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ABSTRACT

A new spectrophotometric method has been developed for the quantitative analysis of gadolinium using 1,
2-dihydroxy anthraquinone-3-sulphonic acid, sodium salt (Alizarin Red S). Influence of various parameters
such as concentration of complexing agent, pH, and interference of other competing metal ions was
examined in a systematic manner. Gadolinium is found to be a stable complex as Gd-ARS at pH 4.6-4.8
and having a maximum absorbance at 530 nm. Beer’s law was found to be obeyed in 1to14 ug/mL range of
gadolinium with a correlation coefficient of R* = 0.9992 (n=14). The system allowed for the determination
of gadolinium with a limit of detection (LOD) (3.30/S) of 0.264 ug/mL, limit of quantitation (LOQ) (100/S)
of 0.8 ug/mL. The precision expressed as relative standard deviation (RSD) of 0.38 % and 1.96 % at 5.4
and 1.85 mg/L. Its molar absorptivity and Sandell’s sensitivity are found to be 9.33x10° LMol .cm™ and
1.07x10™ ug/em’ respectively. An easy and versatile determination of gadolinium concentration during the
solvent extraction study of Gadolinium with 30% tri-n-butyl phosphate-nitric acid system is proposed.
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1.INTRODUCTION

The reprocessing of irradiated plutonium-rich mixed carbide fuel from Fast Breeder Test Reactor
(FBTR) is being carried out by modified PUREX process in pilot plant, named CORAL
(COmpact Reprocessing of Advanced fuel in Lead shielded facility) [1]. Criticality is a major
challenging issue to be addressed at each stage of PUREX process. The probability of criticality
is higher in plutonium rich Fast Breeder Reactor fuel reprocessing compared to that of thermal
reactor spent fuel reprocessing. Generally, the safety measures are taken to prevent the criticality
incident, either by controlling geometry of equipments, mass or concentration of plutonium or
combination of both may also used. The process steps are operated in batch or continuous mode.
The continuous mode process is still under development. An alternated method is required to
ensure critically safe reprocessing of high plutonium content fuels. Hence addition of soluble
neutron poisons [2-3] as a primary control has economic advantage as it has no restriction on
vessel size, shape and solution concentrations. Among the few potential candidates, Gadolinium
is found to be the best possible choice as soluble neutron poison due to its high neutron
absorption cross section, adequately high solubility in nitric acid and chemical compatibility in
the PUREX solvent extraction process conditions [3]. Apart from these, gadolinium has well
known applications in nuclear industry (fuel and control rod), fabrication of refractory materials
in ceramic industries [3-4]. Its oxide is largely used as shielding and fluxing devices.

In view of the above facts, it is important to know the extraction behavior in various streams of
nuclear fuel reprocessing and in allied waste management process. In majority of the process
stages, the amount of gadolinium present is very less concentration and need to have a highly
sensitive, robust and easy method having low detection limit to determine the concentration of
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gadolinium in both organic and aqueous medium. Numerous analytical techniques such as
inductively coupled plasma mass spectrometry [5], inductively coupled plasma mass and atomic
emission spectrometry [6], X-ray fluorescence spectrometry [7], electron spin resonance [8],
neutron activation analysis [9], fluorescence spectrometry [10], phosphorescence [11] and Liquid
membrane sensor [12] etc are reported in the literature. However, majority of these instruments
are costly and needs high caring during the analysis. On the other hand, more popular and
economical spectrophotometric determination of gadolinium with variety of chromogenic
reagents such as Xylenol Orange [13], Arsenazo (III) [14-15], poly[dibenzo-18-crown-6] [16],
tetra ethylene penta amine hepta acetic acid (TPHA) [17], 1-(2-pyridylazo)-2-naphthol (PAN)
[18], Di-n-buthyl dithiocarbamate [19], 1,10-Phenantroline [20], 2-(5-bromo-2-pyridyl 5-
diethylazo)-diethylamine phenol (Br-PADAP) [21] and direct [22] are being used. The aim of
present communication is to highlight the development of new spectrophotometric method for the
determination of gadolinium present in nitric acid medium. In addition, this method can be
employed for the determination of gadolinium in various streams of PUREX process.

Using this technique, the concentration of gadolinium in organic and aqueous streams in solvent
extraction step and to determine the distribution coefficient of gadolinium in nitric acid-30% TBP
system at various acidity and concentration of gadolinium is highlighted.

2.EXPERIMENTAL

2.1 Instrumentation

Indigenously developed fiber optic aided spectrophotometer with 1 cm path length dip type probe
is used to measure the absorbance. “Chemlabs”, Bangalore, make Micro-07; pH/mV meter
coupled with glass electrode was used for pH measurements.

