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Abstract A novel, single-step route has been developed for
the synthesis of solid phase adsorbent silica modified with
xylenol orange. The addition of cationic surfactant cetyl tri-
methylammonium bromide during the synthesis of the adsor-
bent supports the formation of a stable coating of xylenol
orange on silica. The adsorbent showed no signs of degra-
dation in contact with organic solvents and with solutions of
varying pH between 1 and 9. This adsorbent has been used for
separation and pre-concentration of uranium from hydro-
geochemical samples with high calcium content and from sea
water. Quantitative sorption of uranium was observed above
pH 3 and complete desorption can be achieved using 0.2 M
sodium pyrophosphate solution. The uranium content in the
extract was determined by laser fluorimetric technique. The
equilibration time is 30 min. The sorption capacity of the ad-
sorbent for uranium is 10 mg g−1. An enrichment factor of 50
was obtained by this procedure taking 500 mL of sample
solution. Uranium concentrations down to 0.05 ng mL−1 can
be determined after pre-concentration using this method. The
relative standard deviation at an 0.1 ng mL−1 level is ±15%.

Keywords Solid phase adsorbent . Silica modified with
xylenol orange . Pre-concentration . Uranium determination

Introduction

Pre-concentration is an essential step for the analysis of vari-
ous trace elements especially when they are present at nano-
gram and picogram levels. The pre-concentration techniques
include liquid-liquid extraction, ion-exchange separation, co-
precipitation, extraction chromatography, electro-deposition
and solid phase extraction [1, 2]. Owing to the advantages
possessed by the solid phase extraction system (SPE), such
as, wide choice for modification, higher enrichment factor,
safety with respect to hazardous samples, absence of emul-
sion formation, cost effectiveness due to low consumption of
reagents and most importantly its environment friendly
nature [3, 4], it has found wide applications for the isolation
and concentration of target analytes and clean up of samples.
Amongst the solid state support, silica based SPE possesses
many advantages as it does not swell or strain, has good
mechanical, chemical and thermal stability [5]. Plenty of
references are available on the use of SPE systems containing
chelating groups for the pre-concentration of trace elements
[6–15]. Though xylenol orange is a well known complexing
agent which form complexes with different metal ions like
Bi3+, Th4+, Zr4+, Hg2+, Cd2+, Fe2+, REE3+, Pb2+, Zn2+, Al3+,
Fe3+, U6+, Ga3+,In3+ etc [16], there are very few reported
work on the use of adsorbent silica modified with xylenol
orange [17, 18]. Probably the reason can be due to the
difficulty involved in the synthesis or in the stability of the
adsorbent.

Uranium is usually present in natural waters at nanogram
to picogram per milliliter levels. Laser induced fluorimetry
which is a sensitive and selective technique is commonly
used for the determination of uranium at ng mL−1 levels in
hydro-geochemical samples [19–23]. Sodium pyrophos-
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phate solution is used as the fluorescence enhancing reagent
during the determination of uranium [24] in view of its good
buffering and fluorescence enhancing capabilities. Quan-
tification limit, for uranium by this method is 1 ng mL−1.
During the hydro-geochemical survey for locating the
concealed uranium mineralization, samples containing high
calcium were encountered. Difficulties were encountered
during the estimation of these samples for uranium. It was
noticed that the addition of fluorescence enhancing reagent,
resulted in the formation of a precipitate. This precipitate
renders the solution inhomogeneous and makes the solution
unsuitable for the determination of uranium by laser
induced fluorimeter. The possible solution to overcome
the problem is taking a lesser quantity of the sample or by
separating the uranium from the matrix constituents. This
no doubt brings down the level of calcium, it also brings
down the uranium concentration to such levels which will
be below the determination limit of the laser induced
fluorimetry. Hence the second option of separation of
uranium from the matrix will be the preferred route for
the estimation. Some of the methods reported for the pre-
concentration and separation of uranium in such hydro-
geochemical samples include co-precipitation with ferric
hydroxide [25, 26] and aluminium phosphate [27], adsorp-
tion on salicylaldehyde modified meso-porous silica [28]
and bio-sorption of uranium on baker’s yeast [29]. How-
ever, the co-precipitation method, is time consuming and
many a times require further separation of analyte from the
precipitate. Other adsorption methods including bio-
sorption methods are time consuming, and sometimes
adsorptions are irreversible. Similarly, difficulties are met
during the direct determination of uranium in sea water
using laser fluorimetric technique due the presence of high
salt content as well as due to the presence of the strong
fluorescence quenching chloride ions. Some of the tech-
niques that have been reported for the determination of
uranium in sea water include (a) aluminium phosphate co-
precipitation [27], (b) use of Amberlite-XAD resin modi-
fied with 8-hydroxy quinoline [30], (c) Malonamide grafted
polystyrene divinyl benzene resin [31] and (d) activated
alumina [32]. The present work describes a simple method
of synthesizing a stable form of the adsorbent silica
modified with xylenol orange (SXO) and its application
for pre-concentration and separation of uranium from
calcium rich hydro-geochemical samples and sea water.
The uranium content is subsequently estimated by laser
fluorimetric technique. Conditions for extraction of urani-
um using SXO, like pH, quantity of adsorbent, contact
time, and conditions for desorption Etc., have been
standardized. Results obtained have been compared with
the results obtained using standard ferric hydroxide co-
precipitation method and through recovery studies by the
standard addition technique.

