chromium(III), molybdenum(VI) and
tungsten(VI) have the maximum absorbances at 387,
410 and 320 nm, respectively with molar absorptivity
1.38× 104, 2.24× 104 and 1.99× 104 L mol−1 cm−1 for
Cr(III), Mo(VI) and W(VI), respectively. The reagent blank
does not absorb at these wavelength. Under the opti-
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um conditions, the calibration curves are linear o
he concentration range of 0.98–13.70�g mL−1 for Cr(III),
.99–14.98�g mL−1 for Mo(VI) and 0.99–15.68�g mL−1

or W(VI). The linear equations with the regressio
re as follows: Cr(III), Conc. = 11.1× Absorbance with
= 0.999; Mo(VI), Conc. = 3.5× Absorbance withr = 0.999;
nd W(VI), Conc. = 3.1× Absorbance withr = 0.999. Ten
eterminations of each 15�g mL−1 of Cr(III), Mo(VI) and
(VI) solutions gave a relative standard deviation of 2.3

nd 3.0%, respectively. For ICP-AES measurements th
ract is directly inserted in to the plasma through perist
ump, which increases the sensitivity with the detection

ts 3 ng mL−1.
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3.1. Effect of pH/M HCl and time

Cr(III), Mo(VI) and W(VI) were extracted with calix-
crown hydroxamic acid at different pH/M HCl. It was ob-
served that maximum extraction (%E) andKd was found for
Cr(III) at pH 4.5, Kd 1380, Mo(VI) with 1.5 M HClKd 1460
and for W(VI) with 6.0 M HCl andKd 985, (Table 1). It was
found that 5 min of shaking time is sufficient for the quanti-
tative extraction of Cr(III), Mo(VI) and W(VI).

3.2. Effect of concentration of calix-crown hydroxamic
acid

The influence of the concentration of calix-crown
hydroxamic acid was studied by extracting a fixed amount
of Cr(III), Mo(VI) or W(VI) with varying concentration of
calix-crown hydroxamic acid. It was found that a 10.0 mL
aliquot of 1.68× 10−3 M calix-crown hydroxamic acid was
adequate for the complete extraction of Cr(III), Mo(VI) and
W(VI). However, excess of the reagent does not effect the
extraction (%E).

3.3. Choice of extracting solvent

Among chloroform, dichloromethane, benzene, toluene
and iso-amyl alcohol, chloroform was found to be the most
suitable solvent for the quantitative extraction of chromium,
molybdenum and tungsten (Table 2).

3.4. Effect of temperature

The thermodynamic parameters for chromium, molybde-
num and tungsten complexes were determined at various tem-
peratures between 288 and 318 K (Table 3). Results show that
with the increase in the temperature, extraction constant in-
creases. The plot of logKex against 100/Tis linear. The nega-
tive values of free energy show that the reaction is exothermic
and favourable for extraction.

3.5. Stoichiometry of the complex

The stoichiometry of the complexes was established by
plotting the graph of logarithm of metal distribution ratio

Table 2
Effect of interfering ions on the extraction of chromium

Diverse ions Added as Milligrams added LogKn
M

+ KCr Found (�g mL−1)

Spectroph. ICP-AES

C
A
C
Z
C
N
M
C
M
H
P
S
A
F
A
S
B
S
S
B
G
I
C
T
U
G
P
N
V
M
W
C
N
F
S

C

r – 50
g+ AgNO3 50
a2+ CaCl2 80
n2+ ZnSO4 60
o2+ Co(NO3)2 60
i2+ NiCl2 60
n2+ MnCl2 60
u2+ CuCl2 60
g2+ MgSO4 80
g2+ Hg(NO3)2 50
b2+ Pb(NO3)2 50
n2+ SnCl2 50
l3+ AlCl3 80
e3+ FeCl3 60
s3+ As2O3 70
b3+ SbCl3 60
i3+ BiCl3 60
c3+ ScCl3 70
r2+ SrCl2 80
a2+ BaCl2 80
a3+ GaCl3 80

n3+ InCl3 80
e4+ Ce(SO4)2 60
h4+ Th(NO3)4 50

6+ UO2(NO3)2 50
d3+ Gd(NO3)3 50
r3+ Pr(NO3)3 50
d3+ Nd(NO3)3 50
5+ NH4VO3 50
o (NH4)6Mo7O24·4H2O 60

