
INTRODUCTION

Uranium is well known for its use as nuclear fuel and is

increasingly being used for power generation. The sensitive

methods for determination of uranium are based on inductively

coupled plasma mass spectrometry (ICP-MS)1,2, inductively

coupled plasma atomic emission spectrometry (ICP-AES)3,

X-ray fluorescence spectrometry4, activation analysis5, high

performance liquid chromatography (HPLC)6 and capillary

electrophoresis (CE)7-9. High sensitivity and selectivity for the

determination of uranium is reported using HPLC with appro-

priate complexing reagents. For post-column derivatization

complexing reagents commonly used are arsenazo III and

4-(2-pyridyl) resorcinol10-14. For pre-column derivatization,

different hydrazones15,16, α-hydroxyisobutyric acid17 and

tetradentate Schiff bases18-21 have been reported.

The analytical procedures based on ICP-MS and ICP-AES

are sensitive for multi-elemental analysis, but involve expen-

sive equipment with high running cost.

Capillary electrophoresis (CE) is taking place for the

analysis of metal ions due to its high resolution power, low

solvent consumption and short analysis time22-28. Capillary

electrophoresis separations are based on different modes
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including capillary zone electrophoresis (CZE) and micellar

electrokinetic capillary chromatography (MEKC). The charged

and neutral molecules are separated by MEKC based on solute

partitioning between the micellar phase and the solution phase.

Micelles are formed in solution, when a surfactant is added in

concentration above its critical micelle concentration (CMC)29.

Capillary electrophoresis has been reported for the determi-

nation of U(VI) in the presence of metal ions using 4-(2-

thiazolazo) resorcinol30, 2,6-diacetylpyridine bis(N-methylene-

pyridenohydrazone)31, 2-[(2-arsenophenyl)-azo]-1,8-dihydroxy-

7-[(2,4,6-tribromophenyl)-azo]-naphthelene-3,6-disulfonic

acid32, arsenazo III33, 2-(2-arseno-phenylazo)-1,8-dihydroxyl-

7-(4-chloro-2,6-dibromophenyl azo)-naphthalene-3,6-disulfonic

acid7, bis(salicylaldehyde) ethylenediimine (H2SA2en)8,

bis(salicylaldehyde) propylenediimine (H2SA2Pn)9 and

bis(acetylacetone) ethylenediimine.

Tetradentate Schiff base meso-H2SA2S has been used as

chelating reagent for the separation and determination of

dioxouranium together with copper, nickel and iron with high

performance liquid chromatography with UV detection21. The

reagent meso-H2SA2S contains two phenyl groups at bridge

position as compared to the ligands H2SA2en and H2SA2Pn

(Fig. 1) and indicates higher sensitivity by UV detection21.
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Fig. 1. Structural diagram of meso-H2SA2S and its metal chelates

The work examines the same reagent (meso-H2SA2S) for

the determination of uranium in the presence of copper, nickel

and iron by MEKC from ore samples. The work focuses on

the determination of uranium with short analysis time, low

solvent consumption and large dynamic range for geological

perspective as compared to HPLC.

EXPERIMENTAL

The reagent meso-H2SA2S and its cobalt(II), cobalt(III),

copper(II), nickel(II), iron(III), Pd(II) and dioxouranium(VI)

complexes were prepared as reported21,34-37.

The chemicals and metal salts used were from Fluka (Swit-

zerland), RDH (Germany), E-Merck (Germany) and BDH

(Chemicals Ltd.UK). Meso-stilbenediamine was prepared as

reported38. The mineral ore samples (Sandstone house refer-

ence standards) were obtained from Atomic Energy Mineral

Centre, Lahore, Pakistan.

Buffer solutions at unit interval between pH 1-6, at 0.5

unit within 6-8 and 0.1 unit interval from 8 to 9 were prepared

from solutions with a concentration 0.1 mol/L from the

following: hydrochloric acid-potassium chloride pH 1-2;

acetic acid and sodium acetate pH 3-6; ammonium acetate

and acetic acid/ammonia solution pH 6.5 -8.0; boric acid and

sodium tetraborate pH 8-9; sodium bicarbonate and sodium

carbonate pH 10.