Experimental

Instrumentation

Laser induced fluorimeter (LIF)

Nitrogen laser based Scintrex UA-3 uranium analyser
(Scintrex Ltd, Canada) is used for the fluorescence mea-
surement in aqueous medium. The nitrogen laser pulse rate
is 16 times per second and pulse duration is 3–4 nano-
seconds. Excitation wavelength is 337.1 nm and wave-
length of measurement is 495 nm. Integration time is 4 sec.
The instrument also incorporates an electronic gating mech-
anism (time discrimination) which registers the long lived
uranyl fluorescence while it cuts off the short lived organic
fluorescence.

Procedure for determination of uranium using LIF

1 to 5 mL of the sample is mixed with 1 mL of 0.2 M
sodium pyrophosphate solution and made up to 10 mL. The
fluorescence intensity is measured and the concentration of
uranium is calculated from a calibration plot obtained using
solutions of known uranium content.

Reagents

Preparation of uranium standard

1 mg mL−1 solution of hexavalent uranium solution was
prepared by dissolving 0.2226 g of uranyl nitrate UO2

(NO3) 6H2O (Johnson and matthey, www.matthey.com) in
100 mL de-ionised water. 5 mL con HNO3 was added to
the solution to suppress hydrolysis.

Sodium meta silicate Na2SiO3 5 H2O (Merck GR, www.
merck-chemicals.in)—0.3 M solution of sodium meta
silicate was prepared by dissolving 30 g of sodium meta
silicate in 500 mL water.

Cetyl tri-methyl ammonium bromide (CTAB) (Rolex,
India, www.rolex.com): 0.1% (w/v) solution in water.

Xylenol Orange: (XO) (Merck GR)—0.1% (w/v) solu-
tion in water.

Sodium pyrophosphate: Na4P2O7.10H2O (Merck GR)—
0.2 M solution was prepared by dissolving 8.92 g sodium
pyrophosphate in 100 mL de-ionised water and pH is
adjusted to 7 using H3PO4(Merck GR).

All the other reagents including electrolytes and other
metal ions are of analytical reagent grade.

Synthesis of silica modified with xylenol orange (SXO)

500 mL 0.3 M sodium meta-silicate solution was taken in a
1 L beaker. 50 mL ethyl alcohol was added to it. This
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solution was mixed with 25 mL 0.1% (w/v) CTAB, and
25 mL of 0.1% (w/v) xylenol orange. The solution was
acidified using 50% (v/v) HCl with constant stirring and
kept overnight. The gel formed was filtered and washed
thoroughly till free from chloride ions. The gel was
dehydrated by drying in an air oven at 110° C. It was
Ground in an agate mortar and stored in a desiccator.

Stability of the adsorbent

In separate 50 mL beakers, 100 mg of the adsorbent was
kept in contact for 2 h with water, solutions of pH 1 to 9
and organic solvents alcohol, and acetone. After filtration,
the visible spectra of the filtrate was scanned on a
spectrophotometer from 300 to 600nms.

Optimisation of parameters for pre-concentration uranium
using SXO sorbent

Experiments were carried out to optimise pH, equilibration
time and amount of adsorbent required for adsorption of
uranium onto SXO. Desorption studies were also carried
out using different complexing agents.