2.2 Chemicals and reagents

All the chemical and reagents used in the present study were of analytical grade. Doubly distilled
de-ionizedwater, which is non-absorbent under ultraviolet radiation, was used throughout. Glass
vessels were cleaned by soaking in acidifiedsolutions of KMnO, or K,Cr,O; followed by
washingwith nitric acid (1:1) and rinsed several times with high-purity de-ionized water. A stock
solution of gadolinium (III) nitrate (1000 ug/mL) was prepared by dissolving gadolinium (III)
nitrate of 99.9% purity (obtained from M/s Alfa Aesar Chemicals) in 1M nitric acid. Buffer
solution of pH 4.6-4.7 was prepared by dissolving 8.8 g of L-Ascorbic acid and 1.6 g of sodium
hydroxide together in 100 mL distilled water. 0.05% Alizarin Red S (ARS) was prepared by
dissolving sodium salt of 1, 2-dihydroxy anthraquinone-3-sulphonic acid, (obtained from Merck,
India) in distilled water.Standard solutions of nitric acid (Merck) were prepared by diluting
concentrated nitric acid.

2.3 Procedure

Suitable aliquots containing 1-14 pg of Gd(III) were taken into 10 mL standard flasks and 2 mL of
0.05% ARS solution, 0.5 mL of the buffer solution (pH 4.6) were added to each flasks and made
volume up to mark with 1M nitric acid. The absorbance of the solutions was measured from 650-
380 nm against a reagent blank prepared under identical conditions.

2.4 Results and discussion

The possible chemical structure of Gd-ARS [23] and schematic diagram of reaction with
gadolinium for the spectrophotometric detection are illustrated in Fig.1. The advantageof ARS
over other chromogenic reagents are, water solubility and the ability to form gadolinium complex
even in high acidic solutions. Optimization of experimental conditions for determination of
gadolinium is represented in table 1.
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Fig 1 possible chemical structure of Gd-ARS complex at pH 4.6

Table 1 Spectral characteristics of Gd-AR S complex

+|

Parameter

Gd-ARS complex

'-‘l- EX s I\’”J'i.!]

Molar absorptivity, (L Mol cm™)
Sandell’s sensitivity (ug/om’)
Detection Limit (ugmL)
Quantitation Limit (ygmL)
LinearRange (ug/mL)

Stabilitv formation region (pH)
L-Ascorbic acid & NaOH buffer
(mL)

Alizarin Red 5 (0.03%) (mL)

530

9.33x 10°
1.07x 10+
0.264

0.8

1-14
4.6-4.8

0.5

1

3.SPECTRAL CHARACTERISTICS

ARS reacts with gadolinium (III) and forms a stable reddish purple colour complex almost
instantaneously in aqueous medium at pH 4.6-4.8. The complex is stable for 24 hours. Typical
absorption spectrum is a symmetric curve with maximum absorbance (4,,,, = 530nm) was shown
in Fig. 2. In all instances measurements were made at 530 nm against a reagent blank.

w2/ 12.6 ppm

S0 S0 50 6w 650
Wavelength (nm)

Fig.2 Typical absorption spectrum of Gd-ARS complex at pH 4.6-4.8
4.CALIBRATION GRAPH, BEER’S LAW AND SENSITIVITY

A series of standard gadolinium solutions were prepared and the absorbance of each was
measured and plotted against concentration. The well-known equation for spectrophotometric
analysis in very dilute solution was derived from Beer's law. The calibration curve of Gd-ARS
complex with fixed ARS (0.05%) to form Gd-ARS at 530 nm (Fig 3) shows that Beer’s law is

3



International Journal of Advances in Chemistry (IJAC) Vol. 3, No.1/ 2, May 2017

obeyed in the concentration range of 1-14 ug/mL. The linear regression equation obtained was: A
=0.0662 x Cgq(uemr) - 0.0175, with a correlation coefficient of 0.9997 (R2= 0.9997). The complex
has a maximum absorbance at 530 nm with molar extinction coefficient and Sandell’s sensitivity
(concentration for 0.001 absorbance unit) [24] are found to be 9.33x10° L.Mol”.cm™ and 1.07x10°
* ug/em’ respectively.

1.0 T T T T T T T

Y =-0.01754+0.06616 X
08 R®=0.9997
SD =0.0053

[Gd], ppm
Fig 3 Typical Calibration graph for determination of Gd (III) nitrate with ARS at 530 nm

5.DETECTION LIMIT AND QUANTITATION LIMIT

The limit of detection has been calculated as (3.30/S), where o denotes the standard deviation for
blank (n=12) and S stands for the slope of the analytical curve from calibration graph. The limit
of detection (LOD) was found to be 0.264 ug/mL, where as the limit of quantitation (LOQ)
(100/S) was 0.8 ug/mL with precision (was evaluated by determination of different concentration
of gadolinium) expressed as relative standard deviation (RSD) of 0.38 % and 1.96 % at 5.4 and
1.85 ug/mL respectively. The obtained results indicate that this method is highly precise and
reproducible. Calculations were made the recommendations by IUPAC [25]. The best agreement
between theoretically computed and practically verified values of LOD and LOQ was approaches
namely at significance level a = 0.05.