Na2WO4·2H2O 60
l− NH4Cl 80
O3

− NH4NO3 80
− NH4F 80
O4

2− (NH4)2SO4 80

hromium, 5.0�g mL−1; pH, 4.5 log; solvent, chloroform.
11.32 1.00 4.98± 0.05 4.997± 0.006
0.32 1011.00 4.97± 0.05 4.996± 0.008
0.35 1010.97 4.99± 0.03 5.005± 0.006
1.15 1010.17 5.02± 0.05 4.999± 0.005
1.21 1010.11 5.03± 0.05 5.005± 0.008
1.25 1010.07 4.98± 0.05 5.002± 0.005
1.30 1010.02 4.97± 0.06 5.008± 0.009
1.28 1010.04 5.04± 0.04 4.998± 0.005
0.95 1010.37 4.99± 0.03 5.002± 0.006
0.80 1010.52 5.00± 0.03 4.997± 0.007
0.90 1010.42 5.03± 0.05 4.996± 0.008
0.90 1010.42 5.01± 0.03 4.999± 0.005
1.10 1010.22 4.98± 0.05 5.008± 0.009
2.10 109.22 4.97± 0.06 5.00± 0.005
1.19 1010.13 4.99± 0.03 5.002± 0.005
1.25 1010.07 4.99± 0.03 5.052± 0.007
1.30 1010.02 4.99± 0.03 4.996± 0.008
1.10 1010.22 5.02± 0.04 4.997± 0.006
1.00 1010.32 5.00± 0.04 4.995± 0.007
0.93 1010.39 5.02± 0.03 4.996± 0.007
0.88 1010.49 5.04± 0.06 4.993± 0.007
0.85 1010.47 4.97± 0.05 4.998± 0.005
2.20 109.12 4.97± 0.05 5.008± 0.008
2.30 109.02 5.03± 0.04 4.995± 0.007

8.92
2.40 10 5.02± 0.05 4.994± 0.008
2.05 109.27 4.98± 0.05 4.998± 0.005
1.85 1010.47 4.97± 0.04 4.996± 0.005
1.65 1010.47 4.97± 0.04 4.996± 0.005
2.65 109.67 5.05± 0.06 4.996± 0.007
0.45 1010.85 5.00± 0.04 4.995± 0.007
0.32 1011.00 5.04± 0.06 4.993± 0.007
0.70 1010.52 5.01± 0.03 5.003± 0.008
0.60 1010.72 5.02± 0.03 5.003± 0.005
0.65 1010.67 5.01± 0.03 5.004± 0.007
0.50 1010.82 4.99± 0.02 4.999± 0.005
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Table 3
Effect of interfering ions on the extraction of molybdenum

Diverse ions Added as Milligrams added LogKn
M

+ KMo Found (�gmL−1)