Optimisation of pH

50 ng uranium was taken in different beakers, and pH of the
solutions were adjusted from 1 to 10 using 10% (v/v) ammonia
solution and 10% (v/v) nitric acid. The solution after dilution is
kept in contact with 0.5 g of SXO for 2 h. The solutions were
filtered and the un-adsorbed uranium in the filtrate was
determined by laser induced fluorimeter. The results are
shown graphically in Fig. 1.

Optimisation of quantity of adsorbent

50 ng uranium was taken in different beakers and pH of the
solutions were adjusted to 3 and kept in contact with 0.02–
0.5 g of SXO for 2 h. The solutions were filtered and the

un-adsorbed uranium in the filtrate was determined by laser
induced fluorimeter. The results are shown graphically in
Fig. 2.

Optimisation of contact time

50 ng uranium was taken in different beakers and pH of the
solutions were adjusted to 3 and kept in contact with 0.05 g
of SXO from time intervals of 15 min to 6 h. The solutions
were filtered and the un-adsorbed uranium in the filtrate
was determined by laser induce fluorimeter. The results are
shown graphically in Fig. 3.

Desorption of uranium

De-sorption of uranium from the adsorbent was carried out
using different concentrations of various reagents which
form stable complexes with uranium like, hydrogen
peroxide, sodium carbonate, ammonium carbonate, and
sodium pyrophosphate. The concentrations of the reagents
used were up to a maximum of 0.5 M, keeping in view to
keep low salt content in final solution. Recovered uranium
in the leach solutions was estimated by laser induced
fluorimeter. The results are given in Table 1.

Sorption capacity of SXO for uranium

Experiments were performed to calculate the sorption
capacity of the adsorbent for uranium using 5 mL of
1 mg mL−1 uranium. pH of the solution was adjusted to 3
and kept in contact with 0.1 g of the adsorbent for 30 min
and filtered. The filtrate was analysed for uranium content
using laser fluorimetry. The sorption capacity (qe) was
calculated using the formula

qe ¼ X� Yð Þ=Z
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where X is the amount of uranium added, Y the amount
remaining in the solution after adsorption and Z the weight
of the adsorbent.

Effect of calcium on the extraction of uranium

Experiments were carried out to find the effect of calcium
on the extraction of uranium using SXO. 100 mL water in
different beakers was doped with 50 ng uranium and with
0.5 mg, 1.0 mg, 1.5 mg, 2.0 mg and 2.5 mg of Calcium.
Effect of concentrations of calcium beyond this, was not
studied. pH of the solutions were adjusted to 3 and kept in
contact with 50 mg of the adsorbent for 30 min. The adsor-
bent was filtered and washed with water thoroughly to
remove excess calcium. The uranium adsorbed on SXO was
recovered by leaching with 6 mL of 0.2 M Na4P2O7 of pH-7.
Recovered uranium was estimated using laser induced
fluorimeter. The results obtained are given in Table 2.

Effect of presence of other cations and anions
on the adsorption of uranium

Interference effect of the normally occurring cations and
anions in hydro-geochemical samples, on the adsorption of
uranium to SXO was studied individually up to the levels
of 1 mg mL−1 for the ions sodium, potassium, magnesium,
chloride and sulphate and up to levels of 50 µg mL−1 for
phosphate and 20 µg mL−1 for fluoride. 100 mL water
containing 50 ng standard uranium in different beakers was
doped separately with different concentrations of individual
ions. pH of the solutions were adjusted to 3 and kept in
contact with 50 mg of the adsorbent for 30 min. The adsor-
bent was filtered and washed thoroughly with water to
remove salts. The adsorbed uranium from SXO was leached
out using 6 mL of 0.2 M Na4P2O7 of pH-7. Recovered
uranium was estimated using laser induced fluorimeter. In
the case of sea water, a synthetic sea water sample
containing 10 mg mL−1 Na, 0.4 mg mL−1K, 0.4 mg mL−1

Ca, 1.3 mg mL−1Mg, 19 mg mL−1 Chloride, 2.5 mg mL−1

sulphate and 2 mg L−1 Fe was prepared. A 50 mL quantity
of the synthetic sample was doped with 50 ng of uranium.
pH of the solution was adjusted to 3 and kept in contact with