The pH measurements were made with an Orion 420A

pH meter with combined glass electrode and reference internal

electrode. The determination of copper, nickel and iron was

carried out by Varian Spectr AA-20 atomic absorption spectro-

photometer with standard burner head and air-acetylene flame

at the conditions recommended by the manufacturer. Copper,

nickel and iron were determined at 324.8, 232.0 and 248.3

nm in quadruplet (n = 4) with integration time 3 s and delay

time 3 s.

The capillary electrophoresis (CE) system consists of

Beckman Coulter P/ACE MDQ Instrument (Beckman Instru-

ments Inc. Fullerton CA) equipped with an auto sampler,

photo-diode array detector and a data system comprising of

an IBM Personal computer and P/ACE system MDQ (32

karrat) software. Uncoated fused silica capillaries were

obtained from (Beckman Instruments Inc’s-CA) with total

length 50 cm, effective length 38.8 cm, 75 µm id and 375 µm

od. The temperature of capillary and sample were maintained

at 25 ºC.

Prior to sample run, each day or at the time of observation

of any distortion in the peak shape in electropherogram during

the day, the capillary was regenerated and conditioned with

methanol for 1 min, followed by water for 0.5 min, hydro-

chloric acid (0.1 M) for 2 min, water for 0.5 min, sodium

hydroxide (0.1 M) for 2 min, water for 0.5 min and finally

running buffer for 2 min At the time of frequent fall of current,

sodium dodecyl sulphate (SDS) medium was replaced with

simple borate buffer to stabilize the current and then again

SDS medium was established. Reverse washing was also carried

out to regenerate the capillary. Before and after each sample

injection the capillary was washed with sodium hydroxide (0.1

M) for 2 min, water for 1.0 min and then equilibrated with the

running buffer for 2 min. The sample was injected by an auto

sampler with pressure of 0.5 Psi for 4 s. The electrophoretic

migration was optimized with boric acid-sodium tetraborate

(0.1 M): SDS (0.03 M) (2:1 v/v) with an applied voltage of 25

kV. Photodiode array detection was at 228 nm.

Analytical procedure: Aqueous solution (3 mL) contain-

ing uranium(VI) (0.03-1000 µg/mL), iron(III) (0.042-1000 µg/

mL), nickel(II) (0.09-125 µg/mL), copper(II) (0.09-125µg/

mL), cobalt(II) (0.12-250 µg/mL), cobalt(III) (0.045-250 µg/

mL), palladium(II) (0.78-1000 µg/mL) was transferred to

screw capped sample vials and was added acetic acid-sodium

acetate buffer pH 6 (2 mL). The reagent (meso-H2SA2S)

solution (2 mL, 1 % w/v in methanol) was then added and

contents were warmed on water bath at 70 ºC for 10 min. After

cooling at room temperature, chloroform (3 mL) was added

and the contents were allowed to mix well. The layers were

separated and the organic layer 2 mL was drawn out and evapo-

rated under nitrogen atmosphere. The residue was dissolved

in solvent system (2 mL) comprising methanol: acetonitrile:

water (40:40:20 v/v/v). The solution placed in septum capped

vial was injected by auto sampler and electropherograms

recorded at the optimized conditions.

Analysis of uranium, iron, copper and nickel in mineral

ore samples: Ore sample (0.3 g) each from 38834, 38835,

38842, 38849 and 38850 was transferred to beaker and was

added hydrochloric acid (37 %) (15 mL) and nitric acid (65 %)

(5 mL). The contents were heated gently on a hot plate and

when most of the acid had evaporated, the nitric acid (65 %)

(5 mL) was added. The contents were again heated to near

dryness and the residue was dissolved in nitric acid 0.1 N.

The solution was filtered and volume adjusted to 25 mL. The

solution (1-3 mL) was taken and “Analytical Procedure”

was followed. The quantitation was carried out with the exter-

nal calibration curve derived for standard solution of each

element.