Spectroph. ICP-AES

Mo – 50 14.05 1.00 4.97± 0.04 4.995± 0.006
Ag+ AgNO3 50 0.85 1013.00 4.99± 0.04 4.997± 0.005
Ca2+ CaCl2 80 0.65 1013.40 5.02± 0.03 5.002± 0.002
Zn2+ ZnSO4 60 1.10 1012.45 4.98± 0.05 4.999± 0.005
Co2+ Co(NO3)2 60 1.20 1012.85 5.03± 0.05 5.005± 0.008
Ni2+ NiCl2 60 1.35 1012.70 4.96± 0.05 5.004± 0.002
Mn2+ MnCl2 60 1.20 1012.85 4.99± 0.04 5.004± 0.008
Cu2+ CuCl2 60 1.50 1012.55 5.05± 0.05 4.997± 0.004
Mg2+ MgSO4 80 0.80 1012.25 5.05± 0.04 5.001± 0.002
Hg2+ Hg(NO3)2 50 0.70 1012.35 4.99± 0.03 4.998± 0.005
Pb2+ Pb(NO3)2 50 0.95 1012.15 5.05± 0.04 4.997± 0.005
Sn2+ SnCl2 50 0.65 1012.30 4.98± 0.03 4.997± 0.004
Al3+ AlCl3 80 0.55 1012.50 4.99± 0.05 5.005± 0.009
Fe3+ FeCl3 60 2.00 1012.05 4.99± 0.06 5.01± 0.004
As3+ As2O3 70 1.15 1012.90 4.99± 0.03 5.002± 0.005
Sb3+ SbCl3 60 1.05 1013.00 4.98± 0.06 5.05± 0.004
Bi3+ BiCl3 60 0.95 1013.20 5.05± 0.03 4.998± 0.008
Sc3+ ScCl3 70 1.00 1013.05 4.99± 0.04 4.999± 0.006
Sr2+ SrCl2 80 0.85 1013.20 5.00± 0.04 4.995± 0.007
Ba2+ BaCl2 80 0.55 1013.50 5.04± 0.03 4.998± 0.007
Ga3+ GaCl3 80 0.65 1013.40 4.99± 0.05 4.983± 0.008
In3+ InCl3 80 0.70 1012.90 4.99± 0.05 4.999± 0.005
Ce4+ Ce(SO4)2 60 1.20 109.12 4.98± 0.05 5.007± 0.008
Th4+ Th(NO3)4 50 1.25 1012.95 4.99± 0.08 4.997± 0.05
U6+ UO2(NO3)2 50 1.30 1018.80 5.05± 0.02 4.984± 0.007
Gd3+ Gd(NO3)3 50 0.95 1013.10 4.99± 0.05 4.978± 0.005
Pr3+ Pr(NO3)3 50 0.85 1013.20 4.98± 0.04 4.998± 0.005
Nd3+ Nd(NO3)3 50 0.70 1013.85 4.99± 0.04 4.986± 0.005
V5+ NH4VO3 50 2.80 1011.25 5.02± 0.05 4.998± 0.005
Cr CrCl3·6H2O 60 0.25 1013.80 5.02± 0.05 4.998± 0.005
W Na2WO4·2H2O 60 1.65 1012.40 5.05± 0.06 4.992± 0.005
Cl− NH4Cl 80 0.50 1013.55 4.99± 0.05 5.004± 0.004
NO3

− NH4NO3 80 0.50 1013.55 5.05± 0.04 5.004± 0.003
F− NH4F 80 0.45 1013.60 5.02± 0.05 5.001± 0.087
SO4

2− (NH4)2SO4 80 0.50 1013.55 4.98± 0.04 4.989± 0.004
La3+ La(NO3)3 80 0.70 1010.55 5.02± 0.03 4.998± 0.007

Molybdenum, 5.0�g mL−1; HCl, 1.5 M; solvent, chloroform.

Fig. 3. logKd vs. pH. Fig. 4. −logC vs. logDM.
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Table 4
Effect of interfering ions on the extraction of tungsten

Diverse ions Added as Milligrams added LogKn
M

+ KW Found (�g mL−1)