Table 1 Recovery of uranium with different complexing agents

Sl.No Reagents used % Recovery
of uranium

1. 30% H2O2 49

15% H2O2 50

10% H2O2 48

2. 0.1 M (NH4)2CO3 60

0.3 M (NH4)2CO3 63

0.5 M (NH4)2CO3 68

3. 0.1 M Na2CO3 95

0.3 M Na2CO3 95

0.5 M Na2CO3 96

4. 0.1 M Na4P2O7 (pH-7) 95

0.2 M Na4P2O7 (pH-7) 96

0.5 M Na4P2O7 (pH-7) 95
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Table 2 Recovery of uranium in presence of different concentrations
of calcium

Sl No Concentration of
calcium in mgmL−1

Concentration of uranium in ng

Added Recovered

1. 0.5 50 50

2 1.0 50 50

3 1.5 50 48

4 2.0 50 49

5 2.5 50 52
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50 mg of the adsorbent for 30 min. The adsorbent was
separated by filtration and washed thoroughly with water to
remove the un-adsorbed cations and anions. The adsorbed
uranium from the SXO was leached out using 6 mL of 0.2 M
Sodium pyrophosphate solution of pH 7. The uranium con-
tent was estimated by laser fluorimeter. The extent of
recovery was calculated.

Recommended procedure for the determination of uranium
in hydro-geochemical samples with high calcium content

100 mL of water sample was filtered and then treated with
5 mL con. nitric acid and boiled for 15 min in order to
oxidize any trace organic matter and to expel dissolved
carbon dioxide. pH of the solution was adjusted to 3 and the
solution was kept in contact with 50 mg of SXO for 30 min.
The Solution was filtered and the adsorbent was washed
thoroughly with water. The adsorbed uranium was leached
from SXO with 6 mL of 0.2 M sodium pyrophosphate
solution of pH-7. The recovered uranium was estimated by
laser induced fluorimeter. The results obtained were com-
pared with the values obtained by standard ferric hydroxide
co-precipitation method. The results are given in Table 3.

Recommended procedure for the determination of uranium
in sea water samples

50 mL sea water sample was filtered and then treated with
5 mL con. nitric acid and boiled for 15 min in order to

oxidize any trace organic matter and to expel dissolved
carbon dioxide and diluted to 100 mL. This solution was
kept in contact with 100 mg of SXO for 30 min. Solution
was filtered and the adsorbent was washed thoroughly to
remove the salts completely. Adsorbed uraniumwas extracted
from SXO with 6 mL of 0.2 M sodium pyrophosphate
solution at pH-7. The recovered uranium was estimated using
Laser induced fluorimeter. The results obtained were com-
pared with the results of the standard addition technique and
results obtained from ferric hydroxide co-precipitation. The
results are given in Table 4.

Procedure for pre-concentration of uranium by ferric
hydroxide co-precipitation

100 mL of water sample/sea water was filtered and then
treated with 5 mL con. nitric acid and boiled for 15 min in
order to oxidize any trace organic matter and to expel
dissolved carbon dioxide. To this solution 6.5 mg mL−1

Fe3+ solution is added along with few drops of BCG
indicator and 3 g of ammonium nitrate. Then 25% (v/v)
ammonia solution is added while stirring till the indicator
colour changed to blue along with the formation of
precipitate. The solution is filtered through Whatman 540
ash less filter paper and precipitate is washed with a wash
solution containing ammonium nitrate whose pH is adjust-
ed to neutral colour of the BCG indicator. The precipitate
taken back in the same beaker and dissolved in 1.5 mL of
nitric acid and made up to 50 mL. 2 mL of the aliquot is

Table 3 Uranium content obtained by the present method and by ferric hydroxide method along with the composition of the hydro-geochemical
samples