6.EFFECT OF PH SOLUTION

The pH of the solution has a great influence on the absorbance of the Gd-ARS Complex. The pH
of the reaction mixture was varied from 2 to 12 and the absorbance was found to be maximum, in
the pH range 4.0 to 4.5 (Fig.4). Hence pH 4.5 was found to be most suitable for maintaining pH
and ascorbic acid/sodium hydroxide buffer solution was employed as optimum for all subsequent
work. The use of ascorbate buffer in the present method eliminates the need for the addition of
external reducing agent.
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Fig 4. Absorption spectrum of Gd-ARS complex at various pH values

7.EFFECT OF BUFFER SOLUTION

Fig 5 shows the influence of the concentration of buffer solution on the absorbance of Gd-ARS
complex. And there is a significant effect of the buffer solution on the system. 0.5 mL of buffer
solution is sufficient for maximum absorbance. If more then, no significant effect was observed.
Thus, 0.5 mL of buffer solution was employed for all studies.

8.EFFECT OF ARS DYE CONCENTRATION ON OPTIMUM GD-ARS COMPLEX
FORMATION

The study of alizarin red S dye concentration was important for optimum complex formation and
its stability. In general dye concentration, less or higher than the required amount, would cause
deviation from Beer’s law and overlapping of dye spectra with other ion-dye complex. In order to
optimize the concentration of 0.05% ARS, a series of solution containing fixed Gd**
concentration, fixed buffer solution and different volume of ARS from 1 to 3 mL to form Gd-
ARS complex at pH 4.6. From Fig. 6, it was found that the maximum absorbance was the most
obvious when adding 2 mL dye at 530 nm, once it exceeds this volume, absorbance would
constant. So 2 mL of ARS is favorable and used in subsequent experiments.
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Fig 5. Effect of volume of buffer solution on the absorbance of gadolinium estimation



International Journal of Advances in Chemistry (IJAC) Vol. 3, No.1/ 2, May 2017

0.8

0.7 _—
0.6 /

054

0.4

034 o

Abs

0.2+

0.1

004 o

-01 T T T T T T T
0.0 05 1.0 15 20 25 3.0

Volume of Alizarin Red S, mL

Fig 6. Effect of ARS on the absorbance of gadolinium estimation

9.STABILITY

The formation of the coloured complex of gadolinium with alizarin red s was instantaneous.
Measurement of the absorbance was therefore carried out immediately after mixing the
gadolinium and alizarin red s and the complex was found to be stable for 24 hours. Freshly
prepared buffer solution should be used for measurement of absorbance.

10.EFFECT OF FOREIGN IONS

In order to investigate its selectivity and potential analytical application for gadolinium, the
influence of various metal ions on the determination of gadolinium with the proposed method was
studied under the experimental conditions used. The obtained results listed in table 2 are the
tolerance limits of divalent and trivalent metal ions that caused an error are summarized. Sm (III),
Nd (IIT) and Y (III) interfered seriously with analysis of gadolinium and their interference can be
eliminated by prior separation.

Table I Interference of metal ions during the detenmination of gadolinium

ki
Interference of metal ions Concentration of Gadolinium % error
(ugmL)
Metal Conc. Taken Taken Obtained
(ugmL)
Sr(NO:): 50 94745 9 398 0.81
Zr(NO:: 20 94745 9351 1.30
UO.(NO: ) 20 94745 9378 1.01
Sm(NO:): 15 94745 3.744 77
Nd(NO:): 15 94745 3.492 103
Y(NO:): 15 94745 7.834 173

11.VALIDATION OF THE PRESENT METHOD

The precision and accuracy of the method were tested by taking known two different trace
amounts of gadolinium. As shown in table 3, mean values were obtained with Student’s t-values
at 95% confidence level and the variance ratio F-values calculated (p=0.05) for 12 degree of
freedom. The results showed comparable accuracy (t-test) and precision (F-test) and did not
exceed the theoretical values, indicating that there was no significant difference in accuracy and
precision.
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The performance of the proposed method was verified with of other existing UV-Vis
spectrophotometric method using Br-PADAP as chromogenic reagent reported in literature [21].
It is clear from the table 4, that the calculated t value is less than the tabulated t value at the 95%
confidence level for four degree of freedom is 2.776. Therefore, f.,< tu., and there is no
significant difference between the two methods at this confidence level. The proposed method is
simple and requires less time to complete the analysis. The method is simple, fast, versatile,
accurate and useful due to high tolerance limits from cations and anions.