Spectroph. ICP-AES

W – 50 14.89 1.00 4.98± 0.04 4.997± 0.006
Ag+ AgNO3 50 0.70 1014.19 4.98± 0.06 4.998± 0.004
Ca2+ CaCl2 80 0.65 1014.24 5.05± 0.03 5.004± 0.002
Zn2+ ZnSO4 60 0.95 1013.14 4.99± 0.05 4.998± 0.005
Co2+ Co(NO3)2 60 1.08 1013.81 5.05± 0.04 5.005± 0.008
Ni2+ NiCl2 60 1.21 1013.68 4.99± 0.05 5.02± 0.006
Mn2+ MnCl2 60 1.23 1013.66 4.98± 0.04 5.005± 0.008
Cu2+ CuCl2 60 1.45 1013.45 5.04± 0.05 4.998± 0.004
Mg2+ MgSO4 80 1.00 1013.89 4.99± 0.04 5.002± 0.002
Hg2+ Hg(NO3)2 50 0.82 1014.07 4.98± 0.04 4.999± 0.005
Pb2+ Pb(NO3)2 50 1.05 1013.84 4.99± 0.04 4.998± 0.005
Sn2+ SnCl2 50 0.65 1013.13 4.99± 0.03 4.998± 0.004
Al3+ AlCl3 80 0.55 1013.15 5.02± 0.05 5.002± 0.009
Fe3+ FeCl3 60 2.00 1013.59 4.98± 0.06 5.04± 0.004
As3+ As2O3 70 1.15 1013.14 4.98± 0.03 5.002± 0.005
Sb3+ SbCl3 60 1.05 1013.04 4.99± 0.06 5.04± 0.004
Bi3+ BiCl3 60 0.95 1013.07 5.02± 0.03 4.999± 0.008
Sc3+ ScCl3 70 1.00 1013.09 4.98± 0.04 4.997± 0.006
Sr2+ SrCl2 80 0.85 1013.41 5.02± 0.04 4.999± 0.007
Ba2+ BaCl2 80 0.55 1013.43 5.01± 0.03 4.997± 0.007
Ga3+ GaCl3 80 0.65 1014.11 4.98± 0.05 4.987± 0.004
In3+ InCl3 80 0.70 1014.26 4.98± 0.06 4.999± 0.002
Ce4+ Ce(SO4)2 60 1.20 1013.21 4.99± 0.05 5.004± 0.007
Th4+ Th(NO3)4 50 1.25 1012.94 4.98± 0.08 4.997± 0.05
U6+ UO2(NO3)2 50 1.30 1012.88 5.04± 0.02 4.994± 0.007
Gd3+ Gd(NO3)3 50 0.95 1013.04 4.99± 0.05 4.988± 0.005
Pr3+ Pr(NO3)3 50 0.85 1013.29 5.02± 0.04 5.05± 0.005
Nd3+ Nd(NO3)3 50 0.70 1013.24 4.98± 0.04 4.989± 0.005
V5+ NH4VO3 50 2.80 1012.84 5.05± 0.05 5.02± 0.005
Cr CrCl3·6H2O 60 0.69 1014.20 4.99± 0.04 4.986± 0.006
Mo Na2WO4·2H2O 60 1.95 1012.94 4.98± 0.04 4.995± 0.007
Cl− NH4Cl 80 0.50 1014.39 5.02± 0.05 5.002± 0.004
NO3

− NH4NO3 80 0.50 1014.39 5.04± 0.04 5.002± 0.003
F− NH4F 80 0.45 1014.39 4.99± 0.05 5.001± 0.087
SO4

2− (NH4)2SO4 80 0.50 1014.24 4.99± 0.04 4.999± 0.004
La3+ La(NO3)3 80 0.70 1014.50 5.05± 0.03 5.02± 0.007

Tungsten, 5.0�g mL−1; HCl, 6.0 M; solvent, chloroform.

(logDM) against the negative logarithm of the concentration
of ligand (−logC) and logKd against pH, which shows the
formation of 1:1 metal: calix-crown hydroxamic acid com-
plex with a slope 1.00 (Figs. 3 and 4). The extraction was
carried out by taking a fixed amount of Cr(III), Mo(VI and
W(VI) with varying concentration of calix-crown hydrox-
amic acid. This confirms that one molecule of ligand is re-
quired for 1 mol of metal ion and the expected structure of
the complex can be of the type:

The extraction of Cr(III), Mo(VI) and W(VI) with calix-
crown hydroxamic acid can be represented as,

CrCl3[aq] + H2A[org] � [Cr − A]Cl [org] + 2[H+][aq] (1)

[MoO2][aq]
2+ + [H2A] [org] � [MoO2 − A] [org] + 2[H+][aq]

(2)

[WO2][aq]
2+ +[H2A] [org] � [WO2 − A] [org] + 2[H][aq]

+ (3)

Table 5
Determination of chromium(III) and chromium(VI) in tannery effluents

Synthetic sample (ppm) Cr(III) + Cr(VI) Chromium total Cr(III) + Cr(VI) (�g) Concentration of Cr(III) (�g) Concentration of Cr(VI) (�g)

100 + 100 199.40 99.90 99.50
0.5 + 0.0 0.50± 0.03 0.50 0.00
40.0 + 5.0 45.0± 0.04 40.02 4.9
5.0 + 40.0 45.0± 0.03 4.85 40.15
1.5 + 0.50 2.1± 0.02 1.49 0.52
Chromic plating rinsing water sample 280.0± 0.05 9.00 271.00
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Table 6
Determination of Cr(III), Mo(VI) and W(VI) in silicate rock, ores, alloys and steel samples

Sample Cr(III) (ppm) Mo(VI) (ppm) W(VI) (ppm)