Sample
No

U ngmL−1 Na+

μgmL−1
K+

μgmL−1
Mg2+

μgmL−1
Ca2+

μgmL−1
Cl−

μgmL−1
SO4

−

μgmL−1
HCO3

−

μgmL−1
F−

μgmL−1

By present
method

By ferric
hydroxide
method

AMD-1 19 18 300 11 244 345 1,260 310 573 0.8

AMD-2 0.7 0.7 536 1 120 368 843 920 470 0.1

AMD-3 0.5 0.4 125 10 196 328 980 50 404 0.4

AMD-4 0.3 0.4 750 10 243 504 2,016 600 498 0.6

AMD-5 0.5 0.6 1,200 15 300 480 3,170 400 160 0.2

Sample No Total uranium
in ngmL−1 by
proposed method

Total uranium in ngmL−1

Ferric hydroxide
co-precipitation method

% Recovery of the
doped standard

Sample-1 1.8 1.9 –

Sample1+2 ng mL−1 3.6 3.7 90

Sample-2 2.1 2.0 –

Sample2+2 ng mL−1 3.9 3.9 90

Table 4 Estimation of uranium
in sea water samples
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pipetted into a 25 mL flask and 10 mL of sodium pyro-
phosphate buffer solution of pH 7 is added. The fluores-
cence intensity of the solution is compared with that of
standards containing same quantity of iron and acid.

Procedure for the recovery studies by standard addition

Two 50 mL portions of sea water sample were filtered and
then treated with 5 mL con. nitric acid and boiled for
15 min in order to oxidize any trace organic matter and to
expel dissolved carbon dioxide and diluted to 100 mL. One
of the solutions was doped with 50 ng of the standard
uranium solution. The pH of the solutions were adjusted to
3. Both the solutions were kept in contact with 100 mg of
SXO each for 30 min. Solutions were filtered and the
adsorbent was washed thoroughly. Adsorbed uranium was
extracted from SXO with 6 mL of 0.2 M sodium
pyrophosphate solution of pH-7. The uranium content in
both the solutions were estimated laser fluorimetrically and
the recoveries were calculated.

Results and discussion

The reagent xylenol orange was chosen for immobilisation
on silica due to its high chelating tendency for several metal
ions via -N, -S and -O donors. Silica modified with xylenol
orange has been synthesized using a novel procedure
involving only one step. The procedure followed involves
the neutralization of the sodium meta silicate solution
containing CTAB. In-situ modification of the gel with
xylenol orange takes place in presence of the added
surfactant CTAB. The gel is filtered, washed and dehy-
drated to obtain SXO adsorbent. The role of CTAB during
the synthesis can be that the cationic surfactant CTAB gets
adsorbed onto the silica surface due to the electrostatic
attraction between positively charged head group of
surfactant [(CH3)3N

+(CH2)15(CH3)] and negatively charged
silanol (SiO−) group on the silica [33]. Non polar chain of
the surfactant projects out of the silica surface giving it a
hydrophobic character. Xylenol orange molecule is
adsorbed onto this layer due to the hydrophobic interaction.
Thus xylenol orange is attached to silica surface due to the
chemical interaction between CTAB and XO. This results
in obtaining a chemically modified adsorbent, exhibiting
resistance for easy removal of XO. The stability studies
carried out indicated that there is no dissolution or leaching
out of the XO from the adsorbent as indicated by the
absence of peak at 434 nm or at 580 nm. They are the
characteristic peaks for XO below pH 5 and pH above 6.5
respectively. Therefore it can be concluded that a stable
form, possibly formed through chemical modification, is
obtained by the above scheme of synthesis of the adsorbent.

Studies were performed to optimize the parameters such
as pH of the solution, contact time, amount of the
adsorbent, eluents and effects of normally associated ions,
with a view to obtain maximum adsorption of uranium on
the adsorbent. Figure 1 shows the results of the studies
carried out on adsorption of uranium with varying pH from
1 to 9. I t can be seen that quantitative adsorption of
uranium takes place above pH 2.5 through complex
formation. The nitrogen atom and the adjacent phenolic -
OH groups of XO facilitates the easy ring formation. The
nitrogen atom undergoes protonation at lower pHs. Due to
the non-availability of nitrogen atoms at lower pH, uranium
adsorption is not quantitative below pH 2.5.

Figure 2 shows the minimum optimum quantity of ad-
sorbent required to bring about maximum adsorption of
50 ng of uranium from solution. After a contact period of
2 h, it is seen from the figure that there is gradual increase
in adsorption at quantities below 50 mg and then a steady
state is achieved above 50 mg. A quantity of 50 mg is ideal.
Figure 3 shows that a contact time of 30 min is sufficient to
bring about maximum adsorption.