Uranium assay by standard addition method: To

standard sample number 38834 (0.3 g) was added 50 µg of

uranium and “Analytical Procedure” was followed. The

quantitation was carried out using linear calibration curve and

from an increase in the response with added uranium.

RESULTS AND DISCUSSION

The reagent reacts and forms neutral metal chelate with

dioxouranium(VI), readily extractable in chloroform, ethyl

acetate and methyl isobutyl ketone (MIBK). The maximum

transfer of the metal chelate from aqueous to organic phase

occurred within pH 4-9 with maximum in neutral solution. In

acidic solution the protonation of the ligand and in basic

solution hydroxyl formation of the metal ions retarded the

complexation and solvent extraction, but for the extraction of

uranium in the presence of iron(III), copper(II) and nickel(II),
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pH 6 was selected to prevent iron(III) oxide formation in neu-

tral solution as reported earlier17.

Optimization of capillary electrophoresis conditions:

The electrophoretic mobility of dioxouranium(VI) complex

in the presence of surfactant tetrabutyl ammonium bromide,

Tween 40 and SDS at CMC was examined in sodium acetate,

ammonium acetate, sodium tetraborate and sodium carbonate

buffers within pH 3-9. A significant increase in electrophoretic

mobility and an improvement in the peak shape were observed

with a complete separation of uranyl complex from derivatizing

reagent using SDS and sodium tetraborate buffer as has been

observed for related derivatizing reagents8,9,39.

Effect of pH: The effect of pH within 3-9 in the presence

of SDS in the buffer system on the electrophoretic mobility of

metal chelates (1) Co(III), (2) Co(II), (3) reagent H2SA2en,

(4) Ni(II), (5) Cu(II), (6) UO2(II), (7) Fe(III) and (8) Pd(II)

was examined (Fig. 2). The electrophoretic mobilities were

calculated as reported9. The electrophoretic mobility was not

observed for the metal chelates and chelating reagent within

pH 3.0-6.5, but an electrophoretic mobility was indicated

within pH 6.5-9.0. At pH 6.5 and 7.0 all the metal chelates

eluted as single peak. pH 7.5 indicated three peaks where (1)

corresponded to Co(III) and Co(II), (2) Ni(II) and (3) Cu(II),

U(VI), Fe(III) and Pd(II). At pH 8 all the metal chelates sepa-

rated, but at pH 8.5 a better separation was observed. Again

further increase in pH resulted in the decrease in the separation

and at pH 9 little separation was observed (Fig. 2). It was there-

fore pH 8.5 using borate buffer was used throughout in the

study. Cobalt(III) eluted before cobalt(II), because Co(III) is

a charged species as compared to Co(II) due to the complex-

ation of the ligand H2SA2en as diaminic tetradentate chelating

reagent. The metal chelates once formed were highly stable

and did not show any change in response (migration time and

peak height) when injected after different time intervals upto

24 h. As a control test, the separation was also examined with-

out the addition of SDS. The metal chelates eluted as distorted

peaks without any reasonable separation.

Fig. 2. Effect of pH on µep of metal chelates on uncoated silica capillary

with total length 50 cm and effective length 38.8 cm with 75 µm id

at 25 ºC. Run buffer tetraborate (0.1 M), SDS (0.03 M) (2:1 v/v),

voltage 25 kV and photodiode array detection at 228 nm

Effect of buffer and sodium dodecyl sulphate concen-

tration: The ratio of borate buffer (0.1 M) at pH 8.5 and SDS

(0.03 M) was varied from 1:1-4:1 v/v. Maximum separation

was obtained with buffer:SDS (2:1v/v) and was selected. The

concentration of borate buffer and SDS were varied from 0.01-

0.21 M (at 0.02 unit interval) and 0.01-0.07 M (at 0.01 unit

interval) respectively at pH 8.5, keeping buffer:SDS (2:1 v/v).