Certified Found Certified Found Certified Found

Basalt USGS BCR-1 15.00 14.92 1.20 1.18 0.50 0.53
Basalt GIT: BE-N 360.00 359.92 – – 29.00 28.90
Basalt CRPG: BR 380.00 379.91 4.10 3.94 29.00 28.95
Chromite FeCr2O4 9.8% 9.782% – – – –
Molybdenite MoS2 – – 59.94% 59.52% – –
Wolframite [Fe(Mn)WO4] – – – – 47.67% 47.51%
GKW Steel, India 1.02% 1.018% 10.50 10.45 2.50 2.48
Stainless steel no.304 18.0 % 17.98 % 25.80 25.50 3.00 2.50
BCS 406/1 6.50 6.55 1.0% 0.92% 3.50 3.48
BCS 219/4 5.10 4.98 0.58% 0.56% 1.50 1.55
BCS 261/1 8.55 8.50 0.11% 0.10% 4.75 4.73

where the extraction constantKex can be given

Kex = [M − A] [org] × [H+][aq]

[M] [aq]
n+ × [H2A] [org]

(4)

where A stands for the hydroxamate anion of calix-crown
hydroxamic acid.
DM is metal distribution ratio between organic and aque-

ous phases given as,

DM = [M − A] [org]

[M] [aq]
n+ (5)

where the subscripts [aq] and [org] are aqueous and organic
phases, respectively.

The general extraction constantKex is given as,

Kex = DM[H+][aq]
2

[HA] [org]
(6)

So,

log Kex = log DM − 2 pH− 2 log[HA] (7)

The two-phase stability constants (β2, K′
e) of the complexes

can be given as,

log(β2, K
′
e) = log Kex + 2 pKa + 2 log Ke (8)

where (β2, K′
e) andKex are the respective stability and ex-

traction constants of the chelate.

3.6. Effect of interfering ions

In order to examine the utility of the present method, the
effect of various cations and anions in the separation and
determination of chromium, molybdenum and tungsten was
studied. Interference studies were performed by measuring
the absorbance of the extracted organic phase and also by

omium
Fig. 5. Sequential separation of chr
 (III), molybdenum(VI) and tungsten(VI).
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Fig. 6. Transportation of Cr(III), Mo(VI) and W(VI) with calix-crown hy-
droxamic acid.

ICP-AES of both the extract as well as aqueous phase. The
tolerance limit was set as the amount of foreign ion causing
a change of absorbance of 0.02 on absorbance or 2% error in
the recovery of Cr, Mo and W.

Chromium, molybdenum and tungsten were extracted in
presence of large number of competitive ions at the optimum
pH/molarity of HCl and none of them affected the absorbance
of chromium, molybdenum and tungsten (Tables 4–6). This
shows that log (β2, Ke) values are greater than competing
metal cations (KnM

+) and anions (KnA
−), which were deter-

mined independently at pH 4.5, 1.5 M HCl and 6.0 M HCl for
chromium, molybdenum and tungsten, respectively. The re-
sults obtained show that selectivity factor (KCr =β2Ke/Kn

M
+)

or (β2Ke/Kn
A

−) for chromium complexKCr, molybdenum
KMo or tungstenKW has a high selectivity with most of the
cations and anions. The moderate amount of commonly metal
ions associated with chromium, molybdenum and tungsten
were tolerated. The sequential separation of Cr, Mo and W is
shown inFig. 5.

3.7. Limits of preconcentration and preconcentration
factor

One liter of aqueous phase containing 5�g of chromium,
molybdenum and tungsten was divided in 10 portions of
1 of
c ely
a le so
t con-
c ere
m

ex-
p o or
W e was
m solu-
t om
t
i own
a r to
e Cr,
M tion

Table 7
Determination of Cr(III), Mo(VI) and W(VI) in food, pharmaceutical and
biological samples

Sample Found (�g L−1)

Cr(III) Mo(VI) W(VI)

Green beans 9.6 0.85 0.10
White cabbage 7.2 1.2 0.10
Coffee 5.8 1.3 0.02
Tea leaves 6.2 1.5 0.01
Radishes 4.8 1.1 0.24
Tape water 0.20 0.24 0.02
Sea water 3.50 0.8 0.10
Chromium plating,

rinsing water
6000 3.5 0.25

Kelp 0.08 0.50 0.01
Murg bean 0.05 0.30 0.02
Pork liver 0.03 0.20 0.01
Urine 0.18 (0.20) 1.21 (1.20) 0.03 (0.05)
Blood 2.92 (2.90) 3.63 (3.70) 0.03 (0.03)
Serum 2.11 (2.10) 5.28 (5.30) 0.07 (0.08)