The time in which SXO attains 50% saturation with
uranium is called loading half time (t1/2). From Fig. 3 it is
clear that loading half time was less than 15 min. Extraction
rate of uranium is very high for this adsorbent. Like in all
solid phase extraction studies amount of adsorbent required
for adsorption is very less in this method also. This is due
to the high sorption /retention capacity of SXO. The
sorption capacity (qe) is the amount of uranium ion required
for the saturation of 1 g of the synthetic sorbent in (mg/g).
From the experiment carried out, the sorption capacity of
the SXO for uranium was found to be 10 mg g−1.

The efficiency of an adsorbent is not solely determined
by the sorption characteristics but also by the desorption
behavior. Desorption step allows the metal ion to be
removed and recovered from the adsorbent. Recovery of
uranium from SXO was carried out using different leaching
agents which complex uranium. Recovery results obtained
are given in Table 1. I t is evident from Table 1 that the
quantitative recovery of uranium from SXO was obtained
both by 10 mL of 0.5 M sodium carbonate solution and
6 mL 0.2 M sodium pyrophosphate solution. In general it
was noticed that the strength of the eluting reagent was not
that critical and almost the entire uranium was getting
leached out. It was noticed that leaching observed with
Na2CO3 was well above 95% and is due to the formation of
strong carbonate complex with uranyl ions. Pyrophosphate
also forms another highly stable complex of uranium,
uranyl pyrophosphate, which brings about uranium leach-
ing of 95%. Sodium pyrophosphate solution of pH 7 is
selected as the desorbing solution, instead of sodium
carbonate solution, as it accomplishes the purposes of de-
sorption, fluorescence enhancing and buffering action,
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enabling no further treatment of sample prior to uranium
determination by laser fluorimeter. Experiments carried out
to find out the interference of the commonly associated
cations and anions with uranium in hydro-geochemical
samples has shown that there was no interference on the
adsorption of uranium to SXO. Since it was evident from
the above study that majority of the anions, alkali and
alkaline earth cations do not interfere on the extraction of
uranium by the adsorbent, the study was extended to
synthetic sea water sample doped with uranium. Quantita-
tive recoveries were obtained. Table 2 shows the study of
the presence of varying quantities of calcium on the
extraction of uranium by the adsorbent. It is seen that
quantitative adsorption of uranium takes place, even in
presence of high calcium content of 2.5 mg. Therefore it
can be concluded that separation of uranium from calcium
can be easily effected by simple contact of the solution with
SXO for 30 min. Subsequently the uranium can be leached
out using pyrophosphate solution and estimated laser
fluorimetrically.

This method was applied for the estimation uranium in
hydro-geo-chemical samples with high calcium content.
Uranium content obtained by this method has been
compared with that obtained by Ferric hydroxide precipi-
tation method. Table 3 gives the composition of the hydro-
geochemical samples along with the results of uranium
content obtained by the suggested method using SXO
extraction and by ferric hydroxide precipitation method. It
can be seen that the results are comparable.

The recommended method was applied for the determi-
nation of uranium in sea water. The results obtained have
been compared with the results obtained from ferric
hydroxide co-precipitation and standard addition methods.
The results are given in Table 4. The results are comparable
and recoveries are quantitative.

Conclusions

A novel single-step synthesis procedure for silica modified
with xylenol orange has been developed. The synthesized
adsorbent has been used for pre-concentration and determi-
nation of ultra trace levels of uranium in calcium rich
hydro-geo-chemical samples and sea water. This procedure
facilitates a fifty fold enrichment of uranium from hydro-
geochemical samples. The adsorbent has a very high
extraction rate for uranium with its loading half time was
less than 15 min. This adsorbent has a good potential to
separate uranium from high concentration of calcium and
host of co-existing alkali, alkaline earth and other anions
present in hydro-geochemical and sea water samples. Direct
laser fluorimetric determination of uranium in the eluent
solution can be carried out by this procedure, since the

same reagent is used as an eluting agent and fluorescence
enhancing reagent (sodium pyrophosphate). This method is
very simple and the sorption capacity of the adsorbent
10 mg g−1 is much higher than other common adsorbents.
Uranium concentrations up to 0.1 ng mL−1 can be
determined easily after pre-concentration using this method.
R.S.D of this method is ±15% at 1 ng mL−1 level.
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