Better peak shape with complete separation was again observed

using 0.1 M borate buffer and 0.03 M SDS in 2:1 with resolu-

tion factor (Rs) between adjacent peaks > 1.5 (Fig. 3). The

identification of the peaks was based on migration time deter-

mination for each metal chelate separately and confirmed by

spiking each metal ion in sequence in a mixture.

Fig. 3. MEKC separation of (1) Co(III), (2) Co(II), (3) meso-H2SA2S, (4)

Ni(II), (5) Cu(II), (6) UO2(II), (7) Fe(III) and (8) Pd(II) as derivatives

of meso-H2SA2S. Conditions as Fig. 2

Effect of voltage: The applied voltage was varied from

15-30 kV at an interval of 2 kV, as voltage increased the

migration time decreased. At high applied voltage (25 kV), a

decrease in the separation time was observed, with an accep-

table separation between seven metal chelates and complexing

reagent within 5 min.

Effect of solvent for metal chelates: The metal chelates

of meso-H2SA2S are less soluble in water and are more soluble

in organic solvents. When the solution of metal chelates in

methanol or acetonitrile was used, a fall in the current was

observed. For better solubility of metal chelates and still main-

taining the current, different mixtures of methanol-acetoni-

trile-water comprising (40:40:20 v/v/v), (35:35:30 v/v/v) and

(45:45:10 v/v/v) were examined. The solvent system methanol:

acetonitrile: water (40:40:20 v/v/v) gave more reproducible

results and was selected.

Selection of wavelength: The metal chelates absorb

within visible region due to d-d or charge transfer transition

but for better sensitivity the wavelength of maximum absor-

bance was scanned between 200-300 nm using photodiode

array detection. A maximum response of the metal chelates

examined was observed at 228 nm due to π-π* transition in

benzenoid ring systems and was used.

Validation and quantitation: Linear calibration curves

were drawn by recording average peak height/peak area
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(n = 5) versus concentration at the selected operating conditions.

The calibrations were linear between 0.03-1000 µg/mL.

Coefficient of determination (R2) with 15 calibrators was within

0.9981-0.9993. The results of quantitative data including

regression equations, limit of detection (LOD) and limit of

quantitation are summarized in Table-1. LOD measured as

signal to noise ratio (3:1) were obtained within 10-260 ng/mL

with lowest for uranium, iron(III), cobalt(III) and highest for

palladium(II). LOQs measured as signal to noise ratio (S/N)

(10:1) were obtained within 30-780 ng/mL (Table-1). Standard

deviation, confidence internal at 95 % and % error for slope

(b) and intercept (a) of the linear calibration curves obtained

on the basis of least square method for UO2(II), Fe(III), Ni(II)

and Cu(II) are summarized in Table-2. The error from calibra-

tion was calculated within 0.98-3.98 %. Repeatability precision

in terms of migration time and peak height was examined for

the 6 metal chelates of U, Fe, Ni, Cu, Co and Pd (10-250 µg/

mL) for inter-day (n = 5) and intra-day (n = 5) variations. The

variations in peak heights inter and intraday were observed

with RSD 2.0-3.1 and 1.5-2.9 % and in migration time were

1.3-1.7 and 0.9-1.4 %, respectively. The analysis of four test

mixtures of aqueous solutions of U(IV), Fe(III), Ni(II) and

Cu(II) within the calibration range of each element indicated

relative error within ± 4 %.

Interference in uranium determination: Fe(III), Ni(II),

Cu(II), Co(II) and Co(III), Pd(II), when present together with

UO2(II) as the metal chelates of meso-H2SA2S, separated

completely without affecting the determination of UO2(II) with

relative % error within 2.2-3.2 %. Mn(II) and Zn(II) when

added in concentration as that of UO2(II) did not interfere.

Presence of Al(III) however decreased the % extraction of

uranium, but when it was masked with (1 mL, 1 %) NH4F

relative error lay within ± 1.9 %.