(mg Kg−1)

Optisulin 0.497 (0.500) 0.080 0.005
Fourts B 0.148 (0.150) 0.060 0.008
Chromoplex 0.197 (0.200) 0.050 0.006

The standard samples are from Analytical USA and values given in paren-
thesis.

on the standard addition, andAS is the absorbance value of
the sample. The quantitative collection of chromium, molyb-
denum and tungsten was possible with recovery 99.9± 0.35,
99.7± 0.4 and 99.9± 0.5%, respectively. The concentration
factors were 111, 115 and 107 for chromium, molybdenum
and tungsten.

3.8. Kinetics of transportation of Cr(III), Mo(VI) and
W(VI) for their sequential separation

Transport experiments were performed by taking Cr(III),
Mo(VI) and W(VI) (1× 10−4 M) concentration in ap-
propriate pH or molarity of HCl as source phase, 0.05 M
HCl as receiving phase and 1× 10−3 M and calix-crown
hydroxamic acid as a carrier. Concentrations of Cr, Mo and
W in the aqueous compartment were monitored as a function
of time by spectrophotometry and ICP-AES. The transport
data are the average of at least four runs whose experimental
error is less than 3.0%. No movement of metal ions was
observed unless a carrier calix-crown hydroxamic acid was

Table 8
Determination of Cr(III), Mo(VI) and W(VI) in natural water, soil, effluent

Sample Cr(III) Mo(VI) W(VI)

Natural water
(�g mL−1)

1.98± 0.02 0.08± 0.01 0.02± 0.01

S

E

00 mL each. Extraction was performed using 20 mL
hromium solution of PCCCHA, which was successiv
dded to individual portion of the aqueous phase samp

hat the chromium, molybdenum or tungsten became
entrated in 20 mL of organic solvent. Determinations w
ade by ICP-AES.
For evaluation of the efficiency of preconcentration,

ressed in recovery, the concentration of metal (Cr, M
) in organic phase and the remaining in aqueous phas
easured by ICP-AES against a calibration standard

ion in chloroform. The recovery (R%) was calculated fr
he equation,R% = [(Astand−AS)/Astd] × 100, where,Astand
s the absorbance value for the sample containing a kn
mount of Cr, Mo or W added to the sample solution prio
xtraction,Astd is the absorbance value for the standard
o or W in chloroform with the same analyte concentra
oil sample (mg Kg−1)
I 1.98 0.035± 0.03 0.22± 0.05
II 3.96 0.45± 0.05 0.18± 0.05
Effluent
(�g mL−1)

20.08± 0.05 362.45± 0.08 44.02± 0.05

ffluents samples were obtained from GIDC Vatva, Ahmedabad.
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used. The transport of metal ions is of psuedounimetal
reaction of the first order. It has been observed that max-
imum transport is observed till 35 min witht1/2 = 12 min,
K= 5.7× 10−2 mol−1 min−1 for Cr(III); 45 min with
t1/2 = 15 min,K= 4.6× 10−2 mol−1 min−1 for Mo(VI); and
30 min, with t1/2 = 11 min,K= 6.3× 10−2 mol−1 min−1 for
W(VI). The Cr, Mo and W transport and retention with time
is shown inFig. 6.

3.9. Speciation of chromium(III) and chromium(VI)

A portion of tannery effluent (100 mL) containing 200�g
of total chromium [Cr(III) and Cr(VI)] was reduced to
chromium(III) with hydroxylamine hydrochloride. Then the
Cr(III) was extracted as total Cr(III). The Cr(III) was directly
extracted and the amount of Cr(VI) was obtained by subtract-
ing the Cr(III) contents from total Cr content. The results are
given in (Table 7).

3.10. Performance characteristic in the analysis of the
standard samples, biological and environmental samples

To check the validity of the proposed method, chromium,
molybdenum and tungsten were determined in standard steel
alloys, geological and soil, food and water samples. The re-
sults obtained are in good agreement with the certified values
(
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