Table 3 Evaluation data of accuracy and precision calculation for Gd-ARS complex

]
Variable 1 Variable 2
Present Reference Present Method Reference
Method Method Method
Mean 54058 5416 1.8517 1.8529
Standard Deviation 0.0207 0.2095 0.0364 0.0385
Variance 0.00042 0.000844 0.0013 0.0014
R5D 0.38 0.39 1.56 2.08
Degree of freedom 12 12 12 12
Df 22 22
FTest cal 1.9719 1.08
FTest table 2.98 298
p (Probability) 0.03 0.05
S fatne No significant different
Confidence level 95% 95%
-Test cal 0.5% 2.42
r-Test table 2228 2.28
Iea e No significant different
12.APPLICATIONS

The proposed method was examined to the determination of gadolinium concentration during the
solvent extraction behavior of it with TBP-HNO; system at conditions prevalent in FBR fuel
reprocessing. Batch experiments were carried out by equilibrating equal volumes of TBP in nDD
with gadolinium nitrate solutions in stopped centrifugal vial for effective mixing using a vortex
shaker of Heidolph Reax made at a speed of 1700 rpm for 30 minutes. The two phases were then
allowed to disengage completely. After phase separation, the acidity and gadolinium
concentration were measured, with appropriate dilution if necessary. The free acidity of both
phases was estimated using titration with standard sodium carbonate. The distribution coefficient
of gadolinium (Dgg) was determined by the ratio of concentration of gadolinium in organic to
aqueous phase at equilibrium.

Table 4 Comparison of two different spectrophotometric techniques for determination of gadolinium
(paired t - test)

E

S.No Spectrophotometric techniques o d—d (d _ 3)2
(ug/mL)
Presentmethod Br-PADAP[37]

N-1 751 724 027 0.264 0.069696

N-2 8.02 7.86 0.16 0.154 0.023716

N-3 10.15 59.93 0.22 0.214 0.045756

N-4 2.78 2.48 0.3 0.254 0.086436

N-3 4.7 5.18 -0.48 -0.486 0.236196

d=0.054 Z(d - ﬂ‘
0.46184
Z( . (0.46184)%
52 A=t = 5-1 _005332¢ =230

d¥N 0.094 x 2.2361
1= 54 = 02309 =05103
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13.DISTRIBUTION COEFFICIENTS OF GADOLINIUM NITRATE

The extraction behavior of Gd (III) in TBP-HNOs;system is very similar to the trivalent
lanthanides [26] and have 3TBP molecules co-ordinated to Gd (NOs); in the extracted species.
The overall chemical reaction is represented by the following set of equation:

Gd*7,, + 3NO:;, + 3TBP.;= Gd(NO:):" 3TEP.: (1)
The apparent equilibrium constant, which is defined as the product of the equilibrium constant
and the activity coefficients raised to appropriate power of stoichiometric coefficients as per

Eq.(1) is represented as follows:

[GA(NO 3)5 # 3TBP]

K Gd = T - 'ZE]
[Gd T ]INOF [ [TBP; ]
The distribution coefficient of gadolinium is defined as,
3 |:‘f_‘rd[:".‘f(:}l3 ) *3TBP] (3)
[Gd]
- Dgq
K (4)

© [NO3 F[TBP; P

Extraction behaviour of various gadolinium concentrations (1-5 g/L) from nitric acid solution of
fixed concentration of 3.5 M into TBP of three different concentrations (10, 20 and 30% by
volume in n-dodecane) was investigated. The result presented in Fig.7 clearly indicates that the
Dg,4 decreases with increase in gadolinium concentration for a given TBP concentration and also
it increases as a function of TBP for a given Gd(IIl) concentrations at equilibrium. As the
gadolinium concentration used in this study was less, which was arrived at based on criticality
safety calculations for the fissile material concentrations prevailing in typical fast reactor fuel
reprocessing conditions, its loading is much lesser than the saturation limit of gadolinium loading.
Hence, with increase in Gd(III) concentration Dgq decreases.
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Fig.7 Dgq as a function of Gd (II) concentration (1-5 g/L) with different concentration of TBP from 3.5M

nitric acid.

14. CONCLUSIONS

A new simple, sensitive, selective and inexpensive method for the determination of Gd** ions in
nitric acid medium with Gd-ARS complex was developed relevant to PUREX process for
continuous monitoring. This method does not require the use of expensive, toxic and carcinogenic
organic solvents, less complicated when compared to others techniques. The accuracy and
selectivity in terms of relative standard deviation of the present method are reliable for the
determination of gadolinium in real samples to microgram levels in aqueous medium at room
temperature (25 + 5)°C. The present method for determination of gadolinium is proposed, which
possesses the advantages of high selectivity and sensitivity.
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