Analysis of uranium ore samples: Five uranium ore

samples (sandstone house reference standards) obtained from

Atomic Energy Mineral Centre Lahore, Pakistan were analyzed

after acid digestion. The amount of uranium found were within

104-1753 µg/g with RSD 1.0-2.7 %.The values agreed with

reported values of 106-1718 µg/g by the supplier (Table-3).

Student’s t-test was applied and no significant difference was

indicated at 95 % confidence level. A standard sample (38834)

was spiked with 50 µg of uranium and analysis was carried

out by “Analytical Procedure”, the recovery of uranium

extracted was found to be 98.6 % with RSD 1.2 % (Figs. 4

and 5).

Fig. 4. Analysis of ore sample (1) meso-H2SA2S, (2) Ni(II), (3) Cu(II), (4)

UO2(II) and (5) Fe(III) as chelates of meso-H2SA2S. Conditions as

Fig. 2

The ore samples also indicated Fe, Cu and Ni presence

hence their amounts in the samples were also determined. The

amounts of Fe, Ni and Cu were found within 10801-62195,

41.5-53.2 and 21.1-46.7 µg/g with RSD 0.6-1.7, 0.9-1.8 and

0.7-2.7 % respectively. The results were confirmed by the

analysis of samples for copper, iron and nickel by air acetylene

flame AAS. A close correlation between the results of micellar

electrokinetic chromatographic (MEKC) and AAS was obtained.

A paired t-test was applied for the comparison of the mean

and no significant difference at 95 % confidence level

was indicated (Table-3).

TABLE-1 

QUANTITATIVE DATA OF METAL CHELATES OF MESO-H2SA2S BY MEKC. CONDITIONS: AS EXPERIMENTAL 

Metal 
Calibration range 

(µg/mL) 
Limit of quantitiation 

(LOQ) (µg/mL) 
Limit of detection 
(LOD) (µg/mL) 

Coefficient of 
determination (R2) 

Electrophoretic mobilities 
(µep) (cm2/kV min) 

Uranium(VI) 

Iron(III) 

Nickel(II) 

Copper(II) 

Cobalt(II) 

Cobalt(III) 

Palladium(II) 

0.030-1000 

0.042-1000 

0.090-125 

0.090-125 

0.120-250 

0.045-250 

0.780-1000 

0.030 

0.042 

0.090 

0.090 

0.120 

0.045 

0.780 

0.010 

0.014 

0.030 

0.030 

0.040 

0.015 

0.260 

0.9993 

0.9988 

0.9986 

0.9984 

0.9981 

0.9986 

0.9987 

-29.85 

-33.71 

-26.15 

-26.99 

-15.67 

-13.91 

-36.05 

 
TABLE-2 

STATISTICAL DATA FOR THE ANALYSIS OF U(VI), Fe(III), Ni(II) AND Cu(II) BY MEKC 

Metal Regression equation Sb 95 % CL b Error (%) Sa 95 % CL a Error (%) 

Uranium(VI) 

Iron(III) 

Nickel(II) 

Copper(II) 

y = 246.81x + 1469.1 

y = 32.813x + 33.24 

y = 340.08x + 356.42 

y = 347.7x + 231.15 

1.899 

0.580 

1.477 

1.654 

± 4.29 

± 1.31 

± 3.34 

± 3.74 

1.74 

3.99 

0.98 

1.07 

8.950 

0.487 

1.820 

1.312 

± 20.24 

± 1.102 

± 4.120 

± 2.970 

1.38 

3.32 

1.16 

1.28 

CL b = Confidence limits for slope b. CL a = Confidence limits for intercept a. Sb = standard deviation of slope b. Sa = standard deviation of 
intercept a. 
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Fig. 5. Analysis of ore sample by standard addition (1) meso-H2SA2S, (2)

Ni(II), (3) Cu(II), (4) UO2(II), and (5) Fe(III) as chelates of meso-

H2SA2S. Conditions as Fig. 2

Comparing the results of MEKC with reported HPLC

procedure17 using the same complexing reagent meso-H2SA2S,

MEKC indicates short analysis time (5 min) for the separa-

tion of seven metal chelates as compared to 14 min by HPLC

for the separation of 5 metal chelates. HPLC procedure

involved the elution with methanol:acetonitrile:water (40:30:30

v/v/v) with a flow rate 1.0 mL, requiring 14 mL for each elution

but MEKC required borate buffer (0.1 M) and SDS (0.03 M)

mixed in ratio 2:1 v/v with solvent consumption < 0.2 mL per

analysis. The dynamic range observed with 0.03-1000 µg/mL

of metal ions using MEKC is also broader than HPLC. Low

run cost of the equipment with short analysis time is the added

advantage of MEKC for the analysis of U, Fe, Cu and Ni from

geological materials.

Now comparing the lower limits of detection (LOD’s) with

reported MEKC method8 using H2SA2en as complexing

reagent, an improvement of LOD’s was observed 20-67 % for

Fe(III), Ni(II), Cu(II), Co(II), Co(III), Pd(II) and 87 % for

UO2(II) due to the addition of two phenyl groups in H2SA2en

ligand at bridge position to form meso-H2SA2S. MEKC elution

of meso-H2SA2S was observed after Co(III) and Co(II), as

compared to H2SA2en, where H2SA2en eluted before metal

chelates8.

Coclusion

An MEKC method has been developed for the determi-

nation of uranium in a combined matrix of copper, nickel and

iron with separation time 5 min by its chelation with meso-

H2SA2S. Cobalt and palladium could also be determined if

present together. Reproducible results were obtained with RSD

within 2.7 % for migration time and peak height. The recovery

of U(VI) from samples was calculated 98.6 %. The results of

MEKC method are comparable to the supplier's specification

and its recheck on AAS. Use of simple buffer solution for

electrophoretic mobility and low solvent consumption are

added advantages of the MEKC method.
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TABLE-3 

ANALYSIS OF URANIUM, IRON, NICKEL AND COPPER AS CHELATE OF MESO-H2SA2S IN ORE SAMPLES BY  
MICELLAR ELECTROKINETIC CHROMATOGRAPHIC. CONDITIONS: AS EXPERIMENTAL 

Sample No. Metal ion 
Amount found by CE, 

(µg/g) (RSD %) 
Amount found by AAS, 

(µg/g) (RSD %) 
Amount of uranium reported by 

supplier (µg/g) 
Relative 

deviation (%) 

*38834 

U 

 

Fe 

Ni 

Cu 

104 (1.75) 

104.5(1.23) 

10801 (1.7) 

38.5 (0.9) 

37.4 (0.7) 

– 

– 

10620 (2.8) 

42.0 (1.8) 

38.0 (0.8) 

106.0 

– 

– 

– 

– 

1.89 

– 

– 

– 

– 

38835 

U 

Fe 

Ni 

Cu 

637.5 (1.47) 

17193 (0.6) 

53.2 (1.1) 

27.8 (1.9) 

– 

16870 (0.8) 

52.0 (1.3) 

26.0 (2.5) 

626.6 

– 

– 

– 

1.74 

– 

– 

– 

38842 

U 

Fe 

Ni 

Cu 

439.6 (1.32) 

62195 (1.2) 

47.1(1.3) 

46.7 (0.9) 

– 

60620 (0.6) 

48.6 (1.6) 

48.0 (1.1) 

423.0 

– 

– 

– 

3.92 

– 

– 

– 

38849 

U 

Fe 

Ni 

Cu 

1250.7 (2.1) 

21013 (1.3) 

44.0 (1.7) 

34.1 (1.2) 

– 

18120 (1.1) 

48.0 (2.1) 

36.0 (1.4) 

1273.7 

– 

– 

– 

1.8 

– 

– 

– 

38850 

U 

Fe 

Ni 

Cu 

1753 (1.03) 

51395 (1.7) 

41.5 (1.8) 

21.1 (2.1) 

– 

49370 (1.8) 

46.0 (2.8) 

23.0 (3.6) 

1718.0 

– 

– 

– 

2.04 

– 

– 

– 

*Spiked. 
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